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ABSTRACT 
 

The opportunistic pathogen Pseudomonas aeruginosa is a significant contributor to 

multiple-drug resistant nosocomial and respiratory tract infections. In a vigorous search for 

alternative therapeutic approaches, innovative strategies that aim to modulate functions 

essential for infection have come to prominence. Natural and synthetic molecules capable 

of modulating virulence have been described. However, little is known regarding 

hyperbranched peptide-based macromolecules. The overall aim of this work was to 

determine the anti-virulence potential of poly (ε-lysine) dendrons against P. aeruginosa; 

their suitability as novel modulators of biofilm formation and virulence factor production, 

and their efficiency in an in vitro co-culture infection model. 
 

Using N-Fmoc solid-phase peptide synthesis, dendrons (consisting of an arginine root and 

branching points of lysine) were assembled onto a solid support to attain an asymmetrical 

hyperbranched structure. Dendrons with up to three branching generations (G) were 

successfully synthesised, as confirmed by high-performance liquid chromatography, mass 

spectrometry and Fourier transform infrared spectroscopy. The cationic charge of poly (ε- 

lysine) dendrons, exhibited as 16 terminal amine functionalities at G3, was predicted to 

enable dendron-bacteria interactions. 
 

In order to identify changes in cellular functions post-exposure to G3 dendrons, the 

metabolic activity of P. aeruginosa strain PAO1 was investigated. G3 dendrons induced a 

reduction in total RNA and protein synthesis, which caused a temporary (6h) growth arrest 

but did not affect the endpoint cell density. The anti-biofilm potential of G3 dendrons was 

assessed against PAO1 grown on three surfaces. G3 dendrons demonstrated a dose- 

dependent effect against phenotypes associated with biofilm formation. As such, inhibition 

of   swarming/swimming  motility,   reduction   in   surface   coverage   and   microcolony 

formation, and attenuation of extracellular polymeric substance (EPS) matrix production 

reduced the bacterium’s biofilm forming capacity. The lack of EPS, which serves as a 

physical barrier when present, increased susceptibility to ciprofloxacin. Fluorescent 

labelling of G3 dendrons revealed their intracellular localisation and cell-penetrating 

capacity. Within 2h of incubation, G3 dendrons presented high uptake efficiency in PAO1 

biofilms, and their accumulation at the inner poles of the cells was demonstrated using 

confocal microscopy. Free dendrons were rapidly released from the biofilm within 2-3 h. 

Using transcriptional and translational lacZ reporters, the regulation of virulence factors 

controlled by the las, rhl, and pqs networks of quorum sensing was investigated. G3 

dendrons reduced the expression of two autoinducer synthases, lasI and rhlI, independent 

of changes to growth kinetics. Subsequently, the expression of genes that encode for 

elastase (lasB) and rhamnolipid (rhlA) production, and PQS (pqsA) signalling was 

downregulated. Complementation studies, using a lasI rhlI deficient mutant and exogenous 

autoinducers, demonstrated the ability of G3 dendrons to prevent biofilm formation, las- 

controlled LasA protease and rhl-/pqs-controlled pyocyanin production. 
 

Using an optimised in vitro co-culture model of human bronchial epithelial (16HBE 14o-) 

cells and PAO1, the efficiency of G3 dendrons was evaluated. At a concentration non-toxic 

to 16HBE 14o- cells (0.8 mg/mL), G3 dendrons exhibited bacterial density-dependent 

protective properties. Specifically, a reduction in P. aeruginosa-induced cytotoxicity 

impaired the adherence and invasion of PAO1, and delayed the negative impact of PAO1 

on the airway epithelial barrier function and integrity. 
 

In conclusion, this research highlights the anti-virulence effects of hyperbranched peptide- 

based macromolecules and constitutes a novel potential therapeutic. This may provide a 

non-antibiotic alternative for control and prevention of P. aeruginosa infections, and an 

effective approach to challenge the increasing resistance of bacteria to antibiotics. 
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CHAPTER 1: Introduction and literature review 
 
 
 
 
 

1.1       General introduction 
 
 

Recent national and international reports by the UK Department of Health 
[1]

, European 

Commission 
[2]

, and US Centers for Disease Control and Prevention 
[3]  

have highlighted 

concerns over the rise in antimicrobial resistance and the slow discovery of novel agents. 

Such  reports  agree  that  the  threat  of  resistance  to  antimicrobials  (and  in  particular 

antibiotics) cannot be eradicated, but can be managed. For instance, it is proposed that 

reduced antibiotic use, better access to surveillance data, and better control of drug usage 

(i.e. by correct antibiotic stewardship to assign an appropriate dosage and duration for 

treatment) may reduce the rate at which antibiotic resistance is spreading. Despite such 

proposed regulations, antibiotic resistance remains a global concern and presents a major 

threat to human health. Resistance accounts for approximately 25,000 excess mortalities 

and costs the national healthcare providers in excess of €1.5 billion per annum in Europe 

[1]
. The situation in the US is analogous to that in European countries 

[3]
. Each year, more 

than two million individuals in the US are affected by bacterial infections that are resistant 

to one or more antimicrobial agents, and at least 100,000 of these patients die as a direct 

result of antibiotic-resistant infections. Such infections have added a considerable cost to 

the US healthcare system, as these patients require prolonged hospitalisation and costlier 

treatments. It is also estimated that resistance to antibiotics accounts for approximately $20 

billion  in  excess  direct  healthcare  costs,  with  additional  costs  to  society  for  lost 

productivity as high as $35 billion a year in the US. These reports demonstrate the 

catastrophic complexity of this problem. 

 
The extent of resistance seen today is arguably not a natural process. This antibiotic-driven 

selection is a manmade case, which over time has been superimposed on nature. The 

evolution of resistant strains and their distribution have occurred over a number of years, 

where drug use (and often misuse/overuse) have imposed unremitting selection pressures 

(Figure 1.1) 
[4]

. Global solutions to address antibiotic resistance are thus an urgent concern. 
 

More than 20 classes of antibiotics have been produced to date. The majority of which 

were, however, introduced as therapeutics between 1940 and 1960 
[4]

. No new classes of 
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regarding the introduction  of antibiotics as therapeutics 

R-, resistant. -MDR-, multiple drug resistant. Figure adapted 
[3] 

coccus aureus. 

 
 

1948  Penicillin-R-Staphylococcus 

 
 
 
 

1959  Tetracycline-R-Shigella 

1965  Penicillin-R-Pneumococcus 

1968  Erythromycin-R-Streptococcus 

 
 
 

1979  Gentamicin-R-Enterococcus 

 
 
 

1987  Ceftazidime-R-Enterobacteriaceae 
1988  Vancomycin-R-Enterococcus 

 
 
 
 

1996  Levofloxacin-R-Pneumococcus 
 

1998  Imipenem-R-Enterobacteriaceae 

 

 
 
 
 
 
 

2001  Linezolid-R-Staphylococcus 

 
 
 
 
 

 
2002  Vancomycin-R-Staphylococcus 

 
 
 
 

2004  MDR-Pseudomonas 
 

 
 
 
 
 
 
 
 
 
tion report  . Note that only selected antibiotics are 

 

antibiotics have been discovered for nearly 30 years, until recently when teixobactin was 

identified 
[5]

. This drug is, however, only effective against infections caused by Gram- 

positive organisms such as Staphylo 
 
 

Antibiotic Introduction  Resistance 
 

 
Penicillin  1943 

 
 

Tetracycline  1950 
 

Erythromycin  1953 
 
 

Methicillin  1960  
1962  Methicillin-R-Staphylococcus 

 
Gentamicin  1967 

 
 

Vancomycin  1972 
 
 
 
 
 

Ceftazidime and Imipenem  1985 
 
 
 
 

Levofloxacin  1996 
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Daptomycin  2003 

 
 

Ceftaroline  2010 
2009  MDR- Enterobacteriaceae 

2011  Ceftaroline-R-Staphylococcus 
 
 
 

Figure 1.1. Timeline of key events 

and the manifestation of resistance. - 

from Centres of Disease Control and Preven 

shown. 
 
 
 

Today, we are entering a post-antibiotic era in which a reduced ability to treat bacterial 

infections is prevalent. The rate of resistance is exceeding the development pace of new 

antimicrobial agents,  particularly  those  associated  with  Gram-negative organisms.  To 
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further exacerbate this problem, at least one mechanism of resistance has been identified 

for each class of antibiotics 
[6]

, making the treatment of bacterial infections extremely 

difficult and costly. Bacteria that were once known to be susceptible to common 

antimicrobials are being reported to have developed resistance to antibiotics and in some 

cases, more than one class of antibiotics 
[7]

. It is predicted that a further twenty classes of 

antibiotics are required in order to support modern medicine during the next 50 years 
[6]

. 

Although this is only a projection, it is based upon the rate at which antibiotics have been 

discovered and the subsequent emergence of resistant strains (Figure 1.1). 
 

 

In response to such proposals, the UK Department of Health published a five-year 

antimicrobial strategy (2013 to 2018), with a focus on antibiotics 
[8]

. This strategy has an 

overall goal of reducing the rate and spread of antibiotic resistance by addressing three 

strategic aims. One of which is to stimulate the development of novel and alternative 

therapeutic approaches, and ensure that such agents are commercialised in a time-efficient 

manner. The attenuation of bacterial virulence is a potential therapeutic approach, whereby 

the microorganism is unable to produce factors that enhance its ability to establish an 

infection 
[9, 10]

. Compounds with these abilities are termed anti-virulence agents 
[11]

. Such 

agents have been intensely studied in Pseudomonas aeruginosa, an organism that draws 

upon an array of mechanisms to infect almost any compromised site. Its success in 

establishing an infection is not a consequence of single attributes. Rather, it is the ability of 

individual cells to communicate (via a process termed quorum sensing) 
[12]

, exist in 

communities (known as biofilms) 
[13]

, and to collectively produce virulence factors 
[14] 

that 

lead to the successful establishment of an infection. Attenuating any of these processes 

presents a desirable therapeutic intervention. A promising new research avenue, which has 

not been extensively explored by existing literature, is the use of a class of hyperbranched 

macromolecules termed asymmetric dendrimers (or dendrons). 

 
This chapter aims to therefore present recent advances in the field of anti-virulence agents, 

by first introducing the prevalence of P. aeruginosa infections in immunocompromised 

patients;  then,  examining  the  roles  virulence  factors,  biofilm  formation  and  quorum 

sensing  play  in  general  pathogenicity  of  P.  aeruginosa.  Specific  strategies  used  to 

modulate the virulence of this organism are then highlighted. The potential and general 
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suitability of spherical and asymmetric peptide dendrimers as novel therapeutic agents will 

be finally discussed, highlighting relevant studies in the literature. 

 
1.2       Pseudomonas aeruginosa: An opportunistic human pathogen 

 
 

1.2.1               Characteristics of P. aeruginosa 
 
 

P. aeruginosa is a Gram-negative, mesophilic, rod-shaped bacterium (measuring 0.5 to 0.8 
 

µm in diameter and 1.5 to 3 µm in length) 
[15]

. Like many other members belonging to the 

Pseudomonadaceae family, P. aeruginosa is a free-living, motile (by means of a single 

polar flagellum) organism. It was first isolated in 1882 from wounds that produced blue- 

green discolouration. This pigmentation is recognised as the hallmark of P. aeruginosa 

infections and is regularly observed in laboratory cultures. Isolates of P. aeruginosa 

produce three colony types, depending on  the site of  recovery. For  instance, clinical 

isolates produce smooth colonies with either an elevated or a mucoid appearance. The 

latter is often a feature of isolates recovered from patients with respiratory tract infections 

[16]
. P. aeruginosa possesses metabolic versatility, where this non-fermentative bacterium 

derives its energy from oxidation rather than fermentation of carbohydrates. Although it is 

capable of utilising numerous organic compounds, it can also grow on minimal media 

whereby acetate and ammonium sulphate are used as the carbon and nitrogen source, 

respectively 
[15]

. P. aeruginosa can thrive in the absence of oxygen, if nitrates are available 

as a respiratory electron acceptor. The family of pseudomonads are perhaps better known 

as saprophytes or plant pathogens, and are readily isolated from the surface of soil, water 

and plants 
[17]

. Recent epidemiological reports have, however, shown the prevalence of P. 

aeruginosa infections in healthcare settings, and in particular, the increase in antibiotic 

resistant isolates 
[3, 18, 19]

. 

 
1.2.2               Clinical implications of P. aeruginosa 

 
 

P. aeruginosa is perhaps the epitome of opportunistic pathogens. Such pathogens are 

characterised by their ability to exploit a break in the immune system of individuals and 

initiate an infection 
[15]

. P. aeruginosa almost never infects uncompromised tissue (i.e. 

healthy individuals with no recognised co-morbidities); yet it is capable of causing 

infections in a range of areas in the body of an immunocompromised patient. It is among 
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the most common Gram-negative bacterium associated with nosocomial infections 
[18]

. In 

the UK and US, P. aeruginosa is the etiological agent in an estimated 6% and 8% of all 

nosocomial infections, respectively 
[3, 18]

. Recent epidemiological studies show that 

bacteraemia,  arising  from  P.  aeruginosa  infections,  occurs  in  approximately  6.2  per 

100,000 cases every year in the UK 
[20]

. Resistance to carbapenems, a class of antibiotics 
 

that are considered as ‘last-line agents’ 
[21]

, has also increased from almost zero cases in 
 

2004 to more than 5% in 2013 
[19]

. In the US, approximately 51,000 healthcare-associated 

P. aeruginosa infections occur each year, where more than 6,500 (or 13%) of these are 

resistant to multiple antibiotics 
[3]

. Aminoglycosides, cephalosporins and fluoroquinolones 

are among several classes of antibiotics to which P. aeruginosa has exhibited resistance. 

Such infections attribute to an estimated 440 mortalities each year in the US 
[3]

.  

 
P. aeruginosa is well-adapted to the respiratory tract; in which the moist environment 

allows the bacterium to flourish. It is particularly prevalent in immunocompromised 

patients, who are hospitalised in intensive care units with chronic obstructive 

bronchopulmonary disease. It is also the predominant cause of nosocomially-acquired 

pneumonia in ventilated patients 
[22, 23]

, accounting for approximately 30% of all cases 
[18]

. 
 

P. aeruginosa is often isolated from the airways of patients suffering from bronchiectasis 

[24]
. Perhaps the most documented is its ability to cause pulmonary disease in patients with 

cystic fibrosis (CF) 
[16]

. 
 

 

CF is an autosomal recessive trait that arises from mutations in the cyclic adenosine 

monophosphate-regulated cystic fibrosis transmembrane regulator (CFTR) gene, encoding 

a protein that functions as an ion channel. This disorder is found in approximately 1 in 

2,000 Caucasian children 
[25]

, and is predominantly characterised by a deletion mutation at 
 

the amino acid residue, phenylalanine - position 508 
[26]

. Although a range of clinical 

syndromes such as gastrointestinal and nutritional abnormalities manifest as a result of this 

defect, the most important clinical feature is  chronic pulmonary infection. The lungs 

depend on mucus homeostasis, and mutations in CFTR adversely affect their function 

(Figure 1.2). In a healthy individual, CFTR regulates the transport of chloride ions across 

the apical surface of secretory cells in a manner that hydrates the thin mucus layer 
[27]

. 

Inhaled bacteria are then entrapped by this mucus layer, which consists of water, 

glycoproteins and cellular debris, and exported out of the respiratory tract by the beating 
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Mucus 

2 

cilia 
[28]

. In a CF patient, mutations in the CFTR gene result in an abnormal regulation of 

chloride and sodium in the upper respiratory tract epithelium, which stimulates a rapid 

reabsorption of water from the extracellular matrix. This defect is characterised by an 

accumulation of a thick viscous layer of mucus in the alveolar lumen 
[27,  29,  30]

. The 

secretion of mucus by unaffected goblet cells further increases the thickness of the mucus 

layer, which eventually depletes the airway surface fluid. This, in combination with 

increased water absorption causes mucus to adhere and renders the cilia immobile 
[27, 28, 31]

. 

The alveoli provide a moist environment that creates suitable conditions for increased 

microbial growth. This therefore becomes a reservoir for bacterial replication, with the 

predominant organism being P. aeruginosa 
[32]

. The onset of chronic infection results in 

episodic exacerbations that frequently require antibiotic chemotherapy. It is estimated that 

up  to  95%  of  patients  with  CF  develop  respiratory  failure  during  infancy  or  early 

childhood, as a result of bacterial infection and concomitant airway inflammation 
[33]

. 

Failure in host innate defences, alveolar macrophages, neutrophils and cilia, to clear the 

causative agent allows the establishment of chronic infections that are notoriously difficult 

to eradicate 
[28]

. 
 
 
 
 

Healthy lung  CF lung 
 
 

- 

Cl 

 
 

Mucus Mucus 
 

CFTR 
 

 
+ 

Na 

CFTR 

H O 
Defective 

+ 

Na 
 

 
 
 
 
 

Figure 1.2. CFTR function in a healthy lung (left panel) and a CF lung (right panel). 
 
 
 

In terms of skin/soft tissue infections, burns, trauma and dermatitis are all common factors 

that predispose an individual to P. aeruginosa 
[34]

. These factors often result in puncture 

wounds, which breakdown the integument and the individuals’ protective barrier. This, in 
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turn, facilitates the route of entry for the infective agent. P. aeruginosa poses significant 

challenges, where systemic sepsis, graft loss and prolonged hospitalisation are frequently 

encountered. In hospitals, surgical sites are frequently colonised with P. aeruginosa 
[35]

. 

This is particularly problematic for patients undergoing organ transplants, where bacterial 

infection can result in many complications post-transplantation that can affect function. 

Many of these infections originate either during surgery (i.e. as a primary wound infection) 

or  post-surgery  from  external  sources  (i.e.  as  a  secondary  wound  infection).  Such 

infections are among the leading causes of morbidity and mortality in nosocomial 

environments 
[36, 37]

, where approximately 8% of patients present with mono-species 

hospital-acquired surgical site P. aeruginosa infections 
[35]

. 

 
Recent epidemiological reports by the UK Department of Health have highlighted the 

prevalence of P. aeruginosa in urinary tract infections. This organism accounts for 

approximately 9% of all urinary tract infections and has been identified as the third leading 

causative agent of hospital-acquired urinary tract infections 
[18]

, behind Proteus mirabilis 

and Escherichia coli. These infections occur via ascending and descending routes, and are 

usually secondary to urinary tract catheterisation 
[38] 

or urological surgery 
[39]

. These 

procedures often impede the first line of defence such as the skin barrier in individuals who 

are already immunosuppressed, and increase the likelihood of infection. Damage to the 

mucosal layer during catheterisation, for example, allows microorganisms to gain entry via 

the extraluminal route by moving across the outer lumen of the catheter, or by the 

intraluminal route where direct entry is via the interior of the catheter 
[40]

. 

 
1.2.3               Current treatments for P. aeruginosa infections 

 
 

In patients with pulmonary-mediated P. aeruginosa infections, treatment usually occurs in 

the form of oral ciprofloxacin combined with a nebulised antibiotic 
[41]

. Such strategies aim 

to rapidly eradicate P. aeruginosa, and prevent the establishment of chronic infections. In 

recent  years,  the  National  Institute  for  Health  and  Care  Excellence  (NICE)  issued 

guidelines for the treatment of P. aeruginosa lung infections specifically for CF patients. 

Here, the use of colistimethate sodium or tobramycin dry-powders for inhalation is 

recommended 
[42]

. Such treatments have remarkably reduced morbidity and increased the 

life expectancy of many CF patients. Studies have, however, shown that the majority of 
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patients with CF are eventually infected with strains of P. aeruginosa that are resistant to 

all known antibiotics, with the exception of colistin 
[43-45]

. Concerns regarding the 

neurotoxicity  and  nephrotoxicity  of  colistin  limit  its  widespread  use.  Intravenous 

antibiotics are administered at the first sign of an exacerbation, a common feature in CF 

patients. In these cases, a dual antibiotic combination is often used, as several strains of 

multiple-drug resistant P. aeruginosa can be present at any one time 
[46]

. Antibiotics such 

as colistin, tobramycin, azithromycin, and antipseudomonal β-lactams (i.e. penicillin or 

cephalosporin) are often administered. Intensive intravenous antibiotic administration can, 

however, cause an accumulation of potentially high and toxic levels of drug in serum. 

Inherent resistance and the establishment of bacterial communities (known as biofilms) are 

also intricately associated with patient prognosis. These factors have reduced the ability to 

completely eradicate the underlying infection, and in some cases, lung transplantation is 

the only hope for survival for CF patients. For non pulmonary-mediated P. aeruginosa 

infections, therapy in the form of  a combination of  an aminoglycoside and 

antipseudomonal β-lactam is often administered. 

 
1.3       Pseudomonas aeruginosa: Virulence factors 

 
 

1.3.1               Virulence factor production 
 
 

The ability of P. aeruginosa to cause a multitude of both acute and chronic localised 

infections is attributed to the production of cell-associated and extracellular virulence 

factors (Figure 1.3) 
[47]

. These factors enable the bacterium to replicate and disseminate 

within a host by eluding host defences. Virulence is therefore a measure of pathogenicity 

of the organism, and its extent is directly related to the ability of the organism to cause 

disease. Virulence factors can be classified based on the mechanism of action, the site of 

infection and their physical relation to the bacteria; that is either cell-associated or secreted 

into the extracellular matrix 
[48]

. 
 

 

For the purpose of this review, virulence factors have been classified based on their 

physical relation to P. aeruginosa and only the most potent factors are discussed in this 

section. 
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Figure 1.3. Key virulence factors of P. aeruginosa. Cell-associated (flagellum, type IV pili, 

lipopolysaccharides) and extracellular (exopolysaccharides, exotoxins, proteases, elastases, 

haemolysins, pyocyanin) virulence factors contribute to pathogenesis. 
 

 
 

1.3.2               Cell-associated virulence factors 
 
 

Cell-associated virulence factors reflect a group of factors that are mainly involved in 

promoting cell adhesion and colonisation. These include membrane and secretory proteins 

that promote intercellular communication and allow the bacterium to adhere to the host 

tissue, and subsequently cause clinical implications. 

 
1.3.2.1            Adhesion, colonisation and motility 

 
 

Colonisation of the respiratory tract is mediated by the presence of adhesion factors. These 

allow P. aeruginosa to make direct contact with various components of the respiratory 

tract including airway epithelial cells 
[49] 

and mucin 
[50]

. As discussed in Section 1.2.2, the 

lungs of CF patients contain a thick mucus layer that provides an environment in which P. 

aeruginosa can flourish. In such patients, the protective fibronectin layer, which normally 

covers the epithelial cells and prevents bacterial attachment, is lost due to the presence of 

high levels of proteases in the sputum 
[51]

. Several components of the extracellular matrix 

such as laminin and type I collagen become exposed, further increasing the adherence of P. 

aeruginosa to epithelial cells 
[52]

. Interactions between soluble cellular fibronectin released 
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by epithelial cells, and bacterial outer membrane proteins provide a point of contact 

between the bacterium and cell surface receptors. In addition to this interaction with 

epithelial cells, P. aeruginosa is capable of interacting with mucin, the main component of 

mucus. The presence of bacterial receptors to mucin cannot itself be considered as a 

virulence factor  in  healthy conditions. In  conditions where the  mucociliary clearance 

system is impaired, receptors to mucin (present on P. aeruginosa) facilitate colonisation of 

the airways 
[50, 53]

. 
 
 

Flagella and type IV pili are highly complex bacterial organelles that enhance host tissue 

colonisation 
[54]

. The assembly of flagella requires a number of gene products, one of 

which is flagellin 
[55]

. Swimming and swarming motility are both predominantly mediated 

by the flagellum 
[56]

. Type IV pili are polarised appendages composed of pilin polymers 

that can undergo reversible assembly and disassembly 
[54]

. These long protein fibres exhibit 

repeated extension, tethering and retraction to allow the bacterium to move across a solid 

surface 
[57]

. Such form of movement is termed twitching motility. Both these organelles 

mediate the motility of P. aeruginosa and play an important role in biofilm formation (see 

Section 1.3.3) 
[56]

. Flagella facilitate the acquisition of essential nutrients and play a role in 

chemotaxis, whilst retraction by type IV pili allows the bacterium to translocate across and 

explore the surface during the early stages of  biofilm formation. The significance of 

flagella and type IV  pili in bacterial pathogenesis has been elucidated using in vitro 

models. Studies by Davies and co-workers showed a significant decrease in surface 

attachment efficiency between wild-type P. aeruginosa and flagella-deficient mutants 
[58]

. 

Furthermore,  key  signalling  events  that  initiate  sufficient  adhesion  to  distinct  host 

receptors at the apical and basolateral surfaces of airway epithelial cells were recently 

identified 
[54]

. Such studies highlighted the importance of flagella and type IV pili in 

achieving maximal bacterial binding. Although both flagella and pili are mostly involved 

in adherence, the ability of type IV pili to retract provides a range of other functions. For 

instance, twitching motility enables bacterial cells to escape from surfaces, and to explore 

and potentially colonise new surfaces when environmental stresses such as nutrient 

deprivation are present 
[59]

. 



11  

 

1.3.2.2            Endotoxins: lipopolysaccharides 
 
 

Endotoxins are comprised of toxic lipopolysaccharide (LPS) components that are exclusive 

to the outer membrane of Gram-negative bacteria. The molecular composition of LPS 

consists of a hydrophobic lipid A region, a central core oligosaccharide and a repeating O- 

linked cell surface polysaccharide section. The latter is anchored by ionic and hydrophobic 

forces  to  the  outer  bacterial  membrane,  and  characterises  different  serotypes  of  P. 

aeruginosa 
[60]

. Toxicity is associated with the lipid component, whilst immunogenicity is 
 

linked to the polysaccharide component. The outer membrane of P. aeruginosa exhibits 

two characteristic variations, which are primarily based on variations in the O-linked 

chain. Smooth and rough colony phenotypes act as determinants of the presence and 

absence of the O-linked chain, respectively. Research has shown the relevance of LPS in 

pathogenesis. The smooth-LPS was identified as an essential virulence factor that imparts 

serum resistance 
[61]

. 

 
1.3.3               Biofilms 

 
 

Biofilm formation occurs in approximately 65 to 80% of all microbial infections in humans 

[62]
. The relation between biofilm formation and incidents of clinical disease is, however, 

not always associated with the use of invasive medical devices. Microscopic analysis of 

post-mortem lung samples 
[63]

, endobronchiolar regions 
[64]

, freshly sectioned lungs 
[65, 66]

, 

and sputum 
[67] 

revealed that, rather than existing as individual cells, P. aeruginosa forms 

clusters or biofilms in CF patients. These clusters were identified as analogues of the 

microcolonies that are often observed on abiotic surfaces in vitro 
[68]

. Biofilms are defined 

as a surface assemblage of microbial cells forming communities, embedded in a self- 

produced extracellular polymeric substance (EPS) and hydrated matrix 
[69, 70]

. The matrix is 

composed of proteins and polysaccharides that provide structural stability. Such 

communities exhibit an alternated phenotype with respect to growth rate and gene 

transcription 
[71]

. The formation of a biofilm provides a protective mode of growth, where 

microorganisms  can  reproduce  whilst  circumventing  external  stresses.  Biofilms  can 

develop from the colonisation of a surface by a single or multiple microbial species 
[72]

. 

The development of a biofilm is characterised by distinct events; (i) cellular attachment, 

(ii) biofilm development and maturation and (iii) dispersion (Figure 1.4) 
[58]

. 
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Despite the existence of biofilms being recognised for ~100 years, detailed molecular 

studies only began over three decades ago. P. aeruginosa is one of the most studied 

biofilm-forming bacteria 
[56, 73]

. Experimental in vitro models to study biofilms range from 

static growth on inert surfaces to specially constructed flow-chambers. The latter allows a 

more representative simulation of in vivo conditions. Furthermore, advances in confocal 

laser scanning microscopy has allowed the examination of biofilms in three-dimensions 

[74]
. 

 

 
P. aeruginosa Extracellular polymeric substance 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

!! (i) (ii) (iii) (iv) (v) 
 

 

Figure 1.4. The process of biofilm formation in P. aeruginosa. Bacterial cells arrive at site and 

reversibly attach to the surface (i); irreversible cell attachment soon follows (ii). Microcolony 

formation occurs as the cells reproduce (iii). Biofilm matures into a complex three-dimensional 

structure, embedded in an extracellular polymeric substance (iv). Active and/or mechanical triggers 

cause sections of the matrix containing viable cells to disperse (v), and colonise a new site (i). 
 

 
 

1.3.3.1            Biofilm formation: Cellular attachment 
 
 

The process of biofilm formation begins when cells sense environmental conditions that 

trigger the transition from planktonic to surface-attached growth 
[75]

. The Derjaguin- 

Landau-Verwey-Overbeek (DLVO) theory explains this reversible interaction between the 

bacterium surface and the substratum. It is a balance between two forces resulting from, (i) 

Van der Waals forces that implement attractive forces, and (ii) the overlap between the 

electric double layer of the cell and the substratum that implement repulsive forces (due to 

the negative charge of both components) 
[76, 77]

. Tissue-specific adhesins such as those 

located on the outer cell surface or on cellular appendages (flagella and type IV pili, see 
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section 1.3.2.1) are capable of reinforcing this interaction, resulting in irreversible 

attachment 
[56]

. P. aeruginosa mutants that lack either one of these appendages are unable 

to form mature biofilms 
[78]

. Those with no functional flagellum exhibit limited attachment 

to the surface, whilst pili mutants cannot form microcolonies. 
 

 

In abiotic environments, the solid surface can have an impact on the initial attachment 

process. Bacteria attach more rapidly to hydrophobic, nonpolar surfaces than hydrophilic 

materials, demonstrating the significance of physicochemical properties 
[79, 80]

. The extent 

of microbial colonisation increases in correlation with the surface roughness 
[81]

. Latex, for 
 

instance, is a commonly used catheter biomaterial with a coarse surface topography. Such 

irregularities increase the surface area, maximising the potential for bacterial colonisation. 

The rate and extent of bacterial attachment is also affected by the presence of conditioning 

films on a material surface. The surface becomes conditioned, or coated with polymers, 

after contact with an aqueous medium. This chemical modification to the surface can occur 

within minutes of exposure, and can continue to expand for many hours. Mittelman et al. 

noted that components of urinary and respiratory secretions, such as fibrinogen, increase 

the attachment of bacteria to commonly used biomaterials 
[82]

. 
 
 

1.3.3.2            Biofilm formation: Maturation and EPS production 
 
 

After attachment to a surface, bacteria undergo various changes in order to adapt to the 

biofilm mode of growth. Among several properties that characterise this stage of 

development is the increased exopolysaccharide synthesis, which creates a protective 

environment. During the biofilm maturation process, microcolonies are formed via clonal 

expansion of non-motile and motile cells, giving rise to the unique mushroom-like 

structures of P. aeruginosa biofilms (Figure 1.4iv) 
[83, 84]

. Mature biofilms form as a result 

of continued growth on the surface, where tightly packed cells cluster into structures that 

project into the surrounding media. Such structures act as primitive circulatory systems, 

providing an exchange route for nutrients and waste products 
[85]

. Non-motile cells are 

involved in the development of the stalk-like structure, whilst the cap-like structure of P. 

aeruginosa biofilms requires the presence of type IV pili, flagellum-mediated motility and 

a chemotaxis system 
[83, 84, 86]

. The EPS formed during this stage holds these bacterial cells 

within a defined matrix and firmly attaches them to the underlying surface. Within this 
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biofilm matrix, numerous internal spaces are present that are entirely void of cells, 

suggesting spatial heterogeneity within the biofilm. Metabolically dormant cells can often 

be located in the interior of the biofilm community 
[87]

. Biofilms also provide an ideal 

environment for the exchange of plasmids harbouring multiple resistance genes. Such 

communities provide closer cell-to-cell contact and minimal shear stress. It is therefore not 

surprising that conjugation occurs at a greater rate between biofilm cells compared to their 

planktonic counterparts 
[88]

. 

 
The EPS component, a highly hydrated matrix that comprises exopolysaccharides, 

extracellular DNA and proteins, provides a degree of protection to biofilms. P. aeruginosa 

is known to produce at least three exopolysaccharide-associated molecules; alginate, 

polysaccharide synthesis locus (Psl) and polysaccharide locus (Pel). Alginate, a mucoid- 

like copolymer composed of guluronic and mannuronic acid, attributes to the slimy 

appearance of P. aeruginosa colonies. It has been identified as an important virulence 

factor in the CF lung, where mucoid strains and the formation of exopolysaccharide- 

enclosed microcolonies of P. aeruginosa are frequently isolated 
[89]

. The overproduction of 
 

alginate is exclusive to the CF lung; so much so that mucoid isolates revert back to 

nonmucoid phenotypes when grown in vitro 
[90]

. Notably, alginate is not actually required 

for biofilm formation, and it therefore cannot be the universal structural matrix. Indeed, 

non-mucoid strains of P. aeruginosa that produce little or no alginate are also implicated in 

biofilm infections 
[91]

. In such strains, two polysaccharide loci have been discovered 

(referred to as Psl and Pel), and function as a scaffold to maintain the structure of the 

biofilm post-attachment 
[92]

. Both polysaccharides provide P. aeruginosa with structural 

redundancy within the biofilm matrix, as demonstrated using wild-type and pel-/psl- 

deficient mutants 
[70]

. Furthermore, deletions of Pel and Psl synthesis genes cause severe 

biofilm deficiencies 
[93]

, indicating that Psl and Pel have a vital role in cell-surface 

interactions 
[92]

. In wild-type P. aeruginosa strain PAO1, Psl was believed to serve as the 

primary structural polysaccharide for biofilm maturation 
[93]

. Studies by Wong and co- 
 

workers, employing a series of parallel cell-tracking algorithm analyses, only recently 

confirmed such assumptions 
[94]

. These algorithms extracted the motility history of each 

cell on a newly colonised surface. P. aeruginosa was found to deposit a trail of Psl, which 

influenced the surface motility of subsequent cells. Cells that encounter these trails 

generated a positive feedback that controlled the distribution of surface visit frequencies. 
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Such studies revealed how surface-attached bacteria self-organise into microcolonies, and 

the role of Psl in maintaining biofilm integrity. 

 

Whilst research has focussed on single species P. aeruginosa biofilms 
[16, 95-97]

, mixed 

species biofilms are more representative of those occurring in nature 
[72]

. In the CF lung for 

instance, P. aeruginosa and species from the Burkholderia cepacia complex can often 

coexist 
[98]

, where this environment may provide means of interaction between the two 

organisms. Only recently has research begun using in vitro and in vivo biofilm models of 

infection to explore these co-culture interactions 
[99]

. Studies have revealed that co- 

infection increases the biofilm biomass of P. aeruginosa; though both species contribute 

equally to the biofilm in terms of cell numbers 
[99]

. Furthermore, biofilms formed by P. 

aeruginosa when grown in co-culture with B. cenocepacia develop structures with a 

filamentous architecture. Co-infection also increased airway inflammation in respect to 

single infection with P. aeruginosa or B. cenocepacia in a mouse model of chronic lung 

infection 
[99]

. These studies highlight the considerable importance of understanding 

microbial communities and how interactions between community members can potentially 

affect biofilm formation. 
 

 

It is well documented that biofilms are more resistant to antibiotics in comparison with 

their planktonic counterparts. Studies determining the minimal inhibitory and bactericidal 

concentration of antibiotics showed a 100 to 1000-fold increase in resistance, when used to 

treat biofilm infections 
[100]

. In one study, planktonic P. aeruginosa cells were susceptible 

to tobramycin at 1 µg/mL, but even concentrations of 1 mg/mL did not eradicate a mature 

P.  aeruginosa  biofilm  
[101]

.  Bacterial  cells  taken  from  such  resilient  biofilms  often, 

however, exhibit sensitivity to conventional treatments 
[102]

. The resistance of biofilms to 

antibiotics is therefore regularly missed. Several factors can attribute to such resistance. 

These include slow growth of biofilm cells, reduced oxygen concentrations at the base of 

the biofilm 
[103]

, physiological changes that may result from difference in gene expression 

between planktonic and biofilm bacteria 
[71, 104]

, and the formation of a barrier that prevents 

the penetration of antibiotics 
[103]

. This barrier, attributed by the EPS matrix, contributes to 

antibiotic resistance in one of two ways; either by acting as a diffusion barrier, or by 

directly binding to agents and preventing access to biofilm cells 
[105]

. Significant challenges 

are also faced even when the antibiotic is able to penetrate the biofilm. Low metabolic 
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activity in combination with oxygen limitations result in limited bacterial eradication 
[103]

, 

where a core of dormant ‘persister’ cells can repopulate the biofilm when treatment is 

ceased 
[106]

. The increase in resistance means that the use of many conventional antibiotics 

often fails to completely treat and eradicate the underlying infections, leading to only 

temporary clinical improvements and the development of a resurgent infection. 
 

 

1.3.3.3            Biofilm formation: Dispersal 
 
 

Detachment of biofilm cells can occur by shedding of daughter cells from actively growing 

cells or as a result of environmental triggers. Factors such as alterations in the availability 

of nutrients (i.e. starvation) 
[107, 108]

, oxygen depletion 
[109]

, changes in temperature and iron 

levels 
[110, 111]

, and accumulation of toxic metabolic by-products are all possible signals for 
 

detachment. Localised death and lysis of bacterial cells in the centre of the mature biofilm 

can also initiate active dispersal of cells 
[112, 113]

. Lysed cells can provide nutrients to other 

bacteria that will become planktonic cells. These are referred to as dispersal cells, and can 

migrate to new surfaces and subsequently attach and mature into three-dimensional 

communities. Continuous removal of biofilm aggregates can also disrupt the underlying 

cells and cause agitation, leading to the loss of structural EPS and dispersal of biofilm cells 

[114]
.  During  this  stage,  genes  that  regulate  the  production of  exopolysaccharides are 

downregulated, whilst those that are important for motility are upregulated 
[115]

. 
 
 

1.3.4               Extracellular virulence factors 
 
 

Extracellular virulence factors reflect a group of products that are mainly involved in 

causing extensive tissue damage 
[47]

. Such factors often follow initial adhesion and 

colonisation, and include exotoxins, proteolytic enzymes and haemolysins. 
 

 

1.3.4.1            Exotoxin A 
 
 

The term exotoxin describes a group of proteins that act enzymatically or through direct 

action with host cells to stimulate a variety of host responses. Exotoxin A (66-kDa) is one 

the most potent virulence factors produced by P. aeruginosa, and has implications in direct 

tissue damage and necrosis 
[30, 116]

. This factor, encoded by the toxA gene, is secreted into 

the extracellular matrix and binds to receptors on the surface of cells, allowing endocytosis 
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of the toxin. Transport into the cell eventually blocks polypeptide chain elongation in the 

host cell and inhibits host cell protein synthesis 
[27, 116]

, which ultimately results in cell 

death. The importance of exotoxin A in pathogenesis of P. aeruginosa has been 

demonstrated in vivo. In a mouse model of corneal keratitis, exotoxin A-deficient P. 

aeruginosa strains were rapidly cleared and, unlike the wild-type strain, infection did not 

persist 
[117]

. Clinical studies have also shown that high titres of circulating anti-exotoxin A 

serum antibodies are regularly recovered from CF patients 
[27, 116]

, and transcripts of toxA 

and exotoxin A accumulate at varying levels in the sputum 
[118]

. 

 
1.3.4.2            Proteases: LasA, LasB and Apr 

 
 

P. aeruginosa produces a range of endopeptidases; LasA protease, LasB elastase and 

alkaline protease. LasA (20 kDa) and LasB (33 kDa) are zinc metalloendopeptidases 

belonging to the β-lytic endopeptidase family of extracellular bacterial proteases 
[47]

. These 

enzymes act synergistically on a number of proteins including elastin. LasA and LasB, 

however, exhibit a 10-fold greater proteolytic activity than alkaline protease against elastin 

[119]
. LasB elastase degrades not only elastin, but also fibrin and collagen 

[120]
. Together, 

LasA and LasB alter the permeability of the respiratory epithelium, by targeting its tight 

junctions 
[121]

. Transcripts of lasA and lasB were identified in vivo 
[118]

, and both 

endopeptidases were recovered from CF patients during pulmonary exacerbation 
[51]

. The 

relative  importance  of  these  enzymes  in  pathogenesis  stretches  beyond  the  tissue 

components of the lungs. Their pathogenic role in wounds affected the process of repair, 

by altering cell motility and causing an imbalance between pro- and activated forms of 

matrix-metalloproteinase and its inhibitor 
[52]

. An accurate balance of the latter is required 

for the regulation of extracellular matrix and regeneration of tissue. Alkaline protease (50 

kDa), a zinc metalloprotease, degrades several components of the host immune system. 

These include tumour necrosis factor-alpha and interferon-gamma; both of  which are 

involved in first line defence. In CF patients, high titres of specific antibodies to alkaline 

protease were detected in the sputum during bronchopulmonary exacerbation 
[51]

. In recent 

years, alkaline protease was found to block complement activation 
[122]

, the antibody- 

mediated immune system responsible for detecting and eradicating bacterial pathogens. 

Such studies provide an insight into the mechanisms by which the proteases, and possibly 

other virulence factors, of P. aeruginosa induce damage to host. 
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1.3.4.3            Haemolysins: Rhamnolipids 
 
 

P. aeruginosa produces two haemolysins; rhamnolipids and phospholipase C during the 

late-exponential to stationary phase of growth 
[47]

. Rhamnolipids are rhamnose-containing 

glycolipid biosurfactants that are produced in two sequential glycosyl transfer reactions, 

each catalysed by a specific rhamnolipid-synthesis enzymes (rhamnosyltransferase) 
[123]

. P. 

aeruginosa produces several types of rhamnolipids, and some have been isolated in an 

active  fraction  
[124]

.  The  relative  importance  of  rhamnolipids  in  acute  and  chronic 

infections was recently highlighted. Zulianello et al. showed that rhamnolipid-secreting 

strains of P. aeruginosa infiltrate the respiratory epithelium and promote the invasion of 

rhamnolipid-deficient strains 
[125]

. A series of in vitro biofilm systems, and in vivo 

intraperitoneal foreign-body model and  pulmonary model of  P.  aeruginosa infections 

identified these biosurfactants as key protective agents of P. aeruginosa 
[126]

. In such 
 

studies, only bacteria that produce rhamnolipids were able to induce lysis of components 

of the immune system (specifically polymorphonuclear leukocytes) and persist in the lungs 

of mice. These detergent-like molecules are also capable of causing ciliostasis of airway 

epithelial, when secreted on colonised surfaces 
[127]

. Such molecules can solubilise the 

phospholipids of lung surfactants, making them accessible to cleavage by phospholipase C. 

Other in vitro studies demonstrated that rhamnolipids cause lysis of red blood cells 
[128]

, 

and necrosis of macrophages 
[129]

. It is this loss of innate immune cells in the host that 

accounts for a reduced clearance of P. aeruginosa. Rhamnolipids play a significant role in 

biofilm formation. Rhamnolipids support initial microcolony formation 
[130]

, support 

swarming motility 
[131]

, and stimulate biofilm dispersal 
[132, 133]

. A single mutation in the 

rhamnolipid-encoding gene rhlA inhibits swarming motility 
[131]  

and alters the biofilm 

architecture, causing P. aeruginosa to form thin uniform biofilms 
[134]

. 
 
 

1.3.4.4            Pyocyanin 
 
 

Pyocyanin, a redox-active blue pigment, is another abundant virulence factor and unique to 

P. aeruginosa. Pyocyanin (5-N-methyl-1-hydrophenazine) is a member of the phenazine 

family 
[135]

. This pigment generates reactive oxygen species using intracellular redox 

cycling, where pyocyanin is reduced and the resulting molecule reacts with molecular 

oxygen. Superoxide and hydrogen peroxide are two compounds that are produced as a 
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result of this reaction, exposing host cells to oxidative stress 
[136]

. These heterocyclic 

compounds display a broad-spectrum toxic activity against surrounding prokaryotic 

organisms. This eliminates competitors and enhances the survival of the infecting species 

[137]
,  contributing  to  both  acute  and  chronic  infections  

[138]
.  In  particular,  phenazine 

pigments exhibit significant toxicity to respiratory epithelium, inhibiting the beating of 

cilia in vitro 
[139]

. The ability of pyocyanin to suppress lymphocyte proliferation 
[140]

, 

damage epithelial cells 
[139, 141]

, and inactivate protease inhibitors 
[141]  

are among several 

other factors that have increased the pathogenicity of P. aeruginosa. More recently, Das et 

al. demonstrated that pyocyanin also binds to double-stranded DNA, alters its structure and 

increases  its  viscosity  
[142]

.  The  viscosity  of  sputum  in  patients  with  P.  aeruginosa 

infections is a determinant of patient outcome, linking the interactions of pyocyanin-DNA 

to infection progression. 
 
 

1.4       Cell-to-cell communication: Quorum sensing 
 
 

1.4.1               Overview of quorum sensing in P. aeruginosa 
 
 

Bacteria were initially thought of as individual cells designed to proliferate, but unable to 

collectively interact and respond to environmental stimuli. This view has however changed 

over the last few decades with the discovery of cooperative luminescence regulation in the 

marine bacterium Vibrio fischeri 
[143]

. Several other Gram-negative and Gram-positive 

organisms including P. aeruginosa, E. coli, Staphylococcus aureus and Streptococcus 

pneumoniae are now known to use signalling pathways to coordinate virulence 
[14]

. Given 

its importance as a human pathogen, P. aeruginosa has been subject to intensive 

investigation and has become one of the model organisms in quorum sensing research. For 

the purpose of this thesis, the regulatory cell-to-cell communication system and its role in 

pathogenesis will be considered with focus specifically on P. aeruginosa as a model 

system. 

 
The ability of P. aeruginosa to coordinate much of its virulence is regulated by an 

intercellular signalling system termed quorum sensing (QS) 
[12, 14, 144]

. This is a mechanism 

by which individual bacterial cells communicate with surrounding bacteria through the 

production and  detection  of  small  signal  molecules, referred  to  as  autoinducers 
[145]

. 

Several types of autoinducers exist; however, P. aeruginosa produces two forms of N- 
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acyl-homoserine lactones (AHL), which are unique to Gram-negative bacteria. The 

secretion of these extracellular factors was assumed to be more beneficial at higher cell 

densities. This fundamental assumption was, however, only experimentally confirmed in 

recent years, where activation of QS at high densities provided the greatest fitness benefit 

for the bacterium 
[146]

. Three basic principles are present in all QS systems, regardless of 
 

differences in regulatory and molecular mechanisms. First, all bacterial cells within the 

community produce signalling molecules 
[147]

. At low cell densities, individual cells 

produce autoinducers, but the concentration is below the threshold for detection. At high 

cell   densities,  the   collective  production  of   autoinducers  results   in   a   high   local 

concentration, enabling detection and response. Second, all autoinducers are detected by 

receptors found in the cell membrane or cytoplasm. Third, an autoinduction loop exists in 

all QS regulatory systems, where the production/detection of signal molecules stimulates 

their synthesis 
[148]

. Over the last two decades, research has unveiled the sophisticated 

hierarchical organisation of QS pathways in P. aeruginosa. Three main QS signalling 

networks, LasI/LasR 
[149]

, RhlI/RhlR 
[150]  

and the Pseudomonas quinolone signal (PQS) 

system 
[151]  

were identified; with a fourth system termed the integrated quorum sensing 

(IQS) pathway recently discovered 
[152] 

(Figure 1.5). 
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Figure 1.5. Schematic representation of the hierarchical organisation of quorum sensing 

networks in P. aeruginosa. Four QS networks exist in P. aeruginosa; las, iqs, rhl and pqs systems. 

At high cell densities, the autoinducing  signals, 3-oxo-C12-HSL,  IQS, C4-HSL and PQS bind to 

their regulons, LasR, IqsR, RhlR and PqsR, respectively. These later activate genes that encode for 

virulence factor production. Arrows indicate a stimulatory effect. Perpendicular lines indicate an 

inhibitory effect. 
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1.4.2               The las quorum sensing network 
 
 

The concept of QS in P. aeruginosa was an extension from studies based on the system in 

V. fischeri, in which two LuxI/LuxR-homologues exist 
[153, 154]

. The LuxI homologue, LasI, 

is an autoinducer synthase that catalyses a reaction between S-adenosyl-methionine and an 

acyl carrier protein 
[155]

. This contributes to the synthesis of AHL molecules 
[156]

. The 

length of the acyl chain of AHL molecules varies in different bacterial species, ranging 

from four to eighteen carbons 
[157]

. The chemical diversity contributes to intraspecific 

bacterial communication, where both autoinducer-detecting and LuxR-type homologues 

exhibit unique binding pockets that accommodate their cognate AHL ligands 
[158]

. In the 

las QS circuit in P. aeruginosa, LasI synthesises a twelve-carbon molecule, identified as 3- 

oxo-C12-homoserine lactone (3-oxo-C12-HSL) 
[155, 156, 159]

. The signal is secreted into the 

extracellular matrix via efflux pumps, where it accumulates 
[160]

. Once a threshold is 

reached, the signal molecules bind to the transcriptional regulator of the LuxR family, 

known as LasR. Any unbound LasR-proteins are rapidly degraded to prevent bacteria from 

utilising alternative QS routes. Binding of 3-oxo-C12-HSL to LasR stabilises the regulator, 

allowing it to fold and activate the transcription of target genes 
[161]

. lasB, encoding for 

LasB elastase, was among the first genes to be identified 
[153]

. Subsequent studies revealed 

LasR as a global regulator of virulence genes in P. aeruginosa, controlling the expression 

of LasA protease (lasA), alkaline protease (aprA), exotoxin A (toxA) and LasI itself (lasI) 

[118]
. The activation of lasI provides a positive feedback system, where autoinduction leads 

to a high local concentration of LasR/3-oxo-C12-HSL complexes and thus, the transcription 

of virulence genes. 

 
1.4.3               The rhl quorum sensing network 

 
 

Shortly after the discovery of the las system, a second luxI homologue referred to as rhlI 

was identified 
[150]

. The RhlI protein synthesises a four-carbon chain autoinducer termed 

butanoyl homoserine lactone (C4-HSL) that does not directly interact with LasR 
[150]

. This 

triggered an investigation for its cognate receptor, which later revealed another LuxR-type 

protein, RhlR, as the regulatory target 
[162]

. The C4-HSL autoinducer behaves in a similar 

manner to 3-oxo-C12-HSL, but is released into the extracellular environment by free 

diffusion 
[160]

. At a high cell density C4-HSL binds to RhlR, forming a complex that 
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activates a range of target genes. Transcriptome analysis studies have revealed that the rhl 

system controls the expression of LasB elastase (lasB), rhamnolipids (rhlA and rhlB) and 

pyocyanin (phz) 
[161, 163]

. rhlI, the gene responsible for RhlI expression, is also activated, 

leading to an autoinduction of the RhlI/RhlR circuit. A second level of control exists in this 

circuit, where 3-oxo-C12-HSL prevents the binding of C4-HSL to its cognate regulator, 

RhlR 
[164]

. The prevention of RhlR/C4-HSL autoinduction ensures that the initiation of the 
 

LasI/LasR and RhlI/RhlR cascades occurs sequentially. 
 
 

1.4.4               The pqs quorum sensing network 
 
 

A third non-LuxI/LuxR-type system known as the PQS regulatory system exists in P. 

aeruginosa,  and  this  was  characterised  by  Pesci  and  co-workers.  In  such  studies,  a 

dramatic induction of lasB expression in a lasR mutant was observed, but could not be 

mimicked by complementation with 3-oxo-C12-HSL or C4-HSL 
[151]

. This observation 

suggested the presence of another factor in P. aeruginosa. Indeed, PQS, which is 

structurally identified as 2-heptyl-3-hydroxi-4-quinolone, was discovered. PQS is 

chemically unique from the AHL signals of the las and rhl system, lacking a lactone 

moiety. The synthesis of PQS is controlled using PqsA, PqsB, PqsC, PqsD and PqsH 
[151,

 

165, 166]
. These proteins are initially involved in the regulation of the PQS biosynthetic 

 

precursor, 2-heptyl-4-quinolone (HHQ), followed by a subsequent oxidative hydroxylation 

reaction by PqsH to convert HHQ into PQS 
[167]

. Once produced, the PQS signal is 

embedded within micro-vesicles and released into the environment 
[168]

. The regulator 

PqsR subsequently detects the PQS signal. This complex (PqsR/PQS) autoinduces the 

synthesis of PQS itself, and can activate the expression of rhlI and rhlR 
[169]

. HHQ can also 

bind to and induce the expression of PqsR, though it does so with ~100-fold less potency 

than PQS 
[170]

. The pqs circuit provides a link between the las and rhl systems, where the 

transcription of pqsH (and by extension, the synthesis of PQS) is dependent on LasR 

activation. PQS therefore induces rhlI transcription through initiation of the las circuit 
[171]

. 

Thus, the LasR/3-oxo-C12-HSL complex activates the expression of pqsR and pqsH, whilst 

the RhlR/C4-HSL complex suppresses the expression of PQS 
[165, 166]

. Genes required for 

PQS synthesis are positively regulated by LasR, but also negatively controlled by the rhl 

system 
[169]

. The production of PQS is thus dependent on the ratio of 3-oxo-C12-HSL and 

C4-HSL, and a balance between the las and rhl circuits 
[172]

. 
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1.4.5               The iqs quorum sensing network 
 
 

Existing literature has speculated over the years the existence of an unknown cell-to-cell 

communication system, capable of controlling the central role of the las system and its 

regulons. These speculations emerged when lasR mutants were reported to express las- 

controlled virulence factors 
[173]

. Studies by Lee et al. recently identified an alternate 

signalling pathway that allows P. aeruginosa to bypass LasR (under low phosphate levels), 

and activate a subset of QS-controlled genes 
[152]

. This fourth intercellular signalling 

network termed iqs utilises a new class of QS signal molecules that are structurally 

established as 2-(2-hydroxyphenyl)-thiazole-4-carbaldeyde (IQS). The synthesis of IQS is 

controlled via a single operon, ambBCDE. Disruption to the iqs network causes a decrease 

in the production of C4-HSL and PQS autoinducers, and downregulates the expression of 

elastases, rhamnolipids, and pyocyanin. Interestingly, the iqs system partially takes over 

the functions of the las system under phosphate limited conditions 
[152]

. This system is of 

particular relevance, as some clinical isolates of P. aeruginosa do not express lasR, but in 

which the rhl and pqs systems are active 
[174, 175]

. Additionally, phosphate limitation is a 

common encounter during infection, as bacterial pathogens often encounter strong 

competition for free phosphates from host cells 
[176]

. 

 
1.4.6               Regulation of genes in quorum sensing 

 
 

The key discoveries regarding QS systems in P. aeruginosa inspired research on the 

functions, regulons and molecular mechanisms of QS-responsive virulence genes. Most 

genes that were initially hypothesised as only las- or rhl-controlled are in fact activated by 

either one of  the  two  circuits. Transcriptome analysis studies by  Schuster  et  al.  and 

Wagner et al. using lasI and/or rhlI mutants brought to light the existence of las- and rhl- 

controlled genes and operons throughout the chromosome. For instance, some genes 

respond dramatically well to 3-oxo-C12-HSL (e.g. lasA), some with C4-HSL specificities 

(e.g. rhlA and rhlB), and some equally well to both autoinducers (e.g. lasB) 
[161, 177, 178]

. 
 

Furthermore,  lasR-deletion  mutants  which  are  defective  for  rhlI  induction  express 

virulence factors that were originally thought to be rhl-dependent 
[173]

. It was suggested 

that low levels of rhlI and rhlR expression promote the accumulation C4-HSL, and 

subsequent  autoinduction of  the  rhl  system  and  its  associated  virulence  factors.  The 
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concept of ‘cheaters’, where QS-deficient mutants exploit the functional QS system of 

other members of the community, may attribute to a similar situation if encountered in vivo 

[179]
. ‘Cheater’ strains often exhibit a growth advantage by utilising public goods (i.e. 

virulence factors) produced by neighbouring QS-proficient strains, rather than producing 

their own. This, together with our knowledge of the iqs system, provides critical clues in 

understanding the high prevalence of lasR mutants in the lungs of CF patients 
[175]

. The 

latter had previously been the subject of much debate, in which the importance of QS in 

the pathogenesis of CF infections was questioned. 

 
There are additional regulators that contribute to the QS circuits of P. aeruginosa. RsaL 

suppresses the transcription of lasI, generating a negative feedback loop that counteracts 

the positive feedback loop of the las system 
[180]

. Such mechanisms thereby balance the 

levels of 3-oxo-C12-HSL. Other positive and negative regulators have also been identified 

over the years. Of note are the regulatory effects of QscR and VqsR. QscR, for example, is 

a LuxR-type protein not associated with an autoinducing homologue. It does, however, 

respond to autoinducers produced by both the las and rhl circuit. This formation of 

heterodimers (with LasR and RhlR) creates a delay in the activation of many las- and rhl- 

controlled  genes  
[181]

.  The  LasR/3-oxo-C12-HSL complex  regulates  VqsR,  a  positive 

regulator of the las and rhl system 
[182]

. Such regulators provide this bacterium with 
 

metabolic versatility and the opportunity to adapt to a range of environmental changes. 
 
 

1.4.7               Role of quorum sensing in pathogenicity of P. aeruginosa 
 
 

A range of studies has illustrated the importance of QS signalling systems in bacterial 

infection over the years. Many of which test strains of P. aeruginosa that contain deletions 

in one or more QS genes in various models of infection. These include a murine model of 

peritoneal infection 
[183]

, neonatal mouse model of pneumonia 
[184]

, CF model of tracheal 

infection 
[185]

,  and  nematodes such  as  Caernorhabditis elegans  
[186]

.  In  these studies, 

mutants deficient in lasI/lasR and/or rhlI/rhlR induced less damage than wild-type P. 

aeruginosa. Mutations in the pqs system, and more specifically pqsR, also resulted in a 

reduction   in   biofilm   formation   and   the   production   of   elastases,   pyocyanin   and 

rhamnolipids 
[169]

. In most cases, single mutations did not result in a completely avirulent 

phenotype, highlighting the mutifactorial nature of virulence and the role of other factors 
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in regulation of pathogenesis. A more detailed review of current infection models used to 

assess the pathogenicity of wild-type and QS-deficient P. aeruginosa strains is presented in 

Chapter 8, Section 8.1. In terms of CF patients, mRNA transcripts of major QS regulators 

such as lasR, lasA, lasB and toxA 
[118]

, and the presence of AHL 
[67, 187, 188] 

and PQS 
[189] 

signal molecules were detected in sputum samples. Furthermore, isolates of P. aeruginosa 

from sputum samples produce a concentration of AHLs in vitro similar to those found in 

CF sputum 
[67]

. This, however, only occurs when isolates are grown in a biofilm model and 

not a planktonic state. The relative abundance of autoinducers prompted Singh et al. to 

label these molecules as biomarkers for the biofilm mode of growth in CF patients 
[67]

. The 

ability of AHLs to interact with eukaryotic cells was also demonstrated in vitro. AHLs, in 

particular 3-oxo-C12-HSL, stimulate the production of inflammatory cytokines such as 

interleukin-8 in human bronchial epithelial cells 
[190, 191]

, inhibit the production of tumour 
 

necrosis factor-alpha in human peripheral blood mononuclear cells and induce apoptosis in 

macrophages and neutrophils 
[192]

. PQS and its precursor HHQ reduce the expression of 

nuclear factor-κB targeted genes, downregulating the host immune response 
[193]

. Taken 

together, these findings provide compelling evidence that QS does indeed play a role in the 

pathogenesis of P. aeruginosa in vivo, where autoinducers themselves directly may act as 

virulence factors. 
 
 

The extent of QS involvement in biofilm development has, however, been the subject of 

debate over the last decade. Biofilms formed by QS-deficient mutants, specifically strains 

deficient in lasI/lasR and/or rhlI/rhlR, appear flat and less structured than parental wild- 

type strains on abiotic substrata 
[194]

, and more susceptible to treatment with antibiotics 

(such  as  tobramycin)  and  to  eradication  by  polymorphonuclear  leukocytes  
[195]

.  The 

addition  of  exogenous  autoinducers  (3-oxo-C12-HSL  and  C4-HSL),  however,  reverts 

biofilm production to that observed in wild-type strains 
[194]

. Gilbert et al. reported that 

LasR binds to the promoter region of the exopolysaccharide-psl operon 
[196]

. In another 

study, mutants deficient in rhlI were unable to express Pel polysaccharide as the 

transcription of the pel operon was reduced 
[197]

. Furthermore, biofilms formed by pqsA 

deficient mutants were reported to contain significantly less extracellular DNA than the 

wild-type biofilms 
[198]

. Collectively, these highlight a potential role for all three QS 

networks in biofilm formation. It is also well established that QS regulates the expression 

of virulence factors that are often required during the early stages of biofilm formation. 
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Amongst which are adhesion factors such as pili and flagella 
[86]

, rhamnolipids 
[126]

, and 

swarming motility 
[199, 200]

. This highlights an indirect link between biofilm formation and 

QS. Nonetheless, some studies claim that QS does not influence biofilm development as 

much as reports suggest. Instead, the hydrodynamics of flow cell systems in these studies 

appear to be more important than the presence of cell-to-cell signalling 
[201]

. As such, both 

wild-type and QS-deficient mutants form strongly adherent biofilms particularly under 

high-flow conditions. Although somewhat controversial, it seems that QS is to an extent 

involved in the process of biofilm development in P. aeruginosa. For a more detailed 

discussion  on  the  role  QS  plays  in  biofilm  formation  and  the  pathogenicity of  QS- 

proficient and QS-deficient strains, refer to Chapter 5. 

 
1.5       Strategies targeting the virulence of P. aeruginosa 

 
 

1.5.1               Quorum sensing inhibition 
 
 

Several  strategies  aimed  at  attenuating  the  virulence  of  P.  aeruginosa  have  been 

developed. Interrupting QS has emerged as a highly attractive target for the development 

of novel therapeutics. This anti-virulence approach is relevant in the current context, where 

the loss of antibiotic efficacy and the development of multiple-drug resistance have limited 

treatment options. The term anti-virulence relates to agents that do not induce cell death, 

but rather prevent pathogens from expressing their detrimental phenotypes (i.e. virulence 

factors). Several components of QS in P. aeruginosa therefore represent ideal targets for 

potential therapeutics. Three of which have been extensively studied - the signal generator, 

the signal molecule and the signal receptor 
[202]

. The following sections will briefly review 
 

some the most significant developments in the field of anti-virulence/QS inhibition 

research. 

 
1.5.1.1            Inhibition of autoinducer signal generation 

 
 

Compounds that prevent signal production are perhaps an obvious strategy. If there is no 

production of autoinducers, surrounding bacteria are neither able to detect when the 

threshold signal concentration is reached nor activate QS-controlled virulence genes. 

However, relatively few reports highlighting the use of molecules that target LuxI synthase 

proteins exist. The majority are based on various analogues of the AHL biosynthesis 
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precursor, S-adenosyl-methionine. In one study, four structural analogues reduced the 

catalytic activity of LasI and RhlI synthases by up to 97%, preventing AHL production 

[156]
. Inhibition of S-adenosyl-methionine using these analogues was, however, only tested 

in vitro. Further optimisation studies to prevent non-specific inhibition affecting S- 

adenosyl-methionine-utilising mammalian  enzymes  could  lead  to  the  development  of 

potent QS inhibitors. Interestingly, the macrolide antibiotic, azithromycin, prevents AHL 

signal  generation  at  sub-minimum  growth  inhibitory  concentrations (≤  2µg/mL)  
[203]

. 

These molecules were initially thought to have minimal effects on Gram-negative 

organisms, mainly due to their low permeability and exclusion from the cytoplasm. 

However, an in vitro study showed azithromycin represses the C4-HSL synthase protein, 

RhlI,  at  the  ribosomal  level  
[203]   

and  downregulates  the  expression  of  las-  and  rhl- 
 

controlled genes 
[204]

. The latter inhibition was attributed to a decreased production of 3- 

oxo-C12-HSL (by 94%) and C4-HSL (by 72%) signalling molecules 
[203]

. 
 

 

1.5.1.2            Degradation of autoinducer signal molecules 
 
 

An alternative option is to externally intervene with AHL signals post-production. 

Enzymatic modulation is perhaps the most extensively studied form of degradation, 

presumably due to the abundance of quorum quenching enzymes in nature. To date, three 

groups  of  enzymes  have  demonstrated  AHL  degradation  activity  in  P.  aeruginosa; 

acylases 
[205]

, lactonases 
[206]

, and oxidoreductases 
[207]

. T 
 

each group (Figure 1.6). 
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Figure 1.6. Enzymatic degradation of AHLs. Dashed lines ma 
 
 

 
AHL-acylases cause signal degradation by hydrolysing the amide bond in AHLs and thus, 

releasing the lactone and acyl chain. Among the first acylase identified was AiiD, a protein 

isolated from Ralstonia spp. 
[205]

. This enzyme is capable of degrading a range of AHL 

signals, including 3-oxo-C12-HSL, within just three hours of application. When expressed 
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in P. aeruginosa, it not only decreases elastase and pyocyanin production, but also reduces 

swarming motility 
[205]

. In contrast, AHL-lactonases catalyse the ring opening by 

hydrolysing the ester bond in the lactone ring. One example is AiiA, a product from 

Bacillus spp, which prevents the accumulation of both 3-oxo-C12-HSL and C4-HSL when 

expressed in P. aeruginosa, but fails to affect bacterial adhesion and thus surface 

colonisation  
[206]

.  Since  its  identification,  several  other  AHL-lactonases  with  similar 

activity have been discovered. Among these are QsdH (from the marine bacterium 

Pseudoalteromonas byunsanensis) 
[208] 

and AiiM (from the leaf-associated bacterium 

Microbacterium testaceum) 
[209]

. Unlike these enzymes, oxidoreductases convert the signal 

to an inactive form, attenuating QS-regulation downstream 
[207]

. 

 
1.5.1.3            Inhibition of signal-receptor interactions 

 
 

Molecules that act as antagonists or agonists to LasR or RhlR can prevent the signal 

molecules from binding and inflicting a biological response. Furanones are among some of 

the most extensively studied QS inhibitors and are capable of intercepting the signal- 

receptor interaction. Originally produced by the marine algae, Delisea pulchra, for 

protection against bacterial colonisation, these compounds exhibit structural similarities to 

native AHLs 
[210]

. Although the natural form of these compounds inhibits several QS- 
 

determinants such as swarming motility and biofilm formation in E. coli 
[211] 

and P. 

mirabilis 
[212]

, they do not alter QS in P. aeruginosa. Considerable research has therefore 

been directed at the identification of synthetic furanone analogues capable of inhibiting QS 

[213-215]
. Hentzer et al. identified an analogue that lacks the alkyl side chain, a common 

feature of natural furanones 
[213]

. This synthetic compound interfered with AHL-mediated 

QS  and  targeted genes of  the  las  circuit, reducing chitinase and  elastase production. 

Approximately 80% of furanone-supressed genes were in fact QS-controlled. A 

concentration of 10µM, which downregulated the expression of QS-controlled genes in 

planktonic cells, was equally effective against biofilm-encased cells 
[213]

. Studies by Wu et 

al. thereafter found that synthetic furanones accelerate bacterial clearance from the lungs 

of intratracheally-infected mice, reduce the severity of lung pathology by preventing 

abscess formation, and thus enhance the survival of infected mice 
[216]

. 
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Perhaps the greatest contributors to this area of QS inhibition are Blackwell and co- 

workers, who have presented over the years a series of comprehensive studies comparing 

the activity of more than 100 non-native AHL analogues 
[217-220]

. Such studies have 

identified sets of ligands that selectively modulate one or both LuxR-type recptors. Among 

a selection of potential LasR antagonists was a compound with an aromatic substitution (of 

phenyl ether) on the acyl chain that reduced the production of LasB elastase by ~80% at a 

concentration of 20µM in vitro 
[217]

. To date, this group has identified some of the most 

potent anti-virulence modulators for which the structure-activity relationship has been 

elucidated. 

 
Although many studies have focused on identifying LasR antagonists, some have reported 

dual-inhibition of the transcriptional regulator, RhlR. Analogues of chlorolactone, a 

molecule found to inhibit a QS transcriptional regulator in Chromobacterium violaceum 

[221]
, were recently synthesised to create a focused library of approximately 30 molecules. 

mBTL, an analogue of native AHL, repressed the expression of pyocyanin, prevented 

biofilm formation and protected lung epithelial cells from the virulence of P. aeruginosa 

[222]
. This compound also downregulated LasR expression and partially antagonised RhlR. 

 
1.5.1.4            Inhibition of quorum sensing using natural extracts 

 
 

Natural  compound  libraries  serve  as  another  source  of  anti-virulence  agents.  More 

recently, plant phenolic compounds (including vanillin, 4-hydroxybenzoic and gallic acids) 

suppressed biofilm formation at concentrations > 200µg/mL 
[223]

. Crude toluene extracts 

(from Allium sativum) have specifically inhibited las-, rhl- and pqs-regulated genes such as 

lasA, rhlAB, phzCDEFG and pqsA, as evidenced using DNA microarray-based 

transcriptome analysis 
[224]

. Further studies against P. aeruginosa biofilms have 

demonstrated that this garlic extract can synergistically enhance the efficacy of tobramycin 

in vitro 
[224]

, and promote a higher degree of inflammation and rapid clearing of P. 

aeruginosa in a mouse model of pulmonary infection 
[225]

. In recent years, Jakobsen et al. 

employed  the  use  of  bioassay-guided  fractionation  and  identified  the  primary  active 

fraction in this extract as ajoene 
[226]

. This research group also isolated several crude 

extracts  from  sulphur-rich  natural  products.  Among  which  was  iberin  (structurally 

identified as 1-isothiocyanato-3-(methylsulphinyl)), an active QS inhibitor that specifically 
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downregulates the expression of rhamnolipids 
[227]

. Considering that the active compound 

identified in this extract is an isothiocyanate, it is not surprising that recently natural 

isothiocyanates like sulforaphane (50µM) also antagonised the transcriptional regulator 

LasR, and reduced the production of pyocyanin by ~80% and the biofilm forming ability 

of P. aeruginosa 
[228]

. 

 
1.5.2               Clinical application of anti-virulence agents 

 
 

The field of anti-virulence research is rapidly evolving with many inhibitors discovered 

over the last decade. Clinical applications are, however, still lacking and the transformation 

of laboratory results into viable drugs is non-existent. The most obvious reason associated 

with such drawbacks is the lack of interest from pharmaceutical companies. A pilot study 

(www.isrctn.com; ISRCTN21133397) assessed the potential of macerated garlic oil as an 

inhibitor of QS in CF patients colonised with P. aeruginosa. Patients receiving doses of 

garlic capsules exhibited an improvement in lung function, but the study size was too small 

to demonstrate statistically significant improvements in clinical outcomes 
[229]

. To date, 
 

only two clinical trials on QS inhibitors have been performed. The first 

(www.clinicaltrials.gov; NCT00610623) was conducted in 2005 and assessed the clinical 

efficacy of the macrolide, azithromycin, at sub-inhibitory doses for preventing ventilator- 

associated pneumonia in patients colonised with P. aeruginosa. The trial revealed that 

treatment with azithromycin reduces the expression of lasI and rhlA, but long-term 

inhibition (in this case, treatment for 20 consecutive days) results in selection of more 

virulent strains of P. aeruginosa 
[230]

. The latter presumably occurred as azithromycin 
 

reduces the spread of QS cheaters (specifically, lasR mutants) and diminishes selection 

toward reduced virulence, thereby increasing the potential spread of more virulent wild- 

type genotypes. The authors do, however, suggest that short-term exposure to anti- 

virulence agents is favourable and may avoid the selection of more virulent pathogens that 

often accompanies long-term treatment. The second (www.clinicaltrials.gov; 

NCT01201577) was completed in 2011 and assessed the effects of orally administered 

agents  including  antibiotics  on  autoinducer  signalling  molecules.  However,  no  study 

results were published. The lack of clinical trials has limited the translation of such 

strategies into agents with therapeutic purposes. 
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1.5.3               Advantages and disadvantages of targeting virulence 
 
 

The use of anti-virulence agents presents several advantages and disadvantages. Unlike 

antibiotics that exert considerable selection pressures on bacteria, anti-virulence were 

predicted to present lower selection pressures that lead to resistance. Hence, the fitness of 

the organism is not compromised, while diminishing its ability to cause infection. This 

was, however, only confirmed in a recent study, where Gerdt and Blackwell presented 

evidence that QS signal-dependence is sufficient to impede the spread of resistance and the 

presence of inhibitor sensitive ‘cheater’ cells prevents resistance arising 
[231]

. The high 
 

abundance of different signalling systems in pathogens means that any agent capable of 

disrupting QS will most probably exhibit a narrow range of activity. This specificity is 

perhaps beneficial to the host. Anti-virulence agents may preserve the normal flora that is 

often affected during antibiotic treatment 
[232]

, and  allow the host  to  mount a  robust 

immune response that is capable of eliminating the infection without the need for 

antibiotics. This mode of action, however, relies on host defences. Therefore, it is unlikely 

that such agents can be used as a treatment strategy for immunocompromised patients. 

Their general use is thus more suited as prophylactics rather than therapeutics. Targeting 

virulence also offers an increased repertoire of pharmacological targets with new 

mechanisms of action. In terms of screening, systems such as QS inhibitor selector 

biosensors 
[224]

, which simultaneously identify alterations in growth and a QS inhibition, 

need to be further developed and standardised. Such systems will enable the assessment of 

putative agents, since conventional in vitro sensitivity assays are not applicable to QS 

inhibitor compounds. Additionally, there is a lack of studies assessing the efficiency of 

such molecules in clinically reflective infection models. Those that have been able to 

identify and screen QS inhibitors in infection models face further challenges. In many 

cases, the direct extrapolation from an animal model to clinical use is not always possible 

as the doses used are considerably greater than those tolerated by humans. 

 
1.6       Dendrimers: Their potential against bacterial infections 

 
 

1.6.1               Characteristics of dendrimers 
 
 

Dendrimers are a class of hyperbranched macromolecules with a well-defined finite 

molecular structure that were first characterised over three decades ago 
[233]

. Named after 
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the Greek word ‘dendron’ (meaning tree), these unique macromolecules are constructed 

from layers or branches composed of synthetic molecules such as poly (amido amine) 

(PAMAM), amino acids such as polylysine, carbohydrates, or a combination thereof 
[234]

. 

The precise assembly of branching units results in a tree-like structure and architecture that 

confers the characteristic spherical shape of dendrimers 
[235]

. The sequential addition of 

monomers during the stepwise design of dendrimers results in homostructural layers that 

define the number of branching points. Each homostructural layer formed is therefore 

termed as a generation (G) 
[235]

. That is a dendrimer with three branching points or 

homostructural layers upon reaching the outer periphery is denoted as the third generation 

dendrimer (i.e. G3). The structure of a dendrimer is composed of three distinct regions; a 

central core, a multivalent surface and an outer shell, that can be specifically tailored for a 

particular chemical or biological function 
[236, 237]

. The central core creates a 

microenvironment that becomes encapsulated from the surrounding environment. The 

importance of this feature is amplified with an increase in generation number, where the 

dendritic  segments  protect  the  core  from  external  interactions.  Next,  the  multivalent 

surface provides functionality to the dendrimer. The uppermost branching generation can 

exhibit a high number of terminal groups that increase exponentially with the generation 

number. The outer shell provides a point of interaction between the macromolecule and 

target sites. The close proximity of functional motifs present on the outer shell also 

enhances this interaction. 

 
The multivalent nature and unique properties of dendrimers has been actively investigated 

for  a  wide  range  of  biomedical  purposes,  including  diagnostic  applications,  protein 

mimics, and drug and nucleic acid delivery vehicles 
[237, 238]

. Such macromolecules can be 

generally synthesised using two controlled stepwise approaches, divergent or convergent 

synthesis 
[239, 240]

. When the synthesis is performed in solid-phase (i.e. the branching 

polymer is attached to an insoluble support), a semi-spherical structure is obtained. These 

dendritic structures are referred to as asymmetric dendrimers (or dendrons), and exhibit 

dual functionality 
[241, 242]

. The methods of synthesis and structural properties of spherical 

and asymmetric peptide dendrimers (i.e. dendrons) are further discussed in Chapter 3. 
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1.6.2               Application of dendritic macromolecules 
 
 

In recent years, the application of peptide dendrimers has gained considerable attention. 

These macromolecules contain a peptidyl branching core and/or peripheral peptide chains. 

Several  approaches  have  been  employed  to  develop  such  macromolecules  
[243]

.  For 

instance, amino acids have been grafted onto the surface of synthesised dendrimers such as 

PAMAM or incorporated into the framework as branches (i.e. polylysine), core or single 

units. Most often the dendrimer topology has only been used as a tool to achieve 

multivalency of pre-existing antimicrobial peptides. Such properties are typically achieved 

by attaching the pre-identified peptide sequence to a dendritic polylysine molecule 
[244, 245]

. 

Most studies have therefore focussed primarily on their antimicrobial potential, with the 

anticipation that a dendritic topology would circumvent some of the problems encountered 

with linear antimicrobial peptides. These include the short-half life of linear peptides, in 

vitro and in vivo toxicity, sensitivity to proteases/serum and haemolytic activity towards 

erythrocytes. 
 
 

Tam et al. reported the first synthesis of asymmetric peptide dendrimers consisting of 

polylysine cores 
[245]

. The core of these dendrimers is asymmetric as each lysine contains a 

short alpha and long epsilon amino arm, resulting in unequally spaced amines. In their 

study, two generations with the sequence ([Lys]2-Lys)2 Lys, and ([Lys]2 Lys) were tethered 

with either R4 peptide (Arg-Leu-Tyr-Arg) or R8 peptide (Arg-Leu-Tyr-Arg-Lys-Val-Tyr- 

Gly) 
[245]

. Both peptide sequences have been reported in natural antimicrobial peptides. 

These structures were evaluated for their activity against several Gram-negative and Gram- 

positive bacteria strains under high and low salt conditions. Regardless of the peptide 

terminal, the dendrimers enhanced the antimicrobial activity when compared to the linear 

peptide analogues. The tethered ([Lys]2-Lys)2 Lys dendrimers sufficiently inhibited the 

growth of P. aeruginosa, E. coli and S. aureus at concentrations less than 1µM. 

Furthermore, dendrimers tethered with the R8 peptide sequence showed significantly better 

activity under high-salt (i.e. 100 mM sodium chloride) conditions. This study, however, 

did not assess the antimicrobial or anti-virulence activity of unfunctionalised peptide 

dendrimers, nor the effects of higher generations such as G3 dendrimers ([Lys]2-Lys)4 

([Lys]2-Lys)2 Lys. Furthermore, the underlying mechanism of action was not determined. 

All of which are extensively explored in subsequent chapters of this thesis. 
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Soon after the study by Tam et al., research by Janiszewska et al. showed that similar 

peptide dendrimers, in which lysine is the starting and branching element, inhibit the 

growth of E. coli and S. aureus 
[246]

. The minimum inhibitory concentration (MIC) was, 

however, relatively high, ranging from 16µM to 1327µM. This research group later 

confirmed the ability of such low molecular weight macromolecules to interact with 

biological membranes 
[247]

. 

 
Lui et al. investigated the length requirement for antimicrobial activity of peptide 

dendrimers rich in arginine (R) and tryptophan (W) terminals 
[248]

. Both amino acids are 

present at high levels in natural antimicrobial peptides such as indolicidin and exhibit a 

broad spectrum of activity against P. aeruginosa, E. coli and P. mirabilis, but lyse 

erythrocytes  
[249]

.  Of  the  dendrimers  synthesised,  (RW)4D  was  identified  as  a  potent 

antimicrobial agent  that  induced  cell  death  via  a  membranolytic mechanism 
[248]

.  At 

concentrations of 4.5µg/mL and 16 µg/mL, (RW)4D  inhibited the growth of ampicillin- 

resistant E. coli and multiple-drug resistant S. aureus by 50%, respectively. Later, Hou et 

al. applied this peptide dendrimer (RW)4D  at concentrations ranging from 0 to 40µM 

against biofilms of E. coli grown on polystyrene surfaces 
[250]

. These studies revealed a 
 

dose-dependent reduction in biofilm formation, coupled with a significant reduction in 

biofilm cell viability. More recently, Chen et al. showed that (RW)4D and its linear peptide 

derivative are potent against persister cells of E. coli. Both molecules reduced the number 

of planktonic and biofilm-associated persister cells at 80µM after only 1h of treatment, 

caused detachment of pre-established biofilms, and enhanced the efficacy of ofloxacin, but 

not ampicillin 
[251]

. The authors attributed the latter finding to the presence of  slow- 

growing cells. With regards to P. aeruginosa, Bahar et al. identified 2D-24, a dendrimer 

rich in Arg-Trp-Arg tripeptide branches 
[252]

. This peptide dendrimer induced a dose- 

dependent bacteriolytic activity against two P. aeruginosa strains, which was also 

evidenced using live/dead staining. Biofilm formation was inhibited using 30µM of 2D-24, 

but much higher concentrations (200µM) were required to eradicate ~70% of persister 

cells. Consistent with other studies 
[250, 251, 253]

, dendrimer-treated planktonic and persister 

cells were more susceptible to antibiotics, namely ciprofloxacin, tobramycin and 

carbenicillin 
[252]

. 
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In recent years, Reymond et al. reported the antimicrobial activity of dendrimer H1 with 

the sequence Leu8 (Lys-Leu)4 (Lys-Phe)2 Lys-Lys 
[254]

. This dendrimer was identified from 

a library of 6750-members, but was more effective against Gram-positive bacteria such as 

B. subtilis (MIC = 2µg/mL) than Gram-negative species such as E. coli (MIC = 21µg/mL) 

and P. aeruginosa (MIC > 72µg/mL). Replacing the branching lysine (Lys) with 2,3- 

diaminopropanoic acid increased the potency of the dendrimer, which was reflected by a 

reduction  in  the  MIC  against  P.  aeruginosa  to  18µg/mL.  This  research  group  also 

identified G3KL, a dendritic peptide with the sequence (Lys-Leu)8  (Lys-Lys-Leu)4 (Lys- 

Lys-Leu)2 Lys-Lys-Leu 
[255, 256]

. This dendrimer exhibited a MIC of ≤ 4µg/mL against P. 

aeruginosa,  E.  coli,  and  B.  subtilis  
[255]

.  G3KL  recently  induced  toxicity  against  35 

multiple-drug resistant clinical isolates of P. aeruginosa 
[256]

. The antimicrobial activity 

was also preserved despite the substitution of leucine with other hydrophobic residues such 

as phenylalanine or tryptophan 
[255]

. However, replacing the leucine residues with basic 

amino acids such as arginine reduced this activity. Interestingly, its second-generation 

analogue, G2KL, was only active against P. aeruginosa, with G1 completely inactive 

against all the tested bacteria. 
 
 

The nature of dendrimers is diverse; however, in several cases these structures are 

functionalised   with   carbohydrates   (and   termed   glycodendrimers).   This   group   of 

dendrimers has therefore been extensively studied. Several research groups have 

investigated the use of glycodendrimers to inhibit the formation of biofilms. Reymond and 

co-workers are  perhaps  the  greatest contributors to  this  area  and  have  synthesised a 

comprehensive library of 15,625 G0 to G2 glycopeptide dendrimer members 
[257-260]

. Such 
 

libraries were created by introducing two new features to solid-phase peptide synthesis, 

resulting in a high-throughput method. First, the dendrimer sequence on polymer beads 

was determined using amino acid analysis that can rapidly and simultaneously sequence 

multiple polymer beads. Second, biological assays employed several fluorescence 

techniques that enable a rapid and reliable identification of positive hits. The approach 

employed by Reymond and co-workers used fucose groups as ligands. These were recently 

identified as the target carbohydrate moiety for the lectin LecB, a surface protein involved 

in attachment of P. aeruginosa to eukaryotic cells 
[260]

. In fact, lecB deletion mutants are 
 

impaired in their ability to form biofilms 
[261]

. Fucosylated dendrimers, which are 

conjugated at the surface with α-C-fucosyl residues, were screened using an enzyme-linked 
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lectin assay that allowed visualisation of binding between lectins and dendrimer beads. 

Binding studies identified a tetravalent glycopeptide dendrimer termed FD2. The FD2 

dendrimer  with  structure  (fuc-α-CH2CO-Lys-Pro-Leu)4   (Lys-Phe-Lys-Ile)2  Lys-His-Ile- 

NH2 showed high potency against biofilms of P. aeruginosa 
[258]

. Concentrations as low as 
 

50µM completely inhibited the formation of biofilms in wild-type and clinical isolates of 

P.  aeruginosa  in  vitro.  Importantly,  this  dendrimer  was  also  able  to  disperse  pre- 

established P. aeruginosa biofilms, which is a common problem in vivo (refer to Section 

1.3.3). The research group lead by Reymond also identified a second glycopeptide 

dendrimer in the form of GalAG2 
[259, 262]

. The GalAG2 dendrimer (Gal-A-Lys-Pro-Leu)4 

(Lys-Phe-Lys-Ile)2 Lys-His-Ile-NH2  exhibits a similar structure to FD2, but differs at the 

surface where β-phenylgalactosyl residues are present. These dendrimers inhibited biofilm 

formation at a concentration of 20µM by targeting galactose-specific P. aeruginosa LecA, 

a second lectin protein involved in biofilm formation. More recently, G3 analogue 

dendrimers of GalAG2 exhibited higher binding affinity to LecA than their parent G2 

dendrimers, and induced complete inhibition and dispersal of P. aeruginosa biofilms at 

lower concentrations (9µM) 
[263]

. Higher generation dendrimers, specifically G4, showed a 

loss of anti-biofilm activity. To date, lectins serve as the only example against which 

peptide dendrimers have been used as part of the anti-virulence strategy. 

 
Although the anti-virulence potential of asymmetric peptide dendrimers remains relatively 

unexplored by existing literature, their use in other areas of research is well established. 

One   example  is   regenerative  medicine.  In   recent   years,   asymmetric  dendrimers, 

specifically poly (ε-lysine) dendrons, were investigated as a possible way to increase the 

affinity  of  specific  bioligands  to  cell  receptors  
[264-266]

.  In  one  study,  poly  (ε-lysine) 
 

dendrons were functionalised with an anti-angiogenic sequence at the outermost branching 

generation, and shown to penetrate the 3D extracellular matrix of endothelial cells and 

inhibit the formation of capillary-like structures 
[264]

. In another study, the outermost 

branching generation of these dendrons was functionalised with a catalyst of 

biomineralisation  that   increased   the   adhesion,   differentiation  and   proliferation  of 

osteoblasts 
[265]

. Such features highlight how the functionality of dendrons can be 

specifically tailored for different applications. This presents a novel route towards the 

development of new anti-virulence agents, where bi-functional molecules can be tailored 
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to target multiple systems of virulence and thus to treat infections caused by multiple 

species of bacteria. 

 
Studies using PAMAM dendrimers have highlighted their antimicrobial potential and 

recently, their anti-virulence activity. Amino-terminated PAMAM dendrimers are perhaps 

the most extensively studied agents. Such macromolecules indeed harbour strong 

antibacterial activity against several Gram-negative and Gram-positive bacteria 
[267-269]

. 

However, no single publication has collectively compared the activity of all generations 

(G1-G5) against a range of laboratory and/or clinical bacteria strains. Preliminary studies 

by Calabretta et al. demonstrated that G5 dendrimers (with ~128 amino terminals) inhibit 

the growth of P. aeruginosa in a concentration dependent manner, but are less potent 

towards S. aureus 
[267]

. Subsequent studies by this group compared the activity of G3 and 

G5 dendrimers, and found that G3 dendrimers were more potent than G5 dendrimers (MIC 

of 6.3µg/mL vs. 12.5µg/mL, respectively) 
[268]

. This was presumably due to the difference 

in the number of amine terminals, since G3 PAMAM dendrimers exhibit ~32 peripheral 

groups. In both studies, PEGylation of amino terminals reduced the antibacterial activity, 

especially for Gram-positive bacteria 
[267, 268]

. More recently, Xue et al investigated the 

activity of G1 to G4 PAMAM dendrimers 
[269]

. Of particular interest was G2, which 

enhanced the survival of mice treated with ≥ 10 mg/kg G2 PAMAM-NH2 dendrimers in a 

co-infection model of E. coli and methicillin-resistant S. aureus. 
 

 

As part of a three-year project (2011-2014), Zhang et al. successfully encapsulated QS 

inhibitors within PAMAM dendrimers that varied in generation number (G3-G5) and 

surface charge (OH, NH2 and COOH) 
[253]

. Among the inhibitors chosen for investigation 

were autoinducer analogues. Cationic G5 PAMAM dendrimers (-NH2) exhibited the most 

potent biofilm disrupting effects, and modifying more than 75% of the amine terminal 

groups by acetylation resulted in loss of dendrimer activity. Biofilms of P. aeruginosa 

were, however, more susceptible to amikacin (10-90µg/mL) post-exposure to 50% 

acetylated  PAMAM-NH2,  and  presented  an  altered  biofilm  morphology.  Dendrimers 

complexed  with  2-amino-6-chlorobenzoic acid,  a  competitive  inhibitor  of  PqsA  
[270]

, 
 

reduced the biofilm forming ability of P. aeruginosa at a concentration of 20µM. This 

study has yet to publish results regarding the effect of QS inhibitor-PAMAM complexes on 

other  QS-regulated  virulence  factors.  G3  PAMAM  dendrimers  were  also  recently 
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conjugated with an anti-virulence inhibitor termed LED209 
[271]

. This molecule was 

previously shown to inhibit the virulence of several Gram-negative bacteria in vitro and in 

vivo 
[272]

. In the study by Xue et al. PAMAM-LED209 conjugates exhibited higher 

selectivity for Gram-negative bacteria, specifically E. coli and S. typhimurium, whilst 

circumventing nonspecific interactions with mammalian cells 
[271]

. Furthermore, dendrimer 

conjugates inhibited the expression of several virulence genes including flagella-encoding 

genes  flhDC  at  a  concentration  of  10µM.  However,  the  reduction  in  virulence  was 

attributed to a growth inhibition, since the MIC of PAMAM-LED209 was below 5µM for 

P. aeruginosa, K. pneumoniae, E. coli and S. typhimurium. Interestingly, the conjugate did 

not induce resistance despite 15 successive subcultures. 

 
In another study, Davies et al. reported the ability of PAMAM dendrimers to neutralise the 

LPS endotoxin 
[273]

. G5 amino-terminated dendrimers were partially alkylated (25-80%) at 

the surface in an attempt to target the amphiphilic lipid A region of LPS. The percentage of 

alkylation was, however, critical to achieve sufficient affinity to LPS, with the best affinity 

demonstrated at 50% alkylation. In vitro studies revealed that a concentration of 50nM was 

sufficient to inhibit the release of nitric oxide in LPS-stimulated murine macrophages. 

Further studies using an in vivo mouse model showed that alkylated PAMAM dendrimers 

provide protection against LPS-induced septic shock for up to 36 hours. 

 
The antimicrobial potential of cationic peptides and dendrimers is further discussed in 

 

Chapter 4, with focus on the mode of action of cationic peptides detailed in Chapter 6. 
 
 

1.6.3               Suitability of dendrimers for in vivo application 
 
 

Several requisites of compatibility have been extensively studied to confirm the suitability 

of putative antimicrobials or inhibitors of virulence for in vivo application. One example is 

toxicity; novel agents must exhibit limited/no toxicity or immunogenicity towards 

eukaryotic host cells. The cytotoxicity of dendrimers depends on a number of factors 

including generation number, size, surface charge, concentration and even the model of 

assessment 
[268]

. High generation amino-terminated PAMAM dendrimers (G4-G10), for 
 

instance, exhibit a relatively high cationic charge 
[274-278]

. This limits their use in vivo as 

most cell membranes have a negative charge that can interact with amino surface groups of 

dendrimers. Such electrostatic interaction can affect the stability and permeability of cell 
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membranes 
[276, 277, 279]

. Recent studies by Xue et al. assessed the cytotoxicity of G1 to G4 
 

PAMAM-NH2 dendrimers using in vitro (human gastric epithelial cells GES-1) and in vivo 

(BALB/c mice) models 
[269]

. In such studies, low generation dendrimers (i.e. ≤ G2) were 

toxic in vitro at concentrations > 0.5 mg/mL. However, higher generations (≥ G4) induced 

cell death at concentrations as low as ~0.5 µg/mL 
[269]

. One potential method of reducing 

the cytotoxicity of PAMAM dendrimers is via PEGylation 
[267, 268]

, where polyethylene 

glycol polymer chains are introduced to the peripheral amines. This, however, reduces the 

biological activity as discussed earlier in this chapter. Further studies by Xue et al. using 

the in vivo mouse model showed that mice receiving 180 mg/kg G2 dendrimers present 

signs  of  toxicity (i.e.  twitching,  stiffness,  urinary  and  faecal  incontinence) within  30 

minutes of administration, and these animals die after only 3h of exposure 
[269]

. 

 
Peptide dendrimers, contrastingly, have not been shown to induce such cytotoxic effects 

[280]
. For instance, dendrimer FD2 (≤ 0.1mM) exhibited no cytotoxicity against human 

kidney embryonic cells (293T) 
[258]

. Moreover, dendrimer 2D-24 did not alter the viability 

of lung epithelial cells IB3-1 at concentrations up to 32µM, as determined using the 

live/dead assay 
[252]

. FD2 was however susceptible to proteolysis and degraded within 30 

minutes of trypsin exposure, which limits its in vivo application. Potential therapeutic 

agents must be serum stable to achieve a sufficient efficacy in vivo. In an attempt to 

prevent proteolytic degradation, Johansson et al. synthesised a stereoisomer of FD2 in 

which the L-amino acids were replaced with D-amino acids 
[281]

. This dendrimer retained 

its biological activity, and was unaffected by treatment with trypsin, chymotrypsin and 

human serum. Interestingly, peptide dendrimers with polylysine cores have exhibited an 

enhanced stability to proteolysis. In a study by Tam et al., the linear R4 peptide was 

inactivated within 10 minutes of exposure to trypsin, but dendrimeric R4 peptides with 

polylysine cores retained >80% of their activity after 24h 
[245]

. Another requisite is low 

haemolytic activity. Dendrimeric R4 and R8 peptides 
[245]

, and dendrimer (RW)4D 
[248]

, H1 

[254]
,  and  2D-24  

[252]   
were  all  non-toxic  to  erythrocytes with  concentrations for  50% 

 

haemolysis ranging from 100 to 3700µM. These were in most cases at least ~100-fold 

higher than concentrations required for biological activity in vitro. 

 
In general, several advantages of peptide dendrimers exist. These include (i) a simple and 

modular synthesis by solid-phase peptide synthesis using commercially available amino 
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acid building blocks that offers pure products rather than polymeric mixtures, (ii) the 

possibility of tailoring the function and properties of each dendron by varying the amino 

acids used 
[257, 258, 264, 265, 281]

, (iii) a low potential for toxicity when applied in vivo due to 

the use of natural amino acids 
[280]

, (iv) excellent serum stability despite the use of natural 
 

L-amino  acids  
[248,   252]

,  and  (v)  a  low  potential  for  proteolytic  degradation  
[245]

. 

Furthermore, the assembly of asymmetric peptide dendrimers using proteinogenic diamino 

acids such as lysine as branching points generates a protein-like structure. This enhances 

the flexibility of the macromolecule and its interactive ability. The use of peptide 

dendrimers does present some limitations; most of which are however associated with 

production. For instance, the method of synthesis can be relatively expensive and limited 

to multi-milligram amounts at the research stage. Inevitably, several batches may be 

required to complete a comprehensive study. Thus, a quality control strategy that employs 

several characterisation techniques needs to be in place to prevent batch-to-batch variation 

and enhance reproducibility. 

 
1.7       Concluding remarks 

 
 

With the rise in antibiotic resistance becoming a major global health concern, strategies 

targeting  the  virulence  of  P.  aeruginosa  have  highlighted  a  novel  and  alternative 

therapeutic approach. The development of such agents has attracted a significant amount of 

interest over the last decade. Structurally diverse native and non-native inhibitors have 

been identified, providing a range of specific modulators that could be further exploited. 

Such strategies may prove to be of value in a variety of fields that expand beyond clinical 

settings. Existing literature has, however, presented a number of limitations. There is often 

a lack in the ability to deliver molecules capable of influencing virulence in a clinically 

reflective in vitro infection model or animal models. Overall, the field of anti-virulence can 

be considered, in many regards, to still be in its infancy. Consequently, the challenge to 

identify alternative effective strategies that could replace or be used in combination with 

antibiotics remains. 
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1.8       Aims and objectives of the thesis 
 
 

As discussed earlier in this chapter, natural and synthetic molecules capable of modulating 

virulence have been described. However, little is known regarding hyperbranched peptide- 

based macromolecules, specifically asymmetric dendrimers. This project was set in the 

context of exploring the potential of such macromolecules, through the use of solid-phase 

peptide and dendrimer chemistry. The overall aim of this work was to therefore determine 

the anti-virulence potential of poly (ε-lysine) dendrons against P. aeruginosa. In order to 

address this current gap in knowledge, the suitability of poly (ε-lysine) dendrons as novel 

modulators of biofilm formation and virulence factor production, and their efficiency in an 

in vitro co-culture model were assessed. 

 
A number of approaches were devised to ascertain the potential of poly (ε-lysine) dendrons 

as a novel strategy for treatment of P. aeruginosa infections. Overall, the development of 

such molecules with the capacity to modulate the virulence of P. aeruginosa is considered 

the main objective of this strategy. 

 
Subsequent chapters therefore aim to specifically address the following objectives: 

 
 

(a)     To present a general methodology for the design, synthesis and characterisation of 

branching generations of amino-terminated poly (ε-lysine) dendrons (Chapter 3). 

 
 

(b) To determine the antimicrobial activity of poly (ε-lysine) dendrons and investigate 

their effects on essential cellular functions (Chapter 4). 

 
 

(c)     To assess the ability of poly (ε-lysine) dendrons to alter the production of several 

biofilm-associated virulence traits and the process of biofilm formation in vitro, 

with the prospect of identifying novel agents to tackle P. aeruginosa biofilms 

(Chapter 5). 

 
 

(d) To explore the interactions between poly (ε-lysine) dendrons and (i) planktonic, 

and (ii) biofilm-encased P. aeruginosa cells, using fluorescent labelling 

technologies; with the view of providing an insight into their site of action, and 
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their uptake and release from planktonic and biofilm-encased cells of P. aeruginosa 
 

(Chapter 6). 
 

 
 

(e)    To investigate the contribution of the las and rhl network to virulence factor 

production in both the wild-type and QS-negative P. aeruginosa background, the 

changes in expression of QS-regulated genes in response to treatment with poly (ε- 

lysine) dendrons, and whether there are any disruptions to the production of las, rhl 

and pqs-regulated virulence factors. Exploring such traits is thought to highlight the 

molecular target of poly (ε-lysine) dendrons (Chapter 7). 

 
 

(f) To establish an in vitro co-culture infection model of airway epithelial cells and P. 

aeruginosa and explore the ability of poly (ε-lysine) dendrons to confer protection 

against P. aeruginosa-induced cytotoxicity, alter the adhesion and internalisation of 

P. aeruginosa, and reduce damage to the epithelial barrier. Such properties are 

envisaged to provide an insight into their therapeutic potential as novel anti- 

virulence agents (Chapter 8). 
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CHAPTER 2: General materials and methods 
 
 
 
 
 

2.1       General microbiological methods 
 
 

2.1.1               Bacterial strains, plasmids and culture conditions 
 
 

Bacterial strains used in subsequent chapters are detailed in Table 2.1. Strains were 

prepared prior to each experiment by streaking onto nutrient agar (NA; Oxoid, UK) to 

isolate single colonies. Overnight liquid cultures were then prepared by inoculating one 

bacterial colony into 10 mL nutrient broth (NB; Oxoid, UK). Cultures were incubated at 

37°C ± 0.5°C, with agitation at 120 revolutions per minute (rpm) for 16-18h. Media was 

prepared in accordance to the manufacturers’ instructions and sterilised by autoclaving at 

121°C for 15 minutes. Unless specified, NA was used when solid media was required and 

poured into sterile 90 mm triple vented Petri dishes (Fisher Scientific, UK), allowed to 

cool, and stored at 4°C. 

 
The  identity  of  stock  cultures  was  confirmed  using  the  BioMerieux

TM   
API20  NE 

diagnostic kit (Fisher Scientific, UK). Briefly, a colony from an overnight streak plate was 

suspended  in  media  provided  with  the  kit.  The  test  strip  was  filled  with  bacterial 

suspension according to the manufacturer’s instructions and incubated at 37°C for 24h. 

The  results  produced  a  seven-digit  code,  1354575,  which  corresponded  to  a  99.9% 

excellent identification, confirming the bacterial species. 

 
Bacterial strains harbouring plasmids with selectable markers or reporter genes were 

cultured in Luria-Bertani (LB; Fisher Scientific, UK) media supplemented with the 

appropriate antibiotic selection. Technical grade agar (Oxoid, UK) was added to LB broth 

at a final concentration of 1.2% (w/v), when solid media was required for plasmid- 

harbouring strains. Plasmids and antibiotic selection are summarised in Table 2.2. 

Antibiotics (tetracycline hydrochloride and carbenicillin disodium salt) were obtained from 

Fisher  Scientific,  UK.  Stock  concentrations  were  prepared  in  reverse-osmosis  water 

(RoW), filter sterilised using a 0.2µm hydrophilic syringe filter (Sartorius Minisart, UK) 

and stored at -20°C until required. 
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Table 2.1. Bacterial strains used throughout these studies. 
 
 
Strains Relevant genotype and characteristics Source and/or reference 

 
Pseudomonas aeruginosa 

 
PAO1 Wild-type Pseudomonas aeruginosa; wound isolate. Holloway, 1955. 

[282]
 

 
PA-10662 Pseudomonas aeruginosa NCTC 10662; clinical isolate. National Collection of Type Cultures, UK 

 
PAO-MW1 rhlI::Tn501 lasI::tetA derivative of PAO1. 

 

Insertional mutagenesis of lasI in the rhlI deletion mutant 

derivative of PAO1. No detectable production of LasI or RhlI 

signalling autoinducers, 3-oxo-C12-HSL and C4-HSL, respectively. 

Peter Greenberg, University of 

Washington, USA. 

Whiteley et al., 1999. 
[283]

 

 
Escherichia coli 

 

DH5-α Standard strain for cloning and protein production Stratagene Ltd, UK 
 

 
 

Staphylococcus aureus 
 

SA-6571 Staphylococcus aureus NCTC 6571 National Collection of Type Cultures, UK 
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Table 2.2. Plasmid vectors used throughout these studies 

(1)
. 

 
 

Plasmids Relevant genotype and antibiotic selection 
(2) 

Source and/or reference 
 

 

pME3853 lasI’-‘lacZ translational reporter fusion; Tc
r
. 

Éric Déziel, INRS-Institut Armand-Frappier, Canada. 
Pessi et al., 2001. 

[284]
 

 

pME3846 rhlI’-‘lacZ translational reporter fusion; Tc
r
. 

Éric Déziel, INRS-Institut Armand-Frappier, Canada. 
Pessi et al., 2001. 

[284]
 

 

pLJR50 lasBp’-lacZ transcriptional reporter fusion; Cb
r
. 

Éric Déziel, INRS-Institut Armand-Frappier, Canada. 
Toder et al., 1994. 

[285]
 

 

pECP60 rhlA’-‘lacZ translational reporter fusion; Cb
r
. 

Éric Déziel, INRS-Institut Armand-Frappier, Canada. 
Pesci et al., 1997. 

[164]
 

 

pGX5 pqsA’-lacZ transcriptional reporter fusion; Cb
r
. 

Éric Déziel, INRS-Institut Armand-Frappier, Canada. 
Xiao et al., 2006. 

[170]
 

 
(1) 

Refer to Chapter 7 for a more detailed analysis of plasmid genotype and characteristics. 
(2a) 

Antibiotic  selection  for  E.  coli  DH5-α  harbouring  plasmids:  Tetracycline  resistance  (Tc
r
)  15µg/mL;  Carbenicillin  resistance  (Cb

r
)  100µg/mL. 

(2b) 
Antibiotic selection for P. aeruginosa strains harbouring plasmids: Tetracycline resistance (Tc

r
) 125µg/mL; Carbenicillin resistance (Cb

r
) 200µg/mL. 
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2.1.2               Storage of bacterial strains 
 
 

Stock cultures were prepared from fresh colonies of bacteria growing on agar plates. 

Colonies were harvested using a sterile loop and re-suspended in 1 mL NB media 

supplemented with 15% (v/v) glycerol (Fisher Scientific, UK) in a sterile cryogenic tube. 

Fresh colonies of transformed strains were picked using a sterile loop, subcultured onto 

antibiotic-supplemented LB agar, and incubated at 37°C overnight. Colonies were then 

harvested, re-suspended in 100µL antibiotic-supplemented LB media in 96-well microtiter 

polystyrene flat bottom plates (Costar®, UK) and incubated at 37°C for a maximum of 

16h. Cultures were supplemented with glycerol to a final concentration of 15% (v/v). All 

strains were (i) maintained on agar plates at 4°C, and (ii) frozen at -80°C. Stock plates 

were replaced every 3 weeks, whilst frozen stocks were replaced every 6 months. 

 
2.1.3               Spectrophotometric determination of bacterial growth 

 
 

Growth curves for all P. aeruginosa strains were constructed by turbidimetric 

measurements to determine the rate of cellular proliferation and identify the characteristic 

growth   phases.   Overnight  cultures   were   diluted   to   an   optical   density   (OD)   of 

approximately 0.05 when measured at a wavelength of 600 nm in 50 mL NB or LB 

medium, using sterile media as a blank. Cultures were incubated at 37°C, with agitation at 

120 rpm. OD600 was measured at regular intervals during incubation. At each time-point, 1 

mL of culture was removed from the flask and transferred into a 1.5 mL semi-micro 

polystyrene cuvette (10-mm light path) and OD readings were taken in a UV-visible 

spectrophotometer (Jenway 6300, UK). 

 
2.1.4               Enumeration of bacterial density 

 
 

Bacterial cultures grown in liquid media were serially diluted in phosphate buffered saline 

(PBS, pH 7.2; Invitrogen, UK) when a cell count was required. Dilutions of the original 

culture were achieved by mixing 20µL culture with 180 µL PBS in a 96-well plate (1:10 

dilution). From each dilution (10
0  

to 10
-7

), 100µL aliquots were spread onto NA or LB 

agar (with antibiotic selection when required) plates in triplicate, using an L-shape sterile 

spreader. Plates were then inverted and incubated at 37°C for 16-18h to allow colony 

formation. After incubation, spread plates showing a range of 30 to 300 colonies were 
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enumerated using a colony counter (Stuart Scientific, UK). The colony forming units per 

mL (CFU/mL) was then determined using Equation 2.1. 

 

 
 
 

The number of CFU/mL was analysed using one-way ANOVA to confirm that the dilution 

series from several suspensions were statistically indistinguishable (P > 0.05). 

 
2.1.5               Minimum inhibitory concentration 

 
 

The minimum inhibitory concentration (MIC) was determined using the broth micro- 

dilution method in 96-well plates 
[286]

. All steps were prepared in triplicate. Doubling 

dilutions of test compounds were prepared in experimental media (refer to each chapter for 

media compositions). All media and supplements were sterilised by autoclaving at 121°C 

for 15-minutes, and left to cool before use. Mid-exponential phase cultures (OD600 of ~0.4) 

were diluted to an OD600  of 0.005 (~2.4 x 10
6 

CFU/mL) in the appropriate experimental 
 

media. Aliquots of diluted bacteria (60µL) were inoculated into three wells containing an 

equal volume of compounds to be tested in each experimental media. Multi-well plates 

were incubated at 37°C for 24h without agitation. Absorbance was measured at 595 nm 

using the Multiskan Ascent plate reader (Thermo Scientific, UK). Controls comprising of 

(i) uninoculated media (no bacteria), and (ii) inoculated media without the test compound 

were included in all experiments. The lowest concentration of experimental compound to 

inhibit bacterial growth (i.e. demonstrating a similar absorbance to uninoculated media) 

was recorded as the MIC. 

 
2.1.6               Minimum bactericidal concentration 

 
 

From MIC wells displaying a similar absorbance to the uninoculated wells, a 100µL 
 

aliquot was cultured on iso-sensitest agar (ISA; Oxoid, UK) plates, as described in Section 
 

2.1.4. Plates were incubated at 30°C for 48h to ensure maximum recovery of bacterial cells 

post-treatment. The CFU/mL was then determined using equation 2.1. The lowest 

concentration of experimental compound in which no colonies grew on ISA plates was 

recorded as the minimum bactericidal concentration (MBC). 
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2.2       General molecular biology methods 
 
 

2.2.1               Isolation of genomic DNA from bacterial cells 
 
 

Genomic DNA isolation was achieved using the DNeasy Blood and Tissue kit (Qiagen, 

UK). Overnight plate cultures were used for DNA extraction. Briefly, bacterial cells were 

harvested by transferring 5-8 colonies into 500µL PBS and centrifuged at 5,000xg for 10 

minutes. The pellet was re-suspended in 180µL Buffer ALT (provided with the kit). 

Proteinase K (20µL) was added and the preparation was vortexed for 30 seconds. The 

mixture was incubated at 56°C for 3h with intermittent vortexing to disperse the bacterial 

debris. Further steps for DNA extraction were followed as detailed in the manufacturers’ 

instructions. Genomic DNA was eluted with 200µL Buffer AE (provided with the kit) by 

centrifuging at 6,000xg for 1 minute, and stored at -20°C until required for polymerase 

chain reaction (PCR). 

 
2.2.2               Isolation of plasmid DNA from bacterial cells 

 
 

Plasmid isolation from the host strain, Escherichia coli DH5-α, was achieved using the 

Qiagen QIAprep Spin Miniprep Kit (Qiagen, UK). Briefly, bacterial cells from 14-16h 

cultures (5 mL) were harvested by centrifugation at 4,500xg for 20 minutes, 4°C. The 

supernatant was removed and the pellet was re-suspended in 250µL buffer P1 (provided 

with the kit). The method for plasmid preparation was then followed as described by the 

manufacturers  with  no  further  modifications.  Plasmid  DNA  was  eluted  with  50µL 

nuclease-free water (Fisher Scientific, UK), and stored at -20°C until required for digestion 

or transformation. 

 
2.2.3               Isolation of total RNA from bacterial cells 

 
 

Total RNA isolation was achieved using the RNeasy Mini kit (Qiagen, UK). Bacterial cells 

(500µL) were harvested by centrifugation at 10,000xg for 5 minutes, 4°C. The supernatant 

was removed and the pellet re-suspended in 1 mL RNAProtect solution (Qiagen, UK) to 

prevent degradation of transcripts and induction of genes. Cells were incubated with the 

RNA stabilising reagent for 5 minutes at room temperature. Cells were then centrifuged at 

5,000xg for 10 minutes, 4°C, and the resulting pellet placed on dry ice for 10 minutes 
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before being stored at -80°C for a maximum of two weeks. Cell pellets were thawed on ice 

and re-suspended in 200µL TE buffer (10mM Tris-Cl, 1mM EDTA, pH 8.5) (Sigma 

Aldrich, UK) containing 15 mg/mL lysozyme (Sigma Aldrich, UK). The mixture was then 

incubated for 5 minutes, with vortexing every 2 minutes for 10 seconds. Further steps for 

RNA isolation and purification were followed as detailed by the manufacturer, with on- 

column DNA digestion using the RNase-free DNase Kit (Qiagen, UK). RNA was eluted 

with 30µL RNase-free water and stored at -80°C. 

 
2.2.4               Isolation of total soluble proteins from bacterial cells 

 
 

Total soluble proteins were extracted using a non-denaturing formulation of zwitterionic 

detergents. Bacterial cell pellets (from a 1 mL aliquot of culture) were subjected to three 

freeze/thaw cycles, where the pellet was repeatedly frozen at -80°C for 20 minutes and 

thawed  at  37°C  for  2  minutes to  increase cellular breakage. The  cell  pellet was  re- 

suspended  in  400µL  CelLytic
TM  

B  bacterial  cell  lysis  reagent  (Sigma  Aldrich,  UK), 
 

containing 0.2mg/mL lysozyme and 1x protease inhibitor cocktail effective against serine, 

cysteine and metalloproteases (Roche Diagnostics GmbH, Germany). The mixture was 

then incubated for 5 minutes at room temperature, with vortexing every 2 minutes for 10 

seconds, and then supplemented with 4 units DNase I (Sigma Aldrich, UK). To ensure full 

extraction of soluble proteins, the cell pellet was incubated at room temperature for 30 

minutes  with  gentle  agitation.  Insoluble  materials  were  pelleted  by  centrifugation  at 

16,000xg for 5 minutes, and the supernatant kept on dry ice for 10 minutes and then stored 

at -80°C. 

 
2.2.5               Quantification of genomic and plasmid DNA, and RNA 

 
 

Genomic and plasmid DNA, and total RNA yields and purity were determined using the 

Nanodrop 2000 (Thermo Scientific, UK). The instrument was calibrated with the 

appropriate elution buffer containing no nucleic acids. An aliquot of 1.5 µL of DNA or 

RNA  was  pipetted  onto  the  pedestal  of  the  spectrophotometer  and  the  absorbance 

measured at 260 nm. Purity was assessed using the ratio of absorbance at 260 and 280 nm. 

A ratio of 1.8-2.1 at A260/A280 was considered free of contaminants that absorb UV. 
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2.2.6               Quantification of total soluble proteins in bacterial cells 
 
 

Preliminary experiments showed that the CelLytic B lysis reagent contains substances that 

interfere with a number of protein quantification assays. To eliminate this interaction, the 

protein fraction was precipitated using 4 volumes cold (-20°C) acetone (Fisher Scientific, 

UK). The fraction was vortexed and precipitation was achieved at -20°C in 1h. Precipitated 

proteins  were  collected by  centrifugation at  13,000xg  for  10  minutes,  4°C.  Residual 

acetone was evaporated under laminar flow for 20 minutes and the pellet was re-suspended 

in 100µL molecular grade water, supplemented with protease inhibitor cocktail. 

 
The concentration of total soluble proteins was determined using the Bradford assay (Bio- 

Rad Protein assay; Bio-Rad Laboratories, UK) 
[287]

. This assay involves the binding of 

Coomassie Brilliant Blue G-250 to proteins, which is converted to a stable unprotonated 

blue protein-dye form (Amax = 595 nm). Diluted dye reagent (200µL, prepared by mixing 

1:4 (v/v) with distilled water) was added to 6 wells containing 10µL protein sample in a 
 

96-well plate. The mixture was incubated at room temperature for 5 minutes, before 5µL 

molecular grade ethanol (Fisher Scientific, UK) was added to eliminate bubbles. 

Absorbance was measured at 595 nm using the Multiskan Ascent plate reader. Bovine 

serum albumin (BSA; Sigma Aldrich, UK), prepared in molecular grade water at a 

concentration range of 0 to 1.5 mg/mL, was used to generate a standard curve. 

 
2.2.7               Restriction digest of plasmid DNA 

 
 

Plasmid DNA samples were digested using restriction endonucleases according to the 

manufacturers’ instructions (Promega, UK).  Plasmids, restriction enzymes and buffers 

used  in  these  studies  are  detailed  in  Table  2.3.  A  typical  restriction  digest  reaction 

consisted of 2µL of 10x enzyme restriction buffer, 0.2µL acetylated BSA (10 µg/µL), 40ng 

of plasmid DNA in a volume ≤ 5µL and 1µL (10 units) restriction enzyme. Nuclease-free 

water was added to give a final volume of 20µL. Reagents were mixed and plasmids were 

digested for 3h at 37°C. 
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Table 2.3. Plasmids and restriction enzymes. 
 

 
 

Plasmids 
 

Restriction enzymes Restriction buffers
(a)

 

 

pME3853 
 

BamHI; PstI 
 

Buffer E; Buffer H 

pME3846 BamHI; PstI Buffer E; Buffer H 

pLJR50 EcoRI; HindIII Buffer H; Buffer E 

pECP60 BamHI; BglII Buffer E; Buffer D 

pGX5 HindIII; KpnI Buffer E; Buffer J 

(a) 
Restriction buffers recommended and purchased from Promega, UK. 

 
 

Commercial lambda DNA (0.2µg in a volume ≤ 5µL; Sigma Aldrich, UK) was digested 

with HindIII and EcoRI for use as a molecular weight standard. Digested DNA was 

analysed by gel electrophoresis as detailed in Section 2.2.10. 

 
2.2.8               Standard protocol for reverse transcription 

 
 

Complementary DNA  (cDNA)  was  synthesised  using  the  QuantiTect  Reverse 

Transcription (RT) Kit (Qiagen, UK). This kit is comprised of two main steps: elimination 

of gDNA followed by reverse transcription. All reactions were set up on ice to minimise 

the risk of RNA degradation. gDNA elimination reaction was prepared by incubating 10ng 

of purified total RNA with 7x gDNA Wipeout Buffer (provided in the kit) in a final 

volume of 14µL for 2 minutes at 42°C in a heating block (Bio-Rad, UK). The reaction was 

immediately placed on ice, and the RT master-mix was prepared as described by the 

manufacturers. The preparation was then incubated at 42°C for 25 minutes to produce 

single-stranded cDNA. To inactivate the transcriptase enzyme, the reaction was incubated 

at 95°C for 3 minutes. cDNA templates were stored at -20°C. 

 
Two negative controls were included in each reaction, (i) no RT enzyme control (NEC), 

where RT enzyme was omitted to evaluate the efficiency of the gDNA Wipeout reaction, 

and  (ii)  no  template  control  (NTC),  where  the  cDNA  template  was  substituted  for 

nuclease-free water to detect any reagent contamination. 
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2.2.9               Standard protocol for polymerase chain reaction (PCR) 
 
 

All PCR reactions were prepared in thin walled, flat-capped 0.2mL PCR tubes in a final 

volume of 25µL. Each gene was assayed three times. DNA amplification was carried out 

in a gradient thermocycler (Quartzy Bio-Rad iCycler) or a PTC-200 thermal cycler (MJ 

Research, USA). Primers were designed using Primer Express 3.0 
[288]

, and obtained from 

Eurofins MGW/Operon, UK. Forward and reverse sets were prepared in nuclease-free 

water to create a stock concentration of 10 pmol/µL. A typical PCR was composed of 

23µL of a master-mix (Microzone, UK), containing Taq polymerase (recombinant) in 1.1x 

reaction buffer (2.75µM MgCl2) with 220µM dNTPs, 0.5µL (0.2µM) forward and 0.5µL 

(0.2µM) reverse primers. One µL of diluted gDNA (100 ng/reaction) or cDNA was added 

to each PCR mix. 

 
To amplify the target gene (in both qualitative gDNA and cDNA reactions), the DNA 

 

template was exposed to the following cycling conditions: 
 
 

§ Initial denaturation step: 95°C for 3 minutes. 
 
 

§ Thirty cycles of: 
 
 

- Denaturation at 95°C for 30 seconds; 
 
 

- Annealing at the optimum primer annealing temperature for 30 seconds; 
 
 

- Extension at 72°C for 1 minute. 
 
 

§ Final extension step: 72°C for 5 minutes. 
 
 

§ Final hold: 4°C 
 
 

An extension time of 1 minute per cycle was sufficient as all amplicons were below 1kb. 

PCR products were stored at -20°C before analysis using gel electrophoresis. 

 
Appropriate controls were included in all experiments. Genomic DNA template was 

substituted with nuclease-free water to detect reagent contamination. NEC and NTC, used 

in the RT reactions (Section 2.2.8), were added as control templates for qualitative RT- 
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PCR. These were used to detect the presence of contaminating nucleic acids (i.e. gDNA), 

cross-contamination of amplicons and to verify the quality of amplification. To confirm the 

presence of target genes and specificity of primers, amplification of gDNA was used as a 

positive control. 

 
2.2.10             Separation of DNA fragments or PCR products by gel electrophoresis 

 
 

Fragments of DNA or PCR products were analysed using agarose gel electrophoresis in the 

Bio-Rad Mini-Sub® Cell GT instrument (Bio-Rad Laboratories, UK). Genomic DNA was 

separated on 0.8% (w/v) agarose gel. PCR amplicons ranging between 150bp and 300bp 

were separated on 1.3% (w/v) agarose gel, whereas those between 50bp and 100bp were 

separated on 2% (w/v) agarose gel. The required concentration of agarose was prepared in 

40mM tris-acetate, 1mM EDTA (TAE) (Fisher Scientific, UK) buffer. Ethidium bromide 

(2µg/mL; Microzone, UK) was added to molten agarose, before the agarose solution was 

poured into a levelled gel tray. The gel was left to solidify at room temperature for 20 

minutes, and then placed in the Sub-Cell base, submerged in 1x TAE buffer. Aliquots of 

5µL total DNA (in 1x loading dye; Fisher Scientific, UK) or PCR products were loaded 

into the wells. Molecular size ladders (100bp or 50bp; Microzone, UK) were loaded 

alongside samples. Gels were run for 50 minutes at 85V (Bio-Rad PowerPac, UK), to 

enable migration of nucleic acids from the cathode to the anode electrode. Nucleic acid 

bands were visualised using a UV trans-illuminator (SynGene, UK). 

 
2.2.11             Generation of chemically-competent P. aeruginosa cells 

 
 

Chemically competent cells of P. aeruginosa were generated using a conventional 

magnesium chloride-calcium chloride (MgCl2-CaCl2) method 
[289]

. Unless specified, all 

reagents were obtained from Fisher Scientific, UK. Bacterial cultures (50mL in LB broth) 

were grown to reach saturation (overnight) in 250 mL flasks at 37°C with agitation at 120 

rpm. Cultures were then cooled on ice for at least 20 minutes. All steps were performed on 

ice using cold reagents, and chilled micro-centrifuge tubes and pipette tips. An aliquot of 

cells (1 mL) was harvested by centrifugation at 13,000xg for 30 seconds, 4°C. The pellet 

was  re-suspended  in  1  mL  0.1M  ice-cold  MgCl2.  The  cell  suspension  was  again 

centrifuged at 13,000xg for 30 seconds, 4°C. The pellet was re-suspended in 1 mL ice-cold 

sterile transformation salts, composed of 75mM CaCl2, 6mM MgCl2  and 15% glycerol, 
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and then chilled on ice for 10 minutes. Cells were harvested by centrifugation and the 

pellet was re-suspended in 200µL ice-cold transformation salts. Cells were kept on ice and 

used immediately for transformation. 

 
2.2.12             Transfer of plasmid DNA to P. aeruginosa by chemical transformation 

 
 

Plasmid DNA was transferred to chemically competent P. aeruginosa cells by heat-shock 

transformation 
[289]

. Competent cells (100µL) were aliquoted into ice-cold 0.2 mL thin- 

walled tubes and 200ng plasmid DNA in a volume of 5µL was added (plasmids were 

isolated as described in Section 2.2.2). The DNA-cell suspension was gently mixed by 

tapping  the  tube  and  incubated  on  ice  for  30  minutes.  A  negative  control  received 

nuclease-free water instead of plasmid DNA. Tubes were transferred to a pre-heated water 

bath at 37°C. Cells were heat-shocked for 2 minutes and incubated on ice for 5 minutes. 

Then, 500µL super optimal broth with catabolic repressor (SOC) media was added. SOC 

was composed of 20g/L tryptone, 5g/L yeast extract, 10mM sodium chloride, 2.5mM 

potassium chloride, 10mM magnesium chloride, 10mM magnesium sulphate, 20mM 

glucose, and adjusted to pH 7.0. The contents were transferred to a 15mL polypropylene 

tube (Alpha Laboratories, UK) and incubated at 37°C for 2h with agitation at 250 rpm. 

After recovery, a 200µL aliquot of each suspension was spread onto LB agar plates 

containing the required antibiotics for marker selection (Table 2.2). Plates were incubated 

at 37°C for 24h before colonies were enumerated. The transformation efficiency was 

calculated using Equation 2.2. 
 
 

!". !. !!!!!!"#$%&'"(#)*'$!!""#$#!%$& = 
!"!#$!!"#$%&!!"!!"#$%&'"(#$!%!!"!!"#$%

 
!"#!"#!!"!!"#$%&'!!"#!!"#$%&!(!!) 

 
 

2.2.13             Generation of electro-competent P. aeruginosa cells 
 
 

Electro-competent cells of P. aeruginosa were generated with reference to published 

protocols 
[290]

. Overnight cultures were diluted to an OD600 of 0.05 in two 1L flasks (final 

volume of 200 mL/flask) and grown to an OD600 of ~0.5. All steps were performed on ice 

using ice-cold reagents, and chilled centrifuge tubes and pipette tips. Flasks were chilled 

on ice for at least 20 minutes and the cultures were transferred into two, sterile 250mL 

centrifuge bottles. Cells were harvested by centrifugation at 2,300xg for 10 minutes, 4°C in 
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a Sorvall
TM 

RC 6 Plus (SLA-1500) Ultra-centrifuge. Cells were then re-suspended in 200 

mL  sterile  sucrose-magnesium  electroporation  buffer  (SMEB)  buffer,  composed  of 

300mM sucrose, 1mM MgCl2, and 1mM HEPES pH 7.0 (all obtained from Fisher 

Scientific, UK). This centrifugation and re-suspension step was repeated twice with the 

volume of SMEB buffer being reduced first to 100mL, and then 10mL. Cells in 10 mL 

SMEB buffer were transferred to a 50mL centrifuge tube and centrifuged at 2,300xg for 20 

minutes, 4°C. Electro-competent cells were re-suspended in 2 mL SMEB buffer, kept on 

ice and used immediately for transformation. 

 
2.2.14             Transfer of plasmid DNA to P. aeruginosa by electroporation 

 
 

Competent P. aeruginosa cells were electroporated using the Gene Pulser Xcell
TM 

electroporation system (Bio-Rad Laboratories, UK). Cells (100µL) were aliquoted into ice- 

cold 0.2 mL thin-walled tubes and 100ng plasmid DNA in a volume of 5µL was added 

(plasmids were isolated as described in Section 2.2.2). The DNA-cell suspension was 

gently mixed by tapping the tube and incubated on ice for 5 minutes. A negative control 

received nuclease-free water instead of plasmid DNA. The DNA-cell mixture (100µL) was 

transferred  to  a  pre-chilled  electroporation  cuvette  with  a  0.2   cm  gap  (Bio-rad 

Laboratories, UK). The cells were electroporated once at 2.5kV, 200 Ω resistance and 

25µF capacitance. SOC broth (1 mL) was immediately added and the contents were 

transferred to a 15mL polypropylene tube using a sterile glass Pasteur pipette. Cells were 

incubated at 37°C for 2h with agitation at 250 rpm. After recovery, 200µL aliquots of each 

suspension were spread onto multiple LB agar plates containing the required antibiotics for 

marker selection (Table 2.2). Plates were incubated at 37°C for 24h before colonies were 

counted. The transformation efficiency was determined using Equation 2.2. 
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2.3       General cell culture methods 
 
 

2.3.1               Cell lines and culture conditions 
 
 

Human bronchial epithelial (16HBE 14o-) cells, originally isolated from a one-year-old 

heart lung transplant male patient 
[291]

, were kindly provided by Dr. Alison Lansley 

(University of Brighton, UK), and used between passage 69 and 82. 16HBE 14o- cells 

were seeded in flasks with a growth area of 75 cm
2 

(T75) and grown in minimum essential 

media with Earl’s salts (MEM), supplemented with 10% heat-inactivated foetal bovine 

serum (FBS; Sigma Aldrich, UK) and 1x non-essential amino acids (NeAA). Mouse 

fibroblast NIH 3T3 cells were obtained from the in-house culture collection cell bank 

(University of Brighton, UK), and used in cytotoxicity studies between passage 67 and 70. 

Cells were grown in Dulbecco’s modified Eagle medium, with high glucose (DMEM, 

glucose 4.5 g/L), supplemented with 10% FBS and 1x NeAA. These formulations are 

herein referred to as ‘complete media’. Cell culture media was purchased from PAA 

laboratories GmbH, UK. Unless otherwise specified, flasks and multi-well plates were 

purchased from Fisher Scientific, UK. 
 
 

Cells were cultured at 37°C under 5% CO2 - 95% air, with media being replaced every 2 

days. Cells were passaged upon reaching 75-80% confluence, where media was first 

aspirated from the flask, and the monolayer was washed twice with sterile PBS. Cells were 

detached from the flask by incubation with 5 mL trypsin-EDTA for 5-8 minutes at 37°C. 

Trypsin was neutralised by the addition of 10 mL complete media. Cells were gently 

mixed, centrifuged at 500xg for 5 minutes, and the pellet re-suspended in 1 mL pre- 

warmed complete media, before being distributed into sterile T75 flasks. 16HBE 14o- cells 

were routinely seeded into new flasks at a ratio of 1:5 or 1:8, whilst 3T3 NIH cells were 

seeded at a ratio of 1:10. 

 
2.3.2               Storage and thawing of cells 

 
 

16HBE 14o- and NIH 3T3 cells were cultured to 75-80% confluence as described in 

Section 2.3.1. Following trypsinisation and centrifugation, the cells were re-suspended in 1 

mL complete media, containing 10% (v/v) dimethyl sulfoxide (DMSO). Cell suspensions 

were transferred to sterile cryogenic tubes, frozen at -80°C for 48h in a freezing pot and 
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then transferred to liquid nitrogen vapour (-130°C) for long-term storage. When required, 

cells were rapidly thawed in a water bath at 37°C. The suspension was transferred to a T75 

flask, containing 15 mL pre-warmed complete media. Cells were incubated at 37°C under 

5% CO2 - 95% air for 24h, before attached cells were washed with PBS and fresh media 

added. 
 

 

2.3.3               Quantification of cell number using a haemocytometer 
 
 

To determine the seeding density, suspensions of trypsinised cells were diluted 1:10 in 

complete media. A Neubauer haemocytometer and its cover slide were cleaned with 70% 

industrial methylated spirit, before a 10µL aliquot of diluted cell suspension was loaded 

into each chamber. Cells within at least four counting squares and a maximum of 20-100 

cells  per  square  were  manually  counted,  using  an  inverted  light  microscope  (20x 

magnification). The cell concentration was calculated using Equation 2.3. 
 
 

!". !. !!!!!!!!"#$%!!"#$%&!!"!!"##$/!" 
!"!#$!!"##!!"#$%!!×!!!"#$%"&'!!"#$%&!!×!!(1×10! !!"##$/!") 

= 
!"#$%&!!"!!"#$%&! 

 
 

2.3.4               Assessment of viability using trypan blue exclusion 
 
 

Trypan blue exclusion was used to determine the number of viable and dead cells within a 

suspension 
[292]

. Suspensions of trypsinised cells were diluted in complete media, and an 

aliquot (50µL) was mixed with an equal volume of 0.4% (w/v) trypan blue solution (Gibco 

Life  Technologies, UK),  to  achieve a  final  concentration of  0.2%  (w/v)  trypan  blue 

solution. A 10µL aliquot of cell suspension was loaded into each chamber of a 

haemocytometer. Cells within at  least four  counting squares were  counted. The total 

number of live (clear cytoplasm) and dead (blue cytoplasm) cells was recorded. Percentage 
 

viability was determined using Equation 2.4. 
 
 

!". !. !!!!!!!!"#$"%&'("!!"#$"%"&' =

 

!"#$%&!!"!!"#$%&!!"##$!!"#$%&' 
!"!#$!!"##!!"#$%! 

!! ×!!100
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2.3.5               Assessment of viability using MTT assay 
 
 

MTT (3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) assay was used in 

accordance to International Organisation for Standardisation (ISO) 10993-5 
[293]

, to 

determine the  toxicity  of  experimental compounds  at  different  concentrations against 

16HBE 14o- and NIH 3T3 cells. The assay is based on mitochondrial activity, which is 

reflected by the conversion of yellow tetrazolium MTT into intracellular purple formazan 

crystals by metabolically active cells. The resulting crystals can be solubilised for 

homogenous quantification. 

 
Prior to assaying compound toxicity, the linear relationship between cell number and 

signal produced was determined to ensure accurate quantification of the rate of cell 

proliferation. 16HBE 14o- and NIH 3T3 cells were seeded in 96-well plates (10,000 and 

5,000 cells/well in 100µL complete media, respectively) and grown at 37°C under 5% CO2 
 

- 95% air for 24h. Cells were then washed twice with 100µL PBS and exposed to 

compounds at different concentrations in 1% FBS-supplemented growth media for 0, 24 

and 48h. Treatments were only applied to monolayers of 70-80% confluence. 

 
After exposure to experimental conditions, the supernatants were collected from plate 

wells and used for quantification of lactone dehydrogenase release (refer to Section 2.3.6). 

Adherent cells were washed twice with PBS and 90µL serum- and NeAA-free media was 

added to each well. Then, 10µL 5mg/mL sterile filtered-MTT (Sigma Aldrich, UK) was 

added, achieving a final concentration of 0.5mg/mL. Cells were incubated at 37°C under 

5% CO2 - 95% air for 4h in the dark to allow formation of formazan crystals. The MTT- 

media was gently aspirated and cells were washed with PBS. Formazan crystals were 

dissolved in 100µL DMSO at room temperature for 1h with gentle agitation. Absorbance 

was measured at 540 nm with a reference measurement at 690 nm, using the Multiskan 

Ascent plate reader. Percentage viability was calculated using Equation 2.5. 
 
 

!"#$%"!&'(!!"!!"#$!#%!!"##$ 
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!". !. !!!!!!!"#$"%&'("!!"#$"%"&' = ! 
!"#$%"!!"#!!"!!"#$%&#%'!!"##$ 

!! ×!!100!
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2.3.6               Assessment of cytotoxicity using lactate dehydrogenase activity 
 
 

Activity of lactate dehydrogenase (LDH), an indicator of cytoplasmic membrane damage, 

was measured in 16HBE 14o- and NIH 3T3 cells using the CytoTox 96® non-radioactive 

cytotoxicity assay (Promega, UK). After exposure to experimental conditions, the 

supernatants (collected from plate wells as described in Section 2.3.5) were transferred to a 

fresh 96-well plate at 50µL/well. The supernatants were mixed with the CytoTox 96® 

substrate at a 1:1 ratio, and incubated at room temperature for 30 minutes. The reaction 

was then terminated by the addition of 50µL ‘stop’ solution (provided with the kit). 

Absorbance was measured at 490 nm using the Multiskan Ascent plate reader. Maximum 

LDH release was determined as the amount released by total lysis of untreated cells with 

1% Triton
TM  

X-100 (Sigma Aldrich, UK). Percentage cytotoxicity was calculated using 
 

Equation 2.6. 
 
 

!". !. !!!!!!!"#$"%&'("!!"#$#$%&!&#" = ! 
!"#!!"#"$%"!!!!!"#$!#%!!"##$ 

!"#$%&%!!"#!!"#"$%" 
!! ×!!100

 
 

 

2.3.7               Assessment of apoptosis using caspase 3/7 activity 
 
 

Activity of effector caspases, 3/7, was measured in 16HBE 14o- cells using the Caspase- 

Glo® 3/7 assay (Promega, UK). The assay provides a pro-luminescent substrate that 

contains  the  peptide  sequence  DEVD,  in  a  reagent  optimised  for  caspase  activity, 

luciferase activity and cell lysis. 

 
16HBE 14o- cells were seeded in 96-well plates (20,000 cells/well in 100µL complete 

media), allowed to attach at 37°C under 5% CO2 - 95% air for 12h and form monolayers of 

70-80% confluence. Cells were then washed twice with 100µL PBS, followed by exposure 
 

to experimental conditions in 1% FBS-supplemented growth media. After exposure to 

experimental conditions, the media was replaced with serum-free growth medium (50µL) 

and the Caspase Glo® 3/7 reagent (50µL) was added to each well. Plates were mixed for 2 

minutes at 300 rpm, and incubated at room temperature for 1h in the dark. The contents of 

each plate were transferred to a Nunc
TM 

white 96-well polystyrene flat-bottom plate 

(Thermo Scientific, UK). Luminescence, proportional to caspase activity, was measured as 
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relative light units (RLU) using the Synergy multi-mode plate reader (BioTek, UK). 

Camptothecin (0.1mM; Sigma Aldrich, UK) was used a positive control for apoptosis. 

 
2.3.8               Measurement of transepithelial electrical resistance 

 
 

Transepithelial electrical resistance (TEER) was measured across the cell layer to assess 

the integrity of the epithelial barrier post-exposure to experimental conditions 
[294]

. To 

facilitate TEER measurements, 16HBE 14o- cells were cultured on Transwell permeable 

polyester supports (12-well inserts with a growth area of 1.12 cm
2  

and 0.4µm pore size; 

Corning, UK). Supports were initially coated with 200µL type I bovine collagen solution 

(PureCol; Advanced Biomatrix, USA) for 18h at 4°C to ensure cellular adhesion and 

uniformity. Residual collagen  was  removed by  washing  with  serum-  and  NeAA-free 

media. Supports were exposed to UV for 2h, and conditioned with complete media for 30 

minutes prior to seeding with cells. 

 
16HBE 14o- cells were seeded in the apical chamber at 4.3 x 10

5  
cells/insert (in 0.5mL 

complete media). Fresh complete media (1.5mL) was added to the basolateral chamber. 

Cells were incubated at 37°C under 5% CO2 - 95% air for 24h. Media was gently aspirated 

from both chambers after 24h and fresh media (1.5mL) was added to the basolateral 

chamber only. Cells were maintained at an air-liquid interface for 6 days to allow for the 

formation of tight junctions (~2 x 10
6 

cells/insert). Media in the basolateral chamber was 

replaced  every  24h.  TEER  was  measured  across  the  cell  layers  using  the  EVOM
TM

 
 

epithelial voltohmmeter (World Precision Instruments, USA) and silver-silver chloride 

STX2 electrodes. Only monolayers that exhibited a TEER of 200-300 Ω.cm
2 

were 

considered to have an appropriate barrier function and were used in the study. 

Measurements  were  made  at  room  temperature  after  the  addition  of  experimental 

conditions to the apical chamber and fresh 1% FBS-supplemented media to the basolateral 

chamber. The resistance across a cell-free collagen-coated culture support was subtracted 

from the resistance measured across each cell layer to yield the TEER of the epithelial 

cells. 
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2.4       Statistical analysis and reproducibility 
 
 

All experiments were performed at least three independent times unless stated otherwise 

(n). Data are expressed as the mean of independent experiments ± the standard deviation 

(SD). Data obtained from each experiment were processed using Microsoft Office Excel 

2011 (USA) and/or GraphPad Prism 6 (GraphPad Software Inc., USA). Statistical analysis 

was performed using the statistical software package of GraphPad Prism 6. Significant 

differences between mean were assessed using one- or two-way analysis of variance 

(ANOVA) and Tukey’s Post-Hoc test unless otherwise specified, with a 95% confidence 

interval. Two-sided Student’s t-test was used where appropriate. P-values of < 0.05 were 

considered statistically significant. 
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CHAPTER 3: Synthesis and characterisation of hyperbranched 
 

amino-terminated poly (ε-lysine) dendrons 
 
 
 
 
 

3.1       Introduction 
 
 

3.1.1               Synthesis of dendrimers 
 
 

Dendrimers are a class of hyperbranched polymers, with a well-defined finite molecular 

structure 
[233]

. As discussed in Chapter 1 (Section 1.6.1), these unique macromolecules are 

constructed from layers or branches composed of organic molecules, sugars, amino acids, 

or a combination thereof 
[234]

. The precise assembly of branching units results in a tree-like 

structure and architecture that confers the characteristic spherical shape of dendrimers 
[235]

. 

 
The process of dendrimer assembly is achieved in a step-growth polymerisation manner 

using one of two strategies of liquid-phase synthesis, (i) divergent or (ii) convergent 

synthesis (Figure 3.1a-b) 
[239, 240]

. 
 
 

(a) Divergent dendrimer synthesis 
 

 
 
 
 
 

G1  G2  
G3 dendrimer 

 

 
(b) Convergent dendrimer synthesis 

 
 
 
 
 
 
 

G1 
 

G2  G3 dendron  G3 dendrimer 

 
 

Figure  3.1.  The  process  of  divergent  (a),  and  convergent  (b)  dendrimer  synthesis.  Gn, 

generation  number.  Sticks  represent  branching  units.  Balls  represent  terminal  groups.  Images 

adapted from Boas et al. 
[238]

. 
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Divergent dendrimer synthesis was first described by Tomalia and co-workers in the 1980s 

[239]
. In this approach, monomers are added to the core of the dendrimer in a step-wise 

reaction manner to eventually produce a hyperbranched macromolecule, and reach the 

outer periphery of the dendrimer (Figure 3.1a). The coupling steps are repeated for the 

required number of generations. Such reactions of the end groups are performed until they 

are prevented by steric hindrance at higher generations (typically G9 or G10). This strategy 

does, however, have some drawbacks. The rapid increase in the number of end-groups, and 

thus molecular weight of the molecule often results in slower reaction kinetics. This can 

lead to structural defects such as intramolecular cyclisation and intermolecular coupling in 

dendrimers of a high molecular weight 
[295]

. Additionally, molecular similarities between 

the by-products (i.e. reactant molecule and unreacted products), and the desired product 

can cause difficulties during purification 
[237]

. 

 
In convergent dendrimer synthesis, which was developed by Hawker and Fréchet, a 

segment coupling strategy is employed to overcome the problems associated with the 

slower reaction kinetics of divergent synthesis (Figure 3.1b) 
[240]

. In this approach, the 

dendrimer is constructed from the outermost surface inwards towards the core. The 

monomers are sequentially constructed to form branching sub-units. This creates many 

dendritic segments of increasing size that can then eventually be joined to a core to form a 

dendrimer. Multifunctional dendrimers can easily be synthesised by creating sub-units with 

specific terminal groups and functionalities. The proliferation rate of this process is also 

much slower compared to the divergent strategy, which leads to faster reaction rates and 

greater yields 
[237]

. Purification of the final product is easier to achieve in this method since 

intermediates are purified at successive stages 
[240]

. However, steric hindrance, leading to 

difficulties in the final attachment step, limits the size and generation of dendrimers. 
 
 

3.1.2               Asymmetric peptide dendrimers 
 
 

The synthesis of dendrimers can also be performed in solid-phase. In this approach, the 

branching polymer is attached to an insoluble support and develops a semi-spherical 

structure, referred to as a dendron 
[241, 242]

. Dendrons are asymmetrical segments of a 

dendrimer (Figure 3.2). Most often, dendrons are constructed from amino acids containing 

two amine functionalities such as lysine or arginine. Lysine, for instance, contains a short 
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alpha and long epsilon amino arm. Such combinations give rise to a flexible epsilon- 

peptide backbone, with five methylene groups separating the amine from the carboxylic 

acid. When lysine is used to construct the dendrimer core, unequally spaced amines are 

exhibited which attribute to its asymmetric structure 
[245]

. Dendrons are theoretically 

monodisperse in size. Monodispersity is not only a desirable property for synthesis 

reproducibility, but also for reducing experimental variability and reproducibility. Several 

incentives exist for the use of dendrons for biological applications as an alternative to 

spherical dendrimers such as PAMAM. These include (i) a lower cationic charge owing to 

reduced generation-dependent toxicity in mammalian cells 
[280]

, (ii), a reduced likelihood 

of steric hindrance and back-folding at higher generations, and, (iii) exhibition of a single 

reactive function at the focal point (root residue) 
[265]

. The latter is particularly useful as it 

can be exploited when grafting dendrons to a surface, such as those of indwelling medical 

devices that are prone to bacterial colonisation. Other features including their nanoscale 

size, high solubility, rapid dissolution, low viscosity, and multivalency provide unique 

properties to dendrons 
[234, 236, 296]

. Another limitation of spherical dendrimers is the 

abundance of reactive sites, which causes difficulties when creating functionalities in a 

site-specific manner. However, the use of an orthogonal protection strategy during dendron 

synthesis overcomes this limitation 
[242, 257, 258, 264, 265, 281]

. For a more detailed comparison 

between spherical and asymmetric peptide dendrimers and their in vivo suitability, refer to 

Chapter 1 (Section 1.6.3). 
 
 

(a) 
 

(b) 
 

G4 

G3 

G2  G1 

 
 
 
 
 
 
 
 
 

Figure 3.2. Structural components of a G4 dendrimer (a), and its dendron derivative (b). The 

central core of the dendrimer is highlighted in blue. Dendrimers become increasingly branched in 

line  with  the  generation  (Gn),  G1  to  G4,  exposing  large  number  functional  terminals  at  the 

periphery. 
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The dendritic structure of asymmetric peptide dendrimers can be designed to incorporate a 

well-defined site for a targeting-ligand, exhibiting properties with a broad-spectrum of 

promising applications 
[243, 258, 259, 264, 265]

. These properties are mainly characterised by 

perfectly branched monomers at the outermost surface of the macromolecule. These are 

often utilised to expose or enhance particular functional groups 
[264, 265]

. The enhancement 

of these functions at the terminal groups can therefore exceed single entities due to the 

multiple numbers of dendritic presentations. 

 
3.1.3               Aims and objectives of chapter 

 
 

In this chapter, four generations of asymmetric peptide dendrimers (referred to as dendrons 

herein)  were  synthesised using  solid-phase peptide synthesis  and  subsequently 

characterised to confirm the synthesis. The employment of several characterisation 

techniques provided assurance of quality control. This was envisaged to reduce batch-to- 

batch variation and enhance synthesis/experimental reproducibility, which is crucial as 

these macromolecules are later applied in vitro. 

 
This chapter therefore aims to: 

 
 

i. Present  a  general  methodology  for  the  synthesis  and  recovery  of  asymmetric 

peptide dendrimers, consisting of poly (ε-lysine) (GnK) branching units and an 

arginine (R) functional root; 

ii. Characterise  the  synthesised  macromolecules  using  an  array  of  chemical  and 

analytical techniques. 
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3.2       Materials and methods 
 
 

3.2.1               Synthesis of poly (ε-lysine) dendrons 
 
 

Solid-phase peptide synthesis (SPPS) was used for the production of branching generations 

of poly (ε-lysine) dendrons (G3 synthesis is summarised in Figure 3.3). 

 
This method involves the assembly of an amino acid chain on an insoluble solid support in 

a sequential manner. The reaction is carried out from the C-terminal to the N-terminal of 

the peptide 
[297]

. As  such, the C-terminal amino acid residue of  the target peptide is 

attached to an insoluble support via its carboxyl-groups to form an amide bond. Functional 

groups in the side chain, such as carboxylic acids, are permanently protected with stable 

protecting groups that are not affected by the reaction conditions. During the peptide chain 

assembly,  the  temporarily  protected  α-amino  acid  group  is  removed  to  allow  the 

introduction of a second amino acid. Excess reagents are removed by washing with a 

suitable solvent and the protecting groups attached to the amino function are removed to 

allow for  peptide elongation. After the desired sequence is assembled, the peptide is 

cleaved from the solid support and the side-chain protecting groups are removed. 

 
In these studies, dendrons consisting of an arginine (R) core, onto which were assembled 

up to three branching points (generations) of poly (ԑ-lysine) (K), G(1/2/3)K, were 

synthesised using 9-fluorenylmethoxycarbonyl (Fmoc) SPPS. All reactions were carried 

out in a 10 mL polypropylene syringe with a polyethylene frit at room temperature, unless 

otherwise  specified.  Organic  solvents  (HPLC  grade)  were  purchased  from  Fisher 

Scientific, UK. Amino acids were purchased from Novabiochem, UK with a purity of 

≥98%. 



 

1 x (a)  15 x (b) 
 

 
TentaGel resin (0.26 mmol/g) 

+ Rink amide linker 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 3.3. Synthesis and structure of G3 poly (ε-lysine) dendrons (RG3K). Reaction conditions: (a) Fmoc-Arg(Pbf)-OH or (b) Fmoc-Lys(Fmoc)- 

OH,  HBTU,  DIPEA,  DMF;  30  minutes,  room  temperature.  Followed  by  3x  20%  (v/v)  piperidine  in  DMF.  Cleavage  conditions:  88:5:5:2 

TFA:Phenol:TIS:Water; 3h, room temperature. Precipitation in ice-cold diethyl ether. 

68 
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3.2.1.1            TentaGel S NH2 resin 
 
 

The amino functionalised resin, Tentagel S NH2, was used to support SPPS. This resin 

consists of poly ethylene glycol, which solubilises both hydrophobic and hydrophilic 

compounds, and is grafted onto low cross-linked polystyrene. Tenta gel S-NH2 resin beads 

(0.5g, 0.26 mmol/g; Iris Biotech GmbH, Germany) were contained within the syringe, and 

reagents were sequentially added. The resin beads were swollen in 6 mL N,N- 

dimethylformamide (DMF) for 15 minutes. The solvent was thereafter expelled several 

times from the syringe. 

 
3.2.1.2            Rink amide linker 

 
 

To provide a cleavable linkage between the dendron and the solid support, an acid-labile 

linker molecule was anchored to the resin. The linker was used at a four-molar excess, to 

ensure that all sites on the resin are reacted, and prevent unwanted acylation in subsequent 

reactions. The resin was reacted with 3mL DMF, 0.8mmol N, N- diisopropylethylamine 

(DIPEA; Iris Biochem GmbH, Germany), 0.4mmol O-benzotriazole-N, N, N’, N’- 

tetramethyl-uronium-hexafluoro-phosphate   (HBTU;    Novabiochem,    Germany),    and 

0.4mmol Fmoc-protected Rink amide linker (Iris Biochem GmbH, Germany) for 30 

minutes with gentle mixing every 15 minutes. Then solvent was then expelled from the 

syringe and the contents were washed with 3 x 6 mL DMF. 

 
3.2.1.3            N-Fmoc deprotection reaction 

 
 

N-Fmoc protecting groups on the Rink amide linker were removed by the addition of 20% 

(v/v) piperidine (Sigma-Aldrich, UK) in DMF, using 3 x 2-minute washes. Then, the resin 

was washed with 5 x 6 mL DMF to remove residual piperidine. The N-Fmoc deprotection 

reaction was monitored using the ninhydrin test 
[298]

. This qualitative test was used to 

detect the presence of free amino groups. A small amount of resin (~10 mg) was exposed 

to ninhydrin solution in 0.5 % butan-1-ol (Fisher Scientific, UK). The solution was dried 

for 15 minutes, and the reaction was monitored at 60°C. A positive reaction was noted 

upon observation of a purple/blue pigment, which is indicative of resin-bound primary 

amines. 
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3.2.1.4            Coupling of amino acids: Root and branching units 
 
 

The Root C-terminal amino acid, N-Fmoc-protected arginine containing a Pbf-side chain- 

protecting group, was added at a four-fold molar excess of reagents. To achieve this 

acylation, the resin-linker conjugate was reacted with a solution of 3 mL DMF, 0.8mmol 

DIPEA, 0.4mmol HBTU, and 0.4mmol N-Fmoc-Arg(Pbf)-OH for 30 minutes, with gentle 

mixing every 15 minutes. The resin was then washed with 3 x 6 mL DMF. The N-Fmoc 

protecting group was removed using 20% (v/v) piperidine in DMF and the resin was 

washed in DMF as described in Section 3.2.1.3. Thereafter, N-Fmoc protected lysine was 

sequentially assembled onto the root to produce dendrons of branching generations (Gn), R 

G(1/2/3) K. The resin-linker-arginine conjugate was reacted with a solution of 3 mL DMF, 

0.8mmol DIPEA, 0.4mmol HBTU, and 0.4mmol N-Fmoc-Lys(Fmoc)-OH for 30 minutes 

with gentle mixing every 15 minutes. This coupling reaction was repeated to produce the 

characteristic branching points and homostructural layers of dendrons. The number of 

coupling steps determined the generation number (Table 3.1). The resin was washed after 

each coupling step, using 3 x 6 ml DMF. N-Fmoc protecting groups were removed after 

each generation using 20% (v/v) piperidine in DMF. At the desired generation, the resin 

was washed with drying reagents to remove all traces of highly polar solvents such as 

DMF. Each syringe was exposed to 8 x 5 mL dichloromethane, followed by 8 x 5 mL 

methanol and finally, with 8 x 5 mL diethyl ether. The resin was left to air-dry for at least 

2h to ensure that any residual diethyl ether has evaporated. 
 

 
 
 

Table 3.1. Acylation steps of lysine required to achieve each branching generation. 
 
 

Generation number (Gn) 
 

 
 

G0 
 

G1 
 

G2 
 

G3 

Acylation steps 1 2 4 8 

NH2-terminals 2 4 8 16 
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3.2.2               Cleavage of dendron from solid support 
 
 

The dendron was removed from the solid support using trifluoroacetic acid- (TFA) 

mediated cleavage, and in accordance with published guidelines 
[297]

. During TFA- 

mediated cleavage reactions, highly reactive cationic species are produced from the side- 

chain protecting groups and resin-linker. These species can modify and re-assemble the 

amino acids, which can have an effect on the peptide chain. To therefore avoid this 

problem, nucleophilic reagents (free radical scavengers) that can quench these ions were 

added to the reaction. The cleavage mixture was prepared using 88% (v/v) TFA (peptide 

synthesis-grade; Fisher Scientific, UK), 5% (v/v) triisopropylsilane (TIS; Sigma Aldrich, 

UK), 5% (w/v) phenol crystals (Sigma Aldrich, UK), and 2% (v/v) HPLC-grade water. 

This mixture was added to a dropping vial containing the desired amount of dry resin- 

dendron; using the ratio of 1 mL cleavage mixture for 50 mg resin-dendron. The dendron 

was cleaved from the support via the acid-labile Rink amide linker for 3h at room 

temperature, resulting in a fully deprotected branched peptide. After cleavage, the solution 

was added drop-wise to several Pasteur pipettes filled with 2 cm of glass wool (Sigma 

Aldrich, UK). The crude dendron was collected in a single 50 mL centrifuge tube 

containing a 10-fold excess of ice-cold diethyl ether (kept at -20°C for at least 2h prior to 

use). The filtrate was kept on ice to ensure maximal dendron precipitation. The precipitated 

material was centrifuged at 2,055xg for 5 minutes, and washed three times with 15 mL ice- 

cold diethyl ether. The dendron was then freeze-dried overnight (-75°C, 0.25mbar) and 

stored at -20°C. When required, dendrons were dissolved in the appropriate solvent or 

biological media, and filtered using a 0.2µm syringe filter. 

 
3.2.3               High performance liquid chromatography 

 
 

Reverse-phase high performance liquid chromatography (RP-HPLC) was used to detect 

the presence of impurities that may have been generated during synthesis, which include 

by-products of protecting groups. Amino-terminated dendrons were analysed using a 

standard analytical RP-HPLC system (Waters/Millipore 717plus Autosampler, Shimadzu 

SPD 6A UV spectrophotometric detector, Perkin-Elmer 200 Series lc binary gradient 

pump). A phenomenex Jupiter C18 fully porous silica (150-mm x 4.6-mm x 4-µm) Proteo 

90-Å column was used. A volume of 20 µL of crude sample (2mg/mL in methanol) was 
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injected. RP-HPLC was then performed at 15°C with a gradient mobile phase (A/B) over a 

period of 20 minutes. Solvent A was prepared using HPLC-grade water and 0.1% (v/v) 

TFA. Solvent B was prepared using acetonitrile and 0.1% (v/v) TFA. Both solvents were 

initially de-gassed with helium for 2-5 minutes prior to each run. The flow rate of the 

mobile phase was adjusted and maintained at 1 mL/minute throughout the analysis. 

Components of the crude peptide were eluted within the gradient time (ratio of solvent A/B 

: 20/80). The eluted samples were detected at an absorbance of 223 nm, and the 

chromatograph was recorded using a fast response chart. The length of time taken for the 

solute to emerge from the chromatographic column, and be detected at 223 nm was defined 

as the retention time. Percentage purity was calculated comparing the peak area of sample 

with the total peak area. 

 
3.2.4               Mass spectrometry 

 
 

Mass spectrometry (MS) was used to identify the synthesised dendrons in terms of their 

molecular mass. Soft ionisation, achieved by using electrospray ionisation (ESI), was used 

to volatilise the molecules. This technique induces a range of charge states, which are 

expressed as mass-to-charge ((M + z) / z). The mass/charge ratio was measured in a time- 

of-flight (TOF) (Bruker MicroTOF) mass spectrometer. A 100µL aliquot of sample 

(prepared in methanol at 2mg/mL) was dispersed through a stainless steel capillary at a 

4kV voltage, with nebulising nitrogen gas flowing around the capillary at 0.4 Bar. Under 

ultra-high vacuum, the sample molecules were ionised by bombardment with electrons, 

and accelerated to gain velocity. The time ions take to transverse a field-free drift, and 

reach the ion detector was recorded. The theoretical molecular weight was calculated using 

ChemBioDraw Ultra 14.0 (Perkin Elmer, USA). Scans of multi-charged ions were taken 

between 50 and 3000 m/z. Each spectrum was analysed using (Bruker Daltonics Data 

Analysis 3.4), and peaks were deconvoluted to identify species of the same origin that may 

be in the form of different charges. The molecular weight (MW) was calculated using 

equation 3.1, where the mass/charge ratio (m/z), n is the number of ionic charge and H
+ 

is 
 

the mass of a proton (
1
H is 1.008). 
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3.2.5               Quantification of primary amino groups using the TNBSA assay 
 
 

TNBSA (2,4,6-Trinitrobenzene sulfonic acid) assay reagent was used for the determination 

of free amino groups, using a procedure adapted from Hermanson 
[299]

. The reagent reacts 

with primary free amines (peptides or amino acids) in the aqueous format at pH ~8, 

yielding a coloured product that can be detected at 340 nm. 

 
Dry dendrons were prepared in 0.1M sodium bicarbonate (pH 8.5) solution (Fisher 

Scientific, UK) at a concentration of 1µg/mL to 100µg/mL and volume of 0.5mL. To each 

sample solution, 250µL 0.01% (w/v) TNBSA solution (Thermo Scientific, UK) was added, 

before samples were thoroughly mixed. Samples were incubated for 2h at 37°C. The 

reaction was terminated by the addition of 250µL 10% (w/v) SDS (prepared in reverse- 

osmosis  water),  followed  by  125µL  1M  hydrochloric  acid.  Samples  (180µL)  were 

aliquoted into clear 96-well plates (Thermo Scientific, UK), and absorbance was measured 

at 340 nm using the Ascent Multiskan plate reader. Calibration standards using glycine 

(1µg/mL to 10µg/mL; Sigma Aldrich, UK) were also constructed since this amino acid 

possesses only one primary amine group per molecule (Figure 3.4). 
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Figure  3.4. Glycine  standard  curve  for TNBSA  assay  measured  at 340 nm. Data represent 

mean ± SD; n = 4. 
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3.2.6               Fourier transform infrared spectroscopy 
 
 

Fourier transform infrared spectroscopy (FTIR) was used to identify structural/functional 

groups on the dendrons based on their vibrational modes. Dry dendrons (~5mg) were 

directly placed on the stainless steel plate. A spectrum of each empty plate was taken prior 

to collection of each sample. Infrared spectra were recorded using a PerkinElmer Spectrum 

65 at wavelengths ranging from 4000 to 650cm
-1 

at a resolution of 4 cm
-1 

in transmittance 
 

mode. Each spectrum was obtained by averaging 8 scans. Bands around 2930 and 2960 

cm
-1 

are due to the presence of C-H groups (-CH2- and CH3-, respectively). Bands at 1720 

cm
-1 

and 3100 cm
-1 

imply the presence of C=O and O-H, respectively, with the latter being 

caused by stretching of O-H. Bands around 3300 cm
-1 

are due to amine groups (N-H). 
 

 

3.2.7               Dynamic light scattering for size measurements and zeta potential 
 
 

Particle size analysis of dendrons was achieved using the Malvern Zetasizer Nano ZS90 

(Malvern Instruments Ltd, UK). This instrument measures particle diffusion when in 

dispersion, through the backscattering of light at a 90° angle to a photo-multiplying 

detector. Dry dendrons were prepared in methanol at a concentration of 5mg/mL, and 

sonicated for 15 minutes immediately prior to analysis. An aliquot of sample solution was 

analysed using HPLC and MS (as described in Section 3.2.3 and 3.2.4, respectively), to 

confirm that sonication does not alter or degrade the dendron. Sonicated sample solutions 

were transferred to disposable UV grade cuvettes, and loaded into the Zetasizer. Samples 

were equilibrated for 2 minutes prior to analysis. Measurements were taken at 25°C with 

100 runs being recorded, each lasting 3 seconds. Size distributions of the materials were 

calculated using the polydispersity index (PDI). A PDI value of ≤ 0.5 was considered 

mono-dispersed or uniform in suspension, whilst a PDI of 0.5-1.0 indicated a wider size 

distribution with the possibility of sample aggregation. 

 
Zeta potential is a measurement of the electrostatic charge differential between particles in 

dispersed medium, and was used to confirm the surface charge of the dendrons. Samples 

were prepared as described for size measurements. The zeta potential gold-plated-electrode 

capillary cell (DTS1070; Malvern Instruments Ltd, UK) was washed several times with 

dispersant  (methanol),  before  500µL  sample  solution  was  loaded  into  the  chamber. 
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Measurements were taken at 25°C with 10 runs being recorded per measurement. Zeta 

potential (mV) values of either >+20 or >-20mV were considered stable 
[300]

. 

 
3.2.8               Thermal analysis of poly (ԑ-lysine) dendrons 

 
 

Thermal analysis of dendrons was achieved using differential scanning calorimetry (DSC), 

a technique that is often used for predicting solid-state stability of drugs 
[301]

. DSC curves 

of dendrons were obtained using a Mettler Toledo DSC1 instrument connected to a STAR
e 

SW 9.10 data acquisition program. Dry dendron samples (~4 mg), in non-hermetically 

crimped aluminium pans, were heated for 30 minutes at 10°C/minute with nitrogen purge 

at 50 mL/minute. Samples were exposed to an increasing temperature of -50°C to 250°C to 

generate melting curves. Reference samples (i.e. empty crimped aluminium pans) were 

included in each experiment. The onset and peak temperatures of melting, and 

decomposition were recorded. DSC curves were integrated to produce a progress curve, in 

which the proportion of total heat absorbed/released (mW) is expressed as a function of 

temperature. 

 
Analysis of DSC curves identified the (i) glass transition temperature, where the 

macromolecule changes from a rigid to a more compliant state; (ii) crystallisation 

temperature, where macromolecules in a more compliant state gain enough energy to move 

into ordered arrangements; and (iii) melting temperature, where the bonds break apart and 

the macromolecule begins to decompose; using guidelines provided by Mettler Toledo. 
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3.3       Results 
 
 

Four generations of amino-terminated poly (ԑ-lysine) dendrons, consisting of an arginine 

(R) root residue and branching units of lysine (K), were successfully synthesised using 

Fmoc-SPPS. The synthesis of such molecules was confirmed using an array of 

characterisation techniques including HPLC, MS and FTIR. 

 
3.3.1               Synthesis of amino-terminated dendrons 

 
 

Dendrons were assembled onto a solid support (resin beads) to attain the characteristic 

hyperbranched structure. The sequential addition of monomers resulted in the production 

of four generations (Figure 3.5), where Lys is the branching unit. 

 
a. G0: Lys-Arg; 

 

b. G1: ([Lys]2) Lys-Arg; 
 

c. G2: ([Lys]2-Lys)2 Lys-Arg; 
 

d. G3: ([Lys]2-Lys)4 ([Lys]2-Lys)2 Lys-Arg; 
 
 

The dendrons became increasingly branched in line with the generation number, exposing 

a large number of functional amine groups on the outermost branching generation. Under 

acidic conditions, dendrons were easily detached from the linker and resin support, and 

rapidly precipitated in diethyl ether, with minimal manipulation. The efficiency of the 

cleavage reaction is also reflected by the percentage recovery, which varied depending on 

the generation number. A yield of ≥70% was routinely obtained for G3 poly (ε-lysine) 

dendrons. 

 
All four generations were initially characterised using RP-HPLC (Section 3.3.2) and MS 

(Section 3.3.3). G3 dendrons (RG3K) were further characterised using the TNBSA assay, 

FTIR, DLS for size measurements and zeta potential and also thermal analysis (Sections 

3.3.4 to 3.3.7). 
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Figure  3.5. Hyperbranched  amino-terminated  poly (ε-lysine)  dendrons  with an arginine  root. (a), Generation  0, RG0K; (b), Generation  1, 

RG1K; (c), Generation 2, RG2K; (d), Generation 3, RG3K. 
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3.3.2               High-performance liquid chromatography 
 
 

HPLC chromatographs showed a single elution peak for all dendron generations, RG0K, 

RG1K, RG2K and RG3K (Figure 3.6). For dendrons of a lower generation number, G0 

and G1, a single peak was observed at a retention time of approximately 7.0 and 7.8 

minutes, respectively (Figure 3.6a-b). Dendrons of a higher generation number, G2 and G3 

displayed a longer retention time, and elution peaks were observed at 8.2 and 8.6 minutes, 

respectively (Figure 3.6c-d). The increase in retention time from G0 to G3 is expected 

since the dendrons become increasingly hyperbranched in line with the increasing 

generation number. As a result of this increase in the number of carbon atoms, longer and 

hyperbranched chains spend more time interacting with the stationary phase. 

 
The presence of a large amount of impurities and/or additives was not observed during 

HPLC analysis. This observation confirms the efficiency of the cleavage mixture, and its 

ability to completely detach the crude dendron from the Rink amide linker, and thus the 

support. 

 
The percentage purity of all crude dendrons was calculated by taking into account the peak 

area of sample and the total peak area. All dendrons had a purity of ≥ 83%, with lower 

generations  (G0  and  G1)  exhibiting  ≥  88%  purity.  The  slight  decrease  in  purity  is 

expected, as greater numbers of coupling and deprotection steps are required with an 

increase  in  generation  number.  This  elevates  the  likelihood  of  impurities  and  side 

reactions. Each coupling reaction is considered up to 99% efficient 
[297]

, and thus the 
 

maximum purity of the crude product is 0.99
n
, where n is the number of acylation steps 

 

(i.e. for RG3K, maximum purity = 0.99
n
; 0.99

16 
= 85%). 
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Figure  3.6.  HPLC  chromatograms  of poly  (ԑ-lysine)  dendrons.  (a), RG0K;  (b), RG1K;  (c), 

RG2K; (d), RG3K. Retention times (minutes) are indicated above each peak. Solvent (methanol) 

peaks are observed between 0 and 3 minutes. 
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3.3.3               Mass spectrometry 
 
 

The molecular weight of all four generations of poly (ԑ-lysine) dendrons, RG0K, RG1K, 

RG2K, and RG3K, was confirmed using MS (Figure 3.7). The molecular ions (M
+
) of MS 

were observed at appreciable intensities that were sufficient and reliable in confirming the 

molecular weight, and thus identity of the crude dendron. The low presence of impurities 

was also qualitatively assessed by MS analysis. The molecular weight of the synthesised 

molecule was calculated using equation 3.1. 

 
MS analysis revealed two dominant peaks for RG0K with a calculated MW of 

approximately 301.21 Da (m/z = 151.62 [RG0K + 2H]
2+

, and 302.23 [RG0K + 1H]
1+

) and 

a molecular ion for RG1K with a calculated MW of 557.42 Da (m/z = 558.43 [RG1K + 

1H]
1
+) (Figure 3.7a-b). Both of which are in agreement with the theoretical MW of 302.22 

 

Da, and 558.40 Da for RG0K and RG1K, respectively. 
 
 

Dendrons of a higher generation number, RG2K and RG3K, were identified and MS 
 

analysis revealed three dominant peaks in each spectrum. For RG2K, a calculated MW of 
 

1069.81 Da (m/z = 357.61 [RG2K + 3H]
3+

, 535.91 [RG2K + 2H]
2+

, and 1070.80 [RG2K + 
 

1H]
1+

) was noted (Figure 3.7c). For RG3K, a calculated MW of approximately 2095.55 Da 

(m/z = 524.87 [RG3K + 4H]
4+

, 699.49 [RG3K + 3H]
3+

, and 1048.73 [RG3K + 2H]
2+

) was 

observed (Figure 3.7d). Both calculated values of RG2K and RG3K are in agreement with 

the theoretical values of 1070.78 and 2095.54 Da, respectively. Minor peaks were also 

observed  in  all  spectrums, which  may  be  attributed to  possible  fragmentation of  the 

dendron molecule or system noise. The intensity of such impurities was much lower than 

the parent peaks and therefore, did not affect the analysis. 



 

 
 
 
 

 
(a) RG0K (c) RG2K 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) RG1K (d) RG3K 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7. Mass spectra of poly (ԑ-lysine) dendrons. (a), RG0K MW of 301.21 Da (m/z = 151.62 [RG0K + 2H]
2+

, and 302.23 [RG0K + 1H]
1+

). 

(b), RG1K MW of 557.42 Da (m/z = 558.43 [RG1K + 1H]
1+

). (c), RG2K MW of 1069.81 Da (m/z = 357.61 [RG2K + 3H]
3+

, 535.91 [RG2K + 2H]
2+

, 

and 1070.80 [RG2K + 1H]
1+

). (d), RG3K MW of 2095.55 Da (m/z = 524.87 [RG3K + 4H]
4+

, 699.49 [RG3K + 3H]
3+

, and 1048.73 [RG3K + 2H]
2+

). 
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3.3.4               Fourier transform infrared spectroscopy 
 
 

FTIR analysis was performed to confirm the characteristic bands and functional groups of 

synthesised poly (ԑ-lysine) dendrons (Figure 3.8). G3 dendrons showed a stretching -NH- 

band at 3065 cm
-1

, which is likely to be attributed to the multiple amide bonds (-CONH-) 

that form its structure as well as primary amines (-CONH2). In addition, a C=O band at 

1660 cm
-1 

(assigned to C=O stretching of the amide component, -CONH-), and -NH- 

bending at 1540 cm
-1 

were observed. Bending methylene and methyl vibrations were found 

between 1180 and 720 cm
-1

. 
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Figure 3.8. FITR spectra of G3 poly (ε-lysine) dendrons at 4000 to 500 cm
-1

. Dry dendrons 

(~5mg) were used for analysis. n = 3, each obtained by averaging 8 scans. 
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3.3.5               Quantification of primary amino groups using TNBSA assay 
 
 

The number of free amine groups on the surface of deprotected RG3K was quantified to 

provide further confirmation of the functional groups on the dendrons (Figure 3.9). This 

was calculated using the equation generated from the glycine standard curve (Figure 3.4; y 

= 0.0213x + 0.0053, where y is the absorbance measured at 340 nm and x is the mole of 

TNBSA-reacted-glycine) and Avogadro’s constant (6.022 x 10
23 

mol
-1

). Chemical 

quantification of free amines groups in RG3K, using the TNBSA assay, revealed a linear 

relationship between RG3K concentration and free amine groups (R
2 

≥ 0.99). As expected 

the number of free amine groups increased in line with dendron concentration. The results 

obtained from this assay are particularly useful in Chapter 6, where this assay assessed the 

coupling efficiency of a fluorescent probe to the dendrons. 
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Figure 3.9. Quantification  of free amine groups in increasing concentrations  of G3 poly (ε- 

lysine) dendrons. Data represent mean ± SD; n = 6. 
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3.3.6               Dynamic light scattering for size measurements and zeta potential 
 
 

The size of G3 poly (ԑ-lysine) dendrons was measured using DLS. In a dispersion of 

methanol,  aggregates  with  a  diameter  between  120.6  and  181.7  nm  were  present 

(Table 3.2). The difference in particle size between dendron batches 1-4 and 5 may be 

induced by a limitation of DLS, which is known to provide less accurate measurements 

when samples are poly-dispersed. 

 

Table 3.2. Size measurement and zeta potential of G3 poly (ԑ-lysine) dendrons 
(1)

. 
 

 
 

Batch 
 

DLS – Size (nm) 
 

Polydispersity index 

(PDI) 

 

Zeta potential 

(mV) 

 

±SD 

 

1 
 

120.6 (±5.24) 
 

0.2 
 

+28.9 
 

6.13 

2 125.4 (±3.19) 0.2 +32.3 4.12 
 

3 
 

131.6 (±4.76) 
 

0.3 
 

+34.3 
 

5.14 

4 132.2 (±6.87) 0.4 +34.1 3.27 

5 181.7 (±13.59) 1.0 +16.6 9.40 

(1)  
Dendrons  were dispersed  in methanol at 5mg/mL. All measurements  were recorded at 25°C. 

Data represent mean ± SD; n = 3. 

 
In addition to size measurements, the Malvern Zetasizer instrument was able to generate a 

PDI measurement. This value signifies the width of particle size distribution in each 

sample and was therefore used to assess the dispersity of dendrons in suspension 
[302]

. 

Values between 0 and 1 can be obtained; with values ≤ 0.5 considered mono-dispersed 

containing similar sized particles. Conversely, a value ≥ 0.5 is described as poly-dispersed, 

containing varying sized particles. PDI measurements (≤ 0.4) and small standard deviation 

values (≤ 7.0) confirmed a narrow size distribution in batch 1 to 4. However, a PDI 

measurement of 1.0 was recorded in samples of batch 5, which indicates a wide size 

distribution with a degree of sample agglomeration. Aggregation was speculated to have 

influenced the size measurements in this dendron preparation. 

 
The zeta potential of RG3K was measured to confirm their positive surface charge and 

their  stability  in  solution.  Net  positive  charges  were  observed  in  all  preparations  of 

dendrons dispersed in methanol. All sample measurements resulted in a single broad peak 
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that ranged from +5 to +50 mV, with the maximum zeta potential indicated in Table 3.2. 

These measurements were compared with the accepted classification of colloid stability in 

solution 
[300]

, where samples with values between 0 and 5 are thought to undergo rapid 

agglomeration/flocculation; 6 and 20 show incipient instability; 21 and 40 show moderate 

stability; 41 and 60 show good stability and; ≥ 60 show excellent stability. 

 
The zeta potential measurements obtained for batch 1 to 4 correspond with moderate 

stability and when taken together with the size and PDI measurements, these samples are 

unlikely to have formed aggregates in suspension. However, batch 5 corresponds with the 

highest incidence of instability, indicating the likely occurrence of flocculation and 

agglomeration. This further supports the size measurement and PDI data that showed the 

likelihood occurrence of agglomeration and poly-dispersity in that batch. Batch 5 of RG3K 

was therefore not used in subsequent studies or chapters. 
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3.3.7               Thermal analysis of G3 poly (ԑ-lysine) dendrons 
 
 

DSC analysis revealed a number of physical transitions during sample heating, which are 

evident by deviations from the baseline. Four distinct peaks were observed during analysis 

and assigned the following with reference to guidelines published by the manufacturers 

(Figure 3.10). 
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Figure 3.10. Thermal analysis of dry samples of G3 poly (ε-lysine) dendrons. Samples were 

analysed using DSC at a heating rate of 10°C/min. DSC traces were recorded in the range of -50 to 

250°C.  Tg, glass  transition  denoted  by  arrow;  (a),  residual  solvent  evaporation;  (b),  crystalline 

transition  (Tc), arrow denotes  the formation  of coarse crystals;  (c), melting  temperature  (Tm) of 

eutectic impurity; (d), melting temperature (Tm) of RG3K, arrow indicates the onset of sample 

decomposition. 

 
 
 

Peak (a) reflects the evaporation of residual solvents or reagents used during synthesis 

such as diethyl ether (b.p. 34.6°C) and TFA (b.p. 72.4°C). The exothermic transition into a 

crystalline state is reflected by peak (b), where the molecules acquire a sufficient amount 

of energy to move into a stable state. The presence of several small peaks between 115°C 

and 125°C are also indicative of coarse crystal formation. Peak (c) reflects the melting of 

eutectic impurity whose small size is proportional to the amount of impurity. This may be 

have been acquired during dendron synthesis or sample preparation. The main melting 

peak follows this and is assigned to peak (d). This peak is attributed to the onset of 

dendron melting, and occurs at 226°C with peak maxima at ~235°C. The double peak is 
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indicative  of  bond  breakage  as  a  result  of  vibrations  and  the  onset  of  sample 

decomposition. In addition, the broad width of peak (d) suggests melting of a partially 

crystalline sample, which is often caused by the distribution of different sized crystallites 

within the sample. It is important to note the significant loss of approximately 45% (1.1782 

mg) of sample during heating, which is attributed to an endothermic effect and assigned to 

peak (d). Evaporation, sublimation and decomposition can also contribute to sample loss 

where the purge gas removes any sample lost, preventing condensation in the aluminium 

pan. 



88  

 

3.4       Discussion 
 
 

Despite advances in the synthesis of complex macromolecules, the presence of a high 

amount of impurities that are often difficult to remove has affected the commercialisation 

of  dendrimers  
[303,  304]

.  In  particular,  incomplete  reactions,  which  often  lead  to  the 

formation   of   by-products,   can   result   in   side   reactions   during   the   synthesis   of 

hyperbranched molecules. These reactions can often be unavoidable, owing to reduced 

stability. Low product yields and labour-intensive processing have also prevented efficient 

synthesis of dendrimers, and the ability to manufacture these molecules in a cost-effective 

manner 
[239]

. Alternative methods have however been successfully applied to address the 

purification problems that were initially encountered. One of many approaches that do not 

require rigorous isolation, purification and characterisation following each synthetic step is 

SPPS 
[241, 242, 297]

. This approach has now become the standard method of peptide synthesis; 

whereby isolation simply consists of washing the solid resin, and characterisation of resin- 

bound intermediates is often not required 
[297]

. These characteristics give SPPS its speed, 

simplicity and contribute to its efficiency. 
 

 

As discussed in Chapter 1 (Section 1.6), several properties limit the in vivo application of 

spherical dendrimers. These include stability and toxicity complications. One approach to 

overcoming these limitations is the development of asymmetric peptide dendrimers. Tam 

et al. reported the first synthesis of polylysine asymmetric peptide dendrimers 
[245]

. This 

study, however, focused on low generation dendrimers (≤G2) and only assessed the 

antimicrobial potential of tethered macromolecules. In this chapter, hyperbranched poly (ε- 

lysine) (K) dendrons consisting of an arginine (R) function at the root were synthesised 

using Fmoc-SPPS. Up to three branching generations of poly (ε-lysine) dendrons, with the 

sequence ([Lys]2-Lys)4 ([Lys]2-Lys)2 Lys-Arg, were synthesised, with the aim of later 

assessing  their  antimicrobial  and  anti-virulence  potential  against  P.  aeruginosa.  The 

method of synthesis (using N-Fmoc-amino-protecting groups) provides many advantages 

over the commonly used N-tert-Butoxycarbonyl- (Boc) method. In contrast to Boc, the use 

of N-Fmoc-protecting groups eliminates the need for deprotection of amino functions 

using acidic reagents, and therefore the additional neutralisation step prior to coupling 
[242]

. 
 

Furthermore, exposure to highly corrosive reagents such as liquid hydrogen fluoride is 

required during the final detachment reaction in Boc-synthesis. These conditions are likely 
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to lead to modifications and even degradation of sensitive peptide sequences. The use of an 

orthogonal protection strategy therefore minimises such complications and provides a 

much milder overall system, where these groups are removed using organic bases (i.e. 

piperidine). 

 
Spherical dendrimers of up to 10 branching generations can be synthesised and have been 

previously reported 
[236]

. The arrangement of atoms has however been obstructed during 

assembly of macromolecules exceeding four generations 
[305]

. Moreover, undesirable 

toxicity associated with a high cationic surface charge density has limited the use of 

dendrimers in vitro and in vivo. For example, PAMAM dendrimers have been shown to 

exhibit generation-dependent toxicity, where ≥G4 dendrimers are at least three-fold more 

cytotoxic than ≤G3 dendrimers 
[274-278]

. In terms of degradability, dendrons present a safety 

advantage where they are eventually degraded to harmless amino acids that can be 

metabolised by the host. However, some dendrimers, namely PAMAM, may form toxic 

methacrylates. Moreover, dendrimers composed of amino acids have recently been shown 

high levels of biocompatibility in vitro and in vivo 
[306]

. For these reasons, dendrons were 

synthesised using repeated units of the natural amino acid, L-lysine, to a maximum of G3 

to minimise the possibility of incurring molecular defects and inducing cytotoxic effects in 

the in vitro model. 

 
The development of these specific dendrons produces two functionalities that can be 

exploited for a particular application. Such applications include surface coating of 

indwelling medical devices such as urinary tract catheters and endotracheal tubes. The two 

functionalities present dendrons with desirable properties; whereby (i) the root of the 

dendron can be used to provide a point of attachment and facilitate biomaterial surface 

coating, and (ii) the uppermost branching generation can be functionalised with bioactive 

moieties that can recognise and interact with target molecules. Such a design ensures the 

correct orientation of the dendrons at the interface. Furthermore, these macromolecules 

arrange the amine functional groups in an orderly manner, which increases the surface area 

and creates an extremely high local concentration for recognising target molecules. Such 

properties offer advantages of creating biofunctionalised materials that could potentially be 

used in controlling the spread of bacteria on surfaces. In particular, the functionalisation of 

amine terminals can  be  exploited via  the  orthogonal protection strategy for  targeting 
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multiple systems of virulence, which in turn can direct the clearance of infections caused 

by different bacterial species 
[271]

. In this regard, dendrons were synthesised to generate a 

cationic molecule that has the potential to interact with the negatively charged outer 

membrane of Gram-negative bacteria, but also to expose a high number of bioactive amine 

functional groups at the uppermost branching generation (i.e 4, 8 and 16 terminal NH2 

moieties at G1, G2 and G3, respectively) (Figure 3.5a-d). The presence of arginine and 

multiple residues of lysine is recognised in many natural antimicrobial peptides 
[307]

, which 

in this regard, achieves an overall net charge of +16 (at G3). These residues enhance the 

ability of the molecule to fold into conformations that induce interactions with membranes. 

Such properties are explored and discussed further in subsequent chapters. 

 
The method of synthesis and cleavage of dendrons described here provided an approach in 

which difficult sequences can be generated. The ability to effectively cleave the dendrons 

from the Rink amide linker, and thus the support, and recover the crude dendron highlights 

the  potential  of  this  method.  Furthermore,  detecting  the  relative  abundance  of  ions 

produced from these macromolecules demonstrates the ease of identifying each dendron 

regardless of the number of branching units (Figure 3.7a-d). The high degree of purity 

achieved using HPLC further exhibits the efficiency of Fmoc-SPPS for the production of 

hyperbranched dendrons with an increasing generation number (Figure 3.6a-d). 

 
Further characterisation was achieved using an array of analytical and chemical techniques 

that encompass multiple analyses to confirm synthesis of G3 dendrons and provide batch- 

to-batch quality assurance; (i) analysis of functional groups, (ii) quantification of amines, 

(iii) particle size measurements, (iv) zeta potential, and, (v) thermal analysis. 

 
FTIR, a technique that identifies functional groups through the vibration of bonds, showed 

the  corresponding  amine/amide,  carboxylic,  carbonyl  and  hydroxyl  peaks  for  RG3K 

(Figure 3.8). When taken together with the mass (m/z), the presence of such functional 

groups confirms the synthesis of G3 dendrons. An important factor for subsequent bio- 

functionalisation of dendrons is the availability of primary amine terminals. Using an assay 

that detects and quantifies the number of such functionalities 
[299]

, the concentration of free 
 

NH2 groups was found to linearly increase with dendron concentration (Figure 3.9). These 

groups enable conjugation of bioactive motifs or even fluorescent probes to the dendron 
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surface 
[264, 265]

, which can allow real-time detection and tracking of a biomolecule within 

cells. 

 
Particle size is perhaps considered as a fundamental characteristic of any macromolecule; 

however, this can be affected by a number of factors including particle shape, uniformity 

of shape within the sample and uniformity of size within the sample (known as 

polydispersity). Studies  have  also  found  that  different  sizing  methods,  the  choice  of 

dispersant and pH can influence the average particle size 
[308]

. In this regard, samples were 
 

dispersed in methanol due to reports of its consistent dispersion properties 
[302]

. Samples in 

batch 1 to 4 were considered monodisperse (PDI of ≤0.4), reporting an overall average G3 

dendron size of 127.5 ±5.5 nm that highlights the reproducibility and limited batch-to- 

batch variation of the synthesis strategy (Table 3.2). However, it is difficult to compare this 

value to reported findings in the literature; although there are numerous characterisation 

studies on spherical dendrimers 
[309, 310]

, limited studies of such nature exist for asymmetric 

peptide dendrimers. Moreover, many studies have reported size values using several sizing 

techniques without stating the conditions of analysis, which limits their context. In one 

batch, namely batch 5, dendrons in dispersion appeared to have formed aggregates, which 

transpired as a larger particle size. The intensity of the scattered light is inversely 

proportional to the size of the particle. As such, particle size values determined by DLS are 

likely to reflect much greater sizes in the presence of large particulates or aggregates. A 

PDI value of 1 supports this assumption, suggesting that there is a broad distribution of 

size within the sample (batch 5). This observation was further consolidated by the zeta 

potential values (and large standard deviations) falling at the lower end of the stability 

scale,  where  samples are  considered ‘incipiently stable’  
[300]

. There are  a  number of 
 

contributing factors that may have influenced the size and PDI values obtained in batch 5. 

One of which is heterogeneity, where perhaps an impurity during dendron cleavage or 

preparation was introduced. Another is inadequate sonication prior to analysis, causing 

many particles to remain clumped together in an unsatisfactory dispersed preparation. 

Furthermore, uncontrolled dendron interactions can lead to increased skewing in size 

measurements. 

 
In future studies, a multi-method sizing comparative study could be used to support the 

findings from DLS. Techniques such as nanoparticle tracking analysis could be used to 
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quantify the number and size of particles within a sample, as it is able to size individual 

particles by tracking the light refracted from a single moving particle, and has been shown 

to be advantageous over DLS for resolving poly-dispersed samples 
[311]

. Furthermore, 

transmission electron microscopy could enable the visualisation of aggregates, as well as 

allowing for direct measurement of individual particle sizes 
[280, 312]

. These were, however, 

thought to be unnecessary in the current scope of the project. 
 

 

Zeta potential measurements are not only important for assessing the particle stability state 

[300]
, but also for the implications a molecule could have when applied in an in vitro model 

[276]
. In particular, the potential interaction of a biomolecule with bacterial or mammalian 

cell membranes can be identified. This is often governed by surface charge, which is a 

complex property that has been linked to cytotoxicity 
[313]

. The majority of studies have 

found highly cationic particles to be more cytotoxic than those with a neutral or negative 

surface charge in a range of in vitro models 
[268, 313]

. Although zeta potential measurements 

are not strictly a direct assessment of particle charge, values can be indicative of the 

surface ionic properties in relation to interactions with the dispersant. Results here 

confirmed the cationic charge of  the dendron, which is  attributed to  the 16  terminal 

amines. As reported in earlier studies, the cationic charge is envisaged to promote 

interaction with the bacterial cell membrane 
[267, 314]

, whilst the low generation number of 

asymmetric peptide dendrimers exhibits limited cytotoxicity 
[280]

. Furthermore, according 

to published guidelines the isoelectric point of batch 1 to 4 dendrons is indicative of a well- 

dispersed sample with moderate stability 
[300]

. This level of stability indicates that particles 

exhibit adequate repulsive forces, preventing particle adhesion/aggregation as they collide. 

It  is  important to  note  that  whilst  the  dispersant (methanol) used  here  has  provided 

sufficient information regarding the size, charge and stability, there is likely to be some 

differences to the state of dendrons in a more physiological environment (i.e. in vitro or in 

vivo). 

 
Another technique for assessing stability is using DSC, which interestingly has a long and 

extensive number of applications. In particular, it is able to study thermally induced 

transitions of biological macromolecules, and provide an understanding of their heat 

capacity and stability 
[301]

. There are, however, a number of parameters that contribute to 

the  thermal  behaviour  of  a  macromolecule  including  flexibility,  molecular  forces, 
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crystallinity and molecular weight 
[315, 316]

. For example, polymers with a relatively low 

molecular weight have been reported to exhibit an enhanced mobility and a low glass 

transition temperature due to a greater share of repeating units/end groups and low 

molecular weight, respectively 
[317]

. In many respects, dendrons are classified as low 

molecular weight polymers. Such macromolecules therefore have flexible groups that do 

not  form  very  compact  structures  upon   thermal  transition.  Conversely,  spherical 

dendrimers become more compact in line with the generation number due to the likelihood 

of the structure collapsing, which influences intermolecular interactions 
[305]

. It is this 

difference in compactness that owes to the higher glass transition temperature in G3 

dendrons, in comparison to spherical dendrimers 
[318]

. Overall, the relatively high melting 

temperature and late onset of degradation of G3 dendrons highlights the thermal stability 

properties of dry peptidic dendrons (Figure 3.10). However, its activity could be assessed 

at a range of temperatures post-heat stress, and a full thermal profile for RG3K could be 

generated to provide a more definitive conclusion. In terms of existing literature, the 

findings  presented  here  are  in  agreement  with  a  number  of  characterisation  studies 

showing the resilience of G1-G5 dendrimers to heat 
[319]

. 
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3.5       Conclusions 
 
 

In this chapter, the use of N-Fmoc SPPS to generate a range of dendrons with up to three 

branching units was successfully achieved and synthesis was confirmed using an array of 

characterisation techniques. This not only highlights the efficiency of this method but also 

its potential application for the production of a variety of other dendron composites. The 

strategy  presented  in  this  chapter  allowed  the  generation  of  peptidic  asymmetric 

dendrimers to be constructed with ease and in a relatively short period of time. The fine 

control and reproducibility of this technique has minimised the large batch variations in 

purity and yields, which are often encountered during synthesis. The profile generated here 

for G3 dendrons (RG3K) will be used to explain effects observed through studying the 

response in bacterial and mammalian cell models in vitro. In particular, dendron-bacteria 

and dendron-mammalian cell interactions will be assessed in both models in the hope of 

linking unique attributes to specific effects. 

 
Overall, this synthesis strategy generates the ability to explore the potential of amino- 

terminated branching lysine dendrons as a novel class of antimicrobial and/or anti- 

virulence molecules. 
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CHAPTER 4: Effects of G3 poly (ε-lysine) dendrons 
 

on essential cellular functions in P. aeruginosa 
 
 
 
 
 

4.1       Introduction 
 
 

4.1.1               Cellular functions 
 
 

The regulation of bacterial cell functions is controlled by adenosine triphosphate (ATP). 

For bacteria such as P. aeruginosa, this process occurs in the cytoplasm with organic 

compounds being used both as energy and carbon sources to generate ATP 
[320]

. The 

process of ATP generation thus begins with oxidation of organic compounds, which is 

coupled with the production of reduced coenzymes such as NADH in the cytoplasm. Such 

enzymes transfer hydrogen atoms to the electron transport chain located in the bacterial 

cell membrane. Electrons (from the hydrogen atoms) are shuttled through this chain when 

NADH transfers its protons (H
+
) and electrons (e

-
) to membrane-embedded carrier protein 

complexes. The protons are translocated by the flow of electrons through membrane 

carriers. This causes the cell to achieve a substantial proton gradient that secretes protons 

into the space between the cell membrane and cell wall. Consequently, an electrochemical 

gradient, termed the proton motive force, establishes across the cytoplasmic membrane. 

Protons are then shuttled back into the matrix by a membrane-bound enzyme, ATP 

synthase. This enzyme utilises the energy of the proton motive force, converting adenosine 

diphosphate (ADP) and inorganic phosphate (Pi) to ATP. ATP is thus considered the 

‘central currency of energy’ of cells. It, however, also releases a substantial amount of 

energy when broken down into adenosine diphosphate (ADP) and inorganic phosphates 

(Pi). Such energy-yielding reactions (exergonic) are coupled with energy-requiring 

reactions (endergonic). It is this balance between exergonic and endergonic reactions that 

drives cellular functions, such as the localisation of cell division-associated proteins 
[321]

. 

 
The generation of ATP not only provides energy for metabolic and enzymatic reactions, 

but also serves as a substrate for nucleic acid synthesis 
[322]

. Previous studies have shown 

that the concentration of ATP changes during the cell cycle and is influenced by changes in 

growth conditions 
[323]

, with the rate of RNA synthesis being proportional to the rate of 
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growth in Gram-negative bacteria. For instance, cells in the exponential phase of growth 

exhibit a substantial level of ATP generation 
[323, 324]

, resulting in a rapid increase in RNA 

synthesis. Conversely, ATP levels and consequently the synthesis of RNA decrease 

significantly when cells enter the stationary phase of growth. 

 
4.1.2               Antimicrobial potential of cationic agents 

 
 

Several cationic agents have been shown to have intracellular targets, affecting metabolic 

processes such as the biosynthesis of macromolecules (i.e. nucleic acids or proteins) 
[325-

 

328]
. The mechanism by which such agents interact with the cell in a manner that leads to 

 

cell death is somewhat controversial as it varies between peptides. For instance, Park et al. 

reported the ability of a 21-amino acid peptide, buforin II, to induce cell death by binding 

to DNA and RNA 
[325]

. Bac5 and Bac7, both are proline-rich cationic peptides, inhibit 

RNA and protein synthesis in E. coli 
[329]

. Changes in such vital functions are linked to 

disruption  of  the  transmembrane  proton  motive  force  and  consequently,  the  lack  of 

bacterial ATP synthesis. Non-membranolytic peptides, specifically the proline/arginine- 

rich PR-39 peptide causes cell death by targeting DNA and protein synthesis 
[330, 331]

. 

Furthermore, the 26-amino acid peptide, P-Der, inhibits the synthesis of macromolecules 

(i.e. DNA, RNA and protein) in E. coli within ≤ 20 minutes of exposure at sub-bactericidal 

concentrations, without damaging the cell membrane 
[332]

. Since most of the proposed 

cytoplasmic targets are dependent on ATP generation, cationic peptides were recently 

investigated for their ability to interact with exogenous ATP molecules 
[333, 334]

. Studies by 

Hancock and co-workers found that peptides rich in repeating units of arginine inhibit the 

generation of ATP and ATP-dependent enzymes (DNA polymerase) 
[333]

. Such findings 

may explain the changes in cellular functions that are frequently associated with cationic 

agents. 
 

 

In terms of dendritic macromolecules, cationic dendrimers have emerged in recent years as 

promising novel antimicrobial agents 
[244, 246]

. Compared to cationic peptides, dendrimers 

possess a much higher positive charge density, and thus have a higher affinity towards the 

negatively charged bacterial surface. Dendrimers can also circumvent some of problems 

encountered with linear antimicrobial peptides (e.g. short-half life, susceptibility to 

proteolysis and  haemolysis). Several spherical dendrimers such as  PAMAM-NH2   and 



97  

 

dendrimeric peptides have demonstrated an antimicrobial potential against both Gram- 

negative (i.e. P. aeruginosa, K. pneumoniae and E. coli) and Gram-positive bacteria (S. 

aureus and S. epidermidis) 
[245, 246, 248, 252, 255, 256, 267-269]

. In one example, two generations of 

asymmetric dendrimers (G1 and G2), composed of polylysine cores and tethered with 

antimicrobial peptide sequences, were able to inhibit the growth of P. aeruginosa, E. coli 

and S. aureus 
[245]

. More recently, Reymond et al. showed that G3 peptide dendrimers, 

specifically G3KL with the sequence (Lys-Leu)8  (Lys-Lys-Leu)4 (Lys-Lys-Leu)2 Lys-Lys- 

Leu, are effective against multi-drug resistant clinical isolates of P. aeruginosa 
[255, 256]

. For 
 

a more detailed review on the antimicrobial potential of dendrimers, refer to Chapter 1 

(Section 1.6.2). 

 
Despite extensive research on cationic agents, existing literature has neither investigated 

the changes in bacterial cellular functions in response to asymmetric peptide dendrimers 

(specifically RG3K), nor their effects at sub-minimum and minimum growth inhibitory 

concentrations. The main focus of research has remained on the antimicrobial activity of 

linear lytic peptides, high generation spherical dendrimers, or tethered/functionalised 

peptide dendrimers. 

 
4.1.3               Aims and objectives of chapter 

 
 

In this chapter, G3 poly (ε-lysine) dendrons were investigated for their ability to alter the 

cellular functions of P. aeruginosa. Analysis of such traits was envisaged to highlight the 

antimicrobial potential of poly (ε-lysine) dendrons and provide an insight into their effects 

on essential cellular processes. 

 
This chapter therefore aims to: 

 
 

i. Determine the minimum growth inhibitory concentration of G3 dendrons; 
 

ii. Identify alterations in growth kinetics and endpoint cell density in response to 

treatment with G3 dendrons; 

iii. Explore the potential changes to key cellular functions, such as ATP generation, 

RNA transcription and protein expression, post-exposure to G3 dendrons. 



98  

 

4.2       Materials and methods 
 
 

4.2.1               Minimum inhibitory concentration of G3 dendrons 
 
 

The minimum inhibitory concentration (MIC) was determined using the broth micro- 

dilution method described in Section 2.1.5 
[286]

. Media were obtained from Oxoid, UK, and 

supplements were purchased from Fisher Scientific, UK, unless otherwise specified. 

Dilutions of RG3K (0 to 20 mg/mL) were prepared in, (i) iso-sensitest broth (ISB); (ii) 

nutrient broth (NB); (iii) nutrient-rich media (NR-TSB), composed of tryptone soya broth 

(TSB) (17 mg/L (w/v) pancreatic digest of casein, 3 mg/L (w/v) papaic digest of soyabean 

meal, 5 mg/L (w/v) sodium chloride, 2.5 mg/L (w/v) dipotassium hydrogen phosphate, and 

2.5 mg/L (w/v) glucose) and supplemented with 0.2% (w/v) glucose, and 0.5% (w/v) 

casamino acids;  or,  (iv)  nutrient-limited media (M-M63),  composed of  minimal salts 

(M63) (3 g/L (w/v) potassium phosphate monobasic, 7 g/L (w/v) dipotassium hydrogen 

phosphate, and 2  g/L (w/v)  ammonium sulphate) and supplemented with 0.2%  (w/v) 

glucose, 0.5% (w/v) casamino acids, and 1 mM magnesium sulphate 
[335]

. 
 
 

Mid-exponential phase PAO1 cultures (OD600 of ~0.4; ~1.5 x 10
8 

CFU/mL) were diluted to 

an OD600 of 0.005 (~2.4 x 10
6 

CFU/mL) in the appropriate experimental media. Aliquots of 

diluted bacteria (60µL) were inoculated into three wells containing an equal volume of 

compounds to be tested in each experimental media. Multi-well plates were incubated at 
 

37°C for 24h without agitation. Absorbance was measured at 595 nm using the Multiskan 
 

Ascent plate reader, using uninoculated media as a blank. 
 
 

4.2.2               Endpoint cell density post-exposure to G3 dendrons 
 
 

The endpoint cell density was determined to assess the ability of P. aeruginosa to recover 

post-exposure to G3 dendrons. Overnight cultures of PAO1 were diluted to an OD600  of 

0.05 in NB medium and exposed to increasing concentrations of RG3K (0 to 2 mg/mL) at, 
 

(i) the beginning of the growth phase (OD600 of 0.05; ~1.2 x 10
7 

CFU/mL), (ii) mid- 

exponential phase (OD600  of ~0.4; ~1.5 x 10
8 

CFU/mL), and (iii) early-stationary phase 

(OD600 of ~1.2; ~1.7 x 10
9 

CFU/mL). Cultures were incubated at 37°C for 24h, with 

agitation at 120 rpm. CFU counts were obtained after incubation, using the spread plate 

method described in Section 2.1.4. 



99  

L
u

m
in

e
sc

e
n

c
e 

(R
L

U
) 

 

4.2.3               Growth kinetics during exposure to G3 dendrons 
 
 

The effect of G3 dendrons on proliferation of P. aeruginosa was further investigated by 

assessing the growth kinetics. Cultures of PAO1 were exposed to RG3K (0.8 mg/mL) at 

the mid-exponential phase (OD600 of ~0.4) in NB media. Cultures were incubated at 37°C, 

with agitation at 120 rpm. CFU counts were determined as described in Section 2.1.4. 

 
4.2.4               Quantification of adenosine triphosphate (ATP) 

 
 

ATP production was quantified using the BacTiter-Glo
TM 

Assay (Promega, UK). This 

homogenous  method  involves  the  addition  of  a  single  reagent  that  relies  on  a 

luminescence-generating luciferase reaction and a formulation for extracting ATP from 

bacteria. Cultures of PAO1 were exposed to RG3K (0.8 mg/mL) at the mid-exponential 

phase (OD600 of ~0.4). At each timepoint, the bacterial culture was diluted 1:1000 in NB, 

and an aliquot (50µL) was transferred to a Nunc
TM 

white opaque 96-well plate (Thermo 
 

Scientific, UK). The diluted culture was then mixed with an equal volume of BacTiter- 

Glo
TM  

reagent. The mixture was shaken at 20 rpm for 2 minutes and incubated at room 

temperature for 5 minutes. Luminescence, proportional to the amount of ATP present, was 

measured as relative light units (RLU) using the LUMIstar Optima plate reader (BMG 

Labtech, UK). rATP (Promega, UK), prepared in NB at a concentration range of 10pM to 

1mM, was used to generate a standard curve (Figure 4.1). 
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Figure 4.1. Standard curve of rATP prepared in NB media at a concentration  of 10pM to 

1mM. Data represent mean ± SD; n = 4. Note: SD values are difficult to observe due to log scale. 
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To confirm that G3 dendrons do not interfere with the BacTiter-Glo
TM 

assay, 100µL RG3K 

(0  to 2  mg/mL) was mixed with 100µL rATP (10  pM  to 1  mM).  The mixture was 

incubated at room temperature for 20 minutes. An equal volume of BacTiter-Glo
TM 

reagent 

was then added. Luminescence was measured and compared to the rATP control. 
 

 

4.2.5               Quantification of ribonucleic acid (RNA) 
 
 

Cultures of PAO1 were exposed to RG3K (0.8 mg/mL) at the mid-exponential phase 

(OD600 of ~0.4). Cultures were incubated at 37°C, with agitation at 120 rpm for 24h. At 

each timepoint, an aliquot (500 µL) was centrifuged at 10,000xg for 5 minutes, 4°C, and 

the pellet was re-suspended in 1 mL RNAProtect solution (Qiagen, UK) to prevent 

degradation of transcripts and induction of genes. Total RNA was extracted using the 

RNeasy Mini Kit (Qiagen, UK) with on-column DNA digestion as detailed in Section 

2.2.3.  RNA  concentration was  determined using  the  Nanodrop  2000,  as  described in 

Section 2.2.5. The ability of dendron-exposed P. aeruginosa to transcribe messenger RNA 

(mRNA; rpoD 
[336]

) and ribosomal RNA (rRNA; 16S 
[337]

) was investigated using two-step 

RT-PCR. RNA (10 ng) was used as a template to synthesise cDNA. The latter was carried 

out using the QuantiTect Reverse Transcription Kit (Qiagen, UK), which incorporates an 

additional  gDNA  elimination  step  (Section  2.2.8).  Primer  sequences  are  shown  in 

Table 4.1.  The mRNA  gene, rpoD,  was  amplified using  the PCR cycling conditions 

detailed in Section 2.2.9, with an annealing temperature at 52.7°C. The 16S rRNA gene 

was amplified using the following PCR cycling conditions; initial denaturation at 95°C for 

15 minutes, forty cycles with denaturation at 94°C for 20 seconds, annealing at 59°C for 
 

20 seconds and extension at 72°C for 50 seconds, with a final extension at 72°C for 10 

minutes 
[337]

. PCR products were analysed using agarose gel electrophoresis, with 100bp 

molecular size ladder (Microzone, UK) run alongside samples (Section 2.2.10). Each gene 

was assayed three times with two replicate samples each time. 

 
Control reactions were included, where omitted components were replaced with water: 

 
 

(i)        No RT enzyme control (NEC), all RT components without RT enzyme; 

(ii)       No template control (NTC), all RT components without RNA template; 

(iii)     PCR positive control, all PCR components with genomic DNA template; 

(iv)      PCR negative control, all PCR components without genomic DNA template. 



 

 
 
 
 
 
 

Table 4.1. PCR primer sequences, annealing temperature and product size. 
 
 

Primer Sequence (5’----- 3’) Ta
(1) 

Product size (bp) Source/Reference 
 

 

rpoD-For GGGGATCAACGTATTCGAGA 
 

 

rpoD-Rev CAGTTCCACGGTACCCATTT 

 

52.7 178 
This study 

 
 

16S rRNA-For CAAAACTACTGAGCTAGAGTACG 
 
 

16S rRNA-Rev TAAGATCTCAAGGATCCCAACGGCT 

 

55 215 
Matsuda et al. 

 
[337] 

 

 
(1) 

Ta, annealing temperature of forward (For) and reverse (Rev) primer sequences in °C. 
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4.2.6               Quantification of total soluble proteins 
 
 

Cultures of PAO1 were exposed to RG3K (0.8 mg/mL) at the mid-exponential phase 

(OD600 of ~0.4). At each timepoint, an aliquot (1 mL) was centrifuged at 10,000xg for 10 

minutes, 4°C, and the supernatant was discarded. The cell pellet was subjected to three 

freeze/thaw cycles, where the pellet was repeatedly frozen at -80°C for 20 minutes and 

thawed at 37°C for 2 minutes to increase cellular breakage. Total soluble proteins were 

extracted using the CelLytic
TM 

B bacterial cell lysis reagent (Sigma Aldrich, UK) as 

described in Section 2.2.4. Extracted proteins were quantified using the Bradford protein 

assay (Bio-Rad Laboratories, UK) as described in Section 2.2.6. Bovine serum albumin 

(BSA; Sigma Aldrich, UK) was prepared in molecular grade water at a concentration range 
 

of 0 to 1.5 mg/mL to generate a standard curve (Figure 4.2). 
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Figure 4.2. Standard curve of BSA prepared in molecular grade water at a concentration of 0 

to 1.5 mg/mL. Data represent mean ±SD; n = 4. 
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4.3       Results 
 
 

The effects of G3 poly (ε-lysine) dendrons on cellular metabolic processes were 

investigated in the wild-type P. aeruginosa PAO1. Exposure to RG3K at a concentration 

of 0.8 mg/mL induced a temporary growth arrest that altered the growth kinetics, without 

affecting the endpoint cell density. Such changes were caused by a reduction in ATP 

production, RNA transcription and protein expression. 

 
4.3.1               Planktonic growth curves 

 

The rate of proliferation of P. aeruginosa PAO1 was monitored using turbidimetric 

measurements to identify the characteristic phases of growth (Figure 4.3). 
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Figure 4.3. Growth  of P. aeruginosa  PAO1 over time in NB medium. Overnight cultures of 

PAO1 were diluted to an OD600 of 0.05 and grown at 37°C for 24h, with agitation at 120 rpm. OD 

was measured  at 600 nm; (a) Exponential  phase, (b) late-exponential  phase, (c) early-stationary 

phase, and (d) stationary phase. Data represent mean ± SD; n = 8. 
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The lag phase, a stage where the bacterial cells are adapting to the surroundings, was 

almost  absent  under  the  investigated  experimental  conditions.  It  is  likely  that  using 

identical media compositions (i.e. NB) to prepare both the inoculum culture and sub- 

population culture attributed to this. The exponential growth phase was identified between 

0.5 and 6h, where PAO1 achieved the maximum rate of growth. PAO1 reached the mid- 

exponential phase within 2 to 3h of incubation, an OD600 of ~0.4. This phase was 

determined by calculating the average optical density between the start and endpoint of the 

exponential phase. Transition from the late-exponential (OD600 of 1.0) to the early- 

stationary phase (OD600 of 1.2) was exhibited between 6h and 8h, respectively. The rate of 

proliferation was thereafter unchanged, with PAO1 cultures reaching a recognised 

stationary phase of growth by 18h. 
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4.3.2               Susceptibility of P. aeruginosa PAO1 to G3 dendrons 
 
 

The MIC of RG3K was investigated to determine its toxicity towards P. aeruginosa PAO1. 

The MIC, defined as the lowest concentration that inhibits visible growth after incubation 

for 24h 
[286]

, was tested under four media conditions with different nutrient compositions; 

ISB, NB, nutrient-limited M63 and nutrient-rich TSB media. Overall, the MIC of RG3K 

against PAO1 was dependent on the experimental nutrient conditions. MIC values thus 

ranged from 6 mg/mL to 16 mg/mL, where a MIC in NR-TSB > ISB > M-M63 > NB was 

demonstrated.  This  showed  that  PAO1  exhibits  a  level  of  resistance  in  nutrient-rich 

conditions, but an increased susceptibility to RG3K under NB media. 
 
 

Susceptibility to RG3K was initially assessed in ISB, a media recommended for assessing 

the activity of potential antimicrobial agents (Figure 4.4a). A range of concentrations (7.8 

µg/mL to 20 mg/mL) was tested. Concentrations ≤2 mg/mL had limited effects against 

PAO1  viability.  These  did  not  alter  the  growth  of  PAO1,  and  the  effect  was  not 

significantly different to the untreated control (P > 0.05). However, increasing the 

concentrations of RG3K to >4 mg/mL revealed a dose-dependent response, with maximum 

activity at 14 mg/mL (P ≤ 0.001). At this concentration, RG3K inhibited the growth of 

PAO1 whereby an absorbance similar to the media only control was demonstrated. Thus, 

the MIC in ISB media was determined as 14 mg/mL. Susceptibility to RG3K was also 

investigated in NB media, and revealed that RG3K inhibits the growth of PAO1 at 

concentrations ≥2mg/mL (Figure 4.4b) (P ≤ 0.001). The MIC was however considerably 

lower in NB media and determined to be 6 mg/mL. For ISB and NB media, sub-MIC 

levels of RG3K against PAO1 were identified as <4 mg/mL and <2 mg/mL, respectively. 

These concentrations are further investigated in this chapter using NB media, with 

particular focus on their effects against the endpoint cell density and changes in essential 

cellular metabolic processes. 
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Figure 4.4. Minimum inhibitory concentration of G3 dendrons against P. aeruginosa PAO1 in 

iso-sensitest broth (a), and nutrient broth (b) media. Mid-exponential phase cultures of PAO1 

were diluted to ~2.4 x 10
6 

CFU/mL and grown in the absence (control) and presence (7.8 µg/mL to 

20 mg/mL) of RG3K for 24h. Absorbance was measured at 595 nm. The lowest concentration to 

exhibit a similar absorbance to the media only control was recorded as the MIC. Data represent 

mean ± SD; n = 3. * P-value ≤ 0.001 (vs. untreated PAO1 control); One-way ANOVA. 
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The MIC was further investigated in two media conditions, nutrient-limited M63 and 

nutrient-rich TSB. Both of which are extensively used in Chapter 5 and 6 in dendron- 

exposure studies against P. aeruginosa biofilms. It was therefore important to determine 

the toxicity of RG3K in these media, given that the dendron exhibited a significantly lower 

MIC in NB to that in ISB medium. Exposure to RG3K under nutrient-limited conditions 

(M-M63) revealed that RG3K inhibits the growth of PAO1 at concentrations ≥4mg/mL 

(Figure 4.5a) (P ≤ 0.001). The MIC was however considerably higher than in NB media 

and determined to be 10 mg/mL. Similarly, RG3K concentrations of <4 mg/mL in nutrient- 

rich conditions (NR-TSB) did not alter the growth of PAO1 (Figure 4.5b). The effects of 

such concentrations were not significantly different to the untreated control (P > 0.05). 

Increasing the levels of RG3K to >4 mg/mL revealed a dose-dependent response, with 

maximum activity at 16 mg/mL (P ≤ 0.001). The MIC in NR-TSB media was considerably 

higher than in M-M63 and determined to be 16 mg/mL, the highest MIC reported among 

the investigated conditions. For M-M63 and NR-TSB media, sub-MIC levels of RG3K 

against PAO1 were identified as <4 mg/mL. Such concentrations are further investigated in 

Chapter  5,  with  particular focus  on  the  anti-biofilm potential of  G3  dendrons  under 

nutrient-limited and nutrient-rich environments. 
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(a) Nutrient-limited media: M-M63 
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(b) Nutrient-rich media: NR-TSB 
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Figure 4.5. Minimum inhibitory concentration of G3 dendrons against P. aeruginosa PAO1 

under nutrient-limited (a), and nutrient-rich (b) conditions. Mid-exponential phase cultures of 

PAO1 were diluted to ~2.4 x 10
6  

CFU/mL and grown in the absence (control) and presence (7.8 

µg/mL to 20 mg/mL) of RG3K for 24h. Absorbance was measured at 595 nm. The lowest 

concentration to exhibit a similar absorbance to the media only control was recorded as the MIC. 

(a) Nutrient-limited conditions, M63 salts + 0.2% glucose + 0.5% casamino acids. (b) Nutrient-rich 

conditions, TSB + 0.2% glucose + 0.5% casamino acids. Data represent mean ± SD; n = 3. * P- 

value ≤ 0.001 (vs. untreated PAO1 control); One-way ANOVA. 
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4.3.3 Endpoint cell density post-exposure to G3 dendrons 
 
 

To identify any dendron-induced changes in the endpoint cell density, RG3K (2 µg/mL to 
 

2 mg/mL) was added at the different phases of growth (Figure 4.6). 
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Figure 4.6. Endpoint cell density of P. aeruginosa PAO1 post-exposure to G3 dendrons at 

different phases of growth. Cultures of PAO1 were exposed to RG3K (2 µg/mL to 2 mg/mL in 

NB) at the early-exponential (OD600 of ~0.05), mid-exponential (OD600 of ~0.4) or early-stationary 

phase (OD600 of ~1.2). CFU/mL counts were determined after 24h. Data represent mean ± SD; n = 

3. * P-value ≤ 0.001 (vs. untreated control at the corresponding time; Two-way ANOVA. 
 
 
 

RG3K  induced the greatest reductions in  cell density when added before the culture 

reached the stationary phase. For instance, addition of 2 mg/mL RG3K at the early- 

exponential phase reduced the number of recoverable CFU from 4.2 x 10
8 

to 1.1 x 10
3 

per 

mL of culture (P ≤ 0.001). Inhibitory effects were absent when cultures were exposed to 

RG3K (≤0.8 mg/mL) at the mid-exponential or early-stationary phase. Here, the endpoint 

cell density was closely related to the untreated PAO1 control (P > 0.05). However, higher 

concentrations (2 mg/mL) altered the endpoint cell density when added at the mid- 

exponential phase, reducing the CFU count to 8.1 x 10
3 

per mL of culture (P ≤ 0.001). In 

subsequent assays, cultures were grown to the mid-exponential phase prior to RG3K 

exposure, and concentrations ≤0.8 mg/mL were applied to limit changes to the endpoint 

cell density. 
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4.3.4               Growth kinetics during exposure to G3 dendrons 

 
 

The effect of G3 dendrons on proliferation of PAO1 was determined using CFU counts to 

identify any changes in growth kinetics. Addition of RG3K (0.8 mg/mL) at the mid- 

exponential phase induced a ~2-log reduction in the number of viable cells, as reflected by 

a decrease in CFU counts from 1.3 x 10
8 

to 1.5 x 10
6 

CFU/mL (Figure 4.7) (P ≤ 0.001). 

Subsequently, RG3K impaired the growth kinetics of PAO1, inducing a temporary period 

of growth arrest that lasted approximately 6h. During this period, the cell population 

remained unchanged and resembled the lag phase of growth. The culture was, however, 

able to recover by t10h and exhibited a delayed exponential phase between 10h and 18h. 

Both  the  untreated  control  and  RG3K-exposed  PAO1  cultures  reached  a  recognised 

stationary phase, with comparable cell densities after 18h of incubation. 
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Figure  4.7.  Growth  of  P.  aeruginosa  PAO1  post-exposure  to  G3  dendrons  at  the  mid- 

exponential phase. Cultures of PAO1 were exposed to RG3K (0.8 mg/mL in NB) at the mid- 

exponential phase (OD600 of ~0.4; indicated by red arrow) for 24h at 37°C, with agitation at 120 

rpm. Viability was determined using CFU/mL counts. Data represent mean ± SD; n = 4. * P-value 

≤ 0.001 (vs. untreated control); Two-tailed t-test. 
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4.3.5               Quantification of adenosine triphosphate (ATP) 
 
 

As shown in Section 4.2.4, a linear relationship between rATP concentration and 

luminescence was achieved between 10pM to 1mM (R
2 

> 0.99). The equation generated 

from the rATP standard curve (Figure 4.1; y = (5x10
6
)x – 7614.9, where y represents the 

luminescence in RLU and x represents ATP concentration in µM) was used to convert 

luminescence to ATP. To identify changes in metabolic activity, PAO1 cultures were 

treated with RG3K (0.8 mg/mL) at the mid-exponential phase and ATP production was 
 

monitored over time (Figure 4.8). 
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Figure  4.8.  Quantification  of ATP  in P. aeruginosa  PAO1  post-exposure  to G3  dendrons. 

Cultures of PAO1 were exposed to RG3K (0.8 mg/mL in NB) at the mid-exponential phase (OD600 

of ~0.4; indicated by red arrow) for 24h at 37°C, with agitation at 120 rpm. ATP production was 

quantified using the BacTiter-Glo
TM  

assay. Data represent mean ± SD; n = 4. * P-value ≤ 0.001 

(vs. untreated control); Two-tailed t-test. 
 

 
 

Analysis revealed that ATP production increases over time in the untreated control, with 

maximum levels reaching 5.01µM after 10h of incubation. Thereafter, the levels of ATP 

gradually decreased as the cells entered the stationary phase of growth. The addition of 
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RG3K caused a significant reduction in ATP levels to 0.26µM (~80%) within only 1h of 

incubation (P ≤ 0.001). These effects were consistent over a period of approximately 6h, as 

demonstrated by a progressive reduction in ATP between the time of RG3K addition and 

8h of incubation. The cells were, however, able to begin the recovery process at t10h, 

exhibiting a comparable production of ATP to the untreated control by 18h. ATP levels in 

the untreated control and RG3K-exposed cultures were 4.28µM and 2.24µM, respectively. 

Such findings correlate with the changes in CFU counts presented earlier in this chapter 

post-exposure to RG3K. 
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4.3.6               Quantification of total ribonucleic acid (RNA) 
 
 

The effects of RG3K on RNA synthesis were investigated to determine whether the 

temporary growth arrest presented in earlier sections was caused by inhibition of total 

RNA (Figure 4.9). In the untreated control, the synthesis of RNA increased exponentially 

over time with levels reaching a maximum concentration of 771.9 ng/µL at the late- 

exponential (6h) phase of growth. When exposed to RG3K (0.8 mg/mL) at the mid- 

exponential phase, cultures of PAO1 synthesised significantly less RNA (P ≤ 0.001). For 

instance, exposure to RG3K down-regulated the synthesis of RNA by 11.4-fold within 

only 4h of its addition. This reduced RNA levels to ~67.6 ng/µL, with the rate of synthesis 

remaining relatively unchanged over the investigated time. Despite the recovery in CFU 

counts and ATP production to levels equivalent to the untreated control by  24h,  the 

synthesis of total RNA remained 4.7-fold lower in RG3K-treated cultures (P ≤ 0.001). 
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Figure  4.9.  Quantification   of  total  RNA  in  P.  aeruginosa  PAO1  post-exposure   to  G3 

dendrons. Cultures of PAO1 were exposed to RG3K (0.8 mg/mL in NB) at the mid-exponential 

phase (OD600 of ~0.4; indicated by red arrow) for 24h at 37°C, with agitation at 120 rpm. Total 

RNA was extracted and quantified using the Nanodrop 2000. Data represent mean ± SD; n = 4. * 

P-value ≤ 0.001 (vs. untreated control); Two-tailed t-test. 
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4.3.7               Transcription of messenger and ribosomal RNA 
 
 

The ability of P. aeruginosa PAO1 to transcribe mRNA (rpoD) and rRNA (16S) was 

investigated using two-step RT-PCR (Figure 4.10). The rpoD gene is a metabolically 

important sigma-encoding gene 
[336]

, whereas, the 16S rRNA gene is often used as an 

indicator of the cell growth status during planktonic growth 
[337]

. Transcripts of rpoD were 

detected in both the untreated control and RG3K-treated cultures, but at lower intensities in 

the treated cultures at all the investigated timepoints. In contrast, the transcription of 16S 

rRNA was detected at sufficient intensities in both culture conditions. Furthermore, 16S 

rRNA transcripts were detected at all the investigated time points, even at 6h where RG3K 

induced a substantial downregulation in total RNA levels and mRNA transcripts. Such 

findings suggest that RG3K reduces the transcription of mRNA genes, but does not alter 

the expression of rRNA in P. aeruginosa. 

 
The absence of amplicons in NEC reactions validates the efficiency of the gDNA Wipeout 

reaction. This also confirms that detection of rpoD and 16S rRNA transcripts is not caused 

by the amplification of gDNA contaminants. 
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Figure  4.10.  Detection  of  rpoD  and  16S  rRNA  gene  transcripts  at  different  timepoints  in 

P. aeruginosa  post-exposure  to G3  dendrons.  Mid-exponential  phase cultures  of PAO1 were 

exposed to RG3K (0.8 mg/mL) at 37°C over a period of 24h. RNA was extracted at time-points 

t6h,  t10h,  t18h  and  t24h.  Transcription  of rpoD  and  16S  rRNA  was  analysed  using  RT-PCR. 

Products from each reaction were visualised on 1.3% (w/v) agarose gel. Images are representative 

of three independent experiments. 
 

 
 

M = 100bp ladder 
 

 
cDNA (from RT reaction) 

1/3 = Untreated control 

2/4 = RG3K-treated PAO1 

 

 
Contamination control (RT 

reactions without enzyme) 

5/7 = Untreated PAO1 

6/8 = RG3K-treated PAO1 

PCR positive control 

9/10 = Genomic DNA 
 

 
PCR negative control 

11 = Nuclease-free water 
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4.3.8               Quantification of total soluble proteins 
 
 

As  shown  in  Section  4.2.6,  a  linear  relationship  between  BSA  concentration  and 

absorbance was achieved between 0 to 1.5 mg/mL (R
2 

> 0.99). The equation generated 

from the BSA standard curve (Figure 4.2; y = 0.3117x – 0.0025, where y represents the 

absorbance at 595 nm and x represents BSA concentration in mg/mL) was used to convert 

absorbance to protein concentration. To investigate whether a reduction in protein 

expression attributed to the temporary growth arrest, PAO1 cultures were treated with 

RG3K (0.8 mg/mL) at the mid-exponential phase and the concentration of total soluble 
 

proteins was quantified over time (Figure 4.11). 
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Figure 4.11. Quantification of total soluble proteins in P. aeruginosa PAO1 post-exposure to 

G3  dendrons.  Cultures  of  PAO1  were  exposed  to  RG3K  (0.8  mg/mL  in  NB)  at  the  mid- 

exponential phase (OD600 of ~0.4; indicated by red arrow) for 24h at 37°C, with agitation at 120 

rpm. Total protein was extracted and quantified using the Bradford assay. Data represent mean ± 

SD; n = 4. * P-value ≤ 0.001 (vs. untreated control); Two-tailed t-test. 
 

 
 

Protein expression in the untreated control followed a similar pattern to RNA synthesis, 

where maximum levels were demonstrated at the late-exponential phase (6h). At this stage, 

the concentration of proteins in culture reached 2.83 mg/mL before steadily declining to 

2.34  mg/mL  by  24h.  Addition  of  RG3K  at  the  mid-exponential phase  reduced  total 
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proteins levels to 0.39 mg/mL (86%) within only 4h of exposure (P ≤ 0.001). The 

concentration remained relatively unchanged thereafter. The expression of proteins was 

8.1-fold lower in RG3K-treated cultures by 24h of incubation, despite complete recovery 

in CFU counts and ATP production to untreated control levels. The findings also highlight 

a positive correlation between RNA transcription and protein expression. 
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4.4       Discussion 
 
 

Studies assessing the antimicrobial potential of cationic peptides or dendrimers have 

highlighted their suitability as alternative agents for treatment of bacterial infections. The 

effect of these agents on cellular structures 
[338-341]

, and cellular functions has identified 

their final targets 
[325-329]

. As discussed in Section 4.1.2, several cationic peptides like the 
 

proline-rich Bac/Bac7 peptides and P-DER directly affect the biosynthesis of important 

macromolecules such as DNA, RNA and proteins at sub-bactericidal concentrations 
[326, 329,

 

332]
. Despite the discovery of cationic peptides with such activities, changes in bacterial 

 

cellular functions in response to asymmetric peptide dendrimers has not been explored. 

Existing research has focused on antimicrobial linear peptides, functionalised peptide 

dendrimers and/or high generation spherical dendrimers. In this chapter, the MIC of G3 

poly (ε-lysine) dendrons against the wild-type P. aeruginosa PAO1 was determined, and 

their influence on the biosynthesis of ATP-dependent macromolecules was investigated. 

The overall aim of this work was to therefore provide an insight into their effects on 

essential cellular functions. 

 
Agar and broth dilution are among the most commonly used techniques for screening 

antimicrobial agents with potential bacteriostatic or bactericidal activity 
[342]

. The method 

employed for this study, i.e broth microdilution, used liquid growth medium containing 

geometrically increasing concentrations of  G3  dendrons  in  a  96-well  microtiter plate 

format. This allowed for a rapid and high-throughput screening of G3 dendrons in a range 

of media compositions. The CLSI- and EUCAST-recommended test medium, Mueller- 

Hinton broth (MHB), was not used in this study, as it requires the addition of Ca
2+  

and 

Mg
2+

. The presence of these ions has been shown to substantially reduce the activity of 
 

cationic peptides 
[343, 344]

, presumably due to competition between the divalent cation and 

the cationic peptide for binding sites within the bacterial cell surface. Cation-adjusted 

MHB is thus unsuitable when testing cationic agents such as G3 dendrons. Instead, ISB 

medium, which is recommended by several European national committees 
[345]

, was used. 

The suitability of ISB medium has been confirmed by previous studies that assessed the 

antimicrobial   potential   of   12   antibiotics   including   ampicillin,   ciprofloxacin   and 

gentamicin. In such studies, minimal differences in MIC values between ISB and MHB 
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medium were demonstrated against more than 100 Gram-positive and Gram-negative 

clinical isolates 
[345]

. 

 
To date, most studies have screened potential antimicrobial agents without varying the 

growth medium. Differences in MIC values and thus their underlying causes cannot be 

identified due to the inherent complexity of some broths employed. In this chapter, the 

MIC of G3 dendrons was assessed under four media compositions (i.e. ISB (Figure 4.4a), 

NB (Figure 4.4b), nutrient-limited M63 (Figure 4.5a) and nutrient-rich TSB (Figure 4.5b)) 

to determine their potential as antimicrobial agents. G3 dendrons exhibited relatively high 

MIC values, ranging from 6 mg/mL in NB medium to 16 mg/mL in nutrient-rich TSB 

medium. These values were substantially higher than those reported for the linear ε-poly- 

L-lysine (ε-PL) polypeptide and G2 amino-terminated spherical dendrimers. For instance, 

ε-PL  has  been  shown  to  inhibit  the  growth  of  Gram-negative bacteria,  including  P. 

aeruginosa,  at  concentrations  less  than  10  µg/mL  
[346,  347]

.  The  MIC  of  G2  amino- 
 

terminated PAMAM dendrimers, which like G3 dendrons exhibit a net charge of +16, was 

identified at 6.25µg/mL in MHB medium 
[269]

. Altering the net charge to +8, as is the case 

in G1 PAMAM-NH2 dendrimers, has been shown to reduce its efficacy against P. 

aeruginosa and increase the MIC to 50µg/mL 
[269]

. This provides further justification for 

the use of G3 (where a net charge of +16 exists), as opposed to dendrons of lower 

generations and consequently a reduced net charge. In contrast to G3 dendrons, ε-PL is a 

naturally derived peptide, composed of 25-30 lysine monomers 
[346]

. PAMAM dendrimers 

exhibit a spherical structure 
[236]

. G3 dendrons are synthetically-produced asymmetrical 

macromolecules, and composed of 15 lysine branching units and an arginine root. Such 

differences, along with variations in experimental conditions, may have contributed to the 

changes in activity. 
 
 

The minimum molar concentration of amino groups needed to inhibit growth can also be 

calculated from the MIC values using an equation published by Lopez et al. ([MIC x 

n
NH2] / MW) 

[268]
. The molar concentration of amino groups (mM) on G3 dendrons was 

determined as ~107mM in ISB medium and ~45mM in NB medium. Interestingly, P. 

aeruginosa was more resistant towards G3 dendrons in tryptic-digest medium (i.e. ISB and 

NR-TSB) than in peptic-digest medium (i.e. NB). It is proposed that the anionic 

components of tryptone (and by extension those in ISB and NR-TSB) reduce the ability of 
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G3 dendrons to target P. aeruginosa. This presumably occurs due to the formation of 

relatively inert complexes between the cationic dendrons and the anionic tryptone 

components. Recent studies on cationic polymers by Choi et al support this hypothesis 

[348]
. Differences in salts, sugars, vitamins and/or divalent cations in the investigated media 

may have also affected the MICs and thus, cannot be dismissed as an underlying cause of 

changes in G3 dendrons’ activity. As with any method, limitations do exist when assessing 

the susceptibility of potential antimicrobial agents. The MIC values obtained in this study 

are not indicative of the mode of action, and thus cannot determine whether G3 dendrons 

are inducing a bactericidal or bacteriostatic effect. In the latter, viable cells may still be 

present and growth may resume after the agent has been removed. In addition, partial 

inhibition may impair or reduce the growth rate, affecting the endpoint cell density. In 

contrast, bactericidal agents cause irreversible damage that leads to cell death. 

 
The high MIC values identified in this study also limit the use of G3 dendrons as 

antimicrobial therapeutic agents, due to potential toxicity. Cationic agents are known to 

exhibit  cytotoxicity  towards  mammalian  cells  
[274,   275,   278]   

(refer  to  Chapter  8  for 

cytotoxicity studies on epithelial and fibroblast cell lines). For instance, G2 amino- 

terminated PAMAM dendrimers induce cytotoxic effects on a human gastric epithelial cell 

line  (GES-1)  at  concentrations  >0.5  mg/mL  
[269]

.  For  this  reason,  the  anti-virulence 

potential of G3 dendrons became the focus of this research. 

 
The MIC studies identified the concentrations of G3 dendrons (<2 mg/mL) that did not 

alter the endpoint cell density in  NB  medium (Figure 4.6).  These concentrations are 

applied in subsequent chapters to assess the anti-biofilm and anti-virulence potential of G3 

dendrons. Evaluating the effects of potential anti-virulence agents on growth in only 

complex medium such as ISB or nutrient-rich TSB medium can often give rise to false 

positive inhibitors. Indeed, a compound affecting metabolic activity will likely to also 

contribute to a reduction in the production of virulence factors. In that respect, pyrogallol, 

which was previously claimed as an anti-virulence compound of V. harveyi in complex 

medium 
[349]

, was recently found to induce toxicity under nutrient-limited conditions 
[350]

. 
 

This provides another reason for elucidating the effects of G3 dendrons under specific 

experimental conditions, other than only a general screen in ISB medium. Here, the MIC 
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of G3 dendrons in NB, a medium that was extensively used throughout this project, was 
 

2.3-fold lower than in ISB medium. 
 
 

Overall, three approaches were used to assess the toxicity of G3 dendrons towards P. 

aeruginosa and aimed at, (i) identifying the MIC and concentrations at which growth 

inhibition is not observed, (ii) confirming that the sub-MICs investigated do alter the 

endpoint cell density after incubation for 24h, and (iii) confirming that the growth kinetics 

are not altered during exposure. These aims were formulated based on a recent review by 

Defoirdt et al., where the need for assessing the toxicity of potential anti-virulence agents 

was discussed 
[351]

. Thus, the sensitivity of such methods can be considered in the order of 

growth kinetics > endpoint > MIC testing. In this study, concentrations ≤0.8 mg/mL of G3 

dendrons in NB medium were at least 7.5-fold below the MIC (Figure 4.4b), and did not 

affect the endpoint cell density when added to cultures at the mid-exponential or early 

stationary phase (Figure 4.6). There are perhaps a number of reasons to explain the latter 

observation. Bacterial cells at and after the mid-exponential phase are likely to be able to 

withstand treatment, due to the exponential increase in cell number coupled with the 

induction of virulence factors 
[173]

. Furthermore, Darch et al. recently showed that the 

fitness  benefits  of  producing virulence  factors  are  greater  at  high  cell  densities  
[146]

. 

Whereas at the start of the growth cycle, there is a low number of bacterial cells that are 

unlikely to have acclimatised to the experimental conditions after sub-culture and are more 

susceptible to external stresses. The number of available G3 dendrons is therefore likely to 

have overwhelmed such adapting bacterial cells. In terms of growth kinetics, G3 dendrons 

(at 0.8 mg/mL) did cause a two-log reduction in the number of viable cells (Figure 4.7). 

The dendrons also altered the proliferation rate of P. aeruginosa, inducing a temporary 

growth arrest for a period of 6h which demonstrates their growth inhibitory properties. 

Such  inhibitory  properties  are  significant  because  they  reduce  the  number  of  viable 

bacterial cells, and may therefore prevent the likelihood of biofilm formation and 

cooperative behaviour (i.e. quorum sensing), and thus the establishment of an infection. 

Furthermore, the pattern demonstrated by G3 dendrons, where an initial inhibitory effect 

was followed by recovery to control CFU levels within 24h of treatment, has not been 

previously reported in the literature for any other dendrimers. This highlights a potential 

new process of activity for peptide dendrimers that could be further explored. It was 

hypothesised that such inhibitory effects may be due to alterations in the synthesis of ATP- 



122  

 

dependent macromolecules (such as RNA and proteins). The localisation of cell division- 

associated proteins, for example, may have been affected 
[321]

. 

 
As discussed earlier in this chapter, ATP is a key regulator of cellular functions in P. 

aeruginosa such as the synthesis of macromolecules. The assay used to quantify ATP in P. 

aeruginosa is able to detect total ATP (i.e. intracellular and extracellular) from as few as 

10 bacterial cells, based on a luciferase-catalysed reaction. This enabled changes in ATP to 

be monitored over a period of 24h in a rapid and time-efficient manner. Furthermore, this 

method does not require the extraction of ATP. In contrast, extraction is necessary when 

quantifying ATP using the formaldehyde/alkali method 
[352]

. The latter measures ATP 

pools not bound to protein, and the efficiency of such a method therefore varies with the 

growth medium 
[352]

. In this study, the concentration of ATP changed as the cells 

transitioned through the different growth phases, with maximum levels achieved during the 

exponential phase (Figure 4.8). Such findings are in agreement with recent studies showing 

that exponential phase cells generate ATP more efficiently than stationary phase cells 
[323]

. 

Cells in the stationary phase of growth may induce/repress metabolic pathways that enable 

them to survive. In such a state, cells are using ATP at a rate that is proportional to its 

generation in order to maintain cellular functions 
[324, 353]

. Addition of G3 dendrons at the 

mid-exponential phase induced a temporary reduction in ATP levels. There are perhaps 

three possibilities to explain the reduction in luminescence signal. G3 dendrons may have 

(i) interacted with or masked the ATP molecules, preventing their detection via the 

BacTiter-Glo
TM 

assay, (ii) interfered with luciferase enzyme activity, or (iii) induced cell 

death,  owing  to  a  reduction  in  the  number  of  cells  and  the  level  of  available ATP 

molecules. The latter was demonstrated in Figure 4.7, where G3 dendrons reduced the 

number of viable cells by two-logs within 1h of addition to culture. 

 
Recent studies by Hilpert et al. have shown that most cationic peptides with intracellular or 

cytoplasmic targets inhibit processes that are ATP-dependent 
[333]

. In this study, the 

temporary reduction in ATP (induced by G3 dendrons) was indeed accompanied by a lack 

of macromolecule synthesis, specifically total RNA (Figure 4.9) and protein (Figure 4.11). 

It is this reduction in ATP-dependent processes (i.e. RNA and protein synthesis) that 

attributed to the temporary growth arrest induced by G3 dendrons. RNA plays three roles 

in the synthesis of protein, whereby mRNA is translated into protein by both transfer RNA 
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(tRNA) and the ribosome 
[354]

. The latter is composed of numerous proteins and rRNA 

molecules. Thus, a reduction in RNA synthesis or mRNA transcription is likely to be 

coupled with a reduction in protein synthesis. In terms of transcription, studies have shown 

that rRNA expression tends to be less affected by treatments that significantly alter mRNA 

expression 
[355]

. Indeed, exposure to G3 dendrons downregulated the transcription of rpoD, 

an mRNA gene, without affecting 16S rRNA transcription (Figure 4.10). It is however 

important to note that the RT-PCR assay used to measure mRNA and rRNA expression is 

not adequately quantitative. In addition, the differences in stability of these two types of 

RNA could have affected the interpretation of the findings, given that rRNA is relatively 

more  stable  than  mRNA.  Future  studies  may  employ  the  use  of  real-time  qPCR  to 

overcome these limitations and provide a greater understanding of the effect G3 dendrons 

have on mRNA and rRNA transcription. The slight increase in RNA and protein 

concentration between 18h and 24h in dendron-treated cultures is presumably due to the 

return of ATP to untreated control levels. Interestingly, the concentration of these 

macromolecules did not return to control levels within the investigated time, despite the 

recovery of ATP levels and CFU counts. This finding suggests that G3 dendrons may also 

target genes and proteins that are not essential for proliferation and growth. Changes to 

mRNA transcripts and protein expression are further investigated in Chapter 7. It is 

hypothesised that the reduction in macromolecule synthesis may significantly alter the 

transcription and translation of virulence factor-encoding genes in P. aeruginosa. 

 
Limitations do exist for the selected techniques of macromolecule quantification. For 

instance, quantifying total RNA using a spectrophotometer does not consider the reverse 

transcription efficiency, or the affected cellular processes. Protein quantification, using the 

Bradford assay, is sensitive to a range of reagents and detergents 
[287]

. Examples include 

sodium dodecyl sulphate (≥1%), which is used in most cell lysis and protein extraction 

buffers. Precipitation of proteins using acetone was thus required in this study to eliminate 

the possibility of such interactions. Each cycle of precipitation is, however, accompanied 

with some sample loss. Furthermore, the ATP, RNA and protein data were not corrected 

for CFU counts; mainly to quantify the changes/differences in macromolecular synthesis at 

different phases of growth. This however does not allow for data inter-comparability and 

may have impacted the interpretation of the results. For instance, the changes in viability 

and cell number post-exposure to G3 dendrons may have attributed to the reduction in 
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RNA and protein concentration. It is thus difficult to ascertain whether the fluctuations in 

ATP, RNA and protein levels are independent of changes in cell counts. It may be possible 

that changes in cell numbers due to G3 dendrons caused an indirect rather than a direct 

effect on RNA and protein synthesis. Future studies may utilise CFU counts and labels 

such as radioactive nucleosides/amino acids 
[5]

, to determine the impact G3 dendrons have 
 

on RNA and protein synthesis (when independent of cell number) and their potential 

incorporation into major biosynthetic pathways of P. aeruginosa. This is envisaged to 

provide a more definitive conclusion regarding the effects of G3 dendrons on essential 

cellular functions. 
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4.5       Conclusions 
 
 

In this chapter, G3 poly (ε-lysine) dendrons were investigated for their antimicrobial 

potential and ability to alter cellular functions. Such changes were investigated in the wild- 

type P. aeruginosa PAO1. G3 dendrons exhibited relatively high MIC values, ranging 

from 6 mg/mL in NB medium to 16 mg/mL in nutrient-rich TSB medium. These values 

limit their use as antimicrobial agents due to the inherent cytotoxicity associated with 

hyperbranched cationic agents. Concentrations of G3 dendrons that did not alter the 

endpoint cell density were however identified, highlighting the possibility of investigating 

the anti-virulence potential of G3 dendrons. Overall, G3 dendrons altered the growth 

kinetics of P. aeruginosa and the synthesis of ATP-dependent macromolecules, total RNA 

and protein. Further analysis suggested that changes in total RNA are attributed to a 

downregulation in the transcription of mRNA (rpoD) and not rRNA (16S), but require 

further investigation using real-time qPCR for a definitive conclusion. 
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CHAPTER 5: Disruption of virulence factors associated 
 

with biofilm formation in P. aeruginosa 
 
 
 
 
 

5.1       Introduction 
 
 

5.1.1               Biofilm formation in P. aeruginosa 
 
 

Biofilm formation occurs in several clinical settings. For P. aeruginosa, biofilms play 

clinical significance in device-associated, nosocomial, respiratory, skin and soft tissue 

infections 
[62]

. These structured and aggregated communities of bacteria are notorious for 

their resistance to a variety of antibiotics and the action of host defences, when compared 

to their planktonic counterparts 
[100, 101, 103, 105]

. Aminoglycosides, cephalosporins and 

fluoroquinolones are among several classes of antibiotics against which P. aeruginosa 

biofilms have exhibited resistance 
[103]

. 

 
As discussed in Chapter 1 (Section 1.3), P. aeruginosa produces several QS-regulated 

virulence determinants that increase its pathogenicity 
[12, 14]

. The possibility of a role for 

QS in biofilm formation was thus postulated, since adhesion factors (pili and flagella) 
[86]

, 

rhamnolipids 
[126]

, and swarming motility 
[199, 200] 

are all QS-regulated. However, much 

interest in this field of research only rapidly progressed following a publication by Davies 

et al 
[194]

. In this seminal study, evidence for a direct correlation between QS and biofilm 

formation was presented. lasI and rhlI-deficient mutants were shown to produce a flatter, 

less structured biofilm than those seen in their derivative wild-type strains, and found to 

terminate biofilm formation at the microcolony stage 
[194]

. Such biofilms were also more 

susceptible to treatment with a biocide detergent, sodium dodecyl sulphate 
[194]

. These 

original findings were, however, challenged by subsequent research. Studies by Beatson et 

al proposed that spontaneous secondary mutations in key regulatory genes are likely to 

have attributed to this reduction in biofilm formation 
[356]

. Furthermore, Heydorn et al 

demonstrated that lasR-lasI knockouts maintain their biofilm forming ability 
[357]

. The 

nutritional environment was also shown to affect the extent of biofilm formation in P. 

aeruginosa 
[199]

. Nonetheless, the role of QS in biofilm formation in vivo has been well 

documented. Animal models have been infected with both wild-type and QS-deficient 
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strains of P. aeruginosa 
[183, 184, 358]

. In a rat model of lung infection, animals inoculated 

with QS-deficient mutants exhibited a reduction in lung damage and a lower bacterial 

count compared to wild-type infections 
[358]

. In a neonatal mouse model of pneumonia, lasI 

and rhlI single knockouts attenuated the virulence of P. aeruginosa. Single mutations did 

not completely eliminate pathogenicity, which highlights the multifactorial nature of 

virulence. The double knockouts were, however, completely avirulent 
[184]

. 

 
5.1.2               Motility in P. aeruginosa 

 
 

As discussed in Chapter 1, there are numerous factors that can affect biofilm formation and 

host  tissue  colonisation.  Motility,  achieved  by  flagella  and  type  IV  pili  cellular 

appendages, is considered a crucial requirement for successful surface adhesion 
[54, 56, 86]

. 

At  least  three  forms  of  motility  have  been  described  in  P.  aeruginosa:  swarming, 

swimming and twitching. Swarming and swimming motility are both mediated by the 

flagellum and occur in viscous (0.4-1% (w/v) agar) and aqueous (< 0.4% (w/v) agar) 

environments, respectively 
[56]

. Swimming and swarming are interlinked, and cells switch 

between these forms of motility in response to nutritional signals and/or upon sensing 

changes in the viscosity of the surface. Whilst swimming motility is characterised by 

individual cell movement, swarming is much more complex and relies on the smooth 

migration of groups of cells 
[86]

. Twitching motility is mediated by type IV pili and occurs 

on solid substrates, but also enables the propagation of cells at the solid interface 
[57]

. 
 

During biofilm formation, cells are propelled in a liquid environment towards a surface by 

the  rotation  of  the  flagella,  to  which  they  attach  via  the  flagella  and  type  IV  pili 

appendages. Repeated extension and retraction of the pili (known as twitching) allows the 

cells  to  translocate across  the  surface  and  aggregate into  microcolonies. For  a  more 

detailed discussion, refer to Section 1.3 in Chapter 1. 

 
Studies in avirulent strains of P. aeruginosa have found rhlI rhlR mutants unable to exhibit 

swarming behaviour, highlighting the role of the QS rhl system in swarming 
[359]

. 

Furthermore, wild-type P. aeruginosa exposed to QS inhibitors, namely sub-MIC levels of 

azithromycin,  were  unable  to  swarm  and  as  consequence  unable  to  form  structured 

biofilms or colonise a mouse model of urinary tract infection 
[360]

. However, not all 

virulence factors  produced  by  P.  aeruginosa  are  QS-regulated.  Double  lasI  rhlI  and 
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quadruple lasR lasI rhlR rhlI mutants retain wild-type twitching motility 
[356, 361]

, 

confirming the existence of QS-independent virulence factors. 

 
5.1.3               Extracellular polymeric substances in P. aeruginosa 

 
 

Successful surface colonisation stimulates the production of EPS, which comprises of 

exopolysaccharides, extracellular DNA and proteins (discussed in Chapter 1). The EPS 

matrix represents 50 to 95% of total biofilm mass and contributes to the overall structure 

and architecture of the biofilm 
[13]

. Cell attachment and biofilm development are enhanced 

as a result of EPS production. At least three exopolysaccharides have been identified in P. 

aeruginosa;  Psl,  Pel  and  alginate.  Their  respective  nature  and  functions  in  biofilm 

formation vary depending on the bacterial strain. For instance, the Psl polysaccharide in 

PAO1 initiates and maintains biofilm structure by providing cell-cell and cell-surface 

interactions 
[94]

, whereas, in PA14 the Pel polysaccharide serves as the primary structure 

scaffold for the biofilm 
[93]

. The role of EPS in biofilm development is well characterised. 

Cells embedded within the EPS have a degree of protection from host responses as well as 

from external stresses such as toxins and antimicrobial agents 
[13, 103, 105]

. Biofilms formed 

by lasR rhlR deficient mutants, that are unable to transcribe the Pel polysaccharide 
[197] 

or 
 

produce EPS 
[362]

, exhibit less physical hindrance to treatment with tobramycin and to 

eradication by polymorphonuclear leukocytes 
[195]

. 
 

 

As discussed in Chapter 1 (Section 1.5.1), innovative strategies have been developed to 

target the virulence of P. aeruginosa, with the aim of providing a comprehensive solution 

for combatting biofilm-mediated infections. Very few research groups have, however, 

exploited the activity of dendrimers. The main focus of existing research has been on their 

antimicrobial activity against planktonic cells, a state that is not often encountered in vivo. 

To date, research has identified fucosylated and galactosylated glycopeptide dendrimers 

[257-260, 262, 263, 281]
, PAMAM-NH2 dendrimers 

[253, 363, 364]
, and an Arg-Trp-Arg tripeptide 

dendrimer termed 2D-24 
[252]

; with promising abilities to inhibit bacterial 

adhesion/colonisation and biofilm formation. 
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5.1.4               Aims and objectives of chapter 
 
 

In this chapter, G3 poly (ε-lysine) dendrons were investigated for their effects on several 

phenotypic virulence traits of P. aeruginosa; specifically motility, biofilm formation and 

EPS production. Analysis of such virulence attributes was envisaged to provide an insight 

into the anti-biofilm potential of poly (ε-lysine) dendrons. These properties were evaluated 

using two sets of RG3K concentrations, where the tested concentrations in the first set 

show a slight reduction in the viability of planktonic P. aeruginosa (≥ 1.2 mg/mL), and, in 

the second set show no significant effects on the endpoint cell density (≤ 0.8 mg/mL). 

 
This chapter therefore aims to: 

 
 

i. Assess  alterations  to  key  determinants  for  biofilm  formation,  swarming, 

swimming and twitching motility, in dendron-exposed P. aeruginosa; 

ii. Explore  the  anti-biofilm  properties  of  G3  dendrons  using  two  biofilm 

cultivation models, microtiter plate assay and stainless steel disc assay; 

iii. Assess the susceptibility of dendron-treated biofilms to antibiotics; 
 

iv. Microscopically analyse alterations in the structure of dendron-treated biofilms, 

surface coverage and the production of EPS. 
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5.2       Materials and methods 
 
 

5.2.1               Swarming motility 
 
 

Overnight cultures of PAO1 and PAO-MW1 in BM2-broth (62mM potassium phosphate 

buffer (pH 7.0), 7mM (NH4)2 SO4, 2mM MgSO4, and 0.4% (w/v) glucose) were diluted to 

an OD600  of ~1.0. Swarming motility was assayed on BM2-modified agar (0.5% (w/v) 

Agar Technical (Oxoid, UK), 62mM potassium phosphate buffer (pH 7.0), 2mM MgSO4, 

0.4% (w/v) glucose and 0.5% (w/v) casamino acids). This specialised medium promotes 

the production of more uniform swarm zones, permitting easier determination of a swarm 

colony 
[365]

. Media was supplemented with 10µM iron II sulphate (FeSO4) immediately 

before use. Molten BM2-swarming agar (20 mL) was poured into sterile Petri dishes and 

an aliquot of 200µL RG3K (at 2 µg/mL to 2.0 mg/mL) was added to each plate. Control 

plates received 200µL sterile reverse-osmosis water (RoW). Plates were dried for 1h. Non- 

swarming  agar  plates  were  prepared  as  described,  but  dried  for  4h.  Bacteria  were 

inoculated onto the surface of BM2-agar as 2µL aliquots of the diluted overnight culture, 

representing ~1 x 10
8 

CFU/mL. Plates were incubated at 37°C for 18h. The diameter of the 

swarming colony was measured using digital callipers (mm). Images were taken using the 

Ingenious SynGene Bioimaging® system. All swarm assays were repeated three times 

independently, with 6 plates each time. 

 
5.2.2               Swimming motility 

 
 

Overnight cultures of PAO1 and PAO-MW1 in LB-broth were diluted to an OD600 of ~1.0. 

Swimming motility was assayed on soft LB-agar (LB-broth, and 0.3% (w/v) Agar 

Technical) 
[366]

. An aliquot of 200µL RG3K (at 2 µg/mL to 2 mg/mL) was added to each 

plate. Control plates received 200µL RoW. Plates were dried for 1h. Non-swimming agar 

plates were dried overnight. Two-microliters of culture (OD600 of ~1.0) was inoculated 

directly into the centre of the agar (i.e. between the plate and agar surface interface) for 

evaluation of swimming motility within the aqueous agar. Plates were then incubated at 

37°C for 24h. The swim zone was measured using digital callipers (mm). Images were 

taken using the Ingenious SynGene Bioimaging® system. All swim assays were repeated 

three times independently, with 6 plates each time. 
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5.2.3               Twitching motility 
 
 

Cultures of PAO1 and PAO-MW1 were grown on 2% (w/v) LB-agar (LB-broth, and 2% 

(w/v) Agar Technical) for 24h in preparation for twitching assays. Twitching motility was 

assayed on solid based LB-agar (LB-broth, and 1% (w/v) Agar Technical) 
[366]

. An aliquot 

of 200µL RG3K (at 2 µg/mL to 2.0 mg/mL) was added to each plate. Control plates 

received 200µL RoW. Plates were dried for 1h. Non-twitching agar plates were dried 

overnight.  Using  a  sterile  inoculating  loop,  three  isolated  bacterial  colonies  were 

inoculated deep into the agar so that the loop touched the agar-dish interface. Plates were 

then incubated at 37°C for 24h. Agar was then gently removed using forceps. The film at 

the solid interface was stained with 5 mL 0.1% (w/v) crystal violet (CV; Pro-Lab 

Diagnostics, UK). The diameter was measured using digital callipers (mm). All twitching 

motility assays were repeated three times independently, with 3 plates each time. 

 
5.2.4               Biofilm formation using the microtiter biofilm plate assay 

 
 

The microtiter plate biofilm assay is a static batch-growth biofilm system that was used for 

examining attachment and biofilm production in the early stages of microcolony 

development (≤ 24h). This is often preferred to continuous-flow methods as it can be used 

to monitor microbial attachment to an abiotic surface and detect the transition from 

planktonic to biofilm mode of growth 
[78]

. 

 
Preliminary experiments identified the optimal growth conditions for maximal biofilm 

formation. These were used for subsequent microtiter biofilm experiments, and presented 

herein. Biofilms were grown under two nutrient environments (adapted from O’toole 
[367]

); 

(i) NR-TSB and (ii) M-M63 
[335]

. Refer to Section 4.2.1 for more details regarding the 

composition of each medium. Biofilms were grown in 96-well polystyrene flat bottom 

microtiter plates (Genetix X6011, UK). Fresh experimental media (60µL) containing 

increasing concentrations of RG3K (2µg/mL to 2mg/mL) was added to each well. Mid- 

exponential phase cultures of PAO1 (OD600 of ~0.4) were diluted in NR-TSB or M-M63 to 

an OD600 of 0.02, and a 60µL aliquot was added to each well. Plates were incubated at 

37°C under static conditions (no agitation) for 2, 4, 6, 8 and 24h. After incubation, the 
 

media was removed from all wells. Plates were subsequently washed with water to remove 

non-adherent cells and air-dried for 5 minutes. Adherent cells were then stained for 15 
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minutes with 150µL 0.1% (w/v) CV. Wells were washed three to four times with water. 

Crystal violet was solubilised with 200µL 100% (v/v) dimethyl sulfoxide (DMSO). The 

contents were transferred to a new 96-well polystyrene microtiter plate and absorbance 

was measured at 595 nm, using 100% (v/v) DMSO as a blank. Each plate contained 

replicate wells and performed four times independently. 

 
5.2.5               Biofilm disruption using the stainless steel disc assay 

 
 

The stainless steel biofilm assay was used to assess the susceptibility of pre-established 

biofilms to treatment. This is a closed low-flow biofilm system in which a substratum is 

used to support biofilm growth in a 6-well microtiter plate 
[367]

. The media is manually 

changed at specific time intervals, reducing the mechanical stress encountered in a 

continuous-flow system. 

 
5.2.5.1            Media and biofilm growth conditions 

 
 

Biofilms were cultured on medical grade stainless steel discs (diameter of 20 mm ± 0.1 

mm, thickness of 1.5 mm ± 10%, 2B Finish; Goodfellow, UK). Each disc was placed in a 

flat bottom polystyrene 6-well microtiter plate (Costar, UK) and 2.8 mL NB was added. A 

200µL aliquot of mid-exponential phase PAO1, containing ~1.5 x 10
8 

CFU/mL, was added 
 

onto the surface of each disc. To initiate cellular adhesion, discs were maintained under 

static conditions (no agitation) for 30 minutes at 37°C. Discs were then washed with 3 mL 

PBS. Fresh media (3 mL NB) was added to each well. Plates were incubated at 37°C. 

Media was replaced with fresh 3 mL NB every 24h. After the incubation period, discs were 

washed with 3 mL PBS to remove any lingering planktonic cells. Each disc was then 

placed in 10 mL PBS, to which 10 sterile 4 mm glass beads (Fisher Scientific, UK) were 

added. To ensure that glass beads do not have any detrimental effects on viability, 

planktonic cultures of PAO1 were vortexed with or without glass beads for 2 minutes at 

1800 rpm. The number of recoverable CFU/mL was not significantly different (P > 0.05). 

Discs were vortexed for 2 minutes at 1800 rpm to dislodge the adherent biofilm. Viable 

cells (CFU/mL) were recovered by spread plating. Complete detachment of adherent cells 

was confirmed by staining the discs with acridine orange and examining the surface for 

any remaining bacteria using confocal microscopy (as described in Section 5.2.6). Discs 

with ≤ 30 adherent cells were indicative of successful biofilm detachment. 
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5.2.5.2            Susceptibility of established biofilms to dendrons and ciprofloxacin 
 
 

Biofilms of PAO1 were cultured and recovered as described in Section 5.2.5.1. Discs were 

incubated for 0.5 and 48h to reflect periods of initial cellular colonisation and biofilm 

maturation, respectively. Adherent cells were exposed to (i) RG3K (0.8 mg/mL), (ii) 

ciprofloxacin (MIC, 0.5 µg/mL), (iii) RG3K followed by ciprofloxacin, or, (iv) a 

simultaneous treatment of RG3K and ciprofloxacin for 1h. Discs were washed before and 

after each treatment with 3 mL PBS to remove non-adherent cells and residual treatment. 

Viable cells were recovered to determine the CFU/mL. Lower generation dendrons (RG1K 

and RG2K) were also included in this study, and applied at an equimolar concentration of 

amine (NH2) groups. Each assay plate contained two replicate discs and performed three 

times independently. 

 
5.2.6               Microscopic analysis of biofilm structure and EPS production 

 
 

Biofilms of P. aeruginosa were visualised using two stains; (i) acridine orange and (ii) 

alcian blue. Acridine orange is a fluorochrome membrane permeant stain that binds to 

nucleic acids 
[74]

, and was used to evaluate biofilm biomass. When excited at 488 nm, this 

dye stains all cells in a biofilm, regardless of viability, in addition to components of the 

extracellular matrix 
[74]

. Alcian blue is a cationic copper-pathalocyanin dye linked to a 

number of  isothiouronium groups  
[368]

, and was used to reveal the acidic (negatively 
 

charged) EPS 
[368]

. 
 
 

5.2.6.1            Growth conditions 
 
 

Biofilms intended for microscopic analysis were cultured on glass coverslips to reduce 

background and enable visualisation. Sterile clear borosilicate glass coverslips (dimension 

of 22 x 22 mm and thickness of 0.13 to 0.17 mm (Menzel-Gläser, Germany) were 

conditioned with NB for 1h. Mid-exponential phase cultures of PAO1 were added to 50 

mL tubes containing a glass coverslip, and exposed to RG3K (0.8 mg/mL), ciprofloxacin 

(0.5 µg/mL), or a combination of the two. Cultures were incubated at 37°C for 24h. After 

incubation, coverslips were divided into three groups; (i) acridine orange staining for 

biomass and structure analysis, (ii) alcian blue staining for EPS analysis, and (iii) total 

recovery of viable cells. Coverslips for staining were washed with 3 mL PBS to remove 
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any non-adherent cells and air-dried for 15 minutes. Biofilms were then heat-fixed by 

rapidly passing the coverslip through the flame of a Bunsen burner. For recovery of viable 

cells, 2 mm sterile glass beads were used due to the fragile nature of coverslips, and the 

biofilm was dislodged directly into the surrounding media as described in Section 5.2.5.1. 

The CFU/ml values reflect a total viable cell count (i.e. biofilm cells disloged from the 

coverslip and planktonic cells from the surrounding media). Experiments were performed 

three times. 

 
5.2.6.2            Acridine orange staining and biofilm visualisation 

 
 

Coverslips, onto which  a  biofilm had  formed, were  stained with  1  mL 0.01%  (w/v) 

acridine orange for 1h at 4°C in the dark. Excess dye was removed by washing with 3 mL 

PBS (3x). Each dry coverslip was then mounted onto a glass microscopy slide (0.8 to 1.0 

mm thickness; Fisher Scientific, UK) and sealed to prevent desiccation and movement 

during observation. Biofilm structure and mass were visualised with a Leica DMI6000 

confocal microscope attached to a Leica TCS SP5 laser scanning imaging system (CLSM). 

Biofilms were exposed to an Argon laser (power at 50%) at 488 nm excitation wavelength. 

Fluorescence emission was then acquired from 495 nm to 614 nm, where emission was 

assigned to the green colour channel. Line and frame averaging (3x) were used to capture 

images with reduced noise. Scans were made through each biofilm and images were 

obtained from five areas per coverslip at 20x magnification. Images were imported to 

ImageJ 64 imaging analysis software (NIMH, USA). Biofilm surface coverage was 

analysed and expressed as percentage of total area. 

 
5.2.6.3            Alcian blue staining and EPS visualisation 

 
 

Biofilms were stained with 3 mL 0.1% (w/v) alcian blue 8GX (Gurr’s, UK), prepared in 

ethanol:RoW (1:9), for 5 minutes at room temperature. Excess dye was removed by 

washing with 3 mL PBS (3x). Biofilm EPS was visualised using a Zeiss Axiovert 25 CFL 

inverted light microscope equipped with a Qimaging QI click camera. Scans were made 

through each sample and images were obtained from five areas per coverslip at 40x, and 

100x (using oil immersion) magnification. 
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5.3       Results 
 
 

The ability of G3 poly (ε-lysine) dendrons to disrupt virulence factors associated with 

biofilm formation was investigated in wild type P. aeruginosa PAO1. Exposure to the 

dendrons revealed alterations to flagella-mediated motility, biofilm formation and an 

increased susceptibility to ciprofloxacin, as well as changes to the biofilm structure. 

 
5.3.1               Swarming motility 

 
 

Swarming motility was measured based on the total distance migrated from the point of 

inoculation. Untreated PAO1 formed tendrils migrating outwards from the point of 

inoculation, with continuous branching as the bacterium moved from the centre of the plate 

(Figure 5.1a). Tendril formation and branching are classic signs of swarming motility on 

BM2-swarm  agar  
[365]

. A  range of  RG3K  concentrations were  tested  (2  µg/mL to  2 
 

mg/mL) to determine the MIC of swarming, which revealed a dose-dependent response 

(Figure 5.1b). In the presence of RG3K (≥ 0.2 mg/mL), the bacterium was able to grow 

and form a colony in the centre (at the point of inoculation), but exhibited no tendril 

formation or any other features indicative of swarming motility. In particular, at 0.4 and 

0.8 mg/mL, RG3K inhibited the level of swarming in PAO1 by approximately 40.3 mm 

(77%) and 42.7 mm (82%), respectively (P < 0.001). At these concentrations, the swarm 

areas of RG3K-exposed PAO1 resembled those of PAO-MW1, as well as PAO1 on non- 

swarming agar plates. The images also illustrate this difference between untreated and 

dendron-treated PAO1 plates. Limited effects on swarming were, however, observed at 

low RG3K concentrations, specifically 0.002 mg/mL. 

 
The lasI rhlI mutant, PAO-MW1, produced swarm areas that were less than 90% as 

efficient as PAO1 (P < 0.001), highlighting the involvement and importance of QS in 

swarming motility. 
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Figure 5.1. Swarming motility of P. aeruginosa in the presence and absence of G3 dendrons. PAO1 (2µL) was inoculated onto the surface of BM2-swarm 

plates containing RG3K at the specified concentrations. Colony diameter (mm) was measured after 18h of incubation. (a), Representative images of BM2- 

swarm plates; and (b), quantitative analysis of swarming. PAO1
a 

on swarming BM2-agar and PAO1
b 

on non-swarming BM2-agar plates were dried for 1h and 

4h, respectively, prior to bacterial inoculation. Data represent mean ± SD; n = 3. * P-value < 0.001 (vs. untreated PAO1); One-way ANOVA. 
 

136 



 

 

5.3.2               Swimming motility 
 
 

Swimming motility was investigated on soft agar. Figure 5.2a shows examples of swim 

plates inoculated with untreated and increasing concentrations of dendron-treated P. 

aeruginosa PAO1, as well as PAO-MW1. In the absence of RG3K, PAO1 was able to 

migrate outwards from the point of inoculation and through the aqueous-based agar, 

forming the characteristic concentric rings of migration. The images highlight the 

swimming ability of P. aeruginosa and show decreased swim zones with exposure to 

RG3K in a dose-dependent manner. Interestingly, RG3K caused a morphological change 

to the migrating colony, where the dendron appeared to induce dispersal and multiple 

colony formation. Each of these colonies then exhibited different levels of swimming 

abilities.  There  is  a  good  correlation  between  swarming  and  swimming  abilities  in 

dendron-treated PAO1. RG3K did, however, cause much greater effects against swarming 

than  swimming.  For  example,  at  0.4  mg/mL  and  0.8  mg/mL  where  swarming  was 

inhibited, RG3K reduced the swimming ability of PAO1 by 15.1 mm (21%) and 25.2 mm 

(35%), respectively (P ≤ 0.001) (Figure 5.2b). Lower RG3K concentrations (0.002 and 

0.02 mg/mL) caused no significant impairments on swimming motility, which is in part 

consistent with the observed swarming levels at 0.002 mg/mL RG3K (P = 0.323). 

 
As expected, the swim zone of PAO-MW1 was significantly smaller than its wild-type 

parent strain, PAO1, and a four-fold reduction in swimming ability was observed (P ≤ 

0.001). 
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Figure 5.2. Swimming motility of P. aeruginosa in the presence and absence of G3 dendrons. PAO1 (2µL) was inoculated directly into the centre of 0.3% 

LB-swim plates containing RG3K at the specified concentrations. Colony diameter (mm) was measured after 24h of incubation. (a), Representative images of 

aqueous-based swim plates; and (b), quantitative analysis of swimming motility. PAO1
a  

on swimming agar and PAO1
b  

on non-swimming plates were dried 

for 1h and 16h, respectively, prior to bacterial inoculation. Data represent mean ± SD; n = 3. * P-value ≤ 0.001 (vs. untreated PAO1); One-way ANOVA. 
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5.3.3               Twitching motility 
 
 

Twitching motility was investigated on a solid surface. In the absence of RG3K, PAO1 

formed a defused twitch zone at the agar-plate interface. However, there was a substantial 

level of PAO1 twitching motility on plates containing increasing concentrations of RG3K 

(Figure 5.3). This type IV pili-dependent motility was therefore unaffected by RG3K 

exposure at all concentrations tested. The twitching diameter of dendron-treated PAO1 was 

at least 90% of untreated control diameters (P = 0.177). At 0.8 mg/mL, where the dendron 

appeared to completely inhibit swarming and reduce swimming motility, RG3K caused a 

statistically not significant 2.1 mm (9%) reduction in twitch zones (P = 0.286). Even at 

high concentrations of up to 2 mg/mL, RG3K caused only a 7.2 mm (15%) reduction in 

twitching ability. The latter was, however, attributed to  changes in  viability and cell 

density (refer to Chapter 4). Interestingly, the twitch diameters of PAO-MW1 were 

approximately 15.7 mm (70%) of the wild-type, suggesting that this form of motility is not 

affected by mutations to las or rhlI genes. 
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Figure 5.3. Twitching motility of P. aeruginosa in the presence and absence of G3 dendrons. 

Three isolated colonies of PAO1 were inoculated deep into 1% LB-twitch plates containing RG3K 

at the specified concentrations.  Twitching motility was measured at the agar-dish interface after 

24h of incubation. Colony diameter (mm) was visualised by staining the plates with CV. LB-twitch 

and non-twitch plates were dried for 1h and 16h, respectively, prior to inoculation. Data represent 

mean ± SD; n = 3. P-value = 0.177 (PAO1 untreated vs. 0.002-0.8 mg/mL); One-way ANOVA. 
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5.3.4               Biofilm formation using the microtiter biofilm plate assay 
 
 

Biofilm formation was quantified under nutrient-rich and nutrient-limited conditions, using 

a high-throughput CV-based assay that stains live and dead cells, as well as the EPS 

matrix. The nutrient conditions used in this assay supported the formation of biofilms. 

However, CV staining showed that untreated P. aeruginosa PAO1 forms denser biofilms 

in nutrient-limited (M-M63) than nutrient-rich (NR-TSB) conditions. The CV assay was 

used as part of a two-step screening process to evaluate the anti-biofilm potential of G3 

dendrons. Selected concentrations were further investigated using the stainless steel disc 

assay (Section 5.3.5). 

 
The initial stages of cell attachment were investigated in the presence of RG3K over a 

course of 8h (Figure 5.4a-b). Attachment of P. aeruginosa to the polystyrene surface was 

altered in the presence of RG3K. It is worthwhile to note that a greater impairment to 

surface colonisation occurred in nutrient-rich than nutrient-limited media. In particular, a 

35% reduction in biomass manifested within 4h of incubation with RG3K (0.8 mg/mL) 

under nutrient-rich conditions. This effect was however delayed in nutrient-limited media. 

Rather, impairment was only apparent after 8h of incubation (P ≤ 0.001), and/or at high 

RG3K concentrations (≥ 1.2 mg/mL). The latter is likely to be attributed by a decrease in 

relative viable cells (refer to Chapter 4 for supporting studies). When comparing the 

attachment abilities of wild-type PAO1 and the lasI rhlI PAO-MW1 mutant, it is clear that 

mutations in the lasI rhlI genes significantly compromise cellular attachment and biofilm 

development (P < 0.001). The attachment ability of PAO-MW1 at the latter stages of the 

assay (6-8h) indicates that PAO-MW1 biofilms are at least 2 to 3-fold more disperse than 

PAO1 biofilms. 

 
The development of a monolayer and subsequently the formation of a biofilm in the 

presence of RG3K were investigated after 24h of incubation (Figure 5.4a-b). Analysis 

revealed a strong reduction in biofilm biomass under the investigated nutrient conditions. 

RG3K  exerted  a  dose-dependent activity  at  all  concentrations including  levels  ≤  0.8 

mg/mL,  which  caused  reversible  damage  to  planktonic  cells.  At  0.8  mg/mL,  RG3K 

reduced biofilm formation by approximately 55% and 80% under nutrient-limited and 

nutrient-rich growth conditions, respectively (P ≤ 0.001). In addition, dendron-exposed 
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PAO1 cells (0.02 to 0.8 mg/mL) formed biofilms that were 1.1 to 4-folds less dense than 

the mutant, PAO-MW1, under nutrient-rich growth conditions. This reduction level could 

not be achieved under nutrient-limited conditions (P > 0.05). The difference in activity is 

perhaps due to the compactness and robustness of biofilms grown under nutrient-limited 

conditions, resulting in a more resilient cellular aggregation. The inability of the lasI rhlI 

mutant to form robust biofilms was also observed 24h post-inoculation, where PAO-MW1 

formed biofilms that were less than 55% and 62% as efficient as PAO1 in nutrient-rich and 

nutrient-limited conditions, respectively (P ≤ 0.001). Overall, the anti-biofilm potential of 

RG3K was most apparent after a 24h exposure. 
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Figure 5.4. Biofilm formation in the presence of increasing concentrations of G3 dendrons over 

a period of 24h. P. aeruginosa was grown in microtiter polystyrene plates under (a) nutrient-rich 

conditions, TSB + 0.2% glucose + 0.5% casamino acids or (b) nutrient-limited conditions, M63 salts 

+ 0.2% glucose + 0.5% casamino acids. Biofilms were stained with CV and solubilised with DMSO. 

Readings  were  obtained  at  an  absorbance  of  595nm.  Neg,  media  only  control.  PAO-MW1  was 

included as a weak biofilm-forming  strain. Background  values containing  DMSO were subtracted 

before calculations. Data represent mean ± SD; n = 4. * P-value ≤ 0.001 (vs. untreated PAO1 in NR- 

TSB or M-M63); Two-way ANOVA. 
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5.3.5               Biofilm disruption using the stainless steel disc assay 
 
 

The stainless steel disc assay was used to assess (i) the viability of P. aeruginosa biofilm 

cells in response to RG3K treatment (Section 5.3.5.1), and (ii) the ability of G3 dendrons 

to disperse established biofilms of P. aeruginosa (Section 5.3.5.2). The concentration of 

RG3K (0.8 mg/mL) was selected based on findings of Chapter 4 (Section 4.3.3) and 

Chapter 5 (Section 5.3.4), where this concentration exhibited optimum anti-biofilm 

properties without altering the endpoint cell density. 

 
5.3.5.1            Viability of biofilm cells over time 

 
 

The growth response of P. aeruginosa biofilms post-treatment with RG3K was monitored 

over a 48h period (Figure 5.5). The number of viable cells recovered from dendron-treated 

P. aeruginosa biofilms was not statistically different from control PAO1 discs over the test 

period (P ≥ 0.05). Thus, subsequent effects are not due to RG3K-induced biofilm toxicity. 

Lower  generations  of  poly  (ε-lysine)  dendrons  also  did  not  exhibit  toxicity  towards 

established P. aeruginosa biofilms (refer to Appendix I). 
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Figure 5.5. Viability of P. aeruginosa biofilm cells post-exposure to G3 dendrons. Biofilms of 

PAO1 were cultured on stainless steel discs and treated with G3 dendrons (RG3K; 0.8 mg/mL). 

Adherent cells were exposed to the dendron during initial stages of cellular attachment (1h), as 

indicated by the arrow. Data represent mean ± SD; n = 3. P-value ≥ 0.05; One-way ANOVA. 
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5.3.5.2            Susceptibility of established biofilms to dendrons and ciprofloxacin 
 
 

The activity of G3 dendrons was investigated against 30-minutes- and 48h-old biofilms of 

PAO1; then, sensitivity to ciprofloxacin was evaluated (Figure 5.6). This assay showed 

that exposure to RG3K renders mature biofilms more susceptible to ciprofloxacin. The co- 

administration of RG3K and ciprofloxacin appeared to be more effective at disrupting 

established biofilms than the pre-treatment strategy. The former was indicated by a greater 

reduction in the percentage of viable cells recovered. 
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Figure 5.6. Effects of hyperbranched G3 dendrons on biofilm of P. aeruginosa in the presence 

and absence  of ciprofloxacin.  Biofilms  of PAO1 were cultured  on stainless  steel discs for 30 

minutes or 48h. Discs were then treated for 1h with G3 dendrons (RG3K, 0.8 mg/mL); CIP, 

Ciprofloxacin (0.5 µg/ml); RG3K >> CIP, administration of RG3K followed by ciprofloxacin, or, 

RG3K + CIP, co-administration of RG3K and ciprofloxacin. Percentage viability was determined 

to assess the ability of each treatment to disperse established biofilms. Data represent mean ± SD; n 

= 3. * P < 0.05, ** P ≤ 0.001 (vs. ciprofloxacin alone); One-way ANOVA. 
 
 
 

The pre-treatment approach, where biofilms were exposed to RG3K and subsequently 

ciprofloxacin, was only effective against mature 48h-old biofilms. Against these biofilms, 

susceptibility  to  ciprofloxacin  increased  by  16%  in  comparison  with  ciprofloxacin 

treatment alone (P < 0.05). The most potent effect was observed with a co-administration 

of RG3K and ciprofloxacin, which revealed the ability of the dendron and antibiotic to 

synergistically disrupt established PAO1 biofilms. In combination, these treatments 

increased the inhibitory effects of ciprofloxacin and therefore biofilm dispersion in 30- 
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minutes and 48h-old biofilms by 11 and 40%, respectively. This was reflected by a greater 

reduction in the number of recoverable viable cells. The aforementioned observation is 

particularly significant because by day 2, mature biofilms were highly recalcitrant to 

ciprofloxacin exposure with approximately 93% of cells resistant to treatment (P ≤ 0.001). 

Exposure to RG3K, and not lower generations, showed consistent as well as maximum 

dispersion of established P. aeruginosa biofilms (refer to Appendix II). 



146  

 

5.3.6               Biofilm structure and early stages of microcolony formation 
 
 

Biofilms formed by P. aeruginosa PAO1 after exposure to RG3K were visualised using 

CLSM. In untreated PAO1 controls, P. aeruginosa formed large aggregates on the surface 

of each coverslip that assembled into distinct clusters. These clusters, referred to as 

microcolonies, were easily discernible in biofilms and are illustrated in Figure 5.7a. 

Micrographs  obtained  from  CLSM  also  revealed  a  lack  of  uniformity,  where  the 

distribution of PAO1 microcolonies varied and some areas appeared to be much more 

heavily colonised than others. However, exposure to RG3K produced biofilms that 

consisted of a uniform layer of smaller aggregates (Figure 5.7b). These aggregates were 

evenly distributed on the surface, suggesting a reduction in microcolony formation. 

Dendron-treated biofilms were also notably thinner and more disperse, and thus RG3K 

appeared to obstruct the structural integrity of the biofilm. Such biofilms were similar to 

the less-densely populated and structurally deficient biofilms of lasI rhlI mutant, PAO- 

MW1 (Figure 5.7e). The inability of RG3K-exposed PAO1 biofilms to form structurally 

differentiated biofilms is consistent with the reduction in biomass in the crystal violet 

biofilm assay (Figure 5.4). Treatment with ciprofloxacin alone revealed evidence of 

microcolony formation in some areas, suggesting that ciprofloxacin cannot fully prevent 

cellular colonisation and biofilm maturation (Figure 5.7c). The co-administration of RG3K 

and ciprofloxacin appeared to further reduce the biofilm mass, which is illustrated in 

Figure 5.7d. This additionally demonstrates their synergistic effects and supports the 

findings in Section 5.3.5. 
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Figure 5.7. CLSM micrographs of biof 

dendrons and/or ciprofloxacin. Biofilms 

borosilicate coverslips for 24h at 37°C. Bi 

using CLSM. (a), PAO1 control (containing no RG3K or ciprofloxacin); (b), RG3K-treated PAO1 

(0.8 mg/mL); (c), ciprofloxacin-treated PAO1 (0.5 µg/mL); or, (d), combination of RG3K and 

ciprofloxacin.  The  structure  of  PAO1-treated  biofilms  was  compared  with  the  untreated  PAO- 

MW1  control  (e).  Images  are  representatives  of  three  independent  experiments.  Green  areas 

represent P. aeruginosa biofilm-encased cells. White circles indicate microcolony formation. Bars 

represent 25µm. Magnification at 20x. 
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The CLSM micorgraphs, illustrated in Figure 5.7, were also analysed using the ImageJ 64 

imaging software to determine the percentage of surface covered by biofilm cells. Analysis 

revealed a significant reduction in total surface coverage post-treatment (Table 5.1; P ≤ 

0.001). Biofilm cells occupied only 27.9%, 23.3% and 12.3% of the surface, following 

treatment  with   RG3K,   ciprofloxacin  and   the   combination  approach,  respectively. 

Moreover, RG3K enhanced the efficacy of ciprofloxacin (P < 0.05). Thus, combined 

treatments (using RG3K together with ciprofloxacin) were highly effective in preventing 

P. aeruginosa biofilm formation, and the findings suggest that G3 dendrons may increase 

the susceptibility of P. aeruginosa to antibiotics. 

 
 
 

Table  5.1.  Surface  coverage (%)  by  biofilms  of  P.  aeruginosa formed  on  glass 

coverslips
1
. 

 
 

PAO1 PAO-MW1 
 

Control RG3K
2 

CIP
3 

RG3K + CIP
4

 

 
72.48 

(± 7.23) 

27.93* 

(± 4.52) 

23.34* 

(± 4.69) 

12.28* 

(± 1.17) 

37.16* 

(± 3.27) 
 

1
Surface coverage was calculated  using ImageJ 64 and is expressed  as percentage  of total area. 

2
RG3K   at   0.8   mg/mL;   

3
Ciprofloxacin  at   0.5   µg/mL;   

4
Co-administration   of   RG3K   with 

ciprofloxacin.  Data  represent  the  mean  area  (%)  covered  by  P. aeruginosa  biofilms  24h  post- 

treatment ± SD; n = 6 coverslips/treatment. * P-value ≤ 0.001 (vs. control); One-way ANOVA. 
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5.3.7               Production of extracellular polymeric substances 
 
 

RG3K treatment reduced structural cohesion of PAO1 biofilms (Figure 5.7); this merited 

further investigation regarding its effects on what is often considered as the primary 

structural support constituent of biofilms, EPS. 

 
The production of EPS was qualitatively evaluated by staining with alcian blue, a cationic 

stain that binds to acidic EPS and is reflected as a blue deposit in close proximity to 

biofilm-encased cells. Analysis revealed a high amount of stained material surrounding 

distinct clusters of cells in untreated biofilm controls, indicating the presence of a 

substantial level  of  biofilm-associated polysaccharides (Figure  5.8a).  The  light 

micrographs also showed the formation of closely packed colonies with almost no 

individual planktonic cells. The distribution of these colonies occurred at random areas on 

the slide and exhibited a lack of uniformity. This is consistent with the structure of PAO1 

control biofilms visualised using fluorescence microscopy (Figure 5.7). Exposure to RG3K 

completely prevented the production of acidic EPS, as evidenced by the lack of stained 

material (Figure 5.8b). These biofilms were also characterised by a highly uniform and 

continuous thin layer of cells, where a lack of microcolony and cluster formation was 

evident. Instead, P. aeruginosa aggregated into smaller colonies composed of less than five 

individual cells. In comparison with untreated PAO1, biofilms of PAO-MW1 exhibited an 

overall insufficient amount of EPS (Figure 5.8c). This mutant strain appeared to, however, 

produce more EPS than RG3K-treated PAO1, highlighting the efficiency of dendron 

exposure. 
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Figure 5.8. Light micrographs showing the production of acidic extracellular polymeric 

substances in P. aeruginosa biofilms. Biofilms of PAO1 and PAO-MW1 were grown in NB on 

clear borosilicate coverslips for 24h at 37°C. Biofilms were stained with alcian blue and visualised 

using  an  inverted  light  microscope.  (a),  PAO1  control  (containing  no  RG3K);  or,  (b),  RG3K- 

treated PAO1 (0.8 mg/mL). The production of EPS in PAO1-treated biofilms was compared to 

untreated PAO-MW1 control, (c). Images are representatives of three independent replicates. Bars 

represent 30µm. Arrows indicate EPS production (blue areas). Magnification at 40x (left panels), 

and 100x (insets). 
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5.3.8               Recovery of biofilm-encased and planktonic cells 
 
 

The total number of viable cells on each coverslip and the surrounding media was then 

determined (Table 5.2). Untreated cultures and those exposed to RG3K presented 

comparable cell numbers (P > 0.05), suggesting that the reduction in surface coverage and 

EPS is independent of changes in cell density. Addition of ciprofloxacin caused a 8-fold 

reduction to recoverable cells. As observed with other experiments in this chapter, the 

efficacy of this antibiotic was further enhanced with a combination of RG3K and 

ciprofloxacin. This treatment approach reduced the number of recoverable biofilm-encased 

and planktonic cells to 2.1 x 10
4 

CFU/mL (P < 0.05). 
 
 

Table 5.2. Total recovery (CFU/mL) of viable P. aeruginosa cells from biofilms 

formed on glass coverslips and planktonic cells in the surrounding media. 
 
 

PAO1 PAO-MW1 
 

Control RG3K
1 

CIP
2 

RG3K + CIP
3

 

 

2.3 x 10
7
 

(± 9.1 x 10
6
) 

6.6 x 10
6
 

(± 2.4 x 10
6
) 

2.9 x 10
6
 

(± 1.0 x 10
6
) 

2.1 x 10
4
* 

(± 3.9 x 10
3
) 

1.8 x 10
6
 

(± 1.0 x 10
6
) 

 
 

1
RG3K at 0.8mg/mL; 

2
Ciprofloxacin at 0.5µg/mL; 

3
Co-administration of RG3K and ciprofloxacin. 

Biofilm-encased cells were dislodged from the surface of each coverslip by vortexing with glass- 

beads in the surrounding media. Data represent the total number of recoverable cells (CFU/mL), 

both biofilm and planktonic cells, ± SD; n = 3. No significant difference between PAO1 control 

and RG3K (P-value > 0.05); Two-tailed t-test. * P-value < 0.05 (vs. CIP); Two-tailed t-test. 
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5.4       Discussion 
 
 

The biofilm-forming ability of P. aeruginosa has contributed to its resistance to 

conventional antibiotics 
[100, 101, 103, 105]

, and its pathogenicity in a number of infections 
[62]

. 

Presently, there is no published literature elucidating the anti-biofilm potential of G3 

asymmetric peptide dendrimers in P. aeruginosa. In addition, there are currently no 

clinically approved agents that target bacterial biofilm infections. In this chapter, G3 poly 

(ԑ-lysine) dendrons (RG3K) were screened at for their anti-biofilm activity against P. 

aeruginosa, namely motility (swarming, swimming and twitching), biofilm formation 

(attachment,  development  and  microcolony  formation),  and  EPS  production. 

Concentrations of G3 dendrons were determined in Section 4.3.2, and applied here at 

several folds lower than the MIC for planktonic cells (Figure 4.4 and Figure 4.5). The 

overall aim of this work was to therefore identify novel therapeutic agents capable of 

exhibiting biofilm preventative and/or disruptive effects.  

 
Studies conducted in this chapter demonstrated that G3 dendrons can affect the 

development of P. aeruginosa biofilms at a range of concentrations and in a variety of 

ways.  As  discussed  earlier,  motility  is  strongly  implicated  in  the  virulence  of  P. 

aeruginosa, where it plays an essential part in successful colonisation of biotic (i.e. tissues) 

and abiotic (i.e. biomaterials) surfaces 
[54, 56, 86]

. RG3K was able to completely inhibit 
 

swarming   motility  in   a   concentration-dependent  manner,  and   its   maximal  effect 

independent  of  changes  in  the  endpoint  cell  density  was  exhibited  at  0.8  mg/mL 

(Figure 5.1). This type of surface motility is highly dependent on bacterial cell density 
[359]

, 

nutrient growth media 
[365]

, viscosity of the surface 
[131]

, and can be affected by even the 
 

drying time of agar/assay plates 
[365]

. Previous studies have shown the ability of swarmer 

P. aeruginosa cells to exhibit an enhanced antibiotic resistance towards ciprofloxacin, 

polymyxin B and gentamicin, and to induce a substantial up-regulation of virulence factor 

expression 
[200]

. Thus, the anti-swarming effects of RG3K could contribute to its potential 

therapeutic value. In addition to flagella and type IV pili, swarming is dependent on the 

production of biosurfactants (such as rhamnolipids) 
[131]

. The inability to produce 

rhamnolipids, which is seen in rhlI and rhlR mutants such as PAO-MW1, is exhibited as a 

swarming-deficiency 
[131]

. Hancock and co-workers showed that LL-37, a cationic peptide, 

downregulates the expression of rhlA and rhlB, leading to a reduction in biofilm formation 
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[369]
. Both genes are responsible for the production of rhamnolipids 

[14]
. It was thus 

speculated that a reduction of biosurfactant contributed to the overall decrease in swarm 

areas by RG3K-exposed PAO1, causing a decrease in surface colonisation and biofilm 

formation (Figure 5.4). This hypothesis is explored in Chapter 7, where the expression of 

rhlA was determined. It is unlikely that swarming inhibition is caused by an effect on 

flagellum synthesis, since treated cells were still able to exhibit some level of flagella- 

mediated swimming. 

 
In addition to swarming, G3 dendrons reduced swimming motility in wild-type PAO1 

(Figure 5.2). This reduction is expected as these two forms of motility are interlinked, and 

cells switch from swimming to swarming motility depending upon the environmental 

conditions 
[56]

. In both these motility assays, the QS-deficient mutant was unable to exhibit 

swarming or swimming motility, providing a correlation between the las/rhl system and 

flagella-mediated motility 
[199]

. Impairment to swimming ability is a key property of the 

dendrons as it can limit the number of bacterial cells reaching a surface, and thus reduce 

surface colonisation and biofilm development 
[359]

. As discussed earlier in this chapter, 

swarming motility relies on the migration of groups of cells (i.e. multicellular behaviour), 

whereas, swimming involves individual cells (i.e. cell-to-cell interaction is not required). 

The findings reported in Chapter 4 could explain why a greater reduction is observed with 

swarming than swimming motility (Figure 5.1 and Figure 5.2). Succinctly, G3 dendrons 

induced an initial bacteriolytic effect and halted the growth of planktonic P. aeruginosa for 

~6h before complete recovery by 24h in earlier chapters (Figure 4.7). By doing this, it is 

proposed that the cell density remains at a level below the threshold required for QS 

activation and thus, group migration during the assay. This is further discussed in Chapter 

7, where the hypothesis is tested in QS reporter strains. 
 
 

Studies have shown the involvement of twitching motility in the initial stages of biofilm 

formation, where spreading over a surface gives rise to flat biofilms 
[83]

, as well as the 

formation of microcolony structures 
[56, 83]

. G3 dendrons were expected to either enhance 

or prevent twitching motility. Enhancement often supports the process of biofilm 

disassembly, whilst prevention signifies the inability to colonise a surface 
[59]

. Surprisingly, 

they had no substantial effects against PAO1 twitching (Figure 5.3), suggesting that 

bacterial cells sustain their ability to explore the surface and attach via type IV pili 
[86]

. 
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This was also supported by their ability to attach to polystyrene in the early stages (2-6h) 

of the CV biofilm assay (Figure 5.4). The lasI rhlI mutant was able to exhibit a similar 

twitching  pattern  to  wild-type  PAO1,  supporting  studies  that  have  shown  twitching 

motility as independent of QS 
[361]

. 

 
Two in vitro biofilm models, the CV biofilm assay and the stainless steel disc assay, were 

used in this study. The former was designed to quantify the extent of attachment and 

biofilm formation over time, and the latter, to assess the ability of G3 dendrons, alone and 

in combination with ciprofloxacin, to disperse established biofilms of P. aeruginosa. 

 
The CV biofilm assay is a static batch-growth biofilm system that can detect the transition 

from planktonic to biofilm mode of growth 
[78]

, but presents some limitations 
[335]

. The 

absence of aeration and continuous supply of fresh media, which is an advantage of flow 

cell systems, can cause a deprivation in nutrients, limiting the use of this approach to early 

stages of microcolony development (i.e. biofilms of ≤ 24h). Despite this, the simplicity, 

low cost and flexibility of the assay ensures that it can be adapted to study a variety of 

conditions (such as media composition and incubation time). The CV assay has contributed 

to the identification of numerous biofilm initiation factors such as adhesins, flagella, pili, 

and genes responsible for EPS production 
[78]

. The anti-biofilm potential of G3 dendrons 

was assessed under two nutrient conditions; nutrient-rich and nutrient-limited media. The 

components of  the  medium  were  selected  to  provide  a  carbon  source  (glucose)  and 

nitrogen source (casamino acids). Inorganic salts (provided in the M63 formulation) and 

complex enzymatic digests of casein/soybean meal (provided as TSB) created nutrient- 

limited and nutrient-rich conditions, respectively. In correlation with previous findings, the 

media conditions employed in cultivation strongly influenced biofilm formation (i.e. 

biomass/density) 
[84]

. G3 dendrons had limited effects on attachment (i.e. 2-6h after 

introduction), but were more effective at preventing biofilm development and formation 

(i.e. 8-24h after introduction) (Figure 5.4). Under nutrient-rich conditions, G3 dendrons 

also appeared to induce cell detachment, which was reflected as a reduction in OD595 

between 8h and 24h. It is proposed that (i) the dendron exerts its maximal effects in line 

with biofilm development (i.e. by impairing biofilm formation at the monolayer stage), 

and/or, (ii) the extended exposure time influences and maximises dendron activity. 
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Studies  using  the  stainless  steel  biofilm  assay  highlighted  the  synergistic  effects  of 

dendrons and ciprofloxacin. This closed low-flow biofilm system, in which a substratum is 

used to support biofilm growth, reduces the mechanical stress encountered in a continuous- 

flow system 
[367]

. Thus, the assay serves as an intermediate between static and flow-cell 

systems. Using this setup, previous studies have observed a complete biofilm process, from 

irreversible attachment to maturation and dispersal 
[370]

. Preliminary experiments were 

carried out during the initial stages of screening using P. aeruginosa NCTC 10662 (PA- 

10662), with the aim of assessing the efficiency of three generations of poly (ε-lysine) 

dendrons, G1-G3, against immature and mature biofilms. To produce comparable results, 

RG1K and RG2K were assessed at an equimolar concentration of primary amine groups to 

RG3K. The results, which can found in Appendix II, revealed a potency increase in line 

with the generation number, suggesting that dendron size may play a role in activity. 

Dendrons of a higher generation number may have been able to interact with a larger 

biofilm surface area (refer to Figure 3.5 for chemical structure). It was therefore envisaged 

that the increase in potency (in line with the generation number) was caused by an increase 

in the number of amine outer groups, and the size of the dendron itself. This is consistent 

with findings reported for PAMAM dendrimers 
[253]

. 
 
 

It has been well documented that a combination of virulence modulators and an antibiotic 

can  enhance  the  clearing  of  antibiotic-resistant  bacteria  
[224,  226,  371]

.  Dendrons  were 

therefore combined with ciprofloxacin, a fluoroquinolone used in the treatment of urinary 

tract and pulmonary infections 
[372]

, and were shown to enhance the efficacy of this 

antibiotic (Figure 5.6), without alone affecting the viability of biofilm cells on stainless 

steel discs (Figure 5.5). In particular, the co-administration of G3 dendrons and 

ciprofloxacin was more effective at reducing the number of recoverable cells from mature 

than immature biofilms. It was proposed that G3 dendrons interfere with the EPS matrix of 

48h-old biofilms, leading to an altered susceptibility to ciprofloxacin. Immature (30- 

minutes-old) biofilms are unlikely to have initiated EPS production and thus, limited 

effects were observed. Interestingly, a greater reduction was observed in PA-10662 than 

PAO1. The degree of biofilm formation is however strain-dependent in P. aeruginosa 
[373]

, 

suggesting that PA-10662 may have formed weaker and more susceptible biofilms. 
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As proposed earlier, the dendron was thought to impair biofilm development at the 

monolayer stage, preventing or disrupting the EPS matrix. The structure of dendron-treated 

biofilms and the level of EPS production were therefore examined to test this assumption. 

Interestingly, G3 dendrons altered the morphology of biofilms, leading to a decrease in 

aggregate (microcolony) formation (Figure 5.7), and surface coverage (Table 5.1). In 

addition, biofilms appeared notably thinner and more disperse than PAO1 controls. The 

combined number of recoverable cells (from the surrounding media and coverslip) was 

comparable to the control, suggesting that the decrease in biomass (% surface coverage 

and EPS levels) caused by G3 dendrons is not related to an antibacterial effect (Table 5.2). 

Several studies have shown a correlation between EPS, biofilm structure and antibiotic 

resistance 
[13, 103, 105]

. Deficiencies in the ability to produce a biofilm matrix (i.e. EPS), as 
 

shown in Psl-mutants 
[94]

, and even enzymatic disruption of the EPS matrix, as shown with 

DNase  I  
[142]

,  have  manifested as  alterations in  biofilm structure/architecture. 

Consequently, the protective role of EPS was lost. In contrast, biofilms composed of Psl- 

producing strains have exhibited an increased resistance to antibiotic penetration 
[94]

. G3 

dendrons were able to attenuate the production of EPS, preventing complete differentiation 

of the biofilm matrix (Figure 5.8). These biofilms were also characterised by a highly 

uniform and continuous thin layer of cells, and a lack of cell aggregates. This ability of G3 

dendrons to prevent and disrupt the EPS matrix is beneficial and may have therapeutic 

value, as it enabled ciprofloxacin to access susceptible bacteria (Figure 5.6). Thereby, 

increasing the efficacy of the antibiotic and reducing the number of viable cells, in what 

was previously a ciprofloxacin-resistant biofilm. It could be argued that a lack of EPS in 

dendron-treated biofilms is due to a cationic interaction between the dendrons and acidic 

EPS, thus occupying sites that would otherwise be available for alcian blue binding. This 

however is unlikely, as a dose-dependent reduction was observed in other biofilm- 

associated virulence factors. 

 
The mechanism by which G3 dendrons achieve biofilm prevention appears to be a 

multifactorial process. In the context of existing literature, Hancock and co-workers have 

recently described a linear peptide termed 1037, with the sequence (Lys-Arg-Phe-Arg-Ile- 

Arg-Val-Arg-Val), that presents some similarities to the dendrons 
[374]

; both (i) are cationic 

agents, (ii) provide evidence of swarming inhibition, and (iii) demonstrate a reduction in 

swimming ability, as well as (iv) presenting strong anti-biofilm properties. 
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5.5       Conclusions 
 
 

In this chapter, the anti-biofilm activity of G3 dendrons was demonstrated against P. 

aeruginosa grown on three different surfaces; polystyrene plates, stainless steel discs and 

glass coverslips. A range of virulence factors associated with biofilm formation including 

the complex adaptation of swarming motility were inhibited, whilst flagella-mediated 

swimming motility was reduced. G3 dendrons appeared to exhibit their effects post- 

attachment and at the monolayer stage by (i) preventing biofilm development and 

formation, (ii) impairing the biofilm structure, (iii) reducing surface coverage and 

microcolony formation, and (iv) attenuating the establishment of the EPS matrix. As a 

result, biofilms formed by dendron-treated P. aeruginosa cells appeared notably thinner 

and more disperse. In addition, G3 dendrons were able to synergistically enhance the 

efficacy of ciprofloxacin, and increase the susceptibility of antibiotic resistant 48h-old- 

biofilms to treatment. 

 
Macromolecules, such as G3 dendrons, that simultaneously target virulence factors 

associated with biofilm formation as well as biofilm development and maturation may 

provide the basis for a new generation of anti-infective agents. Alternatively, the 

combination of G3 dendrons and a second agent with antimicrobial properties, such as 

ciprofloxacin, may provide an effective therapeutic strategy for the treatment of antibiotic- 

resistant P. aeruginosa infections. 
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CHAPTER 6: Internalisation and release of G3 poly (ε-lysine) 
 

dendrons from planktonic and biofilm-encased P. aeruginosa 
 
 
 
 
 

6.1       Introduction 
 
 

6.1.1               Interactions between cationic peptides and bacteria 
 
 

The net negative charge of bacterial membranes is attributed to anionic phospholipids and 

phosphate groups of LPS on the outer envelope of Gram-negative bacteria (Figure 6.1), 

and to teichoic acids on the surface of Gram-positive bacteria 
[375]

. These features, together 

with  membrane  transporters  like  porins  and  efflux  pumps,  create  a  selective  semi- 

permeation barrier that prevents undesirable molecules from entering the cell 
[376]

. 
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Peptidoglycan 
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Gram-negative bacteria 
 

 
Figure  6.1.  General  representation  of  the  cell  wall  structure  in  Gram-negative  bacteria. 

Image adapted from Band et al. 
[377]

. 
 
 
 

The net charge also mediates the electrostatic binding between cationic peptide-based 

molecules and the surface of bacterial cells 
[375]

. The cationic charge of such agents is 

attributed to the side chains of basic amino acids 
[378]

. Interactions occur immediately when 

cationic peptides encounter the anionic surfaces of bacterial cells, and are followed by the 
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translocation of cationic peptides through the bacterial capsular polysaccharides to the 

membrane 
[375]

. 

 
The mechanisms by which cationic peptides compromise the bacterial membrane and/or 

gain access into the cytoplasmic membrane have been extensively described in the 

literature. Three models have been proposed to explain the mechanisms of membrane 

permeabilisation; (i) the barrel-stave model 
[379]

, (ii) carpet model 
[380]

, and (iii) toroidal- 

pore model 
[378]

. In the barrel-stave model, cationic peptides aggregate to form a tubular 

structure in the membrane that becomes integrated into the bilayer 
[379]

. The hydrophobic 
 

peptide regions align against the lipid core, whilst the hydrophilic peptide residues form 

the interior region of the pore. In the carpet model, cationic peptides form an extensive 

layer parallel to the surface of the lipid bilayer 
[380]

. These surface-oriented peptides that 

cover the entire surface of the membrane disrupt the bilayer in a detergent-like manner, 

leading to the disintegration of the membrane and formation of vesicles or micelles. In the 

toroidal-pore model, cationic peptides aggregate and cause the lipid monolayers to bend 

and form a curvature 
[378]

. The core becomes lined with both the hydrophilic region of 

inserted peptide and lipid head group. This enforces a positive membrane curvature, where 

the lipid head groups connect the two leaflets of the membrane. As discussed in Chapter 4, 

some cationic peptides are able to cross the cytoplasmic membrane and translocate into the 

cytoplasm 
[325-331]

. Once in the cytoplasm, translocated cationic peptides can alter 

cytoplasmic membrane septum formation, inhibit the synthesis of DNA and RNA, and the 

expression of proteins. Although the discussed mechanisms are representative of cationic 

linear peptides, they can be in part applied to cationic peptide-based dendrimers due to 

their similar composition. 

 
Several studies have shown that cationic polypeptides, specifically the linear ε-PL 

polypeptide, interact with the cell surface by ionic adsorption 
[339, 340, 346]

. Such interactions 

disturb the membrane by interfering with the LPS layer, resulting in a loss of structural 

integrity that induces conformational changes. Recent studies by Meyer and co-workers 

highlighted the mechanism by which ε-PL interferes with the lipopolysaccharide layer of 

Gram-negative bacteria 
[340]

. ε-PL competes with Mg
2+

/Ca
2+ 

for binding sites in the 

lipopolysaccharide layer.  Both  cations  (Mg
2+

/Ca
2+

) are  required  to  sustain  the  lateral 

interaction of lipids in the polyanionic LPS. Thus, the disturbance in cation (Mg
2+

/Ca
2+

) 
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homeostasis changes the membrane structure, which is protruded as vesicles from the cell 

surface 
[340]

. In addition, studies have reported the abnormal distribution of the cytoplasm 

post-treatment with ε-PL 
[346]

, which is accompanied by the permeabilisation of the outer 

membrane 
[340,  346]

. This non-receptor mediated mechanism exhibits similarities to the 

carpet model discussed earlier in this chapter, and identifies the cell membrane as the 

primary target of linear ε-PL peptides. Such irreversible damage to the membrane causes 

the  expulsion of  cytoplasmic contents, and  eventually cell death 
[381]

. This naturally- 

derived peptide, for instance, is capable of inducing cell death at concentrations as low as 3 

µg/mL against P. aeruginosa 
[346]

. 
 
 

The spatial distribution of cell-penetrating peptides has been extensively investigated in 

eukaryotic cells and, to some extent, in prokaryotic cells 
[382]

. Studies have implemented 

fluorescent dyes to label biomolecules and monitor their distribution within individual 

cells, using techniques such as fluorescence microscopy 
[327] 

and flow cytometry 
[326, 327]

. 

For example, the Bac7 proline-rich peptide was labelled with a fluorophore (BODIPY) and 

shown to localise in the cytoplasm of several Gram-negative bacteria, including E. coli, 

without accumulation in the cell membrane 
[327]

. More recently, the cationic LL-37 peptide 

(with a net charge of +6) was reported to rapidly saturate and permeabilise the outer 

membrane of Gram-negative bacteria 
[383]

. In terms of dendritic macromolecules, 

fluorescent-labelled G5 PAMAM dendrimers with terminal amine functionalities have 

exhibited biofilm association properties within hours of exposure to P. aeruginosa 
[253]

. 

Despite the availability of well-established fluorophores and fluorescence methods, very 

few non-membranolytic lytic peptide-based molecules have been reported in bacteria. The 

main focus of existing literature remains on lytic peptides/peptide-based macromolecules, 

with >5000 antimicrobial peptides identified to date 
[384]

. Additionally, studies have neither 

explored the interaction of asymmetric peptide dendrimers such as RG3K with planktonic 

or biofilm-encased P. aeruginosa cells, nor their potential site of action. 
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6.1.2               Aims and objectives of chapter 
 
 

In this chapter, G3 poly (ε-lysine) dendrons were labelled with a fluorescent probe and 

investigated for their ability to interact with planktonic and biofilm-encased P. aeruginosa 

cells. Specifically, (i) their uptake, (ii) distribution in P. aeruginosa, and (iii) release 

profiles were investigated. Analysis of such properties was envisaged to provide an insight 

into the site of action of G3 dendrons and their maximum retention time in P. aeruginosa. 

 
This chapter therefore aims to: 

 
 

i. Develop and characterise an on-resin fluorescent labelling strategy that 

incorporates fluorescein isothiocyanate at the N-terminal side of G3 dendrons; 

ii. Assess the uptake of G3 dendrons in planktonic P. aeruginosa cells and established 

biofilms; 

iii. Microscopically   explore   the   spatial   distribution   of   fluorescent-labelled  G3 

dendrons at a single cell level; 

iv. Investigate  the  rate  of  release  of  free,  unused  dendrons  from  P.  aeruginosa 
 

biofilms; 
 

v. Assess the susceptibility of planktonic cells and established biofilms to fluorescent- 

labelled G3 dendrons during its uptake and release. 
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6.2       Materials and methods 
 
 

6.2.1               On-resin fluorescent labelling of G3 dendrons 
 
 

Interactions between P. aeruginosa and G3 dendrons were investigated by labelling RG3K 

with a fluorescent probe. RG3K was synthesised as described in Section 3.2.1 using Fmoc- 

SPPS. N-Fmoc protecting groups were removed using 20% (v/v) piperidine in DMF. 

Fluorescein isothiocyanate (FITC) isomer I (Sigma Aldrich, UK) was introduced at the N- 

terminal side of anchored dendrons at a 2, 5 and 10 equivalent relative to resin substitution, 

using a modified method described by Subra and co-workers 
[385] 

(Figure 6.2). FITC (9.7 
 

mg, 0.025 mmol) was dissolved in 1 mL DMF containing DIPEA (9µL, 0.05 mmol). To 

achieve a 2, 5 and 10 equivalent of FITC relative to resin substitution, the free-amines of 

RG3K (43.1 mg, 0.0125 mmol; 17.2 mg, 0.005 mmol; 8.6 mg, 0.0025 mmol, respectively) 

were allowed to react with the coupling solution for 8h in the dark. Unbound FITC was 

removed by several washes with DMF (6 x 5 mL). The fluorescent conjugate was cleaved 

from the resin using TFA-mediated cleavage, as described in Section 3.2.2. 

 
The efficiency of isothiocyanate coupling on the primary amines was monitored using the 

ninhydrin test 
[298]

. Free, unconjugated amines were also quantified using the TNBSA 

assay, as described in Section 3.2.5. 
 

 

6.2.2               Calibration curves of fluorescent-labelled G3 dendrons 
 
 

Calibration curves using FITC-labelled RG3K were constructed to confirm its fluorescent 

emitting properties and to later calculate the concentration of cell-associated dendrons in 

planktonic and biofilm cultures of P. aeruginosa. FITC-labelled RG3K was dissolved in 

PBS at concentrations ranging from 0.4883 µg/mL to 1 mg/mL. Aliquots were equally 

distributed into a black polystyrene 96-well plate. Fluorescence was measured at an 

excitation and emission wavelength of 485/20 and 528/20 nm, respectively, using the 

Biotek Gen5
TM 

plate reader. Wells containing no FITC-RG3K were used as a blank. 
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Figure 6.2. Schematic diagram showing the labelling of G3 dendrons with fluorescein 

isothiocyanate  (FITC). Free amines of RG3K were reacted with a 2, 5 or 10 equiv. of FITC in 

DMF containing 0.05 mmol DIPEA for 8h at room temperature. 
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6.2.3               Planktonic growth curves 
 
 

Planktonic growth curves of PAO1 were prepared as described in Section 2.1.3. Briefly, 

overnight cultures of PAO1 were diluted to an OD600 of 0.05 in NB medium. Cultures were 

grown to the mid-exponential phase (OD600  of ~0.4; ~1.5 x 10
8  

CFU/mL) at 37°C, with 

agitation at 120 rpm. Mid-exponential phase cultures were subsequently used to monitor 

the uptake of FITC-labelled RG3K (Section 6.2.5). 
 
 

6.2.4               Biofilm formation 
 
 

Biofilms of PAO1 were grown in black polystyrene 96-well plates (Thermo Scientific: 
 

165305, UK) using the microtiter biofilm plate assay described in Section 5.2.4 
[335]

. 

Briefly, mid-exponential phase cultures of PAO1 were diluted in M-M63 medium to an 

OD600 of 0.01 and a 120µL aliquot was added to each well. Plates were incubated for 24h 

at 37°C under static conditions. After incubation, loosely attached cells were removed by 

several washes with sterile PBS. Adherent cells were subsequently used to assess the 

uptake and release of FITC-labelled RG3K (Section 6.2.5 and 6.2.7). Both assays were 

performed in parallel. 

 
6.2.5               Uptake of fluorescent-labelled G3 dendrons 

 
 

The uptake of FITC-labelled RG3K was examined in planktonic and biofilm-encased cells 

of P. aeruginosa (over a period of 24h) to identify changes during the exposure period. 

 
Planktonic  mid-exponential  phase  PAO1  cultures,  described  in  Section  6.2.3,  were 

exposed to FITC-labelled RG3K (0.8 mg/mL prepared in NB medium) for 24h at 37°C, 

with agitation at 120 rpm. Every 2 hours, an aliquot (500µL) was removed and the cells 

were  pelleted  by  centrifugation  at  10,000  rpm  for  5  minutes,  4°C.  The  resulting 

supernatant was collected to determine the level of extracellular FITC-labelled RG3K. 

Bacterial cells were then washed with sterile PBS to remove excess conjugates and re- 

suspended in fresh 500µL PBS to determine the level of cell-associated FITC-labelled 

RG3K. Aliquots of 100µL were transferred into a black 96-well polystyrene plate. 

Fluorescence was  measured at  an  excitation and  emission wavelength of  485/20 and 

528/20 nm, respectively, using the Biotek Gen5
TM  

plate reader. Wells containing FITC- 
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labelled RG3K (0.8 mg/mL prepared in NB medium) with no PAO1 cells were used as a 

blank. Each assay was performed three times. 

 
Biofilms of PAO1, described in Section 6.2.4, were exposed to 250µL FITC-labelled 

 

RG3K (0.4 mg/mL and 0.8 mg/mL prepared in M-M63 medium) for 2, 12 and 24h at 
 

37°C. After incubation, the media containing FITC-RG3K was removed from all wells. 

Bacterial cells were subsequently washed with sterile PBS (2x) to remove any excess 

conjugates. Biofilms were solubilised with 250µL 100% (v/v) DMSO to determine the 

level of particle association and internalisation in PAO1. The contents (100µL aliquots) 

were transferred to a new black 96-well polystyrene plate. Fluorescence was measured at 

an excitation and emission wavelength of 485/20 and 528/20 nm, respectively, using the 

Biotek Gen5
TM  

plate reader. Wells containing FITC-labelled RG3K (0.4 mg/mL and 0.8 
 

mg/mL prepared in M-M63 medium) with no PAO1 cells were used as a blank. Each plate 

assay was performed four times. 

 
6.2.6               Localisation of fluorescent-labelled G3 dendrons 

 
 

The localisation of FITC-labelled RG3K was visualised to examine its distribution in P. 

aeruginosa. Overnight PAO1 cultures (5 mL) were pelleted by centrifugation at 4,500xg 

for 10 minutes, 4°C. Cells were washed twice in PBS, re-suspended in 500µL FITC- 

labelled RG3K (0.8 mg/mL in PBS), and incubated at 37°C for 24h. After incubation, cells 

were harvested by centrifugation and washed with PBS. An aliquot (5µL) was mounted on 

a glass microscopy slide with the Vectashield® antifade mounting medium containing the 

4, 6-diamidino-2-phenylindole (DAPI) counterstain (Vector Laboratories, UK). Samples 

were processed with a Leica DMI6000 confocal microscope attached to a Leica TCS SP5 

laser scanning imaging system (CSLM). Samples were exposed to an Argon laser (power 

at 50%) at 488 nm excitation wavelength. Emission was acquired at 500/50 nm 

wavelengths, producing a green fluorescence. DAPI, a fluorophore that when bound to 

nucleic acid produces a blue fluorescence 
[386]

, was used to comprehend the location of 
 

FITC-labelled RG3K in PAO1 cells. To reveal DAPI-stained cells, samples were observed 

under UV excitation (laser power of 40%) at a wavelength of 405 nm with emission at 

440/20 nm. Line and frame averaging (3x) were used to capture images with reduced 
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noise. Scans were made through each preparation and images were obtained from five 

areas per coverslip at 100x magnification (with oil). 

 
6.2.7               Release of fluorescent-labelled G3 dendrons 

 
 

The  release  of  RG3K  from  PAO1  biofilms  was  monitored  to  identify  its  maximum 

retention time. Biofilms were exposed to FITC-labelled RG3K (0.4 mg/mL and 0.8 mg/mL 

prepared in M-M63 medium), as described in Section 6.2.5, for 2h and 24h at 37°C. After 

incubation, adherent cells were washed with sterile PBS (2x) to remove any excess 

conjugates. Biofilms were then incubated in 250µL PBS for a further 6h at 37°C to 

monitor the release of FITC-labelled RG3K. At 1h intervals, an aliquot of PBS (180µL), 

containing the released dendrons, was transferred to a new black polystyrene 96-well plate. 

Time points were set-up in separate wells to identify differences in amounts released at 

individual  time  points.  Fluorescence  was  measured  at  an  excitation  and  emission 

wavelength of 485/20 and 528/20 nm, respectively, using the Biotek Gen5
TM 

plate reader. 
 

Wells containing FITC-labelled RG3K (0.4 mg/mL and 0.8 mg/mL prepared in PBS) with 

no PAO1 cells were used as a blank. Each plate assay was performed four times. 

 
6.2.8               Viability of P. aeruginosa cells 

 
 

The viability of planktonic and biofilm-encased P. aeruginosa was determined to identify 

any changes in growth characteristics, and assess the bacterium’s sensitivity to FITC- 

labelled RG3K during its uptake and release, respectively. 

 
Planktonic  mid-exponential  phase  PAO1  cultures,  described  in  Section  6.2.3,  were 

exposed to FITC-labelled RG3K (0.8 mg/mL prepared in NB medium) for 24h at 37°C, 

with agitation at 120 rpm. During incubation, aliquots were removed and spread on NA 

plates in triplicates. Viable cells (CFU/mL) were recovered as described in Section 2.1.4. 

Biofilms of PAO1 were exposed to FITC-labelled RG3K (0.8 mg/mL prepared in M-M63 

medium), as described in Sections 6.2.5 and 6.2.7. After incubation, biofilm-encased cells 

were detached from the polystyrene surface using a cell scraper and gentle pipetting. 

Complete detachment was confirmed in preliminary studies using crystal violet staining. 

Aliquots were then spread on NA plates. Viable cells (CFU/mL) were recovered as 

described in Section 2.1.4. 
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6.3       Results 
 
 

Interactions between fluorescent-labelled G3 dendrons, and planktonic/biofilm-encased P. 

aeruginosa PAO1 were investigated. Exposure to G3 dendrons revealed their ability to 

internalise PAO1 cells and exhibit intracellular polar localisation, as well as the rapid 

release of free dendrons from biofilms. 

 
6.3.1               On-resin fluorescent labelling of G3 dendrons 

 
 

To investigate and monitor the interactions between P. aeruginosa and G3 dendrons, 

amino-terminated RG3K was labelled with a fluorescent probe, FITC. The introduction of 

FITC was achieved via the terminal amines of branching generations, resulting in FITC- 

labelled RG3K (FITC-RG3K). Conditions were optimised by adding FITC at a 2, 5 and 10 

equivalent. This identified the optimum rate of reaction, whilst avoiding aggregation and 

steric hindrance. The efficiency of isothiocyanate coupling was qualitatively monitored 

during the reaction, using the ninhydrin test (Figure 6.3). Free amino groups were detected 

in resins labelled at a FITC equivalent of 2. The reaction yielded a colour comparable to 

the unlabelled RG3K-NH2 control. However, increasing FITC equivalent to 5 and 10 

enhanced the coupling efficiency, as indicated by the lack of blue/purple colouration (i.e. 

free amine molecules on RG3K). 

 
The number of free, unconjugated amine groups on the surface of RG3K was quantified 

using the TNBSA assay to determine the efficiency of isothiocyanate coupling to reactive 

primary amines (Figure 6.4). Free amine molecules were calculated using the equation 

generated from the glycine standard curve (Figure 3.4; y = 0.0213x + 0.0053, where y is 

absorbance at 340 nm and x is mole of TNBSA-reacted-glycine) and Avogadros’ constant 

(6.022 x 10
23 

mol
-1

). Chemical quantification of free, unconjugated amine molecules in 
 

RG3K-NH2 and FITC-RG3K revealed a linear relationship between RG3K concentration 

and free amine molecules (R
2 

≥ 0.98) in the range of 0 to 100µg/mL. The number of amine 

molecules conjugated with FITC was determined by comparing the values obtained for 

FITC-RG3K  (at  ratios  of  2:1,  5:1  and  10:1)  to  unlabelled  RG3K-NH2  control.  At 

100µg/mL, approximately 3.42 x 10
15 

(40%) and 4.79 x 10
15 

(56%) reactive amine 

molecules were conjugated with FITC, when added at a 2 and 5 equivalent to RG3K, 



168  

R
G

3
K

 -
N

H
 

F
IT

C
-R

G
3

K
 _

 2
:1

 
2

 

F
IT

C
-R

G
3

K
 _

 1
0

:1
 

F
IT

C
-R

G
3

K
 _

 5
:1

 

 

respectively (P < 0.05). Increasing the FITC equivalent to 10 reduced the number of free 

amine molecules by 0.4 x 10
15  

(5%), but this did not significantly enhance the coupling 

efficiency  (P  >  0.05).  In  subsequent  experiments,  labelling  of  RG3K  was  therefore 

achieved by introducing FITC at a 5 equivalent to resin substitution. 
 
 
 
 

Before reaction  After reaction Before reaction  After reaction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6.3. Qualitative detection of free amine molecules after labelling with FITC at a 2, 5 

and 10 equivalent to G3 dendrons. Aliquots of on-resin FITC-labelled RG3K were reacted with 

the ninhydrin reagent solution to detect the presence of free, unreacted α-amino groups. Images 

show resin before and after reaction with the ninhydrin reagent solution. Colour change from 

yellow/orange to blue/purple indicates the presence of free amino groups. 
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Figure 6.4. Quantification of free, unreacted amine molecules after labelling with FITC at a 

2, 5 and 10 equivalent to G3 dendrons. Dry RG3K and FITC-labelled RG3K was prepared in 

sodium biocarbonate solution (pH 8.5) at concentrations of 2-100 µg/mL and reacted with TNBSA 

for 2h at 37°C. Reactions were terminated with SDS and HCl. Absorbance was measured at 340 

nm. The number of free amine molecules was calculated using the glycine standard curve (Figure 

3.4). Data represent mean ± SD; n = 8. * P-value < 0.05 (vs. FITC-RG3K [2:1]), P-value > 0.05 

(vs. FITC-RG3K [10:1]); One-way ANOVA. 
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6.3.2               Calibration curves of fluorescent-labelled G3 dendrons 
 
 

Calibration curves using FITC-labelled RG3K (0 to 1 mg/mL) were constructed, as shown 

in Figure 6.5. Analysis confirmed that conjugation of FITC with RG3K amine terminals 

and subsequent TFA-mediated cleavage of FITC-RG3K from the solid support does not 

hinder its fluorescent emitting properties. A linear relationship between FITC fluorescence 

and  concentration was  also  demonstrated between  0  and  16µg/mL  (R
2   

>  0.99).  The 
 

generated equation (y = 26.722x + 3.3731, where y is FITC fluorescence and x is 

concentration  of  FITC-RG3K)  was  used  throughout  this  chapter  to  calculate  cell- 

associated FITC-RG3K (in µg/mL) in planktonic and biofilm cultures of P. aeruginosa. 
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Figure 6.5. Calibration curve of fluorescent-labelled  G3 dendrons. Dry FITC-labelled RG3K 

was dissolved in PBS at concentrations ranging from 0 to 1 mg/mL. Inset figure displays 

concentrations from 0 to 16 µg/mL, where the relationship between FITC fluorescence and 

concentration is linear. Comparable values were obtained using PBS, NB and M-M63 (P > 0.05). 

Data represent mean ± SD; n = 4. 
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6.3.3               Uptake of fluorescent-labelled G3 dendrons in planktonic cells 
 
 

The uptake of FITC-labelled RG3K was examined in P. aeruginosa (over a period of 24h) 
 

to identify any fluctuations or changes during the exposure period (Figure 6.6). 
 
 

In planktonic PAO1 cultures, the addition of FITC-labelled RG3K at the mid-exponential 

phase of growth induced a progressive increase of cell-associated fluorescent intensity 

during the incubation period (Figure 6.6a). FITC-RG3K became rapidly associated with 

planktonic PAO1 cells shortly after its addition, exhibiting a fluorescence intensity of 204 

AU at 3h equivalent to 7.49 µg/mL FITC-RG3K. The rate of association to PAO1 was 

greater within the first 18h of incubation, as demonstrated by a period of exponential 

fluorescence between 3h and 18h. As a result, the cell-associated fluorescent intensity 

increased by ~3-fold to reach 630 AU at 18h. Within this period, a significant increase in 

cell-associated fluorescence was noted between 6h and 18h (P ≤ 0.001). Extending the 

incubation time to 24h caused no significant changes in cell-associated fluorescence (when 

compared to measurements at 18h, P > 0.05). 

 
Extracellular FITC-RG3K inversely correlated with values obtained for cell-associated 

fluorescence. A progressive reduction in extracellular fluorescence was thus observed 

(Figure 6.6b). By 18h of incubation, the extracellular fluorescent intensity had decreased to 

2705 AU; indicating that approximately 585 µg/mL FITC-RG3K remained unexploited by 

planktonic PAO1 cells. 
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Figure 6.6. Uptake of FITC-labelled RG3K by planktonic cells of P. aeruginosa over a period of 24h. Mid-exponential phase cultures of PAO1 

(indicated by red arrow) were exposed to FITC-RG3K (0.8 mg/mL in NB medium) for 24h at 37°C, with agitation at 120 rpm. At various time points, 

an aliquot was removed and centrifuged to separate cell-associated FITC-labelled RG3K (a), from extracellular FITC-labelled RG3K present in the 

supernatant  (b).  Fluorescence  was  measured  at  an  excitation  and  emission  wavelength  of  485/20  and  528/20  nm,  respectively.  Cell-associated 

fluorescence (a) was corrected for CFU counts. Data represent mean ± SD; n = 3. 
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6.3.4 Uptake of fluorescent-labelled G3 dendrons in biofilm cells 
 
 

In  established  biofilms,  the  level  of  FITC-RG3K  association  with  PAO1  cells  was 

investigated after  2h,  12h  and  24h  of  incubation (Figure 6.7).  The  uptake efficiency 

appeared to be time-dependent. 
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Figure 6.7. Uptake of FITC-labelled RG3K by biofilms of P. aeruginosa over a period of 24h. 

Biofilms of PAO1, grown in polystyrene 96-well plates for 24h prior to experiment, were exposed 

to  FITC-RG3K  (0.4  or  0.8  mg/mL  in  M-M63  medium)  for  2,  12  and  24h.  After  incubation, 

biofilms were washed with PBS and solubilised with DMSO to determine the level of particle 

association. Fluorescence was measured at an excitation and emission wavelength of 485/20 and 

528/20  nm,  respectively.  Background  values  containing  FITC-labelled  RG3K  were  subtracted 

before calculations. Blank, FITC-RG3K with no PAO1 cells. Data represent mean ± SD; n = 4. * 

P-value ≤ 0.001; One-way ANOVA. 

 
 
 

Within only 2h of incubation, FITC-labelled RG3K became rapidly associated with the 

biofilm. Here, FITC-RG3K displayed the maximum uptake efficiency in PAO1 biofilms, 

as indicated by a strong fluorescent intensity of >5000 AU (P ≤ 0.001). Increasing the 

incubation time to 12h reduced the amount of FITC-RG3K associated with PAO1 biofilms. 

The fluorescent intensity decreased to 4033 AU in biofilms exposed to FITC-RG3K at 0.8 

mg/mL. This was further reduced by approximately 2-fold after a 24h incubation period (P 

≤ 0.001), indicating that PAO1 biofilms either (i) utilise FITC-RG3K over time, or (ii) 
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continuously uptake and release the dendrons. However, preliminary studies using 

stationary phase cultures showed that FITC-RG3K fluorescence does not fluctuate during a 

24h incubation period. Exposing PAO1 biofilms to FITC-RG3K at 0.4 mg/mL and 0.8 

mg/mL demonstrated comparable uptake efficiencies across all three time-points 

investigated (P > 0.05), suggesting that maximum uptake of FITC-RG3K is not 

concentration-dependent. 
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nternalisation and distribution of FITC-labelled RG3K 

PAO1 were exposed to FITC-labelled RG3K (0.8 mg/mL 

ion, cells were washed with PBS and the localisation  of 
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6.3.5               Localisation of fluorescent-labelled G3 dendrons 
 
 

The localisation of FITC-labelled RG3K was visualised using CLSM to examine its 

distribution in PAO1 cells and potential site of action (Figure 6.8). Analysis revealed that 

FITC-RG3K was able to traverse the bacterial membrane at a concentration of 0.8 mg/mL, 

emitting a strong green fluorescence signal. However, fluorescence associated with RG3K 

was neither homogenously distributed in the bacterial cell cytoplasm nor bound to the cell 

membrane (after a 24h exposure to FITC-RG3K). Rather, FITC-RG3K was present only at 

the inner poles of individual cells (as illustrated in Figure 6.8). This pattern was displayed 

in over 95% of cells, demonstrating the relatively high internalisation tendency and cell- 

penetrating capacity of RG3K. Most FITC-RG3K also appeared to remain trapped in such 

punctuate patterns, despite several washes with a high-salt PBS solution. 
 
 

Zoom factor: 5 

 
 
 
 
 
 
 
 

 
10 µm 

 
 
 
 
 
 
 
 
 
 

5 µm 

 

 
Figure 6.8. Micrographs showing the i 

in P. aeruginosa. Overnight cultures of 

in PBS) for 24h at 37°C. After incubat 

FITC-RG3K   was  visualised  using  CLSM.  Images  are  representatives   of  three  independent 

experiments. Green areas represent the location of RG3K. Magnification at 100x (with zoom factor 

of 5). 
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The localisation of FITC-RG3K at the cell poles could also represent individual parent 

cells undergoing cell division in the early stages. Hence, fluorescence associated with 

FITC-RG3K would be observed at each end of the cell, and in cells with a 

replicated/segregated nucleoid. To distinguish a dividing cell from single, non-dividing 

cells and understand the spatial distribution of the dendrons, PAO1 cells were exposed to 

FITC-RG3K and stained with the nucleic acid dye, DAPI (Figure 6.9a). Analysis using 

CLSM, operated in fluorescence and bright-field modes, revealed that nucleoids were 

evenly distributed inside the cytoplasm of single PAO1 cells in both the control and FITC- 

RG3K-treated cells. The stained nucleoids showed minimal signs of segregation. 

Additionally, the cell membranes maintained their integrity post-exposure to FITC-RG3K. 

Cells exhibited defined boundaries with no obvious signs of membrane segregation, 

concomitant damage, rupture or the formation of membrane debris. To further demonstrate 

that cell division was not influencing the distribution of FITC-RG3K, the total DNA yield 

was monitored during the exposure period. The data was normalised and expressed as total 

DNA (ng) per 1 x 10
7 
CFU. As shown in Figure 6.9b, total DNA yields in both control and 

 

FITC-RG3K-treated cells were comparable across all time-points (P > 0.05). Specifically, 

the change in yield from 195 to 170 ng/10
7 

CFU after a 24h exposure to FITC-RG3K was 

not significant (P > 0.05), indicating that cells are not undergoing division at the 

investigated time-points. 



177  

 
 
 
 
 
 
 

Total DNA (ng) per 1 x 107 CFU 

Control FITC-RG3K 

F
IT

C
-R

G
3

K
 

C
o

n
tr

o
l 

 

(a)  
DAPI  Bright-field  Merge   FITC-RG3K 

Zoom factor: 5 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 

Time (h) 
 
 

0 214 ± 18.7 195 ± 78.7 

24 211 ± 51.5 170 ± 20.9 
 
 

Figure  6.9.  Micrographs  showing  single,  non-dividing  cells  of  P.  aeruginosa  stained  with 

DAPI  after  exposure  to FITC-labelled  RG3K.  Overnight  cultures  of PAO1 were exposed  to 

FITC-RG3K (0.8 mg/mL in PBS) for 24h at 37°C. After incubation, cells were washed with PBS, 

stained with DAPI and visualised using CLSM operated in fluorescence and bright field modes (a). 

Control  received  no FITC-RG3K.  Blue  areas  represent  DAPI-stained  nucleoids.  Bars  represent 

7.5µm. Magnification at 100x (with zoom factor of 5). Total DNA and viability were determined 

using the Nanodrop 2000 (Section 2.2.1) and CFU counts, respectively, before (0h) and after (24h) 

addition of FITC-RG3K (b). Data represent mean ± SD; n = 3. P-value > 0.05 (0h vs. 24h); Two- 

tailed t-test. 
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6.3.6               Release of fluorescent-labelled G3 dendrons 
 
 

The release of FITC-RG3K from PAO1 biofilms was monitored over a period of 6h to 

identify its maximum retention time. Biofilms were initially exposed to FITC-RG3K for 

either 2h or 24h (Section 6.3.4, Figure 6.7). 

 
The relative uptake (Figure 6.7) and release (Figure 6.10a-b) of FITC-labelled RG3K at 

time 0h was compared in biofilms exposed to dendrons for 2h. Approximately 73% and 

52% of biofilm-associated RG3K were utilised by cells exposed to FITC-RG3K at 0.4 and 
 

0.8 mg/mL, respectively. Free, unused RG3K were rapidly released from the biofilm, as 

indicated  by  a  significant  reduction  in  fluorescence  signal  within  the  first  hour  of 

incubation (P ≤ 0.001). As a result, the signal decreased from 2476 to 808 AU in biofilms 

exposed to 0.8 mg/mL FITC-RG3K, and up to 95% of FITC-RG3K was released within 3h 

of incubation. Little to no release was noted at the later time points (≥ 4h). Such rapid 

release profiles suggest that the initial 2h uptake/exposure period allows FITC-RG3K to 

only weakly associate with PAO1 biofilms, and its association is easily reversible. 

 
The rate of FITC-RG3K release appeared to negatively correlate with the uptake period. 

Increasing this period from 2h to 24h reduced the release rate (Figure 6.11a-b). Here, there 

were no significant changes in released FITC-fluorescence over the first 2h of incubation 

in biofilms exposed to FITC-RG3K at 0.4 mg/mL and 0.8 mg/mL (P > 0.05). This slow 

and gradual excretion of free, unused FITC-RG3K meant that ≤ 70% was released within 

3h of incubation, a value that was at least 1.4-fold lower than in biofilms exposed to FITC- 

RG3K for 2h. Such findings indicate that after a 24h exposure, FITC-RG3K is either (i) 

strongly associated with PAO1 biofilms and its association cannot be rapidly reversed, or 

(ii) the majority is utilised and thus a low number of free FITC-RG3K is available for 

release. The latter supports findings presented earlier in this chapter, in Figure 6.7. 

Although differences in release rates were observed between biofilms exposed to FITC- 

RG3K for 2h and 24h, particularly within the first 2h of incubation, the release profiles of 

biofilms treated with 0.4 mg/mL and 0.8 mg/mL were comparable. This provides further 

evidence of dose-independent uptake/release at the investigated concentrations. 
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Figure 6.10. Release  of FITC-labelled  RG3K from biofilms  of P. aeruginosa  exposed  to G3 dendrons  for 2h. Biofilms of PAO1, grown in 

polystyrene 96-well plates for 24h prior to experiment, were exposed to FITC-RG3K (0.4 or 0.8 mg/mL in M-M63 medium) for 2h. Biofilms were 

washed and incubated in PBS for a further 6h at 37°C to monitor the release of FITC-labelled RG3K. Fluorescence was measured at an excitation and 

emission wavelength of 485/20 and 528/20 nm, respectively. Background values containing FITC-labelled RG3K were subtracted before calculations. 

Blank, FITC-RG3K with no PAO1 cells. Data represent mean ± SD; n = 4. * P-value ≤ 0.001 (vs. release at t0h); Two-tailed t-test. 
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Figure 6.11. Release of FITC-labelled  RG3K from biofilms of P. aeruginosa exposed to G3 dendrons for 24h. Biofilms of PAO1, grown in 

polystyrene 96-well plates for 24h prior to experiment, were exposed to FITC-RG3K (0.4 or 0.8 mg/mL in M-M63 medium) for 24h. Biofilms were 

washed and incubated in PBS for a further 6h at 37°C to monitor the release of FITC-labelled RG3K. Fluorescence was measured at an excitation and 

emission wavelength of 485/20 and 528/20 nm, respectively. Background values containing FITC-labelled RG3K were subtracted before calculations. 

Blank, FITC-RG3K with no PAO1 cells. Data represent mean ± SD; n = 4. * P-value ≤ 0.001 (vs. release at t0h); Two-tailed t-test. 



181  

L
o

g
 C

F
U

/m
L

 

 
 

6.3.7               Viability of planktonic P. aeruginosa cells 
 
 

The viability of planktonic PAO1 cultures was determined using CFU counts to identify 

any changes in growth kinetics, and assess the bacterium’ sensitivity to FITC-labelled 

RG3K during its uptake (Figure 6.12). Addition of 0.8 mg/mL FITC-RG3K at the mid- 

exponential phase did not alter the growth kinetics of PAO1 over a period of 24h. The 

endpoint cell density at 24h in untreated and FITC-RG3K-treated PAO1 was 2.7 x 10
9 

and 

4.4 x 10
9 

CFU/mL, respectively (P > 0.05). Thus, FITC-RG3K is unlikely to have induced 

significant damage on the integrity of the bacterial membrane during its uptake into 

planktonic cells. 
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Figure  6.12. Viability  of planktonic  P. aeruginosa  during  uptake  of FITC-labelled  RG3K. 

Mid-exponential  phase cultures of PAO1 (indicated by red arrow) were exposed to FITC-RG3K 

(0.8 mg/mL in NB medium) for 24h at 37°C, with agitation at 120 rpm. Viability was determined 

using CFU/mL counts. Data represent mean ± SD; n = 3. P-value > 0.05 (PAO1 vs PAO1 + 

FITC/RG3K); Two-tailed t-test. 
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6.3.8               Viability of biofilm-encased P. aeruginosa cells during uptake 
 
 

The viability of biofilm-encased PAO1 was determined during uptake to assess whether 

the decrease in biofilm-associated FITC-RG3K (see Figure 6.7) was caused by a reduction 

in cell number. CFU counts were obtained after exposing pre-established PAO1 biofilms to 

FITC-RG3K for 2h, 12h and 24h (Figure 6.13). The CFU count gradually increased over 

time in both the untreated control and FITC-RG3K-treated biofilms (P > 0.05). The cell 

density in FITC-RG3K-treated biofilms increased from 2.0 x 10
7  

CFU/mL to 4.0 x 10
7
 

CFU/mL and 6.6 x 10
7 

CFU/mL by 12h and 24h, respectively (P < 0.01). Therefore, the 
 

increase in exposure time from 2h to 12h and 24h did not induce cell detachment or reduce 

the number of cells available for FITC-RG3K association. These findings further suggest 

that PAO1 biofilms utilise FITC-RG3K over time. 
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Figure  6.13.  Viability  of  biofilm-encased  P.  aeruginosa  during  uptake  of  FITC-labelled 

RG3K. Biofilms of PAO1 were exposed to FITC-RG3K (0.8 mg/mL in M-M63 medium) for 2, 12 

or 24h at 37°C. After incubation,  cells were washed  and detached  from the polystyrene  plates. 

Viability was determined using CFU/mL counts. Data represent mean ± SD; n = 3. * P- value < 

0.01. P-value > 0.05 (FITC-RG3K [2h, 12h or 24h uptake] vs. untreated PAO1 control); Two-way 

ANOVA. 
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6.3.9               Viability of biofilm-encased P. aeruginosa cells during release 
 
 

The viability of biofilm-encased PAO1 was also determined during the release of FITC- 

labelled RG3K to (i) assess the sensitivity of PAO1 in isotonic medium with no nutrients 

(i.e. PBS), and (ii) confirm that the steady release of dendrons was independent of cell 

lysis. 

 
CFU counts were obtained every hour for 6h in parallel with the release study (Table 6.1). 

In both biofilms exposed to FITC-RG3K for 2h or 24h, the CFU counts were comparable 

across all time-points investigated during the release period (P > 0.05). In addition, there 

were no significant fluctuations to the number of viable cells during periods of maximum 

release (i.e. within the first 3h of incubation). The cell density at the start of the release 

period in biofilms exposed to FITC-RG3K for 2h decreased by only 0.6 x 10
7 

CFU/mL 

over 6h (Table 6.1a). Similarly, a reduction of only 0.1 x 10
7  

CFU/mL was noted in 
 

biofilms exposed to FITC-RG3K for 24h (Table 6.1b). Both of which were not significant 

when compared to the untreated PAO1 control (P > 0.05). These findings therefore suggest 

that isotonic medium does not increase the sensitivity of PAO1 to FITC-RG3K or induce 

dendron-associated cell lysis during the investigated time-points. 
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Table 6.1. Viability (CFU/mL) of biofilm-encased P. aeruginosa during release of 

FITC-labelled RG3K in PBS 
(1)

. 
 

 

(a) Release of FITC-RG3K after 2h uptake 
 

CFU (x 10
7
)/mL 

Release time (h)      
 

 

 
0 

Control 
 

2.0 ± 0.40 

FITC-RG3K: 2h uptake 
 

1.7 ± 0.64 

1 3.5 ± 0.31 1.3 ± 0.28 

2 5.9 ± 0.20 5.6 ± 0.23 

3 4.2 ± 0.64 4.9 ± 0.50 

4 1.3 ± 0.16 5.5 ± 0.21 

5 3.6 ± 0.41 7.5 ± 0.22 

6 2.8 ± 0.11 1.1 ± 0.18 

 

 
(b) Release of FITC-RG3K after 24h uptake 

 

CFU (x 10
7
)/mL 

Release time (h)      
 

 

 
0 

Control 
 

7.8 ± 0.66 

FITC-RG3K: 24h uptake 
 

8.1 ± 0.62 

1 5.3 ± 0.21 6.2 ± 0.20 

2 6.9 ± 0.18 7.5 ± 0.31 

3 6.8 ± 0.52 5.2 ± 0.35 

4 9.6 ± 0.82 7.6 ± 0.12 

5 7.5 ± 0.42 8.6 ± 0.32 

6 7.1 ± 0.15 8.0 ± 0.19 

(1) 
Biofilms of PAO1 were exposed to FITC-RG3K (0.8 mg/mL in M-M63 medium) for (a) 2h or 

(b) 24h. After incubation,  cells were washed and incubated  in PBS for a further 6h at 37°C to 

monitor the viability of PAO1 during release of FITC-labelled RG3K. Data represent mean ± SD; n 

=  3.  P-value  >  0.05  (FITC-RG3K  [2h  or  24h  uptake]  vs.  untreated  PAO1  control);  One-way 

ANOVA. 
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6.4       Discussion 
 
 

Studies assessing interactions between cationic peptides and bacterial cells have provided 

an insight into the potential site of action of biomolecules, in addition to their final cellular 

targets 
[387]

. Most often, interaction studies have employed the use of fluorescence 

techniques such as flow cytometry and confocal microscopy to assess the integrity of the 

outer/cytoplasmic  membrane  post-treatment  
[326,  338,   340]

,  and  to  monitor  the  spatial 

distribution and internalisation of labelled peptides 
[327, 328, 387]

. Such techniques thus play 
 

an integral role in elucidating the mechanism of action of novel agents. In this chapter, G3 

dendrons were labelled with a fluorescent probe, FITC, and their ability to associate with 

planktonic and biofilm-encased P. aeruginosa cells, their spatial distribution/potential site 

of action in P. aeruginosa, and their maximum retention time in P. aeruginosa biofilms 

were investigated. Fluorescent-labelled RG3K was applied here at two concentrations (0.4 

and 0.8 mg/mL). Studies were carried out in parallel at these two concentrations to identify 

any dose-dependent differences. The overall aim of this work was to therefore investigate 

the interactions between G3 dendrons and planktonic/biofilm-encased P. aeruginosa cells. 

 
Fluorescent labelling of biomolecules allows the real-time detection and tracking of a 

biomolecule at the cellular level 
[383]

. Such marker technologies display a wide range of 

applications in fluorescence microscopy, flow cytometry and immunofluorescence-based 

assays. Fluorophores can be conjugated to a number of accessible peptide moieties. Sites 

include the N-terminal amino group, epsilon amino group, guanidinyl group or the C- 

terminal carboxy group of peptide-based molecules rich in lysine or arginine. Fluorescein 

derivatives are perhaps the most widely used fluorescent probes, due to their reactivity and 

convenient introduction during the chemical synthesis of peptides. As detailed in Chapter 

3, the synthesis of G3 dendrons is carried out from the C- to the N-terminal 
[297]

. It is 
 

generally recommended that any fluorescent probes be conjugated to the N-terminus, so 

that only complete chains are labelled. The fluorescein derivative FITC was therefore 

selected, as it is an amine-reactive probe 
[385]

. It can react with the alpha or epsilon amines 

of lysine, or the guanidinyl side chain of arginine after selective unmasking of protecting 

groups (i.e. removal of Fmoc groups). This fluorophore also exhibits a high quantum yield, 

as well as being more reactive than its carboxy fluorescein derivative. 
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The SPPS method, described in Chapter 3 for the synthesis and cleavage of G3 poly (ε- 

lysine) dendrons, allowed the optimisation of an on-resin fluorescent labelling strategy. 

The speed and simplicity of SPPS meant that it could be easily modified to allow the 

introduction of FITC at the N-terminus of G3 dendrons, in a manner similar to coupling of 

amino acids. FITC occupied more than 50% of free amine molecules when added at a 5 

equiv. to G3 dendrons (Figure 6.4), reducing the net charge from +16 to +8. The reduction 

in net charge is perhaps a limitation of this study as it may have reduced the overall 

activity of G3 dendrons. This could be avoided in future studies by using a C-terminal 

active fluorophore. Examples include fluoresceinamine (or 5-aminofluorescein), which is 

similar to  FITC and  fluoresces at  an  excitation and  emission of  489nm and  519nm, 

respectively 
[388]

. Moreover, fluoresceinamine contains a reactive amine group, which may 
 

therefore be conjugated at the carboxy side of the arginine residue to avoid any changes to 

the net charge. The use of C-terminal active fluorophores must, however, be done with 

caution, as the hyperbranched structure of G3 dendrons is likely to impede access to the 

moiety. This may notably reduce the coupling efficiency, given that there is only one 

available carboxyl group per molecule. Thus, the fluorescence emission would be distorted 

or not detected. As shown in Figure 6.4, increasing the FITC to RG3K ratio to 10:1 did not 

significantly enhance the coupling efficiency. It is presumed that G3 dendrons reached the 

maximum capacity to which FITC can be added 
[305]

. Additionally, the close proximity of 
 

conjugated FITC at the periphery is likely to have shielded the remaining free amines. 

Therefore, a 5 equiv. of FITC to G3 dendrons was subsequently used to avoid aggregation 

and the possibility of steric hindrance. 

 
Several studies have shown that cationic agents bind to the anionic surface of bacterial 

cells, often within minutes to hours of encounter 
[383, 387]

. Similarly, being a polycationic 

molecule, G3 dendrons were expected to strongly bind to bacteria. Indeed, G3 dendrons 

were found to rapidly associate with planktonic P. aeruginosa cells (Figure 6.6a). The fast 

binding kinetics of G3 dendrons also appeared to correlate with the rate of proliferation 

(Figure  6.12).  Maximum  association  was  achieved  during  the  exponential  to  early 

stationary phase of growth (i.e. between 3h and 18h). During this period, G3 dendrons did 

not induce any signs of cell death, which often occurs as a consequence of pore formation 

in the membrane 
[329, 339]

. Thus, the function of the outer membrane is unlikely to have 

been significantly impaired during association. Additionally, cell-associated fluorescence 
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did not decrease despite several washes with PBS, indicating that G3 dendrons were 

strongly associated with the surface and/or internalised by cells. It is also presumed that the 

little to no change in cell-associated fluorescence between 18h and 24h was either a 

reflection of (i) minimal changes in proliferation and the number of available cells, or (ii) a 

saturation of the available binding sites. The latter is often a distinctive feature of cationic 

agents 
[327]

. Interestingly, conjugation of approximately 50% of amine terminals with FITC 

also diminished the ability of G3 dendrons to induce a two-log reduction in viability and 

halt the growth of planktonic P. aeruginosa cells. This contrastingly was a characteristic 

attribute of the parent dendrons with free/unmasked amine terminals (RG3K-NH2, as 

demonstrated in Figure 4.7 and Figure 4.8). Such findings highlight the importance of N- 

terminal amine groups, and suggest that a net charge of more than +8 is necessary to 

achieve full dendron activity. This provides further justification for the use of G3 dendrons 

as opposed to lower generations, since the net charge of G1 and G2 is +4 and +8, 

respectively. The reduction in activity is also in agreement with previous studies using 

PAMAM-NH2   dendrimers,  where  activity  was  lost  upon  partial  conjugation  of  the 

peripheral groups with poly (ethylene glycol) 
[267, 268]

. 
 
 

Cationic agents often face greater difficulties when interacting with established biofilms 

than planktonic cells 
[251, 252]

. For instance, the presence of an EPS matrix can restrict 

penetration and  so  impair  the  interaction between  the  highly  branched dendrons  and 

encased cells. The partial shielding of amino groups (as discussed earlier) can further 

reduce the direct interactions of the peripheral amino groups with the bacterial cell 
[267]

. 

Despite  this,  FITC-labelled  G3  dendrons  were  able  to  associate  with  P.  aeruginosa 

biofilms, highlighting their ability to penetrate pre-established biofilms. This is particularly 

significant as some antimicrobial agents such as tobramycin often fail to access biofilm- 

encased P. aeruginosa cells 
[389]

. Interestingly, a reduction in biofilm-associated 

FITC/dendron fluorescence was noted over the course of incubation (Figure 6.7), but 

accompanied by an increase in cell number (Figure 6.13). It is thus proposed that as a 

consequence of this increase in cell number, P. aeruginosa biofilms vigorously exploit and 

utilise the available G3 dendrons. The studies presented here also shed light on how G3 

dendrons exhibit the anti-biofilm activity presented in Chapter 5. Their ability to associate 

with the biofilm within only 2h of incubation may have altered the biofilm structure and 

thus, the susceptibility to antibiotics. Indeed, studies in Chapter 5 showed that G3 dendrons 
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disrupt the production of the EPS matrix (Figure 5.8) and enhance the efficacy of 

ciprofloxacin (Figure 5.6). 

 
Cationic  agents  are  well-known  permeabilisers  that  can  distort  and  disorganise  the 

bacterial membrane 
[338, 383, 387]

. In particular, peptide dendrimers with multiple amino 

termini, namely H1 (Leu8 (Lys-Leu)4 (Lys-Phe)2 Lys-Lys-NH2) have been shown to 

disassemble membrane lipids 
[254]

. Whilst, exposure to ε-PL peptide has permeabilised the 

membrane of E. coli, causing it to fold and form vesicles/micelles 
[339, 340]

. Studies on ε-PL 

peptide have however dismissed the possibility of cytoplasmic targets and identified the 

bacterial membrane as the sole target site 
[340]

. This linear cationic polypeptide presents 

many similar properties to G3 dendrons (e.g. the repeating lysine sub-units). Thus, 

accumulation  of   fluorescent-labelled  dendrons   in   the   membrane  was   anticipated. 

Interestingly, G3 dendrons were found to translocate the bacterial membrane and exhibit 

intracellular polar localisation (Figure 6.8). Such distinct sites of localisation have only 

recently been reported in B. subtilis and E. coli, after exposure to a cyclic 

arginine/tryptophan-rich hexapeptide (cyclo[Arg-Arg-Arg-Trp-Phe-Trp]) 
[390]

. Although 

masking approximately 50% of amine terminals with FITC reduced the activity of G3 

dendrons,  it  did  not  impair  their  cell-penetrating capacity.  Like  many  other  cationic 

peptide-based agents 
[340, 375]

, G3 dendrons are likely to have entered P. aeruginosa cells by 

a self-promoted uptake pathway. 
 

 

The cell poles –the rounded ends of rod-shaped cells that are generated by each division 

event–  constitute  important  platforms  for   cellular  regulation  
[391]

.  This  is  where 

fundamental processes such as cell cycle progression, cellular differentiation, virulence, 

chemotaxis and growth of appendages occur 
[392]

. Proteins, involved in such events, are 

localised to either one or both poles, and at the division planes (known as the septum) 
[393]

. 

In  terms  of  cationic  agents,  several  non-lytic  cell-penetrating  peptides  can  have 

intracellular targets 
[325-328]

. It was thus proposed that G3 dendrons accumulate at the poles 

to interfere with such events. Indeed, studies presented in Chapter 4 showed that G3 

dendrons reduce the synthesis of total RNA (Figure 4.9) and proteins (Figure 4.11) over 

time. 
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As  discussed  earlier  in  this  chapter,  most  cationic  agents  including  cell-penetrating 

peptides 
[338, 383, 387] 

and ≥G3 amino-terminated dendrimers 
[254] 

induce cell death via one of 

three mechanisms of pore formation. Cells treated with FITC-labelled G3 dendrons 

exhibited evenly distributed nucleoids, with defined boundaries and no obvious signs of 

membrane damage (Figure 6.9a). The sustained viability during localisation provided 

further evidence that FITC-labelled G3 dendrons do not impair the outer membrane before 

reaching  the  cytoplasm  (Figure  6.9b).  However,  it  is  difficult  to  draw  conclusions 

regarding the mode of action of amine-terminated G3 dendrons and whether they 

compromise   P.   aeruginosa   via   the   barrel-stave,   carpet,   toroidal-pore  or   another 

mechanism; since labelling with FITC occupied their amine terminals and eliminated their 

bacteriolytic effects (Figure 6.12). Future studies may explore the possibility of dendron- 

(±NH2 terminals)-induced outer membrane permeabilisation using the fluorescent probe 1- 

N-phenylnaphthylamine 
[394]

. This dye is excluded from bacteria with an intact outer 

membrane, but exhibits an increase in fluorescence after partitioning into disrupted outer 

membranes 
[338, 394, 395]

.
 

 

 

The length of time G3 dendrons are retained by the cells provides a more thorough 

investigation of their activity. It highlights the extent/strength of association with the 

bacterial cell, as well as the period during which they exhibit maximum effects before 

excretion. The latter is particularly useful if the uppermost branching generation of G3 

dendrons is functionalised with bioactive molecules that increase their potency. Examples 

may include antibiotics 
[396, 397]  

or molecules that target specific aspects of virulence 
[253,

 
 

271]
, such as the synthesis of autoinducers 

[253]
. In this regard, unexploited/free G3 dendrons 

were rapidly released from P. aeruginosa biofilms within the first 3 hours of incubation 

(Figure 6.10 and Figure 6.11). However, the rate of release was dependent on the period of 

association. G3 dendrons were weakly bound to P. aeruginosa biofilms after a 2h exposure 

and its association was reversible, but more strongly associated after 24h. As discussed 

earlier, this increase in exposure period was accompanied by an increase in cell number 

(Figure 6.12). Cellular proliferation was thus thought to promote the utilisation of G3 

dendrons. This may explain why lower amounts of unused G3 dendrons were available for 

release after a 24h exposure period. 
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The release of G3 dendrons was independent of cell lysis (Table 6.1a-b). Interestingly, 

studies by Hancock and co-workers have shown that cationic agents such as the cyclic 

decapeptide gramicidin S can depolarise the cytoplasmic membrane without inducing cell 

lysis/death 
[338, 398]

. Depolarisation causes a change in the overall charge of the cell from 

negative to slightly positive. Thus, the cells are no longer able to retain the cationic agent. 

The rapid release of FITC-labelled G3 dendrons, as demonstrated in Figure 6.10 and 

Figure 6.11, was perhaps due to depolarisation of the cytoplasmic membrane. To test this 

hypothesis, future studies may investigate the ability of P. aeruginosa to maintain a proton 

motive force across the cytoplasmic cell membrane. This process facilitates the production 

of ATP, where the main component is an electrical potential gradient. Thus, a membrane 

potential-sensitive fluorescent probe such as 3,5-dipropylthiadicarbocyanine (DiSC3 (5)) 

may be used 
[338]

. The DiSC3 (5) dye accumulates in healthy polarised cytoplasmic cell 
 

membranes and becomes self-quenched. However, agents that depolarise the membrane 

electrical potential lead to release of DiSC3 (5) from the cytoplasmic membrane and 

subsequent increase in fluorescence 
[341]

. Considering the role of the proton motive force in 

ATP generation, depolarisation may explain the marked reduction in ATP that was noted 

in earlier chapters (Figure 4.8). 
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6.5       Conclusions 
 
 

In this chapter, G3 poly (ε-lysine) dendrons were labelled with a fluorescent probe, FITC, 

at the N-terminal of branching generations. Fluorescent-labelled G3 dendrons were then 

investigated for their ability to interact with planktonic and biofilm-encased P. aeruginosa 

cells. Fluorescence techniques such as confocal microscopy were successfully applied to 

visualise the location of G3 dendrons, whilst quantifying its uptake and release. G3 

dendrons were able to rapidly associate with planktonic cells and established biofilms of P. 

aeruginosa over time. Proliferating biofilms were also able to exploit the dendrons, leaving 

very  little  unexploited  agents.  The  ability  of  G3  dendrons  to  translocate  the  outer 

membrane of P. aeruginosa and exhibit intracellular polar localisation in the cytoplasm 

highlighted their cell-penetrating capacity. The latter was also accompanied by an apparent 

lack of membrane permeabilisation, pore formation and morphological alterations. This 

suggested a site of action that differs from the predominant representation of other cationic 

agents (e.g. ε-PL peptides). Further investigation revealed the rapid release of unused, free 

G3 dendrons from P. aeruginosa biofilms and demonstrated their maximum retention time. 

 
Overall, the uptake, spatial distribution and release profiles of G3 dendrons provided an 

insight into their potential site of action in P. aeruginosa. 
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CHAPTER 7: Inhibition of quorum sensing in wild-type 
 

P. aeruginosa and the double lasI rhlI mutant derivative 
 
 
 
 
 

7.1       Introduction 
 
 

7.1.1               Quorum sensing 
 
 

The complete genome of P. aeruginosa has been sequenced over the last two decades, 

where approximately 5,688 genes have been identified 
[399, 400]

. This, together with the 

availability of high-density oligonucleotide arrays (specifically, Affymetrix P. aeruginosa 

genome GeneChip) has permitted the global gene expression profiling of strain PAO1. 

Research has indicated that genes regulated by QS constitute more than 10% of this 

genome 
[177, 178]

. As discussed in Chapter 1, P. aeruginosa coordinates a significant degree 

of its virulence mechanisms using QS 
[12, 14]

. Several QS signalling pathways, las 
[149]

, rhl 

[150]
, pqs 

[151] 
and iqs 

[152]
, have been described (Figure 1.5 and Figure 7.1). 
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Figure 7.1. Schematic representation  of the four quorum sensing networks in P. aeruginosa 

with respect to their regulated virulence factors. At a high cell density, the autoinducing signals, 

3-oxo-C12-HSL  (●), IQS (u),  C4-HSL  (▲) and PQS (n) bind to their cognate  receptors,  LasR, 

RhlR IqsR and PqsR, respectively. These complexes activate genes that encode for virulence factor 

production. OM, outer membrane. 
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In the las network, LasI synthesises 3-oxo-C12-HSL 
[155, 156, 159]

. This binds to and activates 

its transcriptional regulator, LasR. Binding of AHLs stabilises LasR, allowing it to fold 

and activate the transcription of target genes 
[161]

. These genes include those encoding for 

LasA protease, LasB elastase, exotoxin A and LasI itself 
[118]

. The LasR/3-oxo-C12-HSL 

complex also regulates the expression of rhlI 
[164]

. RhlI synthesises an autoinducer 

composed of a four-carbon chain, C4-HSL. This behaves in a similar manner to 3-oxo-C12- 

HSL in the LasI/LasR circuit, whereby C4-HSL binds to its regulator RhlR. This complex 

activates a range of target genes that include those encoding for the production of elastases, 

rhamnolipids, pyocyanin and RhlI itself 
[161, 163]

. A second level of control also exists in the 

rhl circuit where 3-oxo-C12-HSL prevents the binding of C4-HSL to its cognate regulator, 

RhlR 
[164]

. In the third system, the production of its autoinducer PQS is controlled by PqsA, 

PqsB, PqsC, PqsD and PqsH 
[151, 165]

. These are encoded on a single operon. The 

autoinducer signal forms a complex with its regulator (PqsR/PQS) and auto-initiates the 

synthesis of PQS. It also activates the expression of rhlI and rhlR, and subsequently, target 

genes such as those encoding for pyocyanin production 
[169]

. Recently, a fourth system 

named iqs was identified 
[152]

. It utilises 2-(2-hydroxyphenyl)-thiazole-4-carbaldehyde 

signal molecules, and regulates the expression of rhamnolipids and pyocyanin. For a more 

detailed description of QS systems in P. aeruginosa, refer back to Section 1.4. 
 
 

The activity of QS, however, varies during bacterial development 
[104]

, and is often affected 

by  growth  conditions  
[178]

.  The  las  system,  for  example,  is  known  to  regulate  the 

expression of more than 150 target genes 
[161, 178]

. Transcriptome analysis studies have 

identified the stages of growth at which QS-controlled genes are expressed in planktonic 

cultures, in vitro 
[178]

. More than 240 genes have been identified as being QS-regulated at 

the  mid-exponential  phase,  whereas  approximately  450  genes  including  rhamnolipid- 

encoding rhlA and rhlB are expressed at the early-stationary phase. 
 
 

7.1.2               QS-controlled virulence factors 
 
 

After initial adhesion to surfaces (which was thoroughly investigated in Chapter 5), P. 

aeruginosa produces extracellular products with the aim of causing extensive cell and 

tissue damage. More than thirty extracellular QS-regulated virulence factors have been 

described in P. aeruginosa to date 
[14]

. Among these are enzymes (e.g. proteases and 
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elastases) 
[51, 119, 121, 192]

, biosurfactants (e.g. rhamnolipids) 
[126] 

and toxins (e.g. pyocyanin) 

[135, 136, 139-141]
. The QS autoinducers can themselves be considered as virulence factors. 

Three, namely 3-oxo-C12-HSL, C4-HSL and PQS, have been detected in patients that 

present with chronic P. aeruginosa infections 
[67, 187-189]

. Sputa samples from cystic fibrosis 

patients, bronchoalveolar lavage fluid, tracheal aspirates, and intubated devices are among 

the several sites from which autoinducers have been isolated 
[188, 401]

. Both 3-oxo-C12-HSL 

and PQS have been shown to modulate the host immune response to favour the survival of 

P. aeruginosa during infection 
[190-193]

. For a more detailed review of virulence factors 

regulated by QS, refer to Chapter 1 (Section 1.3 and 1.4). 
 

 

Each virulence factor induces different effects that often change the host cell physiology 

and even compromise their function. However, the pathogenesis of P. aeruginosa is not 

related to a single virulence factor. It is the interaction between different virulence factors, 

leading from efficient colonisation to activation of local and systemic inflammatory 

responses, that causes tissue destruction. Examples of the most extensively studied 

virulence factors and their effects on the host are summarised in Table 7.1. Attenuation of 

a variety of virulence factors at either the transcriptional or translational level is therefore a 

very desirable achievement, as it reduces the overall pathogenicity and virulence of P. 

aeruginosa. The latter is thoroughly investigated in this chapter using G3 dendrons as 

potential novel inhibitors of virulence. 



 

 

 
 
 
 

Table 7.1. Examples of QS-regulated virulence factors produced by P. aeruginosa and their effects on the host during infection. 
 
 

Gene Protein/virulence factor Effects on host during infection Ref. 
 

lasI Signal 3-oxo-C12-HSL Suppresses the host immune response by inhibiting the production of TNF-α 
(1)

; 
 

Induces apoptosis in neutrophils 
(2) 

and macrophages 
(3)

. 

[192] 

 

lasA Protease Creates incisions within elastin; 
 

Disrupts the respiratory epithelial barrier by targeting tight junctions. 
 
lasB Elastase Degrades elastin, fibrin and collagen; 

 

Causes an imbalance between pro-/activated matrix-metalloproteinase and its inhibitor 
(4)

. 

 
[119, 121] 

[52, 120] 

 

rhlAB Rhamnolipids Induce necrosis of polymorphonuclear leukocytes and macrophages; 

Cause haemolysis of red blood cells; 

Induce ciliostasis of airway epithelial when secreted on colonised biotic surfaces; 
 

Interfere with cellular exchange processes, causing disruptions to intercellular junctions. 

 
 

 
[126-129, 402] 

 

pqsA-D Signal PQS Suppresses the host immune response by reducing the expression of NF-κB targeted genes 
(5)

. 
[193]

 

 

phzA-G;M Pyocyanin Produces reactive oxygen species that expose host cells to oxidative stress; 

Inhibits the beating of airway cilia; 

Suppresses neutrophil proliferation, which causes a delayed inflammatory response to 

P. aeruginosa infections. 

 
 
[136, 139-141] 

 
(1) 

TNF-α, tumour necrosis factor-alpha is an inflammatory cytokine that induces a response to infection. 
(2-3) 

Neutrophils and macrophages are cells involved in 

controlling infection. 
(2)  

Neutrophils release toxins such as hydrogen peroxide to destroy invading pathogens. 
(3) 

Macrophages ingest pathogens and pathogen- 

infected cells. 
(4) 

Matrix-metalloproteinase plays a role in wound healing. 
(5) 

NF-κB regulates the expression of cytokines and inhibitors of apoptosis. 

195 
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7.1.3               Detection and evaluation of QS inhibition 
 
 

As discussed in Chapter 1, natural and synthetic QS inhibitors of P. aeruginosa are well 

documented in the literature. Compounds that interfere with signal production (e.g. by 

targeting AHL precursors 
[156]

), the signal molecule (e.g. 3-oxo-C12-HSL 
[209]

) or the signal 

receptor (e.g. LasR 
[213, 217-220] 

or RhlR 
[222]

) are ideal candidates. Thus, it is not surprising 
 

that the number of patent applications for QS inhibitors has substantially increased in 

recent years. Approximately 40 patents currently exist in this field. This clearly reflects the 

growing interest in an anti-virulence non-antibiotic approach. 

 
The development of bacterial reporter strains is perhaps a contributing factor for the 

expansion of QS inhibition research. Reporter strains have been used to analyse the effects 

of potential inhibitors on individual QS-regulated gene expression and their global impact 

on QS networks 
[351]

. Such strains harbour constructs in which a gene of interest is fused to 

a  reporter  gene,  with  luciferase,  β-galactosidase (lacZ)  and  green  fluorescent protein 

fusions (gfp) being the most frequently used reporters. Alterations in response to potential 

inhibitors in the gene of interest are thus reflected as changes in reporter activity. Two 

types of lacZ reporter fusions are routinely constructed; transcriptional and translational 

fusions  
[403]

.  Transcriptional  fusions  join  a  regulatory  element  (i.e.  a  gene)  to  a 

promoterless lacZ gene containing its own translational start codon and ribosome-binding 

site. The resulting construct exhibits a single transcriptional unit, in which β-galactosidase 

activity is proportional to the rate of transcription of the gene cloned upstream of lacZ. For 

instance, transcriptional reporters have identified the anti-QS potential of several AHL 

analogues, where a downregulation of las-controlled genes was demonstrated 
[404]

. In 

contrast, translational fusions join a gene of interest directly to lacZ. Here, the reporter 

gene lacks both its transcriptional and translational start sites. The resulting construct 

exhibits a hybrid protein, in which β-galactosidase activity reflects the combined rate of 

transcription and translation of the gene studied. Such reporters have therefore been used 

to study the synthesis regulation of a given protein, and identify any post-transcriptional 

effects 
[227]

. 
 

 

The use of such reporters presents potential limitations, particularly when gene fusions are 

introduced  into   heterologous  systems  
[405]

.  Several  QS-controlled  genes,  such   as 
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rhamnolipid-encoding rhlA and pyocyanin-encoding phzA-G, are co-regulated by more 

than one QS network (i.e. the rhl and pqs system) 
[406]

. Thus, a change in regulation of one 

gene may reduce the activity of downstream genes. The metabolic activity of cells can also 

influence the expression of QS-genes, giving rise to false-positive QS inhibitors. 

Furthermore, potential QS inhibitors may have direct effects on the reporter phenotype 

rather than its regulation. Thus, it is important to assess the production of reporter 

phenotypes beyond the transcriptional level and at a non-growth inhibitory concentration. 

Adequate control experiments, such as complementation studies in QS-negative 

backgrounds, are therefore required in order to verify the effects of potential inhibitors on 

the reporter phenotype. 

 
7.1.4               Aims and objectives of chapter 

 
 

In this chapter, G3 poly (ε-lysine) dendrons were investigated for their ability to attenuate 

the expression and translation of QS-controlled virulence genes. Analysis of such traits 

was envisaged to provide an insight into the molecular targets of poly (ε-lysine) dendrons. 

The studies described herein were all conducted using concentrations of RG3K ≤ 0.8 

mg/mL, where the endpoint cell density was not affected. The experimental conditions 

were also optimised to limit the effects on growth kinetics, and thus prevent an indirect 

effect that can be falsely mistaken for a quorum quench. 

 
This chapter therefore aims to: 

 
 

i. Introduce transcription/translational reporter plasmids into wild-type P. aeruginosa 
 

PAO1 harbouring fusions of QS-controlled lasI, rhlI, lasB, rhlA, and pqsA genes; 
 

ii. Investigate the changes in gene expression profile of P. aeruginosa in response to 

treatment with G3 dendrons; 

iii. Explore the anti-virulence potential of G3 dendrons and their ability to disrupt the 

production of las/rhl/pqs-regulated virulence factors in P. aeruginosa PAO1; 

iv. Validate the effects of G3 dendrons in the lasI rhlI negative background, PAO- 

MW1, using exogenous AHL complementation. 
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7.2       Materials and methods 
 
 

7.2.1               Bacterial strains and plasmids 
 
 

P. aeruginosa PAO1 (wild-type) and PAO-MW1 (lasI rhlI mutant) were routinely grown 

in NB medium at 37°C, with agitation at 120 rpm. For reporter gene assays, plasmids 

pME3853 (lasI-lacZ), pME3846 (rhlI-lacZ), pLJR50 (lasB-lacZ), pECP60 (rhlA-lacZ), 

and pGX5 (pqsA-lacZ) were isolated from the host strain, E. coli DH5-α, as described in 

Section 2.2.2. Plasmid details can be found in Table 7.2. Tetracycline (Sigma Aldrich, UK) 

and  carbenicillin  (Fisher  Scientific,  UK)  were  added  to  cultures  at  125µg/mL  and 

200µg/mL, respectively, when plasmid selection was required. 
 
 

7.1.1               Preparation of synthetic AHLs 
 
 

Synthetic AHLs 3-oxo-C12-HSL (Sigma Aldrich, UK) and C4-HSL (Cayman Chemical, 

UK) were dissolved in N2-purged DMSO. Stock concentrations were prepared at 30mM 

and 60mM, respectively, and stored at -20°C. Stocks were diluted in experimental media. 

 
7.1.2               Transfer of plasmid DNA to P. aeruginosa 

 
 

Plasmids were introduced into PAO1 by either chemical transformation or electroporation 

depending on their molecular size. Plasmids of <10kbp (i.e. pLJR50, pECP60 and pGX5) 

were  introduced  using  the  MgCl2-CaCl2   chemical  transformation  method  detailed  in 

Sections  2.2.11  to  2.2.12  
[289]

.  Plasmids  >10kbp (i.e.  pME3853  and  pME3846)  were 
 

introduced by electroporation as described in Sections 2.2.13 to 2.2.14 
[290]

. A negative 

control received nuclease-free water instead of plasmid DNA. After transformation, SOC 

broth (medium composition detailed in Section 2.2.12) was immediately added to the cells. 

Cells were incubated at 37°C for 2h, with agitation at 250 rpm, to allow the cells to express 

the antibiotic resistance marker that is encoded on the plasmid. After recovery, 200µL 

aliquots of each suspension were spread onto multiple LB agar plates containing the 

required antibiotics for marker selection. Plates were incubated at 37°C for 24h before 

transformant colonies were counted. The transformation efficiency was estimated by 

calculating the number of transformants per µg of plasmid DNA (Equation 2.2). 



 

 
 
 
 
 
 

Table 7.2. Plasmid vectors used throughout these studies. 
 
 

Plasmids Relevant genotype, antibiotic selection
(1-2) 

and characteristics Source and/or reference 
 

pME3853 lasI’-‘lacZ translational reporter fusion; Tc
r
 

 

pME6010 (pACYC117-pVS1 shuttle vector Tc
r
) with a 174bp lasI upstream 

fragment and translational lasI’-‘lacZ fusion containing the first 13 lasI codons. 
 

pME3846 rhlI’-‘lacZ translational reporter fusion; Tc
r
 

 

pME6010 (pACYC117-pVS1 shuttle vector Tc
r
) with a 666bp rhlI upstream 

fragment and translational rhlI’-‘lacZ fusion containing the first 14 rhlI codons. 
 

pLJR50 lasBp’-lacZ transcriptional reporter fusion; Cb
r
 

 

Contains nucleotides -190 to +4 of the lasB promoter region inserted into SmaI- 

HindIII-digested pQF50. 

 

pECP60 rhlA’-‘lacZ translational reporter fusion; Cb
r
 

 

pSW205 (translational lacZ fusion with ori for P. aeruginosa and E. coli) with a 

623bp rhlA promoter-containing fragment and translational rhlA’-‘lacZ fusion. 
 
pGX5 pqsA’-lacZ transcriptional reporter fusion; Cb

r
 

 

pQF50 (lacZ transcriptional fusion vector) carrying nucleotides -486 to +231 of 

the pqsA promoter region, relative to the pqsA transcriptional initiation site. 

Éric Déziel, INRS-Institut Armand-Frappier, 

Canada. 

Pessi et al., 2001. 
[284]

 

 
Éric Déziel, INRS-Institut Armand-Frappier, 

Canada. 

Pessi et al., 2001. 
[284]

 

 
Éric Déziel, INRS-Institut Armand-Frappier, 

Canada. 

Toder et al., 1994. 
[285]

 

 
Éric Déziel, INRS-Institut Armand-Frappier, 

Canada. 

Pesci et al., 1997. 
[164]

 

 
Éric Déziel, INRS-Institut Armand-Frappier, 

Canada. 

Xiao et al., 2006. 
[170]

 

 
(1)  

Antibiotic  selection  for  E.  coli  DH5-α  harbouring  plasmids:  Tetracycline  resistance  (Tc
r
)  15µg/mL;  Carbenicillin  resistance  (Cb

r
)  100µg/mL. 

(2) 
Antibiotic selection for P. aeruginosa strains harbouring plasmids: Tetracycline resistance (Tc

r
) 125µg/mL; Carbenicillin resistance (Cb

r
) 200µg/mL. 
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7.2.2               Restriction digest of plasmid DNA 
 
 

To verify the identity of plasmids pME3853, pME3846, pLJR50, pECP60 and pGX5 in 

PAO1, the antibiotic resistant colonies were picked and cultured under selection conditions 

at 37°C for 14-16h. Plasmid DNA was isolated from PAO1 using the Qiagen QIA Spin 

Miniprep Kit (Qiagen, UK), as described in Section 2.2.2. Plasmids were digested with 10 

units of restriction endonucleases (Section 2.2.7, Table 2.3). Intact and digested plasmids 

were analysed by gel electrophoresis, using a modified protocol described in Section 

2.2.10. Here, plasmid DNA was run on 0.7% (w/v) agarose gel (prepared in 1x TAE 

buffer) for 75 minutes at 85V. Commercial lambda DNA (0.2µg in a volume ≤5µL) was 

digested with HindIII and EcoRI for use as molecular weight standards. 

 
7.2.3               Planktonic growth curves 

 
 

Planktonic growth curves of PAO1 (±reporter gene fusions) or PAO-MW1 (±synthetic 

AHLs) were prepared as described in Section 2.1.3. Briefly, overnight cultures of PAO1 

(±reporter gene fusions) were diluted to an OD600  of 0.05 in NB medium and grown at 

37°C, with  agitation at  120  rpm. For  PAO-MW1, cultures were grown  to  the early- 
 

exponential phase (OD600  of ~0.06) or mid-exponential phase (OD600  of ~0.35) at 37°C, 

with agitation at 120 rpm. PAO-MW1 cultures were subsequently exposed to 3-oxo-C12- 

HSL (0.1mM) and C4-HSL (0.25mM) for 24h to induce the las and rhl QS networks. 

During incubation, aliquots were removed and the OD was measured. When required, CFU 

counts were obtained using the spread plate method described in Section 2.1.4. 
 

 

7.2.4               β-galactosidase activity assay 
 
 

β-galactosidase activity was measured in P. aeruginosa harbouring reporter gene fusions, 

using a modified protocol described by Miller 
[407]

. This assay reports changes in the 

transcriptional, or transcriptional and translational activity of genes associated with a β- 

galactosidase-encoding   lacZ   fusion.   When   active,   β-galactosidase   hydrolyses   the 

colourless substrate ortho-nitrophenyl-β-D-galactoside (ONPG) and releases ortho- 

nitrophenol, a yellow chromogenic product (Amax = 420). 
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Cultures of PAO1 were exposed to RG3K (0.8 mg/mL) at the late-exponential phase 

(OD600 of ~1.0) and incubated at 37°C, with agitation at 120 rpm for 24h. During 

incubation, an aliquot of culture (500µL) was recovered and centrifuged at 13,000xg for 10 

minutes, 4°C. The cell pellet was re-suspended in 500µL filter-sterilised Z-buffer (60mM 

Na2HPO4,   40mM   NaH2PO4�H2O,    10mM   KCl,   1mM   MgSO4�7H2O,    50mM   β- 
 

mercaptoethanol; pH 7.0). This eliminates the possibility of carbon sources (in the growth 

medium) interfering with β-galactosidase enzyme activity. A 100µL sample was used to 

determine the cell density by measuring the OD at 595 nm (Multiskan Ascent plate reader). 

Cell suspension was diluted in Z-buffer and equilibrated to 28°C. Then, 50µL chloroform 

and 25µL 0.1% SDS was added, and incubated at 28°C for an additional 30 minutes to 

permeabilise the cells. To initiate the assay, 200µL ONPG (Sigma Aldrich, UK; 4 mg/mL 

prepared in 0.1M phosphate buffer, pH 7.0) was added to each micro-centrifuge tube. A 

negative control with no cells was included to identify any spontaneous hydrolysis of 

ONPG. Reactions were monitored at 28°C and terminated by adding 500µL sodium 

carbonate  (Na2CO3,  1M)  when  a  yellow  colour  appeared.  The  addition  of  Na2CO3 

increases the pH from 7.0 to 11.0, resulting in enzyme inactivation. Start and end time of 

reaction (in minutes) was recorded. Cell debris was pelleted by centrifugation at 16,000xg 

for 10 minutes, and aliquots of supernatant (100µL) were transferred to a clear flat bottom 

96-well plate. Absorbance was measured at 405 nm (Multiskan Ascent plate reader), using 

the sterile medium negative control as blank. The assay was repeated three times, with four 

replicate samples each time. β-galactosidase activity was calculated using Equation 7.1. 
 

 

!". !. !!!!!. !"#"$%&'()"'*!!"#$%$#& = ! 
1000!!×!!!"!"# 

! !"#$%&'(!!"#!!  mins !!×!!!"#. !"##$!(!")!!×!!!"!"! 
 
 

7.2.5               Qualitative reverse transcription-polymerase chain reaction (RT-PCR) 
 
 

The effect of G3 dendrons on transcription of QS-regulated genes was further investigated 

using RT-PCR. Two-step RT-PCR was optimised to investigate the expression of multiple 

genes from a single RNA sample. Gene sequences were obtained from the Pseudomonas 

Genome Database (www.pseudomonas.com) 
[400]

. 
 
 

Cultures of PAO1 were exposed to RG3K (0.8 mg/mL) at the late-exponential phase 
 

(OD600 of ~1.0). Cultures were incubated at 37°C, with agitation at 120 rpm for 24h. Total 
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RNA was extracted using RNeasy Mini Kit (Qiagen, UK) with on-column DNA digestion 

as detailed in Section 2.2.3. RNA concentration was determined the Nanodrop 2000, and 

10 ng of RNA was used as a template to synthesise cDNA. The latter was conducted using 

the QuantiTect Reverse Transcription Kit (Qiagen, UK; Section 2.2.8). Primer sequences 

are shown in Table 7.3. Target genes were amplified using the PCR cycling conditions 

detailed in Section 2.2.9. PCR products were analysed using agarose gel electrophoresis, 

with molecular size ladders (50bp and 100bp; Microzone, UK) run alongside samples 

(Section 2.2.10). Each gene was assayed three times with two replicate samples analysed 

each time. Control reactions were included in all experiments, where omitted components 

were replaced with nuclease-free water: 

 
(v)       No RT enzyme control (NEC), all RT components without RT enzyme; 

(vi)      No template control (NTC), all RT components without RNA template; 

(vii)     PCR positive control, all PCR components with genomic DNA template; 

(viii)   PCR negative control, all PCR components without genomic DNA template. 
 

 
 
 

Table 7.3. PCR primer sequences, annealing temperature and product size. 
 

 

Primer Sequence (5’----- 3’) Ta
(1)  

Product 

size (bp) 

Source 

 

 

lasI-For GGCTGGGACGTTAGTGTCAT 
52.7 249 This study

 

 

lasI-Rev CGAGCCTTTCTGTCCAGAGT 
 

 

rhlI-For ATTCGACCAGTTCGACCATC 
52.7 236 This study

 

 

rhlI-Rev GCAGGCTGGACCAGAATATC 
 

(1) 
Ta, annealing temperature of forward (For) and reverse (Rev) primer sequences in °C. 

 
 
 

7.2.6               Production of las-controlled LasA protease 
 
 

LasA is a staphylolytic endopeptidase that cleaves the pentaglycine bridge in-between the 

peptidoglycan networks of Staphylococcus aureus, resulting in lysis of S. aureus cells 
[408]

. 

LasA  protease  activity  was  determined  by  measuring  the  ability  of  P.  aeruginosa 
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supernatants to lyse boiled cells of S. aureus, using a protocol described by Adonizio et al 

[409]
. Overnight cultures of PAO1 were diluted to an OD600 of 0.05 and grown in NB 

medium at 37°C, with agitation at 120 rpm. RG3K (2µg/mL to 0.8 mg/mL in NB) was 

added at the mid-exponential phase (OD600  of ~0.4) or early-stationary phase (OD600  of 

~1.2). Cultures were incubated at 37°C, with agitation at 120 rpm. The supernatants were 

recovered at the late-stationary phase (18h) by centrifugation at 4,500xg for 20 minutes, 

4°C, and filtered using a 0.2µm syringe filter. Cell-free supernatants were kept on ice until 

required. S. aureus NCTC 6571 (SA-6571) was used as the test species to model LasA 

protease  activity.  Overnight  cultures  of  SA-6571  were  centrifuged  at  7,445xg  for  5 

minutes, 4°C. The pellet was re-suspended in sterile 0.02M Tris-HCl (pH 8.5), boiled for 

20 minutes and diluted to an OD595 of ~0.8 (in a 10 mm path-length cuvette). Aliquots 

(180µL) of heat-killed SA-6751 suspensions were transferred to wells of a microtiter plate 

containing 20µL cell-free PAO1 supernatants. Absorbance was monitored after 0, 5, 10, 

20, 30, 40, 45, and 60 minutes at 595 nm, using the Multiskan Ascent plate reader. Wells 

containing a solution of sterile 0.02M Tris-HCl (180µL) and NB (20µL) were used as a 

blank. LasA protease assays were repeated three times independently, with four replicate 

wells each time.    

 
7.2.7               Production of rhl/pqs-controlled pyocyanin 

 
 

The production of pyocyanin was determined using the chloroform-HCl extraction method 

[228]
. Overnight cultures of PAO1 were diluted to an OD600 of 0.05 and grown in NB 

medium at 37°C, with agitation at 120 rpm. RG3K (2µg/mL to 0.8 mg/mL in NB) was 

added at the mid-exponential phase (OD600 of ~0.4). Cultures were incubated at 37°C, with 

agitation at 120 rpm. The supernatants were recovered at the late-stationary phase (24h) by 

centrifugation at 4,500xg for 20 minutes, 4°C, and filtered using a 0.2µm syringe filter. 

Cell-free supernatants were kept on ice until required. Pyocyanin was extracted by mixing 

3 mL cell-free supernatant with an equal volume of chloroform (Fisher Scientific, UK). 

Samples were vigorously mixed for 5 minutes and incubated at 37°C for an additional 25 

minutes. Extraction of pigment was evidenced by a colour change in chloroform from 

colourless to green-blue. The aqueous layer was gently removed (by pipetting) to minimise 

disruption to the organic layer. The green-blue pigment was then re-extracted by mixing 

the chloroform layer with 1.2  mL 0.2M  HCl (Fisher Scientific, UK).  Extraction was 
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indicated by a colour change in HCl from colourless to pink-red. Aliquots were transferred 

to a semi-micro polystyrene cuvette. Absorbance was measured at 520 nm, with 0.2M HCl 

as a blank. Pyocyanin production assays were repeated three times, with three samples 

each time. The percentage of pyocyanin production relative to untreated PAO1 control 

samples was calculated. 

 
7.2.8               Complementation studies using the double lasI rhlI mutant 

 
 

The lasI rhlI mutant, PAO-MW1, was used to validate the anti-virulence effects of G3 

dendrons (i.e. the effects on LasA protease, pyocyanin and biofilm formation). Overnight 

cultures of PAO-MW1 were diluted to an OD600 of 0.05. Cultures were grown in NB 

medium at 37°C, with agitation at 120 rpm, to the early-exponential phase (OD600  of 

~0.06) or mid-exponential phase (OD600  of ~0.35). The culture was divided into sub- 
 

cultures, to  which  3-oxo-C12-HSL (0.1mM) and/or C4-HSL  (0.25mM) were  added to 

induce the las/rhl QS networks. RG3K (0.8 mg/mL in NB medium) was added at the mid- 

exponential phase. Cultures were incubated at 37°C, with agitation at 120 rpm. The 

supernatants were recovered at the late-stationary phase, and LasA protease activity and 

pyocyanin production were assayed as described in Section 7.2.6 and 7.2.7, respectively. 

 
Biofilm formation was assessed using the microtiter biofilm 96-well plate assay described 

in Section 5.2.4 
[335]

. Cultures of PAO-MW1 were grown to the early- or mid-exponential 

phase at 37°C, with agitation at 120 rpm. The culture was divided into sub-cultures, to 

which 3-oxo-C12-HSL (0.1mM) and/or C4-HSL (0.25mM) was added to induce the las/rhl 

QS networks. When all AHL-induced cultures of PAO-MW1 reached the mid-exponential 

phase, they were diluted in M-M63 medium to an OD600 of 0.02. An aliquot (60µL) was 

then  transferred  to  each  well.  Fresh  M-M63  medium  (60µL)  containing  RG3K  (0.8 

mg/mL) was also added. Plates were incubated at 37°C under static conditions (no 

agitation) for 24h. Biofilms were stained and quantified as described in Section 5.2.4. 
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7.3       Results 
 
 

The ability of G3 dendrons to reduce the expression and production of QS-regulated 

virulence factors was investigated in wild-type P. aeruginosa PAO1. Transcriptional and 

translational lacZ reporters revealed a downregulation in the expression of genes that 

encode for AHL (lasI and rhlI) and PQS (pqsA) signalling, and elastase (lasB) and 

rhamnolipid (rhlA) production. This was also accompanied by a reduced production of QS- 

regulated virulence factors in the wild-type strain. Complementation studies, using a lasI 

rhlI deficient mutant and exogenous AHLs, showed that G3 dendrons attenuate las- 

controlled LasA protease, rhl/pqs-controlled pyocyanin production and biofilm formation. 

 
7.3.1               Isolation and quantification of plasmid DNA 

 
 

Plasmids pME3853 (lasI-lacZ), pME3846 (rhlI-lacZ), pLJR50 (lasB-lacZ), pECP60 (rhlA- 

lacZ), and pGX5 (pqsA-lacZ) were propagated in the host strain, E. coli DH5-α, to attain 

sufficient  copy  numbers.  The  quality  of  isolated  and  purified  plasmid  DNA  was 

determined prior to transformation into P. aeruginosa PAO1 (Table 7.4). All plasmids 

were obtained at good yields, ranging from 52.6 ng/µL to 129.3 ng/µL. Plasmid preps were 

free of contaminants that absorb UV such as proteins, as indicated by A260/280 of ~1.8. 

Guanidine  contamination,  a  constituent  of  the  neutralisation  buffer  (Buffer  N3)  that 

absorbs at A260/230, was also absent. 

 
Table 7.4. Concentration and purity of plasmid DNA extracted from E. coli DH5-α. 

 
 

Plasmid 
 

Concentration (ng/µL) A260/280 
(1)

 A260/230 
(2)

 

 

pME3853 
 

52.6 (±7.3) 
 

1.89 
 

2.1 

pME3846 56.4 (±9.9) 1.88 2.0 

pLJR50 129.3 (±21.1) 1.82 2.0 

pECP60 80.3 (±10.0) 1.84 2.2 

pGX5 61.3 (±9.3) 1.77 1.9 

(1) 
A260/280 of ~1.8 and 

(2) 
A260/230 of ~2.0 were considered free of contaminants that absorb UV. Data 

represent mean concentration ± SD; n = 4. 
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7.3.2               Transfer of plasmid DNA to P. aeruginosa 
 
 

Standard chemical transformation methods (MgCl2-CaCl2/heat-shock 
[289]

) were used to 

introduce  plasmids  harbouring  reporter  gene  fusions  into  P.  aeruginosa.  Preliminary 

studies were performed to determine the optimum parameters for transformation. These 

included the plasmid concentration, bacterial growth phase and recovery media/time. The 

results presented in Figure 7.2 show the transformation efficiency at the optimum 

conditions, where plasmid DNA (40 ng/µL) was introduced into stationary phase PAO1 

cells, and transformants were propagated in SOC broth for 2h at 37°C. Plasmids pLJ50, 

pECP60 and pGX5, <10kbp in size (Section 7.3.3), were successfully transferred to 

chemically competent PAO1 cells. The transformation efficiency ranged from 2.9 x 10
3 

to 

3.4  x  10
3   

CFU/µg  of  plasmid DNA.  However, such transformation efficiencies were 

difficult to achieve for plasmids pME3953 and pME3846 using chemical transformation. 

Both are >10kbp in size (Section 7.3.3). Less than 30 CFU/µg of plasmid DNA were 

obtained, which equates to an average of ~2 transformant colonies per antibiotic plate. 
 
 
 

5,000 
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25 
 

0 
 
 
 
 
 
 
 
 

Figure 7.2. Transformation efficiency of chemically competent P. aeruginosa cells using 

replicative  plasmids.  Chemically  competent  PAO1  cells  were  prepared  using  MgCl2-CaCl2. 

Plasmid DNA (200ng in a volume of 5µL nuclease-free water) was transferred to competent PAO1 

by  heat-shock  (at  37°C).  Cells  were  recovered  in  SOC  broth  and  spread  onto  LB  agar  plates 

containing the required antibiotics for marker selection. Neg, received nuclease-free water. 

Transformation  efficiency  was estimated  by calculating  the number  of transformants  per µg of 

plasmid DNA. Data represent mean ± SD; n = 6. 
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To improve the transformation efficiency of plasmids pME3853 and pME3846, 

electroporation was used 
[290]

. Indeed, this increased the transformation efficiency for 

pME3853 and pME3846 by ~98%, when compared to chemical methods (P ≤ 0.001). The 

CFU/µg of plasmid DNA increased to 1.9 x 10
3  

and 1.7 x 10
3
, respectively (Figure 7.3). 

The  resulting  transformants  were  designated  as  PAO1-pME3853,  PAO1-pME3846, 

PAO1-pLJR50, PAO1-pECP60, and PAO1-pGX5. These PAO1 reporter strains are later 

applied in this chapter (Section 7.3.4) to investigate the effects of G3 dendrons on QS- 

regulated gene expression. 
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Figure   7.3.   Transformation   efficiency   of   electro-competent   P.   aeruginosa   cells   using 

replicative plasmids. Electro-competent PAO1 cells were prepared using SMEB solution. Plasmid 

DNA (100ng in a volume of 5µL nuclease-free water) was transferred to competent PAO1 using 

the Gene Pulser Xcell
TM  

electroporation  system. Cells were recovered in SOC broth and spread 

onto  LB  agar  plates  containing  the  required  antibiotics  for  marker  selection.  Neg,  received 

nuclease-free water. Transformation efficiency was estimated by calculating the number of 

transformants per µg of plasmid DNA. Data represent mean ± SD; n = 3. 
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7.3.3               Restriction digest of plasmid DNA 
 
 

To verify the identity of plasmids pME3853, pME3846, pLJR50, pECP60 and pGX5 in P. 

aeruginosa PAO1, transformant colonies were grown under antibiotic selection. Then, 

plasmids were extracted and digested using their respective restriction endonucleases. 

Digestion  linearised  the  plasmids  into  single  or  double  fragments,  depending  on  the 

number of restriction sites (Figure 7.4). The total size of each plasmid was confirmed by 

combining the theoretical size of the backbone with that of the insert. Identical banding 

patterns were also obtained from E. coli and P. aeruginosa (data not shown). 
 
 
 
 
 
 

 
 

bp  bp 
pGX5 
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Figure 7.4. Restriction digest of plasmids post-transformation into P. aeruginosa PAO1. 

Transformant colonies of PAO1 were grown under selection conditions for 14-16h. Plasmids were 

extracted, and 40 ng was digested with restriction enzymes. DNA was run on 0.7% (w/v) agarose 

gel  for  75  minutes  at  85V.  Lambda  DNA  was  digested  with  EcoRI  and  HindIII  for  use  as 

molecular markers. 

 
pME3853 

1 = Undigested 

2 = BamHI digest 

3 = PstI digest 

 
pME3846 

4 = Undigested 

5 = BamHI digest 

6 = PstI digest 

pLJR50 

7 = Undigested 

8 = EcoRI digest 

9 = HindIII digest 

 
pECP60 

10 = Undigested 

11 = BamHI digest 

12 = BglII digest 

 
 
 
pGX5 

13 = Undigested 

14 = kpnI digest 

15 = HindIII digest 
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7.3.4               β-galactosidase activity assay 
 
 

To investigate whether G3 dendrons interfere with the QS circuit, β-galactosidase activity 

was measured in P. aeruginosa PAO1 reporter strains that harbour a lacZ fusion. These 

studies aimed to identify changes in the transcriptional, or transcriptional and translational 

activity of QS-regulated genes, depending on the reporter fusion. To investigate such 

changes, the lasI and lasB genes were selected to identify changes in the las network. 

Whilst, effects against the rhl network were explored using rhlI- and rhlA-lacZ reporters. 

Changes in the pqs network of QS were identified using a pqsA-lacZ reporter. However, as 

shown in Chapter 4, the addition of RG3K at the mid-exponential phase induces a 

temporary growth arrest (Figure 4.7). To differentiate the inhibition of QS from a non- 

specific growth inhibitory effect, the experimental conditions were optimised so that the 

growth  kinetics  were  not  significantly  affected  post-exposure  to  RG3K.  Preliminary 

studies showed that addition of RG3K at the late-exponential phase (OD600  of ~1.0; 5h) 

does not induce any growth alterations. Thus, RG3K (0.8 mg/mL) was added at the late- 

exponential phase of PAO1-pME3853 (lasI-lacZ), PAO1-pME3846 (rhlI-lacZ), PAO1- 

pLJR50 (lasB-lacZ), PAO1-pECP60 (rhlA-lacZ), and PAO1-pGX5 (pqsA-lacZ) cultures. 

 
Overall, the addition of RG3K reduced the expression of the aforementioned QS-regulated 

genes in PAO1, without affecting the proliferation rate of the bacterium (Figure 7.5 to 

Figure 7.9). Further analysis using the ATP assay also revealed that RG3K does not alter 

the metabolic activity of reporter strains when added at the late exponential phase of 

growth (P > 0.05, Appendix III). Such findings indicate that RG3K exhibits inhibitory 

effects on the QS networks of P. aeruginosa. 
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7.3.4.1            Expression of gene lasI 
 
 

Using a lacZ translational fusion, the expression of lasI on pME3853 was evaluated in the 

wild-type PAO1 (Figure 7.5). The lasI gene encodes for the production of 3-oxo-C12-HSL, 

an autoinducer that initiates the expression of virulence factors controlled by the las 

network of QS 
[149]

. The transcriptional and translational activity of lasI was found to 

increase exponentially over time, and in line with cell density in the untreated control. 

Addition of RG3K at the late-exponential phase resulted in a reduction in lasI expression 

of approximately 30 Miller Units (60%) by 8h of incubation. The expression of lasI 

remained relatively unchanged between 8h and 24h in RG3K-treated cultures. By 24h of 

incubation, RG3K had caused a 12-fold downregulation of the lasI-lacZ reporter to ~17 
 

Miller Units. The reduction in lasI expression to basal levels of activity post-exposure to 
 

RG3K was significant at all time-points, when compared to the untreated control (P ≤ 

0.001). This suggests that RG3K modulates the transcriptional and/or translational activity 

of lasI. 
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Figure 7.5. Expression of lasI in P. aeruginosa PAO1 post-exposure to G3 dendrons. Late- 

exponential phase cultures of PAO1 harbouring plasmid pME3853 (lasI-lacZ reporter fusion) were 

exposed to RG3K (0.8 mg/mL), as indicated by red arrow. β-galactosidase activity was measured 

and expressed as Miller Units relative to the growth index. Data represent mean ± SD; n = 3. * P- 

value ≤ 0.001 (vs. untreated control); Two-tailed t-test. 
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7.3.4.2            Expression of gene rhlI 
 
 

Using a lacZ translational fusion, the expression of rhlI on pME3846 was evaluated in the 

wild-type PAO1 (Figure 7.6). The rhlI gene encodes for the production of C4-HSL, an 

autoinducer that initiates the expression of virulence factors controlled by the rhl network 

of QS 
[150]

. Similarly to lasI expression, the transcriptional and translational activity of rhlI 

was found to increase over time, and in line with cell density in the untreated control. 

However, the expression of rhlI was slower to manifest than lasI, exhibiting a progressive 

increase during the first 10h of incubation. This was expected as the las network exhibits 

hierarchical control over the rhl system 
[14]

. Addition of RG3K at the late-exponential 

phase inhibited rhlI expression, halting the activity of rhlI-lacZ at ~19 ±5 Miller Units. The 

expression of rhlI remained relatively unchanged in RG3K-treated cultures, with a slight 

increase by 24h. RG3K caused a 5.5-fold downregulation of rhlI after 24h of incubation. 

This reduction was significant at 18h and 24h when compared to the untreated control (P ≤ 

0.001), suggesting that (i) RG3K modulates the transcriptional and/or translational activity 
 

of rhlI, or (ii) modulations to the las system induce changes to rhlI expression. 
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Figure 7.6. Expression of rhlI in P. aeruginosa PAO1 post-exposure to G3 dendrons. Late- 

exponential phase cultures of PAO1 harbouring plasmid pME3846 (rhlI-lacZ reporter fusion) were 

exposed to RG3K (0.8 mg/mL), as indicated by red arrow. β-galactosidase activity was measured 

and expressed as Miller Units relative to the growth index. Data represent mean ± SD; n = 3. * P- 

value ≤ 0.001 (vs. untreated control); Two-tailed t-test. 
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7.3.4.3            Expression of gene lasB 
 
 

Using a lacZ transcriptional fusion, the expression of lasB on pLJR50 was evaluated in the 

wild-type PAO1 (Figure 7.7). The lasB gene encodes for the production of elastase 
[285]

. 

The transcriptional activity of lasB was found to increase over time in the untreated 

control, achieving maximum expression at the stationary phase (18h). Addition of RG3K 

at the late-exponential phase downregulated the transcription of lasB. This was reflected by 

reduction of  approximately 609  Miller  Units  within only  3h  of  RG3K  addition. The 

transcription of lasB remained relatively unchanged between 8h and 24h in RG3K-treated 

cultures. By 18h of incubation, RG3K had caused a 21-fold downregulation of lasB-lacZ to 

~133 Miller Units. This reduction in transcriptional activity was significant at all time- 

points when compared to the untreated control (P ≤ 0.01). Overall, the findings suggest 

that  RG3K  downregulates and  subsequently inhibits the  transcription of  the  elastase- 

encoding gene, lasB. 
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Figure 7.7. Expression of lasB in P. aeruginosa PAO1 post-exposure to G3 dendrons. Late- 

exponential phase cultures of PAO1 harbouring plasmid pLJR50 (lasB-lacZ reporter fusion) were 

exposed to RG3K (0.8 mg/mL), as indicated by red arrow. β-galactosidase activity was measured 

and expressed as Miller Units relative to the growth index. Data represent mean ± SD; n = 3. * P- 

value ≤ 0.01 (vs. untreated control); Two-tailed t-test. 
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7.3.4.4            Expression of gene rhlA 
 
 

Using a lacZ translational fusion, the expression of rhlA on pECP60 was evaluated in the 

wild-type PAO1 (Figure 7.8). The rhlA gene encodes for the production of 

rhamnosyltransferase chain A, an enzyme that induces the synthesis of rhamnolipid 

precursors and consequently rhamnolipids 
[410]

. The expression of rhlA followed a similar 

pattern to lasB, where maximum expression was achieved at the stationary phase (18h) in 

the untreated control. However, a greater reduction in rhlA expression was noted here 

between 18h and 24h of incubation than in the lasB-lacZ reporter. This may be caused by 

differences in reporter fusions. Unlike the lasB-lacZ transcriptional fusion, this reporter 

accounts for both transcriptional and translational activity. Addition of RG3K at the late- 

exponential phase caused a reduction in rhlA expression of approximately 532 Miller Units 

(49%)  within  3h  of  exposure.  The  transcriptional  and  translational  activity  of  rhlA 

remained relatively unchanged between 8h and 24h in RG3K-treated cultures. By 18h of 

incubation,  RG3K  had  caused  a  6.5-fold  downregulation  of  rhlA-lacZ.  The  findings 

suggest that RG3K downregulates and subsequently inhibits the expression of rhlA. 
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Figure 7.8. Expression of rhlA in P. aeruginosa PAO1 post-exposure to G3 dendrons. Late- 

exponential phase cultures of PAO1 harbouring plasmid pECP60 (rhlA-lacZ reporter fusion) were 

exposed to RG3K (0.8 mg/mL), as indicated by red arrow. β-galactosidase activity was measured 

and expressed as Miller Units relative to the growth index. Data represent mean ± SD; n = 3. * P- 

value ≤ 0.01 (vs. untreated control); Two-tailed t-test. 
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7.3.4.5            Expression of gene pqsA 
 
 

Using a lacZ transcriptional fusion, the expression of pqsA on pGX5 was evaluated in the 

wild-type PAO1 (Figure 7.9). The pqsA gene is involved in the biosynthesis of the PQS 

autoinducer, and serves as an indicator of potential disruptors of the pqs network 
[411]

. The 

transcriptional activity of pqsA gradually increased over time in the untreated control. 

However, its expression was relatively lower than lasB and rhlA, particularly within the 

first 10h of incubation. The hierarchical position of the las and rhl system is likely to have 

attributed to this difference 
[14]

. Addition of RG3K at the late-exponential phase had no 

immediate significant effects on the transcription of pqsA. Expression remained relatively 

unchanged between the time of RG3K addition and 10h of incubation. By 24h of 

incubation, RG3K had caused only a 2.4-fold downregulation of pqsA-lacZ (P ≤ 0.01). 

Overall, the findings suggest that either (i) RG3K downregulates the transcription of pqsA, 

or more likely (ii) modulations to the las and rhl systems indirectly affect the pqs network 

and thus pqsA expression. 
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Figure 7.9. Expression of pqsA in P. aeruginosa PAO1 post-exposure to G3 dendrons. Late- 

exponential phase cultures of PAO1 harbouring plasmid pGX5 (pqsA-lacZ reporter fusion) were 

exposed to RG3K (0.8 mg/mL), as indicated by red arrow. β-galactosidase activity was measured 

and expressed as Miller Units relative to the growth index. Data represent mean ± SD; n = 3. * P- 

value ≤ 0.01 (vs. untreated control); Two-tailed t-test. 
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7.3.5               Transcriptional analysis of QS-regulated genes using RT-PCR 
 
 

The translational fusions used in Section 7.3.4.1 and 7.3.4.2 report changes in both 

transcription and translation of lasI and rhlI. Thus, it was not possible to identify whether 

the effects of RG3K were caused at the transcriptional or translational level of expression. 

 
To determine whether downregulation was due to changes at the transcriptional level, the 

expression  of  lasI  and  rhlI  was  analysed  using  RT-PCR  (Figure  7.10).  In  both  the 

untreated  control  and  RG3K-treated  cultures,  the  transcription  of  lasI  and  rhlI  was 

detected. The intensity of each band was further analysed using ImageJ to provide semi- 

quantitative data. Transcripts of lasI and rhlI were detected at equal intensities in both the 

untreated control and RG3K-treated culture, exhibiting no significant differences in 

intensity at the investigated time-points (P > 0.05). The only exception was at t10h of 

incubation, where the transcription of rhlI was downregulated by 2.2-fold in the RG3K- 

treated culture. Given the hierarchical position of the las system, this reduction in rhlI 

transcripts at t10h may have been caused by changes in the translation of lasI. Overall, 

these findings suggest that RG3K alters the expression of lasI alone or both lasI and rhlI at 

a post-transcriptional level. 

 
The absence of amplicons in NEC reactions validates the efficiency of the gDNA Wipeout 

reaction. This also confirms that detection of QS-regulated transcripts is not caused by the 

amplification of gDNA contaminants. 
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Figure 7.10. Detection of lasI and rhlI gene transcripts at different timepoints in P.aeruginosa 

post-exposure to G3 dendrons. Late-exponential phase cultures of PAO1 were exposed to RG3K 

(0.8 mg/mL) at 37°C over a period of 24h. RNA was extracted at time-points t6h, t10h, t18h and 

t24h. Transcription was analysed using RT-PCR. Products from each reaction were run on a 1.3% 

(w/v) agarose gel for 50 minutes at 85V. Band intensity was analysed using ImageJ. Images are 

representative of three independent experiments. 
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7.3.6               Production of las-controlled LasA protease 
 
 

The effect of RG3K on LasA protease activity in P. aeruginosa PAO1 was investigated to 

assess its influence on virulence factors produced by the las network of QS. LasA, a 

staphylolytic endopeptidase produced during the late-exponential growth phase in P. 

aeruginosa 
[178]

, is capable of cleaving the pentaglycine bridge present in-between the 

peptidoglycan networks of S. aureus. This results in lysis of S. aureus cells and is reflected 

by a decrease in OD at 595nm. RG3K was added at two stages of growth in the PAO1 

growth cycle (Figure 7.11), (i) mid-exponential phase that is pre-LasA induction, or (ii) 

early-stationary phase that is post-LasA induction. LasA activity was measured at the late 

stationary phase. The untreated PAO1 control was able to rapidly induce staphylolytic 

activity, which was expressed as a reduction in OD595 of approximately 0.260 per hour of 

incubation with boiled S. aureus cells. PAO-MW1, which does not produce normal 

quantities of LasA due to mutations in the lasI rhlI genes, was devoid of staphylolytic 

activity in both phases of growth. 

 
Addition  of  RG3K  at  the  mid-exponential  phase  caused  a  concentration-dependent 

response (Figure 7.11a), suggesting that RG3K prevents the production of LasA proteases. 

Virtually no exoprotease activity was detected at RG3K concentrations of 0.4 and 0.8 

mg/mL (P ≤ 0.001). This was reflected by a minimum reduction in OD595 over time (0.014 

and  0.034,  respectively).  Furthermore,  the  LasA  phenotypic  activity  of  PAO1  cells 

exposed to 0.8 mg/mL RG3K was almost identical to that of the lasI rhlI mutant, PAO- 

MW1. Lower concentrations of RG3K (i.e. 2 µg/mL and 20 µg/mL) had, however, no 

significant effects on LasA production. PAO1 therefore produced a sufficient amount of 

LasA, which induced lysis of boiled S. aureus cells. This was reflected by a reduction in 

OD595 of approximately 0.215 and 0.222 per hour. 

 
Addition of RG3K at the early stationary phase appeared to initially reduce the rate of lysis 

(Figure 7.11b). This effect was however short-lived and the anti-QS properties of RG3K 

were abolished, regardless of the concentration used. Within 45 minutes of incubation with 

S. aureus cells, the staphylolytic activity of RG3K-exposed PAO1 cells was comparable to 

the untreated PAO1 control (P = 0.360). 
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Figure 7.11. LasA protease  activity  in P. aeruginosa  PAO1 post-exposure  to G3 dendrons.  Cultures of PAO1 were exposed to RG3K (0.002 

mg/mL to 0.8 mg/mL) at the mid-exponential (a), or early-stationary growth phase (b). LasA activity was measured at the late stationary phase (18h) by 

determining  the  ability  of  PAO1  supernatants  to  lyse  boiled  cells  of  S.  aureus  NCTC  6571.  PAO-MW1  was  used  as  a  LasA  negative  control. 

Absorbance was measured at 595 nm. The fall in OD595 represents lysis of S. aureus cells by LasA proteases in P. aeruginosa culture supernatants. Data 

represent mean (where SD values ± ≤0.02); n = 3. * P-value ≤ 0.001 (vs. untreated PAO1 control); Two-way ANOVA. 
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7.3.7               Production of rhl/pqs-controlled pyocyanin 
 
 

The  effect  of  RG3K  on  QS-controlled  virulence  factors,  when  added  at  the  mid- 

exponential  phase  of  growth,  was  further  investigated  in  P.  aeruginosa  PAO1  by 

measuring the  production of  rhl/pqs-controlled pyocyanin. A  range of  RG3K 

concentrations were tested to identify any changes in pyocyanin production. Exposure to 

RG3K revealed a dose-dependent response (Figure 7.12). In the presence of RG3K (≥ 0.02 

mg/mL), the bacterium produced significantly less pyocyanin when compared to the 

untreated control (P ≤ 0.001). In particular, at 0.4 mg/mL and 0.8 mg/mL, RG3K reduced 

the production of the phenazine toxin by approximately 71% and 88%, respectively, (P ≤ 

0.001).  The  images  also  illustrate  the  substantial  difference  between  untreated  and 

dendron-treated PAO1 cultures. A lack of green pigmentation (i.e. pyocyanin) was evident 

in the culture supernatants post exposure to RG3K. The lasI rhlI mutant, PAO-MW1, was 

completely deficient in its ability to produce pyocyanin, highlighting the importance of a 

functional QS system for pyocyanin production. 
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Figure 7.12. Pyocyanin production in P. aeruginosa post-exposure to G3 dendrons. Cultures of 

PAO1  were  exposed  to  RG3K  (0.002  mg/mL  to  0.8  mg/mL)  at  the  mid-  exponential  phase. 

Pyocyanin production was measured at the late stationary phase (24h) in PAO1 supernatants. PAO- 

MW1  was  used  as rhl-pyocyanin  negative  control.  Absorbance  was  measured  at 520  nm,  and 

expressed  as percentage  (%) production  relative  to the untreated  PAO1  control.  Data represent 

mean ± SD; n = 3. * P-value ≤ 0.001 (vs. untreated PAO1 control); One-way ANOVA. 
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7.3.8               Complementation studies using the double lasI rhlI mutant 
 
 

Preliminary studies using the double lasI rhlI mutant, PAO-MW1, tested an extensive 

range of exogenous AHL concentrations. Such studies identified that 0.1mM 3-oxo-C12- 

HSL  and  0.25mM  C4-HSL  restore  the  bacterium’s  ability  to  produce  las-  and  rhl- 

controlled virulence factors. PAO-MW1 was thus supplemented with exogenous AHLs (3- 

oxo-C12-HSL and C4-HSL) at these concentrations and subsequently treated with G3 

dendrons. The studies described herein were used to validate the anti-virulence activity of 

RG3K (i.e. their effects on LasA protease, pyocyanin production and biofilm formation). 

These were initially identified against the wild-type PAO1 strain. 

 
7.3.8.1            Growth curves of P. aeruginosa PAO-MW1 

 
 

The proliferation rate of PAO-MW1 cultures was determined using turbidimetric 

measurements to identify any changes in growth kinetics post-complementation with 

exogenous AHLs (Figure 7.13). Addition of exogenous AHLs at the early-exponential 

phase did not significantly alter the growth kinetics of PAO-MW1 over a period of 24h. 

The endpoint OD at 24h in uninduced and AHL-induced PAO-MW1 was 1.417 and 1.542, 

respectively (P > 0.05). Thus, the use of organic solvents (DMSO) to prepare stock 

concentrations of exogenous AHLs did not induce a growth defect. 

 
7.3.8.2            Susceptibility of PAO-MW1 to G3 dendrons 

 
 

The MIC and MBC of RG3K were investigated to determine its toxicity towards PAO- 

MW1. The MIC of RG3K was determined to be 6 mg/mL in NB medium (Figure 7.14a). 

Exposure to 6 mg/mL RG3K reduced the bacterial density by ~95%, to an OD595 of 0.085 

(P ≤ 0.001). At this concentration, only 10 colonies were recovered per mL of culture. 

Concentrations between 0.25 and 1 mg/mL of RG3K were considered to be sub-inhibitory, 

since these were at least 6-fold below the MIC and did not significantly alter the endpoint 

cell density (P > 0.05). MBC was identified as 8 mg/mL (Figure 7.14b). These findings 

confirm that in subsequent complementation studies, PAO-MW1 can be exposed to RG3K 

at a concentration of ≤ 1 mg/mL without inducing cell death. A concentration of 0.8 

mg/mL was therefore selected for further investigation as this provided the maximum anti- 

virulence effects in PAO1, independent to changes in the endpoint cell density. 
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Figure 7.13. Growth of P. aeruginosa PAO-MW1 in the absence and presence of exogenous 

AHLs. Synthetic AHLs, 3-oxo-C12-HSL (0.1mM) and C4-HSL (0.25mM), were added at the start 

of the growth cycle (0h). Growth was measured at OD600. Data represent mean ± SD; n = 3. P- 

value > 0.05; Two-tailed t-test. 
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Figure  7.14.  Minimum  inhibitory  (a)  and  bactericidal  (b)  concentration  of  G3  dendrons 

against P. aeruginosa PAO-MW1. Mid-exponential phase cultures of PAO-MW1 were diluted to 

~2.4  x 10
6  

CFU/mL  and grown  in NB medium  in the absence  (0 mg/mL)  and presence  (0.25 

mg/mL to 10 mg/mL) of RG3K for 24h. Absorbance was measured at 595 nm. The lowest 

concentration  to exhibit a similar absorbance  to the media only control and zero CFU/mL  was 

recorded as the MIC and MBC, respectively. Data represent mean ± SD; n = 4. * P-value ≤ 0.001 

(vs. untreated PAO-MW1 control), P-value > 0.05 (6 mg/mL RG3K vs. media only control); One- 

way ANOVA. 
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7.3.8.3            Production of las-controlled LasA protease in PAO-MW1 
 
 

To validate the effects of RG3K on las-controlled virulence factors, cultures of PAO-MW1 

were exogenously induced with AHLs and exposed to RG3K. LasA activity was then 

measured (Figure 7.15). As shown earlier in this chapter, the lasI rhlI mutant PAO-MW1 

is completely deficient in its ability to produce LasA protease and exhibit staphylolytic 

activity. AHLs were thus added at either the early- or mid-exponential phase. When all 

cultures reached the mid-exponential phase, RG3K was added (i.e. pre-LasA induction). 

 
Complementation with 3-oxo-C12-HSL alone at the early-exponential phase induced the 

production of LasA protease (Figure 7.15a). This caused lysis of boiled S. aureus cells, 

which was reflected by a reduction in OD595 of approximately 0.140 per hour. In contrast, 

C4-HSL alone caused a reduction in OD595 of only 0.038 per hour, indicating that a 

functional las network is a predominant regulator of LasA protease in the timeframe of this 

study.   Simultaneous   addition   of   exogenous   AHLs,   3-oxo-C12-HSL   and   C4-HSL, 

completely restored LasA protease activity in PAO-MW1 to wild-type levels. Exposure to 

RG3K prevented the production of LasA protease by the AHL-induced bacterium (P ≤ 

0.001). The lack of exoprotease activity at a RG3K concentration of 0.8 mg/mL was 

reflected by a minimum reduction in OD595  of 0.012 over time. Furthermore, the LasA 

phenotypic activity of AHL-induced PAO-MW1 cells exposed to RG3K was almost 

identical to that of the uninduced mutant. This suggests that exposure to RG3K reduces 

LasA protease production to background levels. 

 
Similar findings were also noted when PAO-MW1 was simultaneously complemented 

with exogenous AHLs and exposed to RG3K at the mid-exponential phase (Figure 7.15b). 

AHL-induced PAO-MW1 restored LasA protease activity to wild-type levels. Exposure to 

RG3K limited the production of LasA protease. The rate of S. aureus lysis was therefore 

significantly lower than the untreated AHL-induced control, and this was reflected by a 

reduction in OD595 of only 0.013 over time (P ≤ 0.001). 
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Figure 7.15 LasA protease activity in P. aeruginosa PAO-MW1 in the presence of synthetic AHLs and G3 dendrons. Synthetic AHLs, 3-oxo-C12- 

HSL (0.1mM) and/or C4-HSL (0.25mM), were added to PAO-MW1 cultures at the early- (a), or mid-exponential (b) growth phase. RG3K (0.8 mg/mL) 

was added when all AHL-induced cultures reached the mid-exponential phase. LasA activity was measured at the late stationary phase (18h). The fall in 

OD595 represents lysis of S. aureus cells by LasA protease in PAO-MW1 culture supernatants. Data represent mean (where SD values ± ≤0.03); n = 3. * 

P-value ≤ 0.001 (vs. PAO-MW1 induced with 3-oxo-C12-HSL and C4-HSL), ** P-value ≤ 0.001 (vs. PAO-MW1 without AHL/RG3K addition), P-value 

> 0.05 (PAO1 vs. PAO-MW1 induced with AHL); Two-way ANOVA. 
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7.3.8.4            Production of rhl/pqs-controlled pyocyanin in PAO-MW1 
 
 

To validate the effects of RG3K on rhl/pqs-controlled virulence factors, cultures of PAO- 

MW1 were exogenously induced with AHLs and exposed to RG3K. The production of 

pyocyanin was then measured (Figure 7.16). As shown earlier in this chapter, the lasI rhlI 

mutant PAO-MW1 is completely deficient in its ability to produce pyocyanin. AHLs were 

thus added at either the early- or mid-exponential phase. When all cultures reached the 

mid-exponential phase, RG3K was added. 

 
Complementation with 3-oxo-C12-HSL alone at the early-exponential phase induced a 26% 

production of pyocyanin relative to wild-type amounts (Figure 7.16a). PAO-MW1, 

however, produced 68% more pyocyanin when complemented with C4-HSL alone, 

indicating that a functional rhl network is a predominant regulator of pyocyanin in the 

timeframe of this study. Simultaneous addition of exogenous AHLs, 3-oxo-C12-HSL and 

C4-HSL, completely restored pyocyanin production in PAO-MW1 to wild-type levels. In 

support  of  these  findings,  a  significant  increase  in  pyocyanin  production  was  only 

identified when PAO-MW1 was complemented with C4-HSL alone or 3-oxo-C12-HSL and 

C4-HSL simultaneously (P ≤ 0.001). Exposure to RG3K caused the AHL-induced 

bacterium to produce significantly less pyocyanin when compared to the untreated control 

(P ≤ 0.001). At a concentration of 0.8 mg/mL, RG3K reduced the production of this 

phenazine toxin by 83%. RG3K-treated cultures were also unable to produce pyocyanin 

above a background level. The amount of pyocyanin in RG3K-treated cultures was thus 

comparable to the uninduced PAO-MW1 control. 

 
Similar findings were also noted when PAO-MW1 was simultaneously complemented 

with exogenous AHL and exposed to RG3K at the mid-exponential phase (Figure 7.16b). 

AHL-induced PAO-MW1 cultures produced 6% more pyocyanin than the wild-type strain. 

Exposure to RG3K was, however, just as effective as in previous studies in this chapter. 

RG3K treatment caused a 91% reduction in pyocyanin levels relative to the untreated 

control (P ≤ 0.001) 
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Figure 7.16. Pyocyanin production in P. aeruginosa PAO-MW1 in the presence of synthetic AHLs and G3 dendrons. Synthetic AHLs, 3-oxo-C12- 

HSL (0.1mM) and/or C4-HSL (0.25mM), were added to PAO-MW1 cultures at the early- (a), or mid-exponential (b) growth phase. RG3K (0.8 mg/mL) 

was added when all AHL-induced cultures reached the mid-exponential phase. Pyocyanin production was extracted at the late stationary phase (24h) 

from PAO-MW1  supernatants.  Absorbance  was measured  at 520 nm, and expressed  as percentage  (%) production  relative to the untreated  PAO1 

control. Data represent mean ± SD; n = 3. * P-value ≤ 0.001; One-way ANOVA. 
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7.3.8.5            Biofilm formation in PAO-MW1 
 
 

As shown in previous chapters (Section 5.3.4), exposure to RG3K under nutrient-limited 

growth conditions (M-M63 media) reduces the biofilm forming ability of the wild-type 

PAO1 strain. This was exhibited as a 55% reduction in biofilm biomass in comparison to 

the untreated control (Figure 5.4). In that same study, the lasI rhlI mutant PAO-MW1 was 

unable to form robust biofilms in comparison to the wild-type PAO1. To investigate the 

biofilm forming ability of AHL-induced PAO-MW1, exogenous AHLs were added to 

PAO-MW1 cultures and biofilms were grown in the absence and presence of RG3K. 

Biofilm formation was subsequently quantified using the high-throughput CV microtiter 

biofilm assay. 

 
Complementation with either 3-oxo-C12-HSL or C4-HSL alone at the early-exponential 

phase enhanced the biofilm forming ability of PAO-MW1 by 41% and 37%, respectively 

(Figure 7.17a) (P ≤ 0.001). Such findings indicate that both AHLs contribute equally to 

biofilm formation in P. aeruginosa under the tested experimental conditions. Simultaneous 

addition of exogenous AHLs, 3-oxo-C12-HSL and C4-HSL, further increased the biofilm 

forming ability of PAO1-MW1. This highlights an additive effect between 3-oxo-C12-HSL 

and C4-HSL, which when added together completely restored biofilm formation in PAO- 

MW1 to wild-type levels. Exposure to RG3K caused a significant reduction in the biofilm 

forming ability of the AHL-induced bacterium, when compared to the untreated control (P 

≤ 0.001). At a concentration of 0.8 mg/mL, RG3K reduced biofilm formation by 68%. 

These biofilms were also 1.4-fold less dense than those formed by uninduced PAO-MW1, 

suggesting that RG3K reduces biofilm formation to background levels. 

 
Similar findings were also noted when PAO-MW1 was simultaneously complemented 

with exogenous AHLs and exposed to RG3K at the mid-exponential phase (Figure 7.17b). 

Exposure to RG3K caused a 64% reduction in biofilm formation relative to the untreated 

AHL-induced PAO-MW1 control (P ≤ 0.001). 
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Figure 7.17. Biofilm formation in P. aeruginosa PAO-MW1 in the presence of exogenous AHLs and G3 dendrons. Synthetic AHLs, 3-oxo-C12- 

HSL (0.1mM) and/or C4-HSL (0.25mM), were added to PAO-MW1 cultures at the early- (a), or mid-exponential (b) phase. AHL-induced cultures were 

diluted in M-M63  medium  upon reaching  the mid-exponential  phase. Cultures  were aliquoted  into 96-well plates containing  RG3K (0.8 mg/mL). 

Biofilms were grown for 24h at 37°C, and then stained with CV and solubilised with DMSO. Absorbance was measured at 595 nm. Neg, media only 

control. Data represent mean ± SD; n = 3. * P-value ≤ 0.001, P-value > 0.05 (PAO1 vs. PAO-MW1 induced with AHL); One-way ANOVA. 
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7.4       Discussion 
 
 

The increased knowledge of QS-regulated processes in P. aeruginosa has paved the way 

for development of drugs that target bacterial infections in a manner completely different 

from that of todays’ antibiotics. Several natural anti-virulence compounds, in the form of 

plant- 
[409] 

or food-derived 
[226, 227] 

extracts, and synthetic anti-virulence compounds, such 

as AHL analogues 
[412] 

or antagonists of LasR 
[217-220] 

and RhlR 
[222]

, have been described. 

Most often, inhibition studies have employed the use of transcriptional or translational 

reporter gene fusions, such as lacZ-encoding for β-galactosidase, to investigate the effects 

of putative QS inhibitors at the gene regulation level 
[227]

. Despite the discovery of an array 

of  anti-virulence  compounds,  existing  literature  has  not  explored  the  anti-virulence 

potential of asymmetric peptide dendrimers. During the course of this research, it became 

clear that the addition of G3 dendrons was inducing a loss of blue-green pigmentation (i.e. 

pyocyanin) in the culture. Furthermore, studies conduced in Chapter 4 revealed a reduction 

in total RNA synthesis (Figure 4.9), mRNA transcription (Figure 4.10) and protein 

expression (Figure 4.11) post-exposure to G3 dendrons. Whilst studies in Chapter 6 also 

showed the internalisation of G3 dendrons in P. aeruginosa cells (Figure 6.8), highlighting 

a potential cytoplasmic target. It was therefore hypothesised that G3 dendrons may be 

affecting the production of virulence factors at either the transcriptional or translational 

level in P. aeruginosa. In this chapter, G3 poly (ε-lysine) dendrons were investigated for 

their ability to attenuate the expression and translation of QS-controlled virulence genes. 

The overall aim of this work was to therefore provide an insight into the cytoplasmic 

molecular  target  of  poly  (ε-lysine)  dendrons  and  assess  their  suitability  as  novel 

modulators of virulence in P. aeruginosa. 

 
The introduction of plasmids harbouring reporter gene fusions into bacterial cells is an 

essential requirement in constructing reporter strains. Most often, chemical transformation 

or electroporation are used. Both methods rely on the use of chemical solutions (e.g. CaCl2 

or MgCl2 for chemical transformation 
[289, 413] 

and sucrose-based solutions (such as SMEB) 

for electroporation 
[290]  

to develop a state of cell competence in P. aeruginosa. This is 

characterised by an increase in cell membrane permeability that facilitates the uptake of 

free/plasmid  DNA.  However,  published  transformation  protocols  for  use  with  P. 
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aeruginosa are modifications of methods developed for E. coli 
[290, 413-415]

. Each method 

offers distinct advantages and disadvantages. For  instance, chemical transformation is 

often considered a good choice as it is simple, cost-effective and does not require highly 

specialised equipment (i.e. only a heated water-bath). By contrast, electroporation can 

yield relatively higher transformation efficiencies than chemical methods, particularly with 

larger plasmids. Its use is, however, often prohibited by high running costs (i.e. cost of 

aluminium-plated electroporation cuvettes), and the requirement for specialised equipment 

(i.e. Gene Pulser Electroporation System). 

 
In this study, chemical transformation was initially selected due to its feasibility and cost- 

efficiency. In addition, relatively high transformation efficiencies were not required, as 

transformant colonies were neither used for the construction of large-scale libraries nor 

subsequent cloning. Overall, the results obtained in this study indicated that chemically 

competent cells were able to yield a sufficient number of pLJR50 (lasB-lacZ), pECP60 

(rhlA-lacZ) and pGX5 (pqsA-lacZ) transformants in P. aeruginosa PAO1 (Figure 7.2). 

However, the transformation efficiency of competent PAO1 cells prepared using the 

procedure described here was ~30-fold lower than that described by earlier studies 
[289]

. 

Changes in experimental conditions such as recovery medium and time, and their use of 

smaller-sized plasmids of 4.2kbp may have contributed to the difference in the number of 

transformants. Nonetheless, the simplicity and speed of this method makes it superior to 

most methods of transformation. For instance, the time spent from the start of preparation 

of competent cells to the plating of the transformation mixtures is about 3 hours. In 

contrast, electroporation requires exponentially growing cells and several centrifugation 

steps, taking in total a minimum of 8 hours to complete. Chemical transformation achieved 

a poor yield using plasmids of ≥10kbp (i.e. pME3853 (lasI-lacZ) and pME3846 (rhlI- 

lacZ)). Preliminary studies using selected transformant colonies of PAO1-pME3853 and 

PAO1-pME3846 also identified an absence of β-galactosidase activity. This indicated that 

PAO1 cells did not uptake the reporter plasmids and that the selected transformants are 

likely to have been satellite colonies. It is well established that constructs greater than 

10kbp can significantly affect transformability. This may explain the observed decrease in 

transformation efficiency, which accompanied the increase in plasmid size. Electroporation 

was, thus, required for the transfer of pME3853 and pME3846 into P. aeruginosa PAO1 

cells (Figure 7.3). 
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Digestion of plasmid DNA using restriction endonucleases can indicate the size of the 

plasmid insert and backbone and thus, verify the plasmid’s identity. This step of 

characterisation was essential as the plasmids used in these studies were provided by an 

external source (Éric Déziel; INRS-Institut Armand-Frappier, Canada). Furthermore, 

exposure to alkaline conditions (during extraction) and even the manipulation and storage 

of purified plasmids prior to transformation into P. aeruginosa can cause irreversible 

damage/denaturation to the plasmid 
[416]

. Such changes in form result in plasmid DNA 
 

running faster on agarose gels and exhibiting resistance to digestion by restriction 

endonucleases. In this study, P. aeruginosa was confirmed to harbour intact plasmids that 

were linearised with their respective restriction endonucleases (Figure 7.4). 

 
As discussed earlier in this chapter, G3 dendrons were thought to interfere with the 

production of virulence factors at either the transcriptional or translational level in P. 

aeruginosa. To test this hypothesis, changes in the las (lasI and lasB), rhl (rhlI and rhlA) 

and pqs network (pqsA) were investigated using reporter gene fusions (-lacZ) in wild-type 

P. aeruginosa PAO1. Previous studies have shown that 3-oxo-C12-HSL and las-regulated 

genes such  as  lasB  are  first  expressed during the  mid-exponential phase 
[148,  149,  178]

. 
 

Whereas, genes controlled by the rhl network such as rhlA and rhlB are expressed during 

the early-stationary phase 
[150, 178, 417]

. Studies investigating the pqs system have shown that 

PQS can only be detected at the stationary phase, with maximum expression of pqs- 

regulated genes achieved in the late stationary phase (>24h) 
[171]

. The latter explains the 

exponential increase in pqsA-lacZ expression between 10 and 24h hours of incubation (i.e. 

stationary phase of growth) (Figure 7.9). In this study, expression of the investigated genes 

followed a similar pattern to that presented in the existing literature. las-controlled genes 

manifested during the earlier stages of growth and prior to rhlI-lacZ and rhlA-lacZ 

expression (Figure 7.5 to Figure 7.8), with pqsA-lacZ expression occurring long after the 

activation of las and rhl   (Figure 7.9). The latter suggests that the pqs system is not 

involved in sensing cell density; since pqsA-lacZ is expressed at a time after the cell 

density is stable 
[171]

. Interestingly, G3 dendrons induced the most significant reductions 

against the las network, where expression of lasI-lacZ and lasB-lacZ were downregulated 

by approximately 6.5- and 21-fold, respectively. As a consequence, a downregulation in 

the expression of rhlI-lacZ, rhlA-lacZ and, to some extent, pqsA-lacZ was apparent. The 

balance  between  the  las  and  rhl  system  is  required  for  the  transcription  of  PQS 
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biosynthesis genes (pqsA), where synthesis is positively regulated by LasR but also 

negatively controlled by the rhl system 
[169, 172]

. G3 dendrons interfered with this balance 

between the two circuits, manifesting as a reduction in pqsA-lacZ expression. Deficiencies 

in rhlA and consequently rhamnolipid production have been shown to reduce the swarming 

and biofilm forming ability of P. aeruginosa 
[131, 134, 369]

. The downregulation in rhlA may 

have accounted for the inhibition of swarming motility and biofilm formation in Chapter 5 

(Figure 5.1 and Figure 5.4). Moreover, cell-penetrating cationic agents, like G3 dendrons 

(refer to Figure 6.8), can have intracellular cytoplasmic targets 
[326-328]

. The downregulation 

of QS-regulated virulence genes may explain why G3 dendrons accumulated at the cell 

poles, an area where nucleic acids/proteins are synthesised and thus, virulence is controlled 

[375, 392]
, in Chapter 6. 

 
Both lasI-lacZ and rhlI-lacZ reporter strains are, however, translational fusions and reflect 

the reported effects of G3 dendrons at a post-transcriptional level. Thus, it was necessary 

to employ RT-PCR to determine whether a downregulation in expression was due to 

changes at the transcriptional level. The findings indicated that dendron-exposed P. 

aeruginosa cells were able to transcribe the lasI and rhlI gene (Figure 7.10), but these 

could not be translated into LasI (Figure 7.5) and RhlI proteins (Figure 7.6). The exact 

mechanism attributing to such post-lasI and rhlI transcriptional effects is yet to be 

determined. Speculatively, the lack of lasI and rhlI translation is likely to have reduced the 

production of 3-oxo-C12-HSL and C4-HSL, lowering the amount of AHLs binding to 

cognate receptors and subsequently, preventing the activation of downstream genes (e.g. 

lasB,  rhlA).  Future  studies  may  confirm  this  post-transcriptional effect;  by  (i)  using 

western blot to investigate the expression of LasI and RhlI proteins, and (ii) quantifying the 

concentration  of  AHLs  produced  in  dendron-treated  cells.  Importantly,  the  effects 

presented in this chapter were independent of changes in growth kinetics, dismissing the 

possibility of an indirect inhibition of QS, perhaps due to changes in growth/cell number. 

A recent review by Defoirdt et al. recently highlighted that investigating growth kinetics as 

one of the most sensitive assessment of toxicity (in comparison to MIC and endpoint cell 

density) of putative QS inhibitors 
[351]

. Overall, the findings from the reporter gene assays 
 

suggest that treatment with G3 dendrons has the potential to eliminate some of the 

countermeasures employed by P. aeruginosa against the host (refer to Table 7.1). For 
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instance, the inability to express lasB and rhlA reduces the production of elastin-degrading 

proteins (i.e. elastases) 
[52] 

and haemolytic-factors (i.e. rhamnolipids) 
[126]

, respectively. 

 
In wild type strains of P. aeruginosa, it is often difficult to assess the contributions of the 

las and rhl networks independently. Mutant and reporter gene analyses have shown that 

both  systems  form  a  regulatory  hierarchy,  where  activation  of  LasR/3-oxo-C12-HSL 

induces the expression of rhlR and subsequently, the pqs network 
[164, 171, 418]

. Any defects 
 

in the las system will affect the function of the rhl and pqs system. Changes in regulation 

of one gene may thus reduce the activity of downstream genes. In this study, changes in 

the las system (due to G3 dendrons) may have accounted for the downregulation of rhl- 

and pqs-controlled genes, given its hierarchical position in QS. The use of heterologous 

systems  may  be  implemented  in  future  studies  to  identify  whether  G3  dendrons 

specifically target the las system. These can be constructed in the E. coli cloning strain, 

DH5-α 
[173, 351, 405]

. This strain would be modified to harbour a lasI-lacZ reporter fusion 

plasmid and a lasR gene that is constitutively expressed on another compatible plasmid. β- 

galactosidase activity may then be measured after supplementing the system with 3-oxo- 

C12-HSL alone or in combination with G3 dendrons. However, heterologous reporters such 

as this present several potential limitations. For instance, differences in sensitivity between 

bacterial species can often affect the reliability of results; mainly because the tested 

compounds may be toxic to the heterologous reporter strain. The metabolic activity of cells 

can also influence the expression of QS-genes. Thus, assessment of dendron-induced 

toxicity in both the wild type and heterologous host must be stringent to avoid false- 

positive  conclusions  and  the  identification  of  false-positive  QS  inhibitors.  In  such  a 

system, a reduction in lasI-lacZ activity, without affecting rhlI-lacZ activity in a LasR 

deficient background and bacterial growth 
[419]

, may suggest the las system as the specific 
 

target of G3 dendrons. 
 
 

Perhaps an obvious limitation of solely using transcriptional reporter fusions is that they 

restrict analysis to the level of transcription, with no information regarding effects at the 

post-transcriptional level. Potential QS inhibitors may have direct effects on the reporter 

phenotype rather than its regulation 
[209]

. Thus, it was important to assess the production of 

reporter phenotypes beyond the transcriptional level and at a non-lytic concentration. As 

shown in Chapter 5, the addition of G3 dendrons attenuates the production of biofilm- 
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associated factors; specifically, motility (Figure 5.1 and Figure 5.2), biofilm maturation 

(Figure 5.4 and Figure 5.7) and EPS production (Figure 5.8). In this study, G3 dendrons 

were assessed for their ability to alter the production of two virulence factors controlled 

directly by QS, las-controlled LasA protease and rhl/pqs-controlled pyocyanin. It was 

hypothesised that interference with these QS systems would manifest as a reduction in 

LasA and/or pyocyanin production, whilst, complete inhibition would yield a phenotype 

similar to the lasI rhlI mutant PAO-MW1. G3 dendrons were added here at the mid- 

exponential phase of growth to simultaneously assess the impact a reduction in viability 

and a temporary growth arrest (Figure 4.7) coupled with a downregulation in LasI/RhlI 

expression (Figure 7.5 and Figure 7.6) would have on virulence factor production. This 

was envisaged to highlight the maximum activity of G3 dendrons. 

 
As discussed earlier in this chapter, both LasA protease and pyocyanin cause detrimental 

damage to the host and enhance the invasiveness of P. aeruginosa. For instance, LasA 

protease cleaves  the  Gly-Gly  peptide bonds  that  are  abundant in  the  protein  elastin, 

creating incisions that render it susceptible to degradation by LasB elastase 
[121]

. Whereas, 

pyocyanin suppresses neutrophil proliferation, causing a delayed inflammatory response to 

P. aeruginosa infections 
[140]

. Interestingly, G3 dendrons reduced the production of LasA 

protease (Figure 7.11a) and pyocyanin (Figure 7.12) in a dose-dependent manner. Almost 

undetectable levels of LasA protease activity and pyocyanin were recorded at a 

concentration of 0.8 mg/mL, where the endpoint cell density was not affected (refer to 

Figure 4.6). Such effects were only observed when G3 dendrons were added at the mid- 

exponential phase (i.e. before P. aeruginosa produced LasA protease and pyocyanin). It is 

likely that a combination of changes in translational expression of lasI and rhlI, and the 

growth inhibitory effect (Figure 4.7) attributed to a reduction in LasA protease and 

pyocyanin. Previous studies have shown that pyocyanin-deficient P. aeruginosa do not 

induce neutrophil apoptosis in vitro and infections are cleared within 72h in vivo 
[138]

. The 

attenuation  of  virulence  factors  using  G3  dendrons  thus  increases  their  potential 

therapeutic value. Collectively, G3 dendrons did not reduce the levels of the investigated 

virulence factors post-production, but rather functioned as preventatives to control their 

accumulation in the external environment. The use of prophylactics, specifically for P. 

aeruginosa, is a well-established procedure 
[420]

. An anti-virulence prophylactic molecule 

could thus be useful in preventing P. aeruginosa infections. 
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The staphylolytic assay, used in this study to determine the activity of LasA, exhibits 

levels of both sensitivity and specificity. LasA protease cleaves pentaglycine bridges 
[408]

. 

However, such effects are only exhibited when a Lys-(Gly-Gly-Gly-Gly-Gly)-Ala chain 

exists  
[408,  421]

,  a  feature  unique  to  the  peptidoglycan  networks  of  S.  aureus  cells 

(Figure 7.18). 
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Figure  7.18.  Schematic  representation  of  the  peptidoglycan  structure  of  S.  aureus.  The 

structure highlights the pentaglycine bridge that links adjacent strands of peptidoglycan and the 

cleavage site of LasA protease. Image adapted from Hegde et al 
[422]

. 
 
 
 

This assay was not designed to reflect a clinical scenario nor the interactions between the 

two bacterial species. Rather, it was employed solely to quantify the activity of LasA in P. 

aeruginosa. The use of heat-killed as opposed to viable cells of S. aureus ensures that 

fluctuations in S. aureus growth are not reflected in the assay as a change in OD. 

Furthermore, exposure to heat denatures enzymes in S. aureus that may interfere 

subsequently. This also weakens the peptidoglycan networks, allowing LasA to access the 

target site. Although studies have shown that the rate of staphylolysis by LasA may be 

increased in the presence of other proteases such as LasB elastase or alkaline protease, 
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neither  enzyme  shows  staphylolytic  activity  independently  
[423]

.  LasB  elastase,  for 

example, can only make a contribution to staphylolysis in the presence of LasA, but this 

activity is abolished in the absence of LasA (i.e. when a LasA or las inhibitor is present) 

[424]
. In addition, relatively large amounts of elastase or alkaline protease are required for a 

significant enhancement of  LasA  action  on  S.  aureus  cells  
[421]

.  These  are  therefore 

unlikely to have interfered with the assay. 
 

 

Complementation studies in QS-deficient backgrounds are often required to verify the 

effects of potential inhibitors on the reporter phenotype. Most often, QS-deficient 

backgrounds have been used to identify competitive inhibitors of AHLs 
[404] 

or compounds 

that target the regulatory QS receptors 
[228]

. In this study, the lasI rhlI mutant PAO-MW1, a 

strain unable to synthesise AHLs due to an insertional mutagenesis of lasI in a rhlI deletion 

mutant (rhlI::Tn501 lasI::tetA) 
[283]

, was exogenously complemented with 3-oxo-C12-HSL 

and C4-HSL. Wild type P. aeruginosa PAO1 has been shown to begin producing AHLs at 

the early exponential phase, with maximum production achieved by the late exponential 

phase of growth 
[405]

. Thus, synthetic AHLs were added at the early exponential phase in 

this study. The presence of both these signal molecules was required to restore the 

bacterium’s virulence to wild-type levels, supporting the work of Whiteley et al 
[283]

. Both 

networks have been previously shown to contribute to the production of virulence factors 

[161, 283]
. Similarly to studies conducted using the wild type, the addition of G3 dendrons at 

the mid-exponential phase to exogenously complemented PAO-MW1 attenuated the 

production of LasA protease (Figure 7.15), pyocyanin (Figure 7.16), and biofilm formation 

(Figure 7.17), without affecting the endpoint cell density (Figure 7.14). This further 

highlights the ability of G3 dendrons to interfere with QS networks via reduction of 

LasR/3-oxo-C12-HSL and/or RhlR/C4-HSL interactions. Such studies also support the 

proposed mechanism of action discussed earlier in this chapter. 
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7.5       Conclusions 
 
 

In this chapter, G3 poly (ε-lysine) dendrons were investigated for their ability to reduce the 

expression and production of QS-regulated virulence factors. Such changes were 

investigated in wild-type P. aeruginosa PAO1, harbouring transcriptional or translational 

lacZ reporter gene fusions. Exposure to G3 dendrons at the late-exponential phase, a stage 

in the growth cycle at which G3 dendrons do not induce changes to growth kinetics, 

caused a downregulation of QS-controlled genes. As such, the expression of genes that 

encode for AHL (lasI and rhlI) and PQS (pqsA) signalling, as well as elastase (lasB) and 

rhamnolipid (rhlA) production was affected. Further analysis revealed that G3 dendrons do 

not alter the transcription of lasI and rhlI. Instead, it is speculated that translation of lasI 

and rhlI into the synthases responsible for AHL production is affected. Such findings 

provided an insight into the potential target and mechanism of action of G3 dendrons. The 

downregulation of  QS-controlled genes was accompanied by  a reduction in virulence 

factor production in both wild-type P. aeruginosa and the AHL-complemented lasI rhlI 

mutant derivative. Specifically, G3 dendrons attenuated the production of las-controlled 

LasA  protease and  rhl/pqs-controlled pyocyanin, whilst  reducing the  biofilm forming 

ability of the bacterium. 

 
Overall, the stage of growth in the cell cycle at which G3 dendrons were added to P. 

aeruginosa cultures played an important role. G3 dendrons caused inhibition of QS- 

regulated virulence factors when added at the late-exponential phase, but induced a 

temporary growth arrest when added at the mid-exponential phase of growth. It is this 

combination of changes in growth kinetics and QS inhibition that maximise the activity of 

G3 dendrons. 
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CHAPTER 8: An in vitro co-culture model of epithelial cells and 
 

P. aeruginosa for assessing the efficiency of G3 poly (ε-lysine) dendrons 
 
 
 
 
 

8.1       Introduction 
 
 

8.1.1               Experimental models for studying P. aeruginosa infections 
 
 

Several  in  vitro  human-derived  cell  models  and  in  vivo  animal  systems  have  been 

developed to study the infection process of P. aeruginosa 
[425]

. In vitro cell models can be 

classified into two categories, immortalised cell lines and primary cells; whereas animal 

models can range from mice 
[185]

, rats 
[358] 

and rabbits to multihost systems such as 

nematodes 
[224]

. Although such models do not resemble the pathology of disease as 

experienced by humans, they have contributed to an understanding of the pathogen-host 

relationship at both cellular and molecular levels and allowed a systemic study of factors 

involved. 
 

 

Both in vitro and in vivo models present advantages but also limitations. For example, the 

in vitro co-culture models of human-derived cells and bacteria can be relatively simple to 

optimise and use 
[426]

, particularly when there is prior knowledge regarding the cell line 

and  bacterial  strains  being  investigated.  Such  an  in  vitro  system  also  provides  the 

possibility of manipulating experimental parameters and variables, generating high- 

throughput assays,  and  increasing scalability and  reproducibility with  ease.  However, 

many immortalised cells such as some epithelial cell lines do not maintain proper cellular 

differentiation phenotypes or typical epithelial properties, whilst the availability of tissues 

and the short lifespan limits the application of primary cell infection models 
[425]

. 

Alternatively, in vivo systems such as murine models, which are the most commonly used 

vertebrate species, have not only been able to provide an important resource for screening 

of new therapies 
[185, 216]

, but also for studies investigating the initiation and maintenance of 

P. aeruginosa infections 
[183]

. Size, availability and ease of handling (by trained personnel) 
 

have contributed to their desirability as infection models over other animals. However, 

animal models have often failed to elucidate molecular mechanisms at the cellular level, 

mainly  due  to  the  complexity  of  factors  associated  with  infection.  Furthermore, 
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invertebrate model hosts such as Caenorhabditis elegans 
[224]

, which possesses several 

advantages including rapid generation time and simple cultivation, also present major 

drawbacks. These nematodes lack an adaptive immunity and a true complement system. 

The application of in vitro and in vivo models, as well as their advantages and limitations, 

with examples of studies implementing their use are summarised in Table 8.1. 
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Table 8.1. Application of in vitro human-derived and in vivo animal models for studying the pathogenesis of P. aeruginosa. 

 

 
 
 

Infection Application: key findings post-infection Advantages Limitations Ref. 
 

 

in vitro human 

immortalised 

cell lines 
 
 
 
 
 
 
 
 
 
 
 
 

in vitro primary 

cells 

Alveolar epithelial cells (A549): 

CF P. aeruginosa isolates induced 

proinflammatory responses. 
 

Endothelial cells (HUVEC): 

QS-proficient P. aeruginosa strains induced 

apoptosis. 
 

Keratinocyte cells (CCD-1102 KERTr): 

las/rhlR-proficient P. aeruginosa impaired 

cell migration in a scratch wound model. 

 
Nasal mucosa epithelial cells: 

Rhl-proficient P. aeruginosa strains altered 

epithelial barrier and infiltrated airway 

epithelia. 

- Rapid, cost-effective and ease of 

maintenance; 
 

- High-throughput studies; 
 

- Elucidates molecular mechanisms 

at the cellular level. 
 

 
 
 
 
 
 
 

- Retains in vivo functionality; 
 

- Reflects host physiology. 

- Exhibits differences to in vivo 

phenotypes; 
 

- Requires further in vivo models 

to support conclusions. 
 

 
 
 
 
 
 
 
 
 

- Limited lifespan; 
 

- Limited availability of tissues 

such as nasal polyps; 
 

- Variations between samples. 

[427-429] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[125] 

 

in vivo models: 

Rodents 

Murine model of peritoneal infection: 

Rapid clearance of QS-deficient 

P. aeruginosa from silicone implants; 

- Important resource for trialling 

new therapies; 
 

- Confirmed biological relevance 

- High costs in comparison to in 

vitro models; 
 

- Requires trained personnel 

and animal care facilities; 

[183] 
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Table 8.1. (continued) Application of in vitro human-derived and in vivo animal models for studying the pathogenesis of P. aeruginosa. 
 
 
 

 
Infection Application: key findings post-infection Advantages Limitations Ref. 

 

 

in vivo models: 

Rodents 

(continued) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

in vivo models: 

Nematodes 

Rat model of lung infection: 

lasI rhlI double mutant caused milder lung 

pathology than WT P. aeruginosa. 
 

Neonatal mouse model of pneumonia: 

Reduction in bacteraemia and mortality in 

mice infected with lasI rhlI mutant. 
 

CF model of tracheal infection: 

P. aeruginosa caused abscess formation and 

formed microcolonies encapsulated in 

alginate in the alveoli. 

 
Caernorhabditis elegans: 

Production of hydrogen cyanide by QS- 

proficient P. aeruginosa caused paralysis 

of nematode. 

- Important resource for trialling 

new therapies; 
 

- Confirmed biological relevance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
- Rapid generation time; 
 

- Simple conditions for growth; 
 

- Similar innate immunity to 

mammals. 

- High costs in comparison to in 

vitro models; 
 

- Requires trained personnel 

and animal care facilities; 
 

- Long generation time 

(compared to other infection 

models). 
 
 
 
 
 
 

- Lacks adaptive immunity; 
 

- Infection can easily overwhelm 

the nematode. 

[184, 185, 
 

358] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[186] 

 
(1) 

CF, cystic fibrosis. 
(2) 

WT, wild-type. 
(3) 

QS, quorum sensing. 
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8.1.2               Bronchial and airway epithelial cells 
 
 

The airway mucosa provides a sufficient barrier for protecting the host against invading 

pathogens, as well as inhaled particles 
[31]

. This primary action of defence is the combined 

function of secretory and ciliated cells to maintain efficient mucociliary clearance. Cells of 

the airway epithelium, consisting of basal, columnar, ciliated and secretory cells, have 

several other functions (Figure 8.1). Amongst which are the regulation of ion exchange, 

production of mucin, inflammation, and stimulation of repair responses. Furthermore, 

intercellular junctions (such as connections between basal and columnar cells) create a 

physical barrier, which prevents the transfer of invading pathogens or molecules via the 

intercellular route. The presence of tight junctions also seals the paracellular space, 

separating  the  apical  from  the  basolateral  membrane  components  
[31]

.  Despite  these 

efficient defence systems, the airway epithelium is in permanent contact with potential 

pathogens such as P. aeruginosa. As discussed in Chapter 1, this bacterium is well-adapted 

to the respiratory tract environment, causing episodic exacerbations of pulmonary disease 

in patients with CF 
[16]

. 
 

 
Ciliated cell Mucus secretory cell  Clara cell 

 
 
 
 

Stem cell 
 
 
 
 

Basal cell Basal membrane  Tight junctions 
 

 
Figure 8.1. Schematic representation  of the bronchial epithelium. The pseudostratified nature 

of the columnar  epithelium  is apparent,  which  is principally  comprised  of ciliated  cells. Image 

based on schematic representation from Rock et al 
[430]

. 
 
 
 

A number of cell lines derived from bronchial epithelium are available for studying host- 

microbe interactions, including 16HBE 14o- 
[294]

. Selection of an appropriate cell line is 

often carefully considered and depends on the native phenotype of the tissues. The 16HBE 

14o- cell line, originally developed from human bronchial epithelium, is unlike many 

immortalised cell lines. It retains many features of differentiated airway epithelial cells 
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including the formation of well-defined tight junctions 
[294]

. Under submerged cultures, the 

cells exhibit morphological similarities to basal airway epithelial cells in vivo 
[431]

. 16HBE 

14o- cells are able to grow as a monolayer, adhering strongly to plastic surfaces under 

standard tissue culture conditions in vitro. 

 
There have been a number of significant developments in airway epithelial cultures over 

the years, and the ability to  grow  cells at an air-liquid interface (ALI) has arguably 

provided the most defined system. This is thought to provide a more closely related model 

to the in vivo situation, allowing cultured cells to undergo extensive mucociliary 

differentiation, develop stable transepithelial electrical resistance, produce mucus and elicit 

a response to stimuli 
[432]

. All of which are characteristics observed in the normal human 
 

respiratory  epithelium.  The  use  of  an  in  vitro  ALI  system  to  study  host-microbe 

interactions has been well documented, particularly with P. aeruginosa. Studies by Palmer 

and co-workers have shown the establishment of P. aeruginosa biofilms on airway 

epithelium in vitro and the ability to maintain epithelial cell viability for up to 20h post- 

infection  
[96]

.  Others  have  used  the  ALI  system  to  model  early  pathogenesis  of  P. 
 

aeruginosa, whereby epithelial cells have been shown to provide a protected environment 

for bacterial proliferation 
[433]

. These examples highlight the diverse studies that can be 

employed using the ALI system. However, the high cost of support inserts is a major 

drawback of ALI systems, and limits the ability for high-throughput testing. Research on 

interactions of P. aeruginosa with epithelial cells has also utilised submerged cultures. 

Anderson and co-workers described a protocol for forming P. aeruginosa biofilms on CF- 

derived epithelial cells grown in a multi-well plate 
[426]

. In recent years, this model was 

modified and used to evaluate the effects of normoxia and hypoxia on the cytotoxicity of 

P. aeruginosa and infection of airway epithelial cells 
[434]

. 

 
8.1.3               Adhesion and invasion of P. aeruginosa into airway epithelial cells 

 
 

Adherence  to  airway  cellular  receptors  is  a  key  step  in  establishing  respiratory 

colonisation, and is often a necessity for virulence and initiation of infection 
[54]

. As 

discussed in Chapter 1 and Chapter 5, adherence to biotic and abiotic surfaces is mediated 

by flagella and type IV cellular appendages 
[56, 86]

. Interestingly, P. aeruginosa has been 
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shown to exhibit a higher affinity to inflamed or injured epithelial cells (such as in 

immunocompromised patients) than to bind to normal uninjured cell surfaces 
[52]

. 

 
Several studies have investigated the adhesion and invasion properties of P. aeruginosa 

using in vitro models of airway epithelium 
[49, 434]

. In many cases, these properties have 

been studied simply as indicators of how P. aeruginosa may behave during colonisation in 

vivo. For example, internalised bacteria have been shown to exhibit biofilm-like properties 

and form clusters within the airway epithelial cells with a high tolerance to ciprofloxacin 

and ceftazidime treatment 
[433]

. This intraepithelial survival ability has contributed to the 

difficulties encountered during treatment of in vivo airway infections. Other studies have 

demonstrated the ability of P. aeruginosa to alter the apical membrane of epithelial cells 

and disrupt the tight junction barrier 
[125]

, resulting in bacterial access into the basolateral 

membrane and interactions with receptors that mediate internalisation 
[435]

. This infiltration 

of P. aeruginosa has been linked with QS. Single rhlR or rhlA mutants, that are unable to 

produce rhamnolipids, have neither been able to infiltrate epithelial cells nor decrease 

transepithelial resistance of various epithelia 
[125]

. Preventing bacterial colonisation on 

airway epithelial cells is therefore a desirable achievement as it may decrease lung 

pathology in patients at risk of chronic P. aeruginosa infections (i.e. CF or mechanically- 

ventilated patients). 

 
8.1.4               Aims and objectives of chapter 

 
 

In this chapter, G3 poly (ε-lysine) dendrons were evaluated for their efficiency in an in 

vitro co-culture model of P. aeruginosa and airway epithelial (16HBE 14o-) cells. 

Specifically,  to  determine  whether  the  dendrons  (i)  confer  protection  against  P. 

aeruginosa-induced cytotoxicity in the co-culture model, (ii) alter the adhesion and 

internalisation of P. aeruginosa, and (iii) reduce damage to the epithelial barrier. Analysis 

of such properties was envisaged to provide an insight into the therapeutic potential of poly 

(ε-lysine) dendrons. 

 
This chapter therefore aims to: 

 
 

i. Develop and optimise an in vitro co-culture model of P. aeruginosa and 16HBE 
 

14o- cells; 
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ii. Examine the cytotoxicity of G3 dendrons at a range of concentrations in two cell 

lines; NIH 3T3 and 16HBE 14o- cells; 

iii. Explore the ability of G3 dendrons to protect 16HBE 14o- cells against P. 

aeruginosa-induced cytotoxicity; 

iv.          Assess the anti-biofilm properties of G3 dendrons in the co-culture model and 

their ability to reduce adhesion and invasion of P. aeruginosa; 

v. Determine the transepithelial electrical resistance of 16HBE 14o- monolayers 

post-infection and post-exposure to G3 dendrons, and the ability to recover to 

baseline levels. 
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8.2       Materials and methods 
 
 

8.2.1               Viability of P. aeruginosa in cell culture medium 
 
 

The growth characteristics of P. aeruginosa were examined in human cell culture medium 

to assess its ability to support bacterial growth. Overnight cultures of PAO1 and PAO- 

MW1 were centrifuged at 4,000xg for 10 minutes, 4°C. Bacterial cells were washed with 

10 mL PBS (3x) and re-suspended in (i) complete growth media (MEM, 10% FBS and 1x 

NeAA), or (ii) 1% FBS-supplemented growth media to an OD600  of 0.05. Cultures were 

grown statically at 37°C, 5% CO2 over 24h. Viability was determined as CFU/mL counts, 

as previously described in Section 2.1.4. In subsequent assays, suspensions of PAO1/PAO- 

MW1 and RG3K were prepared in 1% FBS-supplemented media. 

 
8.2.2               Optimisation  of  an  in  vitro  co-culture  model  of  P.  aeruginosa  and 

 

16HBE 14o- cells 
 
 

The in vitro co-culture model, utilising P. aeruginosa PAO1 and monolayers of the human 

bronchial epithelial cell line 16HBE 14o-, was optimised by investigating the effects of 

bacterial culture density and period of exposure on 16HBE 14o- cell viability. 16HBE 14o- 

cells were seeded in a 6-well plate (200,000 cells/well in 2 mL complete media) and grown 

at 37°C, 5% CO2 for 72h to achieve a 70-80% confluent monolayer. Mid-exponential 

phase PAO1 cultures (OD600  of ~0.4; ~1.5 x 10
8  

CFU/mL), grown in NB at 37°C with 
 

agitation at 120 rpm, were pelleted by centrifugation at 4,000xg for 10 minutes, 4°C. 

Bacterial cells were washed with 10 mL PBS (3x) and re-suspended in 10 mL MEM, 

supplemented with 1% FBS and 1x NeAA. Prior to initiation of infection, monolayers 

were washed twice with 2 mL PBS. An aliquot of PAO1 suspension (1 mL) was then 

added to each well at an inoculation ratio (multiplicity of infection (MOI)) ranging from 

0.1:1 to 50:1 (PAO1 : 16HBE 14o-). After 2h of co-incubation, the medium was gently 

aspirated and monolayers were washed twice with 2 mL PBS to remove loosely adherent 

bacteria. Fresh media (1 mL) containing no bacteria was then added to each well. After 

incubation, monolayers were again washed twice with 2 mL PBS. Cells were detached 

from the well by incubating with 1 mL trypsin-EDTA for 5 minutes at 37°C. The cells 

were assessed for viability using trypan blue exclusion 
[292]

, as described in Section 2.3.4. 

Each plate assay was performed three times. Percentage viability was determined using 
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Equation  2.4.  The  inoculation  ratios/MOIs  and  co-incubation  durations  producing  a 

viability of ≥80% 16HBE 14o- cells were considered as the optimal conditions for the co- 

culture infection model. 

 
8.2.3               Cytotoxicity of G3 dendrons in vitro 

 
 

The cytotoxicity of G3 dendrons was determined in accordance with the ISO 10993-5 

published guidelines 
[293]

, against two cell lines, human bronchial epithelial (16HBE 14o-) 

cells and mouse fibroblast (NIH 3T3) cells. NIH 3T3 and 16HBE 14o- cells were seeded in 

flat-bottom 96-well plates (5,000 and 10,000 cells/well in 100µL complete media, 

respectively). Monolayers (70-80% confluence) were exposed to increasing concentrations 

of  RG3K  (2  µg/mL  to  2  mg/mL) for  24  and  48h.  The  supernatants were  thereafter 

collected and used for quantification of LDH release, as described in Section 2.3.6. 

Adherent cells were exposed to the MTT solution and used for assessing viability, as 

described in Section 2.3.5. Triton
TM 

X-100 was used as a positive lysis control. Each plate 

assay was performed four times. The half maximal inhibitory concentration (IC50), a 

measure of toxicity based on the concentration required to kill half the cells in a population 

[293]
, was determined. Values greater than 50% in the LDH assay were indicative of a 

cytotoxic response, whilst a reduction in cell viability to less than 50% in the MTT assay 

was indicative of a toxic response with an ability to inhibit mitochondrial function. 

 
8.2.4               Cytotoxicity of P. aeruginosa in the co-culture model 

 
 

G3 dendrons were examined for their ability to protect 16HBE 14o- cells against P. 

aeruginosa-induced cytotoxicity in the co-culture model. The viability of epithelial cells 

and the level of LDH activity post-infection was thus determined. 

 
8.2.4.1            Viability using trypan blue exclusion 

 
 

16HBE 14o- cells were cultured in a 6-well plate and infected with mid-exponential phase 

cultures of PAO1 or PAO-MW1 at a MOI of 0.1:1, 1:1 and 10:1 (Section 8.2.2). RG3K 

(0.8 mg/mL) was added to wells containing PAO1 at the time of infection. Wells that 

initially received RG3K treatment were supplemented with 500µL RG3K (0.8 mg/mL) 

when the media was changed (i.e. 2h-post infection) to maintain a constant concentration. 
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After 6h of incubation, cells were detached from the well and assessed for viability using 

trypan blue exclusion 
[292]

. Each assay contained two replicate wells and the experiment 

was performed three times. Percentage viability was determined using Equation 2.4. 
 

 

8.2.4.2            Cytotoxicity using lactate dehydrogenase activity 
 
 

16HBE 14o- cells were seeded in a 96-well plate (20,000 cells/well in 100µL complete 

media) and allowed to attach at 37°C, 5% CO2 for 12-16h to achieve a 70-80% confluent 

monolayer. Monolayers were infected with mid-exponential phase cultures of PAO1 or 

PAO-MW1 at a MOI of 0.1:1, 1:1 and 10:1 (Section 8.2.2). RG3K (0.8 mg/mL) was added 

to wells containing PAO1 at the time of infection, and supplemented with 100µL RG3K 

(0.8 mg/mL) when the media was changed (i.e. 2h-post infection). After 6h of incubation, 

the supernatants were collected and assayed for the presence of LDH using the method 

described in Section 2.3.6. Each plate contained six replicate wells, and the experiment 

was performed three times. Percentage cytotoxicity was determined using Equation 2.6. 

 
8.2.5               Apoptosis and necrosis in the co-culture model 

 
 

The effect of lasI rhlI mutation in PAO-MW1 on induction of apoptosis and necrosis was 

assessed in the co-culture model by measuring Caspase 3/7 activity and LDH release, 

respectively. Both assays were performed in parallel. 16HBE 14o- cells were seeded in a 

96-well plate (20,000 cells/well in 100µL complete media) and allowed to attach at 37°C, 
 

5% CO2 for 12-16h to achieve a 70-80% confluent monolayer. Monolayers were infected 

with mid-exponential phase PAO1 or PAO-MW1 suspensions at a MOI of 0.1:1, 1:1 and 

10:1 in a final volume of 100µL/well. Plates were incubated at 37°C, 5% CO2. After 2h of 

co-incubation, the medium (containing bacterial suspension) was gently aspirated and 

monolayers were washed twice with 100µL PBS to remove loosely adherent bacteria. 

Fresh 1% FBS-supplemented media (100µL), containing 250µg/mL gentamicin (PAA 

laboratories GmbH, UK), was then added to each well. After 10h of incubation, the 

supernatants were collected and assayed for the presence of LDH (i.e. signs of cytoplasmic 

membrane damage and necrosis) using the method described in Section 2.3.6. The media 

used for LDH analysis was replaced with 50µL serum-free MEM. The Caspase-Glo® 3/7 

reagent (50µL) was then added to each well, and activity of effector caspases 3/7 (i.e. 

induction of apoptosis) was measured as detailed in Section 2.3.7. Camptothecin (0.1mM) 
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and Triton X-100
TM 

(1% (v/v)) were included as a positive control for apoptosis and 

necrosis, respectively. Each plate contained four replicate wells. The experiment was 

performed three times. 

 
8.2.6               Adhesion and invasion of P. aeruginosa 

 
 

The ability of P. aeruginosa to adhere and invade 16HBE 14o- cells was investigated using 

a modified protocol of the gentamicin protection assay described by Schaffer and co- 

workers 
[434]

. Monolayers of 16HBE 14o- cells were prepared as described in Section 8.2.2. 

Mid-exponential phase PAO1 or PAO-MW1 suspensions were added to each well at a 

MOI of 0.1:1, 1:1 and 10:1. Infected monolayers were co-cultured with PAO1 or PAO- 

MW1 for 2h to allow the bacterium to adhere to epithelial cells. RG3K (0.8 mg/mL) was 

added to wells containing PAO1 at the time of infection. At the end of incubation, non- 

adherent bacteria were removed by gentle aspiration and the monolayer was washed twice 

with 2 mL PBS. 

 
Internalised bacteria were quantified by exposing the monolayer to gentamicin in order to 

kill  the  extracellular bacteria.  The  antibiotic  was  prepared  in  1%  FBS-supplemented 

growth media at a concentration of 250 µg/mL, and monolayers were treated with 1 mL 

gentamicin for 1h at 37°C, 5% CO2. After incubation with the antibiotic, monolayers were 

washed twice with 2 mL PBS and treated with a lysis solution consisting of 1% (w/v) 

saponin (Sigma Aldrich, UK) in trypsin-EDTA. A 1 mL aliquot of saponin solution was 

added to each well and monolayers were incubated for 20 minutes at 37°C, allowing 

permeabilisation of the 16HBE 14o- cells and recovery of internalised bacteria. Adherent 

bacteria were quantified using a similar protocol, except that gentamicin was not applied to 

monolayers or used to kill the extracellular bacteria. PBS-washed monolayers were lysed 

using saponin, resulting in a total number of cell-associated P. aeruginosa (i.e. adherent 

and internalised). Aliquots (100µL) were then spread onto NA plates. Agar plates were 

incubated at 37°C for 24h before bacterial colonies were enumerated. Each assay contained 

two replicate wells. The adhesion and invasion assays were performed three times. The 

number of adherent bacteria was calculated using Equation 8.1. 

!". !. !!!!!!!"ℎ!"!#$!!"#$%&'" 
= !!"!#$!!"#$%&!!"!!"##!!""#$%!&'(!!"#$%&'" − !!"#$%"&'!($)!!"#$%&'"
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The sensitivity of P. aeruginosa to gentamicin and the lysis solution was also examined; 
 

the results for which can be found in Appendix V and VI, respectively. 
 
 

8.2.7               Epithelial barrier integrity in the co-culture model 
 
 

The integrity of the epithelial barrier and tight junctions formed by 16HBE 14o- cells were 

assessed post-infection with P. aeruginosa and/or treatment with G3 dendrons. For this, 

TEERs were measured. Monolayers of 16HBE 14o- cells were cultured in the apical 

chamber of collagen-coated Transwell® permeable polyester supports as described in 

Section 2.3.8 and illustrated in Figure 8.2. Cells were maintained at an ALI for 6 days to 

allow the formation of tight junctions (~2 x 10
6  

cells/insert). Media in the basolateral 
 

chamber was replaced every 24h. 
 
 

 
 

 
Figure  8.2.  Experimental   model  of  Transwell®   permeable  supports  with  16HBE  14o- 

monolayer. 
 

 
 

The apical and basolateral chambers were washed with PBS (2x) prior to 

infection/treatment, and 1% FBS-supplemented MEM (1.5 mL) was added to the 

basolateral chamber. Mid-exponential phase PAO1 or PAO-MW1 suspensions were added 

to the apical chamber at a MOI of 0.1:1, 1:1 and 10:1. RG3K (0.8 mg/mL) was added to 

the apical chamber of wells containing PAO1 at the time of infection. After 2h of co- 

incubation, non-adherent bacteria were removed from the wells by gentle aspiration and 

the apical chamber was washed twice with 2 mL PBS. Fresh media (0.5 mL) containing no 

bacteria was then added. Chambers that initially received RG3K treatment were 

supplemented with a second dose of 500µL RG3K (0.8 mg/mL) when the media was 

changed to maintain a constant concentration. TEER measurements were taken 0, 2, 4 and 
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6h-post infection/treatment. At the end of the incubation period, the apical and basolateral 

chambers were washed with PBS (2x). Fresh 1% FBS-supplemented media containing 

250µg/mL gentamicin was added to the apical (0.5 mL) and basolateral (1.5 mL) chamber 

to inhibit further bacterial growth. Transwell® plates were incubated at 37°C, 5% CO2 and 

TEER was measured at 18, 24 and 48h to monitor the recovery of the epithelial barrier and 

re-establishment of tight junctions. To prevent cross-contamination between chambers and 

inserts,  the  silver-silver  chloride  STX2  electrodes  used  for  measuring  TEER  were 

immersed in 100% (v/v) ethanol (2x), washed in PBS (3x), and equilibrated in 1% FBS- 

supplemented media  prior  to  each  measurement. Each  assay  contained  two  replicate 

inserts. The experiment was performed three times. 

 
8.2.8               Microscopic analysis of monolayers 

 
 

The morphology of monolayers was examined on a number of occasions such as post- 

treatment with RG3K and/or infection with P. aeruginosa. Visualisation was achieved 

using a Zeiss Primo Vert inverted light microscope equipped with a CMOS image sensor 

and monitor (Carl Zeiss AG, Germany). Scans were made through each sample and images 

were obtained from three areas per plate using a 10x objective. 
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8.3       Results 
 
 

The efficiency of G3 dendrons was investigated in an optimised in vitro co-culture model 

of P. aeruginosa-16HBE 14o- cells. Exposure to the dendrons at a non-cytotoxic 

concentration (0.8 mg/mL) revealed their ability to reduce the adverse effects of PAO1 at 

low MOIs, alter adhesion and invasion into epithelial cells, as well as protect the integrity 

of the epithelial barrier. 

 
8.3.1               Viability of P. aeruginosa in cell culture medium 

 

The viability of P. aeruginosa was determined in MEM medium to assess its ability to 

support bacterial growth in the co-culture model (Figure 8.3). 
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Figure 8.3. Growth of P. aeruginosa in MEM cell culture medium over 24h. Cultures of PAO1 

and PAO-MW1  were suspended  in 10% or 1% FBS-supplemented  MEM (with 1x NeAA), and 

grown statically at 37°C, 5% CO2 over 24h. Viability was determined using CFU/mL counts. Data 

represent mean ± SD; n = 3. 
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Both complete (i.e. 10% FBS-supplemented) and low-serum (i.e. 1% FBS-supplemented) 

media supported the growth of PAO1 and PAO-MW1. The endpoint cell density was 

comparable regardless of serum concentration (P > 0.05). However, these strains exhibited 

a prolonged lag phase in 10% FBS-supplemented media, where the growth rate remained 

constant in PAO1 and PAO-MW1 for 2 and 4h, respectively. The lag phase was absent in 

1% FBS-supplemented MEM. Mutations in lasI and rhlI caused PAO-MW1 to exhibit a 

reduced growth rate in comparison with PAO1, which was statistically different in both 

complete and low-serum media (P ≤ 0.001). Both strains reached a recognised stationary 

phase by approximately 18h. The ability of MEM to support growth of P. aeruginosa is 

useful for establishing a co-culture infection model. 
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8.3.2               Optimisation  of  an  in  vitro  co-culture  model  of  P.  aeruginosa  and 
 

16HBE 14o- cells 
 
 

The effects of bacterial culture density (MOIs) and length of incubation periods on 

epithelial cell viability were investigated to optimise the in vitro co-culture model of P. 

aeruginosa-16HBE 14o-  cells. Initially, the bacterial suspension was co-cultured with 

16HBE 14o- for the entire duration of the assay (i.e. 6h). The results can be found in 

Appendix IV. However, these preliminary studies highlighted the detrimental effects of 

PAO1 towards 16HBE 14o- monolayers. Thus, removing the bacterial suspension after 2h 

of co-culture was considered crucial in reducing epithelial cell death. A range of MOIs 

(0.1:1 to 50:1, PAO1-16HBE 14o-) was therefore tested over a period of 6h (with media 

changed after 2h of co-incubation) for their ability to establish an infection without 

overwhelming the epithelial monolayers. The results are presented in Figure 8.4 and 

illustrated in Figure 8.5. 

 
The viability of 16HBE 14o- cells was reduced in line with the co-incubation period and 

bacterial inoculation density. The epithelial monolayer also lost its integrity, and its 

structure deteriorated as the MOI value increased. This was particularly evident at a MOI 

of 50:1, where inoculation with viable P. aeruginosa resulted in complete destruction to 

the monolayer. This was reflected by a high abundance of dead cells and cell debris. 

Extending incubation periods to 6h reduced 16HBE 14o- cell viability by approximately 

50 and 98% at the lowest (0.1:1) and highest (50:1) MOI values, respectively. 
 
 

The optimum conditions, producing a viability of ≥80% 16HBE 14o- cells, in the co- 

culture model were therefore determined at MOIs of 1:1 to 10:1 and co-incubation duration 

of up to 2 hours. Lower MOIs, namely 0.1:1 and 0.5:1, could be applied for up to 4 hours 

without overwhelming the epithelial cells or causing a significant reduction in viability. 
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Figure 8.4. Viability of 16HBE 14o- cells in the in vitro co-culture P. aeruginosa PAO1 infection model. Monolayers of 16HBE 14o- cells (70-80% 

confluent in 6-well plates) were co-cultured with mid-exponential phase cultures of PAO1 at a MOI ranging from 0.1:1 to 50:1 (bacteria : 16HBE 14o-) 

at 37°C, 5% CO2. After 2h of co-incubation, monolayers were washed with PBS. Media (containing the bacterial suspension) was replaced with sterile 

1% FBS-supplemented MEM. Viability of 16HBE 14o- cells was determined using trypan blue exclusion. Percentage viability of 16HBE 14o- cells was 

calculated in comparison with control wells (containing 16HBE 14o- cells and medium only). Data represent mean ± SD; n = 3. 
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Figure 8.5. Micrographs of 16HBE 14o- cells co-cultured with P. aeruginosa at a range of 

infection ratios. Monolayers of 16HBE 14o- cells (70-80% confluent in 6-well plates) were co- 

cultured  with  mid-exponential  phase  cultures  of  PAO1  at  a  MOI  ranging  from  0.1:1  to  50:1 

(bacteria : 16HBE 14o-) at 37°C, 5% CO2. After 2h of co-incubation,  monolayers  were washed 

with PBS. Media (containing the bacterial suspension) was replaced with sterile 1% FBS- 

supplemented MEM. Images are representative of three independent experiments. Cells exhibiting 

a round appearance with a bright interior and clear boundaries are representative of dead cells. 10x 

objective. 
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8.3.3               Cytotoxicity of G3 dendrons in vitro 
 
 

The cytotoxicity of G3 dendrons was evaluated in two cell lines, 16HBE 14o- cells and 

NIH 3T3 cells, at a range of concentrations over a period of 48h. The assays were 

conducted to assess the compatibility of RG3K and identify a non-cytotoxic concentration, 

which could later be applied to the co-culture model of P. aeruginosa-16HBE 14o- cells. 

 
8.3.3.1            Cytotoxicity of G3 dendrons in vitro: 16HBE 14o- cells 

 
 

Monolayers of 16HBE 14o- were examined microscopically at 24h and 48h post-treatment 

with increasing concentrations of RG3K (Figure 8.6). The structure and integrity of the 

monolayer were maintained in the untreated control and in RG3K concentrations of up to 

0.8 mg/mL over the test period. However, higher concentrations (i.e. 2 mg/mL) induced a 

substantial  amount  of  cell  death,  which  was  evidenced  by  a  change  in  the  cells’ 

morphology and formation of clusters. This was especially evident after 48h of treatment. 
 
 

---------------   RG3K   --------------- 

Untreated 16HBE 14o-  0.002 mg/mL  0.8 mg/mL  2 mg/mL 
 
 
 
 
 
 
 
 

Untreated 16HBE 14o- 0.002 mg/mL 0.8 mg/mL 2 mg/mL 
 
 
 
 
 
 
 
 

 
Figure 8.6. Example micrographs showing 16HBE 14o- cells post-exposure to selected 

concentrations  of  G3  dendrons.  Monolayers  of  16HBE  14o-  cells  (70-80%  confluent)  were 

exposed to RG3K (0.002-2 mg/mL in 1% FBS-supplemented MEM, 1x NeAA) at 37°C, 5% CO2 

for 24 or 48h. Images are representative of four independent experiments. 10x objective. 
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Cell viability was then determined in the context of percentage MTT metabolised by 

untreated cells (i.e. a healthy cell population) to quantitatively assess the effects of RG3K 

on 16HBE 14o- cells. Exposure to RG3K (2 µg/mL to 2 mg/mL) revealed a dose- 

dependent  response  (Figure  8.7).  Concentrations  of  ≤  0.8  mg/mL  did  not  cause  a 

significant loss in mitochondrial function, as indicated by high cell viability measurements. 

These concentrations were therefore considered non-cytotoxic to 16HBE 14o- cells under 

the tested conditions. However, at concentrations of 1.2 and 2 mg/mL, RG3K had a 

pronounced effect on 16HBE 14o- cells, where a 50 and 70% reduction in cell viability at 

24h was noted, respectively (P ≤ 0.001). The reduction in cell viability at 2 mg/mL was the 

only concentration to constitute a cytotoxic response, as defined by the IC50 threshold. 

Increasing the exposure time to 48h had no significant effects on 16HBE 14o- cell viability 

at all RG3K concentrations tested, with the exception of RG3K at 2 mg/mL (P < 0.001). 

These findings support the microscopic observations presented earlier in Figure 8.6. 
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Figure 8.7. Viability of 16HBE 14o- cells post-exposure to increasing concentrations of G3 

dendrons. Monolayers of 16HBE 14o- cells (70-80% confluent) were exposed to RG3K (0.002-2 

mg/mL in 1% FBS-supplemented MEM, 1x NeAA) at 37°C, 5% CO2 for 24 or 48h. Viability was 

assessed using the MTT assay, and expressed in comparison with control wells (containing 16HBE 

14o- cells and medium only). Dotted line represents IC50 threshold. Positive lysis, 1% Triton
TM  

X- 

100. Data represent mean ± SD; n = 4. * P-value ≤ 0.001 (vs. untreated 16HBE 14o- cells); One- 

way ANOVA. 
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Cytotoxicity was further evaluated using LDH release. This was expressed as a percentage 

measurement in the context of low LDH release (i.e. spontaneous release in untreated 

control) and a fully lysed population (i.e. maximum LDH available for release). The 

release of LDH inversely correlated with values obtained in the MTT viability assay. 

Exposure to RG3K (2 µg/mL to 2 mg/mL) revealed a dose-dependent LDH response 

(Figure 8.8). Concentrations of ≤ 0.8 mg/mL were relatively non-cytotoxic to 16HBE 14o- 

cells, as indicated by low levels of LDH release that were comparable to the untreated 

control. Exposing 16HBE 14o- cells to the highest concentration (2 mg/mL) tested in this 

study for 48h induced the maximum LDH response. Here, a 100% release of LDH was 

recorded, causing effects that were comparable with the positive lysis control (i.e. Triton
TM

 
 

X-100), and likely to have attributed to the morphological changes described earlier in this 

section. The IC50 was identified at 2 mg/mL against 16HBE 14o- cells. Thus, a non- 

cytotoxic concentration of 0.8 mg/mL was selected for investigation in the co-culture 

model of P. aeruginosa-16HBE 14o- cells. 
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Figure 8.8. Cytotoxic  effects of increasing  concentrations  of G3 dendrons  towards  16HBE 

14o- cells. Monolayers of 16HBE 14o- cells (70-80% confluent) were exposed to RG3K (0.002-2 

mg/mL in 1% FBS-supplemented  MEM, 1x NeAA) at 37°C, 5% CO2 for 24 or 48h. Cytotoxicity 

was assessed by measuring the level of LDH release, and expressed as % of total LDH obtained 

from whole-cell lysate (treated with Triton
TM  

X-100). Dotted line represents IC50 threshold. Data 

represent  mean  ±  SD;  n  =  4.  *  P-value  ≤  0.001  (vs.  untreated  16HBE  14o-  cells);  One-way 

ANOVA. 
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8.3.3.2            Cytotoxicity of G3 dendrons in vitro: NIH 3T3 cells 
 
 

The cytotoxicity of G3 dendrons was further evaluated on NIH 3T3 cells to determine their 

suitability in future studies that may utilise animal models. Monolayers of NIH 3T3 cells 

were examined microscopically at 24h and 48h post-treatment with increasing 

concentrations of RG3K (Figure 8.9). NIH 3T3 monolayers appeared less susceptible to 

RG3K-induced cell death than 16HBE 14o- monolayers. Concentrations of up to 2 mg/mL 

caused little observable damage over the first 24h test period. However, signs of cell death 

were evident after 48h of treatment with 2 mg/mL RG3K. In such samples, cells with a 

bright interior and defined boundaries that exhibited little resemblance to healthy NIH 3T3 

cells (i.e. untreated control) were present. 
 
 

---------------   RG3K   --------------- 

Untreated NIH 3T3  0.002 mg/mL  0.8 mg/mL  2 mg/mL 
 
 
 
 
 
 
 
 

Untreated NIH 3T3 0.002 mg/mL 0.8 mg/mL 2 mg/mL 
 
 
 
 
 
 
 
 
 

Figure 8.9. Example micrographs showing NIH 3T3 cells post-exposure to selected 

concentrations of G3 dendrons. Monolayers of NIH 3T3 cells (70-80% confluent) were exposed 

to RG3K (0.002-2 mg/mL in 1% FBS-supplemented DMEM, 1x NeAA) at 37°C, 5% CO2 for 24 or 

48h. Images are representative of four independent experiments. 10x objective. 
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The  ability  of  NIH  3T3  cells  to  tolerate  damage  induced  by  RG3K  was  further 

demonstrated in the MTT assay (Figure 8.10). RG3K caused no significant loss in 

mitochondrial function and thus cell viability, when compared to the untreated control 

across all the concentrations tested (P > 0.05). Only a 2 and 26% reduction in cell viability 

was recorded after a 24h exposure to RG3K concentrations ranging between 2 µg/mL and 

2 mg/mL, respectively. Furthermore, NIH 3T3 cells were approximately 2.7-fold more 

resistant to damage by RG3K at 2 mg/mL than 16HBE 14o- cells, demonstrating the 

tolerability of NIH 3T3 cells to treatment. RG3K treatment was deemed non-cytotoxic 

against NIH 3T3 cells, with respect to the IC50 threshold. Increasing the exposure time to 

48h did not significantly reduce NIH 3T3 cell viability at all RG3K concentrations tested, 
 

including 2 mg/mL. 
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Figure 8.10. Viability of NIH 3T3 cells post-exposure to increasing concentrations of G3 

dendrons.  Monolayers  of NIH  3T3 cells (70-80%  confluent)  were  exposed  to RG3K  (0.002-2 

mg/mL in 1% FBS-supplemented DMEM, 1x NeAA) at 37°C, 5% CO2 for 24 or 48h. Viability was 

assessed using the MTT assay, and expressed in comparison with control wells (containing NIH 

3T3 cells and medium only). Dotted line represents IC50 threshold. Positive lysis, 1% Triton
TM  

X- 

100. Data represent mean ± SD; n = 4. * P-value ≤ 0.001 (vs. untreated NIH 3T3 cells); One-way 

ANOVA. 
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LDH  release  inversely  correlated  with  values  obtained  in  the  MTT  viability  assay. 

Exposure to RG3K (2 µg/mL to 2 mg/mL) revealed a dose-dependent LDH response 

(Figure 8.11). The tested concentrations exhibited limited cytotoxicity with respect to the 

IC50 threshold. The levels of LDH secreted by NIH 3T3 cells treated with up to 1.2 mg/mL 

RG3K were comparable to the untreated control. The level of LDH release did not exceed 

10% following treatment with concentrations of ≤ 1.2 mg/mL, which is suggestive of 

minimum cytoplasmic membrane damage. Exposing NIH 3T3 cells to the highest 

concentration (2 mg/mL) tested in this study induced a significant release of LDH, when 

compared to the untreated control (P ≤ 0.01). However, the values were below the defined 

threshold for a cytotoxic response. Exposure to 2 mg/mL RG3K for 48h caused less 

damage to NIH 3T3 than 16HBE 14o- cells, which was highlighted by an 80% difference 

in LDH release between the two cell lines. Overall, the IC50  value of RG3K was ≥ 2 

mg/mL for NIH 3T3 cells. 
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Figure 8.11. Cytotoxic effects of increasing concentrations of G3 dendrons towards NIH 3T3 

cells. Monolayers of NIH 3T3 cells (70-80% confluent) were exposed to RG3K (0.002-2 mg/mL in 

1%  FBS-supplemented  DMEM,  1x  NeAA)  at 37°C,  5%  CO2  for  24  or 48h.  Cytotoxicity  was 

assessed by measuring the level of LDH release, and expressed as % of total LDH obtained from 

whole-cell  lysate  (treated  with  Triton
TM   

X-100).  Dotted  line  represents  IC50  threshold.  Data 

represent mean ± SD; n = 4. * P-value ≤ 0.01 (vs. untreated NIH 3T3 cells); One-way ANOVA. 
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8.3.4               Cytotoxicity of P. aeruginosa in the co-culture model 
 
 

G3  dendrons  were  tested  for  their  ability  to  protect  16HBE  14o-  cells  against  P. 

aeruginosa-induced cytotoxicity. Their efficiency was evaluated by determining the 

viability of epithelial cells, and the level of LDH activity at 6h post-infection with PAO1 at 

MOIs ranging from 0.1:1 to 10:1. In addition to this, the cytotoxicity of PAO1 was 

compared to PAO-MW1 in the co-culture model. 

 
A qualitative morphological assessment of the effects of P. aeruginosa was initially 

performed using an inverted light microscope. Analysis of P. aeruginosa-infected 

monolayers  revealed  the  detrimental  effect  PAO1  has  on  16HBE  14o-  monolayers 

(Figure 8.12). The structure and integrity of the monolayer deteriorated as the bacterial 

inoculation ratio increased. Morphological cellular changes and a substantial amount of 

cell death were evident in all PAO1-infected monolayers, particularly at a MOI of 10:1. In 

these monolayers, cells with a bright interior and defined boundaries that exhibited little 

resemblance  to  healthy  16HBE  14o-  cells  (i.e.  uninfected  control)  were  abundant. 

However, co-culturing 16HBE 14o- cells with PAO1 and RG3K appeared to reduce the 

overall destruction caused by P. aeruginosa. Here, the presence of RG3K reduced the 

number of damaged cells in the monolayers, which was evidenced by a reduction in the 

presence of well-rounded refractile clusters of cells. These refractile cells were abundant in 

PAO1-infected monolayers. In contrast to PAO1, monolayers infected with PAO-MW1 

exhibited less cellular damage. These monolayers were in part indistinguishable from the 

uninfected control. 
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16HBE 14o- control  RG3K-treated 16HBE 14o- 
 
 
 
 
 
 
 
 
 
 

PAO1 (MOI 0.1:1)  ----- PAO1 (MOI 0.1:1) + RG3K ----- 
 
 
 
 
 
 
 
 
 
 

PAO1 (MOI 1:1)  ----- PAO1 (MOI 1:1) + RG3K ----- 
 
 
 
 
 
 
 
 
 
 

PAO1 (MOI 10:1)  ----- PAO1 (MOI 10:1) + RG3K ----- 

PAO-MW1 (MOI 0.1:1) 
 
 
 
 
 
 
 
 
 
 
PAO-MW1 (MOI 1:1) 
 
 
 
 
 
 
 
 
 
 
PAO-MW1 (MOI 10:1) 

 
 
 
 
 
 
 
 
 
 
 

Figure 8.12. Micrographs of 16HBE 14o- cells co-cultured with P. aeruginosa and exposed to 

G3  dendrons.  Monolayers  of 16HBE  14o- cells (70-80%  confluent  in 6-well  plates)  were co- 

cultured with mid-exponential phase cultures of PAO1 or PAO-MW1 at a MOI ranging from 0.1:1 

to 10:1 (bacteria : 16HBE 14o-) at 37°C, 5% CO2. RG3K (0.8 mg/mL) was added at the time of 

PAO1 infection. After 2h of co-incubation, monolayers were washed with PBS. Media (containing 

the bacterial suspension) was replaced with sterile 1% FBS-supplemented MEM. Images are 

representative of three independent experiments and were obtained after 6h of incubation. Cells 

exhibiting a round appearance with a bright interior and clear boundaries are representative of dead 

cells. 10x objective and 40x for insets (PAO1 + RG3K). 
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The viability of 16HBE 14o- monolayers was evaluated at 6h post-infection with PAO1 

and exposure to RG3K using the trypan blue exclusion assay. The results are expressed as 

percentage measurements in the context of uninfected control in Figure 8.13. As shown in 

earlier studies in this chapter, PAO1 induced cell death in 16HBE 14o- monolayers at 

MOIs ranging from 0.1:1 to 10:1. However, exposure to RG3K reduced the adverse effects 

of PAO1 by approximately 37 and 27% when applied to monolayers infected at a MOI of 

0.1:1 and 1:1, respectively. The reduction in damage post-exposure to RG3K was 

significant at a MOI of 0.1:1, where viability in these monolayers was maintained at 89% 

(P < 0.05). Surprisingly, the viability in monolayers infected with PAO1 at a MOI of 10:1 

and exposed to RG3K was only 6% after incubation, despite exhibiting little observable 

morphological damage (Figure 8.12). However, changes in the integrity of the cell 

membrane are difficult to detect by light microscopy, and exclusion of trypan blue depends 

on the integrity of the cellular membrane. This suggests that the membrane is likely to 

have been compromised post-infection with a high bacterial load. 
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Figure 8.13. Viability of 16HBE 14o- cells after co-culture with P. aeruginosa and exposure to 

G3 dendrons. Monolayers of 16HBE 14o- cells (70-80% confluent) were co-cultured with mid- 

exponential phase cultures of PAO1 or PAO-MW1 at a MOI ranging from 0.1:1 to 10:1 (bacteria : 

16HBE 14o-) at 37°C, 5% CO2. RG3K (0.8 mg/mL) was added at the time of PAO1 infection. 

After 2h of co-incubation, monolayers were washed with PBS. Media (containing the bacterial 

suspension) was replaced with sterile 1% FBS-supplemented MEM. Viability of 16HBE 14o- cells 

at 6h was determined using trypan blue exclusion. Percentage viability of 16HBE 14o- cells was 

calculated in comparison with control wells (containing 16HBE 14o- cells and medium only). Data 

represent mean ± SD; n = 3. * P-value < 0.05; One-way ANOVA. 
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Cytotoxicity of P. aeruginosa in the co-culture model was confirmed by LDH release. The 

release of LDH inversely correlated with values obtained in the trypan blue exclusion 

assay. As expected, PAO1 induced a significantly higher LDH release at all MOIs tested 

when compared to uninfected 16HBE 14o- cells (P ≤ 0.001). The highest MOI (i.e. 10:1) 

tested in this study induced maximum damage to the membrane. Here, 85% release of 

LDH was recorded, causing effects that were comparable with the positive lysis control. 

This is likely to have attributed to the morphological changes described earlier in this 

section. Exposing PAO1-infected monolayers to RG3K reduced cytoplasmic membrane 

damage. However, this was only significant at a MOI of 0.1:1, where LDH release was 

reduced by 24% (when compared to PAO1-infected monolayers; P < 0.05). In contrast to 

PAO1, monolayers infected with PAO-MW1 at the highest MOI induced a 57% LDH 

release, a measurement that was ~1.5-fold lower than PAO1 (P < 0.05). 
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Figure 8.14. Cytotoxic effects of P. aeruginosa towards 16HBE 14o- cells after co-culture and 

exposure to G3 dendrons. Monolayers of 16HBE 14o- cells (70-80% confluent in 96-well plates) 

were co-cultured with mid-exponential  phase cultures of PAO1 or PAO-MW1 at a MOI ranging 

from 0.1:1 to 10:1 (bacteria : 16HBE 14o-) at 37°C, 5% CO2. RG3K (0.8 mg/mL) was added at the 

time of PAO1 infection. After 2h of co-incubation, monolayers were washed with PBS. Media 

(containing the bacterial suspension) was replaced with sterile 1% FBS-supplemented MEM. 

Cytotoxicity was assessed by measuring the level of LDH release at 6h, and expressed as % of total 

LDH obtained from whole-cell lysate (treated with Triton
TM  

X-100). Data represent mean ± SD; n 

= 3. * P-value < 0.05; One-way ANOVA. 
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8.3.5               Apoptosis and necrosis in the co-culture model 
 
 

The induction of apoptosis and necrosis was analysed to identify the mechanisms 

underlying the decrease in viability of 16HBE 14o- cells after co-culture with PAO1, but to 

a lesser extent with PAO-MW1. Analysis was conducted after co-culturing the bacteria 

with 16HBE 14o- monolayers for 2h and then exposing the infected monolayers to 

gentamicin  for  10h  to  subsequently  monitor  the  health  state  of  16HBE  14o-  cells 

containing internalised P.aeruginosa. Caspase 3/7 activity and LDH release were used as 

markers of apoptosis and necrosis, respectively (Figure 8.15). 
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Figure 8.15. Analysis of apoptosis and necrosis in 16HBE 14o- cells after co-culture with WT 

and lasI rhlI mutant P. aeruginosa. Monolayers of 16HBE 14o- cells (70-80% confluent) were 

co-cultured with mid-exponential  phase cultures of PAO1 or PAO-MW1 at a MOI ranging from 

0.1:1 to 10:1 (bacteria : 16HBE 14o-) at 37°C, 5% CO2. After 2h of co-incubation,  monolayers 

were  washed  with  PBS.  Media  was  replaced  with  1%  FBS-supplemented   MEM  containing 

250µg/mL  gentamicin.  Cells  were  cultured  for  an  additional  10h.  Caspase  3/7  activity  was 

measured  in whole-cell  lysate and expressed  as RLU. LDH release  into the culture  medium  is 

expressed as % of total LDH obtained from whole-cell lysate (treated with Triton
TM  

X-100). Data 

represent mean ± SD; n = 3. * P-value ≤ 0.001; One-way ANOVA. 
 

 
 

Induction of apoptosis increased in line with the MOI ratio. This was indicated by a 

gradual rise in caspase 3/7 activity in monolayers infected with a MOI of 0.1:1 to 10:1. 
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The increase in caspase 3/7 activity was, however, only significant at a MOI of 10.1 when 

compared to the 16HBE 14o- cells control (P ≤ 0.001). Monolayers infected with MOIs of 

≤ 1:1 exhibited no signs of apoptosis within the time frame of this study, and caspase 3/7 

activity was comparable to the untreated 16HBE 14o- cells control. However, caspase 3/7 

activity increased by 3 x 10
5  

RLU (61%) and 1.7 x 10
5  

RLU (46%) post-infection with 

PAO1 and PAO-MW1 at a MOI of 10:1, respectively. The difference in cellular caspase 

3/7 activity in response to PAO1 and PAO-MW1 was statistically significant (P ≤ 0.001), 

suggesting that mutations to lasI rhlI (in PAO-MW1) alter the bacterium’s ability to induce 

apoptosis in 16HBE 14o- cells. 

 
Within the time frame of this study, both strains did not induce any signs of necrosis in 

 

16HBE 14o- cells. This was evident by a low release of LDH (<20% for all MOIs tested) 

into the surrounding media. The levels of LDH release post-infection with PAO1 or PAO- 

MW1 were also comparable to the untreated control (P > 0.05). 
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8.3.6               Adhesion and invasion of P. aeruginosa 
 
 

G3 dendrons were examined in the co-culture model for their ability to reduce adhesion 

and invasion of P. aeruginosa to 16HBE 14o- cells. 

 
The number of adherent and internalised bacteria was assayed and expressed as a 

representation of P. aeruginosa per 10,000 16HBE 14o- cells. The results are displayed in 

Figure 8.16a-c. Levels of bacterial adherence and internalisation increased in line with the 

MOI. This was indicated by approximately a 10-fold increase in the number of cell- 

associated bacteria in monolayers infected with PAO1 at a MOI of 0.1:1 to 10:1. The 

ability of RG3K to reduce adhesion and internalisation of P. aeruginosa was assessed. 

RG3K was able to reduce the adherence of PAO1 by approximately 3.9 x 10
2 

(65%), 1 x 
 

10
3 

(32%) and 1.3 x 10
4 

CFU (37%) when applied to monolayers infected with P. 

aeruginosa at a MOI of 0.1:1, 1:1, and 10:1, respectively. The reduction in adhesion post- 

exposure to RG3K was significant at a MOI ratio of 0.1:1 and 10:1 (P ≤ 0.001). 

 
Internalisation of PAO1 was achieved within 2h of co-culture, highlighting the invasive 

potential of P. aeruginosa for airway epithelial cells. In this co-culture model, 1-2% of 

total adherent PAO1 was able to invade 16HBE 14o- cells. Exposing monolayers to RG3K 

reduced the internalisation of P. aeruginosa into 16HBE 14o-, but this was not statistically 

significant (P > 0.05). The reduction in bacterial adhesion is likely to have contributed to 

the slight decrease in internalisation. 

 
PAO-MW1 demonstrated no significant differences at MOIs of ≤ 1:1 in adhesion or 

invasion into 16HBE 14o- cells, when compared to PAO1 (P > 0.05). However, at the 

highest MOI tested in this study (i.e. 10:1), the mutant exhibited a more compromised 

phenotype. As such, the number of adherent PAO-MW1 was reduced by 1.3 x 10
4  

CFU 

(38%) (P ≤ 0.001). 
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Figure 8.16. Adhesion and invasion characteristics of P. aeruginosa in 16HBE 14o- cells. 

Monolayers of 16HBE 14o- cells (70-80% confluent in 6-well plates) were co-cultured with mid- 

exponential phase cultures of PAO1 or PAO-MW1 at a MOI ranging from 0.1:1 to 10:1 (bacteria : 

16HBE  14o-)  at  37°C,  5%  CO2   for  2h.  RG3K  (0.8  mg/mL)  was  added  at  the  time  of  PAO1 

infection.  The  number  of  adherent  and  internalised  P.  aeruginosa  was  determined  using  the 

gentamicin protection assay, and expressed as bacteria (CFU) per 10,000 16HBE 14o- cells. Data 

represent mean ± SD; n = 3. * P-value ≤ 0.001; One-way ANOVA. 
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8.3.7               Epithelial barrier integrity in the co-culture model 
 
 

The effects of P. aeruginosa and G3 dendrons on epithelial barrier integrity were 

investigated after infecting 16HBE 14o- monolayers with PAO1 at different MOIs. 

Alterations caused by the bacteria to the epithelial monolayer were monitored using TEER, 

where a  change in  measurement reflects a  modulation and/or disruption of  epithelial 

barrier function. The changes in TEER following apical infection with P. aeruginosa are 

presented in Figure 8.17. 

 
The TEER of the uninfected control (containing 16HBE 14o- cells in sterile media) 

remained constant over the first 6h period. Infecting the monolayers with P. aeruginosa 

induced a significant decrease in TEER in a dose-dependent manner. MOIs of 0.1:1 and 

1:1 caused a 40 and 60% reduction in TEER to 152 and 101 Ω.cm
2 

within only 4h of 
 

infection with PAO1, respectively (when compared to the untreated control; P ≤ 0.001). 

This decrease was, however, even more pronounced at a MOI of 10:1, where PAO1 

induced a 40% reduction in TEER to 146 Ω.cm
2 

as early as 2h post-infection (P ≤ 0.001). 

TEERs continued to decline as the incubation time increased. By the end of the 6h 

incubation period, the TEER measurement for monolayers infected with PAO1 at the 

highest MOI (i.e. 10:1) tested in this study had reached 52 Ω.cm
2
, a measurement that was 

5-fold lower than the baseline (P ≤ 0.001). Eliminating non-adherent bacteria (by treating 

the apical and basolateral chambers with gentamicin) allowed the monolayers to slowly 

recover and counteract the negative effect caused by P. aeruginosa. At 18h-post infection, 

the TEER values remained low for monolayers infected with PAO1 at higher titers (60 and 

54 Ω.cm
2 

for MOI 1:1 and 10:1, respectively), and recovery was apparent after only 24h. 
 

In contrast, a substantial recovery in TEER was recorded at a MOI of 0.1:1, where 

measurements reached 202 Ω.cm
2 

by 24h and were comparable to the uninfected control. 

Overall, the recovery process began earlier for monolayers infected with low MOIs, 

presumably because the damage to the barrier function caused by the bacteria is less 

severe.  Extending  the  recovery  period  to  48h  had  no  significant  impact  on  further 

improving the integrity of the monolayers (P > 0.05). 

 
Apical incubation with RG3K caused slight fluctuations in TEER measurements during the 

test period. However, these changes presented no significant differences when compared to 

the untreated control, suggesting that RG3K does not trigger modulation of tight junctions. 
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Exposing PAO1-infected monolayers to RG3K reduced the adverse effects of P. 

aeruginosa, as indicated by higher TEER values across all MOIs. In particular, the TEER 

values of monolayers infected with PAO1 (low MOI of 0.1:1) and simultaneously exposed 

to RG3K were higher by 57 (24%) and 58 Ω.cm
2 

(28%) after 2 and 4h of infection, 

respectively, when compared to untreated (i.e. no RG3K) samples (P ≤ 0.01). Furthermore, 

the TEER values of monolayers at these time points (i.e. 2 and 4h) were not statistically 

different to values recorded for the uninfected control. This suggests that RG3K, when 

against  a  low  MOI,  provides  some  protection  to  infected  monolayers from  bacteria- 

induced damage. Eliminating any non-adherent bacteria allowed these monolayers to 

completely recover, which was apparent after only 18h in samples infected with a MOI of 

0.1:1 and treated with RG3K. 
 
 

In contrast to PAO1, monolayers infected with PAO-MW1 did not induce a substantial 

reduction in TEER measurements. MOIs of 0.1:1 and 1:1 caused only a 14 and 28% 

reduction in TEER to 216 and 179 Ω.cm
2 

within 4h of infection with PAO-MW1, 

respectively (when compared to the baseline). This decrease was, however, more apparent 

at a MOI of 10:1, where PAO-MW1 induced a 47% reduction in TEER to 133 Ω.cm
2 

(P ≤ 

0.001). Interestingly, monolayers infected with PAO-MW1 appeared to begin the recovery 

process as soon as the media was changed, when the 2h co-incubation period ended. As 

such, monolayers infected with PAO-MW1 at all MOIs exhibited significantly higher 

TEER values than PAO1-infected 16HBE 14o- cells at 4, 6 and 18h-post infection (P ≤ 

0.001). By 24h, all PAO-MW1 infected monolayers had recovered to baseline TEER 
 

values. 
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Figure 8.17. Transepithelial  resistance  of 16HBE 14o- monolayers  post-infection  with P. aeruginosa  and exposure  to G3 dendrons.  Monolayers of 

16HBE 14o- cells (in Transwell® permeable supports) were co-cultured in the apical chamber with mid-exponential phase cultures of PAO1 or PAO-MW1 at a 

MOI ranging from 0.1:1 to 10:1 (bacteria : 16HBE 14o-) at 37°C, 5% CO2. RG3K (0.8 mg/mL) was added at the time of PAO1 infection. After 2h of co- 

incubation, monolayers were washed with PBS. Media (containing the bacterial suspension) was replaced with sterile 1% FBS-supplemented MEM. Chambers 

that initially received RG3K were supplemented with a second dose to maintain a constant concentration. TEER measurements were taken at 0 to 6h post- 

infection/treatment.  After 6h of incubation, the apical and basolateral chambers were washed with PBS and sterile 1%-FBS supplemented MEM containing 

250µg/mL gentamicin was added to each chamber. Recovery of the epithelial barrier and re-establishment of tight junctions were monitored over 48h. Data 

represent mean ± SD; n = 3. * P-value ≤ 0.001 (vs. PAO-MW1-infected cells at the corresponding MOI ratios); 
#
P-value ≤ 0.001 (vs. 16HBE 14o- control); 

+
P- 

value ≤ 0.01 (vs. PAO1-infected cells at MOI of 0.1:1); Monolayers were able to recover after removal of P. aeruginosa, P-value > 0.05 (16HBE 14o- control 

vs. infected cells at 48h); Two-way ANOVA. 

 
273 



274  

 
 

8.4       Discussion 
 
 

The use of in vitro co-culture models of human airway epithelial cells and P. aeruginosa 

can provide an effective approximation to the in vivo situation. Most often, co-culture 

infection models have been employed to understand host-microbe interactions and model 

early pathogenesis of P. aeruginosa 
[433]

, as well as to study the cytotoxicity of P. 

aeruginosa  towards  airway  epithelial  cells  
[434]

,  airway  colonisation  properties  of  P. 

aeruginosa  (such  as  adhesion  and  invasion)  
[52,  433]

,  establishment  of  P.  aeruginosa 
 

biofilms  on  airway  epithelium 
[96]

,  and  abilities  to  alter  the  airway  epithelium post- 

infection 
[125]

. Very few studies have utilised such models in studying the efficiency of 

potential anti-virulence agents 
[95]

, which could provide a more cost-effective approach for 

assessing the therapeutic application of novel agents. This is particularly useful during the 

initial stages of drug development, where the effects of treatment have yet to be evaluated 

in a complex or more reflective infection model. Such co-culture models could therefore 

reduce the use of unnecessary animal models. In this chapter, the efficiency of G3 poly (ε- 

lysine) dendrons (RG3K) was evaluated in a co-culture model of airway epithelial cells 

and P. aeruginosa to assess their ability to reduce P. aeruginosa-induced cytotoxicity, alter 

the  adhesion  and  invasion  properties  of  P.  aeruginosa,  and  protect  the  integrity  of 

epithelial cells post-infection. The overall aim of this work was to therefore investigate the 

therapeutic potential of G3 dendrons. 

 
In vitro co-culture studies, incorporating airway epithelial cells, have either been carried 

out at the ALI 
[96, 433] 

or in submerged cultures 
[426]

. Both models are, however, static co- 

culture systems and do not incorporate a continuous flow system, as the case in an in vivo 

setting. Complications can therefore arise if the system is not effectively optimised. For 

instance, bacterial cells that are freely suspended do not always associate with epithelial 

cells. The nutrient-rich environments required for epithelial cell culture can also promote a 

rapid overgrowth of bacteria, which can overwhelm the eukaryotic culture and change the 

pH of the culture media 
[426]

. This depletion in nutrients and change in pH can often render 

the  medium  unsuitable  for  epithelial  cells  and  can  affect  the  monolayer,  causing 

detachment and cell death. Many parameters are therefore often considered when 

establishing a co-culture model. These include the choice of airway epithelial cell line as 
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well as a suitable medium capable of supporting the growth of both mammalian and 

bacterial cells. The ability of 16HBE 14o- cell culture medium (MEM) to support the 

growth of P. aeruginosa PAO1 and the double lasI rhlI mutant, PAO-MW1, was therefore 

investigated in this study. As expected, the nutrient-rich formulation of MEM media 

(containing glucose and a range of amino acids such as glutamine) sustained the viability 

and growth of P. aeruginosa, with both strains exhibiting a distinct exponential and 

stationary growth phase (Figure 8.3). Interestingly, the growth of both PAO1 and PAO- 

MW1 was not affected in complete MEM when compared to low-serum MEM, suggesting 

that a concentration of up to 10% FBS has no effects on viability of P. aeruginosa. This is 

in agreement with previous studies that have shown concentrations of ≥30% bovine serum 

are  required  to  alter  the  planktonic  growth  of  P.  aeruginosa  
[436,  437]

.  Surprisingly, 
 

mutations in lasI rhlI reduced the proliferation rate of PAO-MW1 in MEM media, a 

feature that was not observed in other nutrient-rich conditions (Figure 7.13). Low serum 

(i.e. 1% FBS-supplemented MEM) media was used in the co-culture model and throughout 

these studies for two reasons; (i) to significantly reduce the proliferation rate of 16HBE 

14o- cells during infection, and (ii) a recent study has shown that 10% bovine serum can 

supress the expression of virulence genes such as lasI, lasB, rhlI, rhlA and pqsA during the 

first 6h of incubation 
[438]

. Using 1% FBS-supplemented media thereby removes the 

possibility of unintentionally suppressing virulence that would give rise to false-positive 

anti-virulence effects. 

 
Bacterial  inoculation  (MOI)  ratios  and  co-incubation  durations  are  perhaps  the  most 

critical parameters when establishing a co-culture model, as they can cause adverse effects 

on the viability and integrity of airway epithelial cells. Most studies have therefore kept 

exposure times to a minimum, ranging from minutes to hours, to circumvent some of the 

problems faced during co-culture 
[439]

. Surprisingly, many co-culture studies have not 
 

thoroughly discussed the overall impact of such parameters (i.e. bacterial inoculation 

density and co-incubation duration) on the viability of airway epithelial cells or even 

justified the choice of MOI used in their studies. In this chapter, the optimisation of a co- 

culture model of 16HBE 14o- cells and P. aeruginosa showed the optimum bacterial 

densities (MOIs) and durations of exposure that permit infection of airway epithelial cells 

with minimum effects on cell viability and integrity (Figure 8.4 and Figure 8.5). 

Monolayers of 16HBE 14o- cells were able to withstand MOIs of 0.1:1 to 0.5:1 for up to 4 
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hours whilst higher MOIs, specifically 1:1 to 10:1, could be applied for up to 2 hours 

without overwhelming the epithelial cells or causing a significant reduction in viability. 

MOIs of ≥ 10:1 had detrimental effects, which supports previous studies showing 

detachment of epithelial cells after 6h of co-incubation with P. aeruginosa PA14 
[95]

. The 

co-culture model used throughout these studies was adapted from Anderson and co- 

workers, in which a MOI of 35:1 and co-incubation duration of up to 8h was described 

[426]
. In that model, arginine was applied to confluent monolayers of CF-derived epithelial 

cells (cultured for 7-10 days) to prolong the co-incubation period. The exact model was, 

however, not employed here for a number of reasons; (i) arginine has been shown to 

reduce virulence of P. aeruginosa and this could confound with effects of G3 dendrons 

when applied in later studies 
[95, 440]

, and (ii) culturing 16HBE 14o- cells past confluency 

(i.e. ≥ 4 days) in a submerged system consequently resulted in cell death and complete cell 

detachment.  Thus,  semi-confluent  monolayers  (70-80%)  were  used  in  our  co-culture 

model, and these may have allowed the bacterium to gain faster access to the basolateral 

cell surface than achieved in very confluent monolayers. Such changes in experimental 

conditions are likely to have accounted for the differences in epithelial cell viability 

between the two models. Nonetheless, the co-culture model described in Section 8.2.2 was 

sufficient to address the research aims and questions raised in this chapter. 
 
 

The therapeutic application of G3 dendrons or any other agents with desirable biological 

activity is only possible if these molecules do not elicit a cytotoxic response. The negative 

charge of most cell membranes can be an issue, as it enables the membrane to interact with 

amino surface groups of cationic dendrimers. This interaction has been shown to influence 

the stability, permeability of membranes and contribute to the cellular uptake of spherical 

dendrimers 
[276, 277, 279, 441]

. The cytotoxicity of dendrimers depends on a number of factors 
 

including generation number, size, surface charge, concentration and even the cell line 
[268]

. 

Commercially available and high-generation (G4-10) spherical dendrimers such as 

PAMAM therefore exhibit a high cationic charge density. Such interactions have had a 

destructive effect on the membrane and consequently induced high levels of cytotoxicity, 

which has limited their use in vivo 
[274, 275, 278]

. Recent studies by Shah and co-workers have 

shown that asymmetric dendrons composed of four or eight terminal amines exhibit a 

greater reduction in generation-dependent toxicity in mammalian cells than spherical G1 

dendrimers when complexed with plasmid DNA 
[280]

. Presently, existing literature has not 
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explored the cytotoxicity of G3 asymmetrical peptide dendrimers (such as RG3K). 

Coupling two cytotoxicity assays, namely MTT and LDH, allowed an assessment of 

mitochondrial function (i.e. viability) as well as cytoplasmic membrane damage to be 

made, respectively, on the exact same cell population. Reductions in human cell viability 

due to either primary or secondary necrosis, reflected by release of intracellular LDH, 

could also be identified. Taken together, these assays were able to provide some insight 

into the cause of cell death. 

 
In this regard, the cytotoxicity of G3 dendrons was initially evaluated on airway epithelial 

(16HBE 14o-) cells to identify a non-cytotoxic concentration that could later be used in the 

co-culture infection model (Figure 8.6 and Figure 8.8). Toxicity was further evaluated 

using a more general, robust and well-established cell line, mouse fibroblast (NIH 3T3) 

cells (Figure 8.9 and Figure 8.11). Concentrations of up to 0.8 mg/mL and 1.2 mg/mL 

exhibited  no  significant  effects  on  viability  or  LDH  release  when  compared  to  the 

untreated control of 16HBE 14o- and NIH 3T3 cells, respectively, even after 48h of 

treatment. In the context of existing literature, G3 dendrons were less toxic than the 

corresponding G2 PAMAM dendrimers (both of which exhibit 16 amine-terminals), 

suggesting  that  the  asymmetrical  shape  of  dendrons  contributes  to  their  reduced 

cytotoxicity 
[442]

. This enhanced compatibility could contribute to their therapeutic value as 
 

anti-virulence agents and highlights their potential for further development using in vivo 

animal models. The mechanism by which G3 dendrons induce cell death at higher 

concentrations, namely 2 mg/mL, is consistent with reported transport pathways of cationic 

spherical dendrimers 
[277, 443]

. Such macromolecules gain access into the cytosol through 

nano-hole formation in the cell membrane 
[444, 445]

, and then localise in the mitochondria to 

eventually induce a cytotoxic response via the mitochondrial injury pathway 
[446]

. Indeed, 

both phenomena were reflected here by a release of intracellular LDH and reduction in 

mitochondrial MTT metabolism, respectively. This paradigm can also explain why the 

release of LDH from NIH 3T3 cells post-treatment with 2 mg/mL RG3K was not 

accompanied by a significant reduction in mitochondrial activity. Here, G3 dendrons are 

likely to have entered the cytosol of NIH 3T3 cells, but have yet to accumulate in the 

mitochondria and induce mitochondrial metabolic death. It is important to note that 

monolayer cell models differ significantly in representing the protective properties of 



278  

 

native tissue. This can, however, be a beneficial property for preliminary toxicity screening 

as low levels of cell damage can be detected in such an overly sensitive model. 

 
As discussed in Chapter 1, the adaptation of P. aeruginosa to the host involves many 

virulence determinants. Among which is the type III section system, a key determinant in 

the establishment of early infection and acute cytotoxicity 
[447]

. This protein secretion 

system plays various roles in host-microbe interactions, including generation of pore-like 

openings in host cells to allow injection of effector proteins that modulate host cellular 

activities in favour of infection and promote bacterial internalisation 
[447]

. Using the co- 

culture model described in earlier sections, G3 dendrons were assessed for their ability to 

protect 16HBE 14o- cells against bacteria-induced toxicity at a concentration that exhibited 

no  toxicity towards  airway  epithelial cells  (Figure 8.12  to  Figure 8.14).  Overall, the 

findings of the trypan blue exclusion and LDH release assays revealed that cytotoxicity of 

P. aeruginosa PAO1 and PAO-MW1 is proportional to its inoculation density. The 

efficiency of G3 dendrons was dependent on the bacterial infection load. In addition, 

supplementary  studies  identified  a  time-dependent  response  at  which  G3  dendrons 

exhibited maximum effects. The results revealed a reduction in cytotoxicity only after 6h 

of co-incubation with RG3K (data not shown). Furthermore, G3 dendrons exhibited their 

maximum effects, in terms of protection against PAO1-induced cytotoxicity, at low MOIs, 

highlighting their physiological relevance in modulation of bacterial virulence. At higher 

MOIs, cytotoxicity was induced in the co-culture model at a level beyond the dendrons’ 

protective capability. The changes in LDH release were not due to a reduced 16HBE 14o- 

cell number as supplementary studies also identified a comparable total DNA counts 

between dendron-treated and untreated cells. Interestingly, the lasI rhlI mutant, PAO- 

MW1, was compromised in its ability to induce cytotoxicity. It is proposed that (i) the 

reduced growth rate exhibited by PAO-MW1 (see Figure 8.3) impaired the cytotoxic 

effects of P. aeruginosa, and/or, (ii) mutations in lasI and rhlI reduced the virulence of P. 

aeruginosa towards epithelial cells (i.e. by decreasing cytotoxicity and cell death). The 

latter is consistent with previous studies highlighting the avirulence of QS-deficient P. 

aeruginosa strains in many in vivo models 
[184, 358]

. 
 
 

In order to separate the proposed phenotypes and investigate whether mutations in lasI rhlI 
 

are responsible for a reduction in virulence, the ability of PAO-MW1 to induce apoptosis 
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and necrosis in 16HBE 14o- cells was evaluated (Figure 8.15). Apoptosis, or programmed 

cell death, is a mechanism that eliminates potentially harmful cells by inducing a number 

of biochemical events that cause characteristic cell changes and subsequent cell death 
[448]

. 

The early stages of such events are marked by an elevation of a series of cysteine-aspartic 

acid specific proteases, termed caspases. Such enzymes are dormant precursors and can be 

activated by a range of stimuli, including cytotoxic agents. Caspase 3/7 are dimerised 

effector caspases that execute apoptosis. In contrast to apoptosis, necrosis is a passive form 

of cell death, but can be a programmed event 
[448]

. It is morphologically characterised by 

swelling and rupture of intracellular organelles that eventually cause the breakdown of 

plasma membrane and release of intracellular contents. Among which is the cytoplasmic 

enzyme, LDH 
[449]

. The LDH assay alone does not distinguish between primary or 

secondary necrosis, as a consequence of apoptotic cell death 
[449]

. For this reason, it was 

coupled with caspase 3/7 activity. 
 

 

The co-culture model described in earlier sections was adapted for this assay. Airway 

epithelial cells were exposed to PAO1 or PAO-MW1 for 2h, which allowed a sufficient 

number of bacteria to invade 16HBE 14o- cells (see Figure 8.16), without inducing cell 

death/cytotoxicity (Figure 8.4). The number of internalised PAO1 and PAO-MW1 was 

also comparable at the MOIs tested, whilst the addition of gentamicin after infection 

prevented further growth of P. aeruginosa. Thus, the apoptotic or necrotic effects induced 

by the internalised bacteria, that being PAO1 or PAO-MW1, were independent of 

differences in growth rates. In this co-culture model, apoptosis was induced in 16HBE 

14o- cells at a MOI of 10:1 when co-incubated with PAO1 or PAO-MW1, but to a lesser 

extent with the lasI rhlI mutant. This mild-apoptotic effect of PAO-MW1 is suggestive of 

reduced toxicity that is specifically related to lasI rhlI mutations. Such findings are 

consistent with the work of Schwarzer et al. who recently reported that the lasI product, 3- 

oxo-C12-HSL, activates caspase 3/7 activity and triggers apoptosis in airway epithelial cells 

[450]
. Apoptosis was subsequently confirmed by a slight elevation in LDH release, which is 

 

indicative of the beginning of secondary necrosis. Interestingly, only when more than 100 

epithelial cells were infected with PAO1 or PAO-MW1 did apoptosis occur. 

 
Several studies have shown that bacteria, such as P. aeruginosa, that usually exhibit 

pathogenic effects while extracellular, also have the capacity to move intracellularly during 
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the early stages of infection and persist within airway cells 
[433]

. In this chapter, the ability 

of G3 dendrons to reduce adhesion and/or invasion was evaluated using the co-culture 

model  (Figure  8.16).  These  studies  were  conducted  to  build  upon  the  anti-biofilm 

properties of G3 dendrons, presented in Chapter 5. It was, however, important to assess the 

suitability of the lysis buffer first, as both saponin and trypsin are potential bactericidal 

agents that act by disturbing the bacterial membrane 
[451]

. Non-susceptibility of PAO1 and 

PAO-MW1 to the lysis buffer confirmed its compatibility with the gentamicin protection 

assay (Appendix VI). G3 dendrons significantly reduced the adhesion of PAO1 to 16HBE 

14o- cells, a property that plays a fundamental role in successful establishment of an 

infection 
[54, 452]

. However, they caused no significant reductions to bacterial internalisation 

levels. It is currently unclear why P. aeruginosa was able to invade 16HBE 14o- cells, but 

this behaviour is consistent with previous studies that have investigated a range of anti- 

adhesive peptides 
[453]

. The level of invasiveness of 16HBE 14o- cells demonstrated by 

PAO1 (~1-2%) is of the same magnitude as that reported in another epithelial cell line, 

Vero cells 
[454]

. However, the frequency of invasion in non-respiratory epithelial cell lines 

can vary dramatically. Thus, invasion properties cannot always be compared across cell 

lines or bacterial species. The ability of P. aeruginosa to invade airway epithelial cells 

provides a niche to this bacterium where it can persist, multiply and evade host defences to 

potentially cause chronic infection 
[455]

. Reduction in PAO1 adhesion in response to G3 

dendrons may therefore confer a cytoprotective effect upon epithelial cells and reduce the 

likelihood of an infection establishing. Indeed, findings in Section 8.3.4 support this 

hypothesis. 

 
Studies using single rhlI and double lasI rhlI mutants, that do not express type IV pili, 

have shown that adherence to 16HBE 14o- cells is predominantly dependent on the rhl 

system 
[456]

. Surprisingly, mutations in lasI and rhlI did not compromise the adhesion 

ability of PAO-MW1 at MOIs of ≤1:1, despite exhibiting a reduction in attachment to 

abiotic surfaces (refer to Section 5.3.4) and a reduction at MOIs of 10:1 on biotic surfaces 

(Figure 8.16c). It is proposed that the pili-dependent twitching ability of PAO-MW1 (refer 

to Figure 5.3) may have contributed to its epithelial adherence. Furthermore, at a high MOI 

(i.e. 10:1), virulence is much more prominent in PAO1 than at lower MOIs, and this 

enhances the invasiveness and also the cytotoxicity of P. aeruginosa. Thus, the differences 

between PAO1 and PAO-MW1 are more apparent, and appear to be dependent on bacterial 
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density and QS activation. In terms of internalisation, the double lasI rhlI mutant PAO- 

MW1 was slightly compromised in its ability to invade epithelial monolayers. This is 

consistent with previous studies on the invasiveness of lasI and rhlI mutants 
[457]

. 

 
Comparing the responses of P. aeruginosa to G3 dendrons on biotic and abiotic surfaces 

revealed physiological differences depending upon the environmental conditions. Most 

intriguingly, G3 dendrons did not impair initial attachment of PAO1 to abiotic surfaces, 

namely polystyrene plates within the first 6h (refer to Section 5.3.4), yet they reduced 

adhesion to biotic surfaces (i.e. 16HBE 14o- cells) within 2h. Changes in experimental 

conditions such as growth medium composition may have contributed to the difference in 

response to each surface. Consistent with these findings, recent studies have shown that the 

impact  of  treatment  on  P.  aeruginosa  can  differ  depending  on  the  environmental 

conditions and surface of growth 
[95]

. For example, a downregulation of pqsA expression 
 

was  only  observed  when  tobramycin-treated  P.  aeruginosa  were  cultured  on  biotic 

surfaces (CFBE cells), with almost no differences in expression on polyvinyl chloride 

surfaces 
[95]

. These findings highlight the need for co-culture systems, which can often 

reveal interesting properties that studies of abiotic surfaces may have missed. 
 

 

The integrity and function of the airway epithelium is particularly important for preventing 

invasion  of  respiratory  pathogens  such  as  P.  aeruginosa  
[458]

.  Such  properties  are 

maintained by tight junction protein complexes that regulate the transport of ions across 

the epithelium and generate TEER 
[431]

. In this regard, the differentiation of 16HBE 14o- 

cells was successfully achieved by culturing the cells at an ALI. This allowed the cells to 

mimic the barrier function of the in vivo airway epithelium 
[459, 460]

. Unfortunately, the 

TEER value of human lung ex vivo has not been reported in the literature. The barrier 

properties of excised airways in vivo vary depending on the animal species from which 

they are obtained. The TEER values of uninfected 16HBE 14o- cells were, however, 

comparable to those reported for rabbit airway epithelia. Such studies have shown that 

rabbit bronchi and trachea exhibit TEER values between 260 and 320 Ω.cm
2  [459, 460]

, 

which are comparable to the baseline TEER of ~250 Ω.cm
2 

in 16HBE 14o- cell layers. 

Furthermore, the culture conditions described in this model, namely the time at ALI prior 

to infection (i.e. 6 days), allowed the development of tight junctions 
[294]

. Findings from 

previous studies have confirmed such phenotypic properties, as 16HBE 14o- cells cultured 
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under the same conditions described here stained positive for tight junction complex 

proteins 
[461]

. 

 
In this study, exposure to PAO1 caused a time- and MOI-dependent impairment of the 

airway epithelial barrier function (Figure 8.17). Taken together with the viability findings 

in Section 8.3.2, it is theorised that cell death accounts only marginally for the increased 

permeability particularly within the first 4h of co-incubation. This finding is consistent 

with previous studies that have shown alterations to epithelial integrity post-infection with 

QS-proficient P. aeruginosa strains such as PAO1. In such studies, QS-regulated virulence 

factors  such  as  rhamnolipids  (RhlA)  
[125]   

and  the  lasI  product,  3-oxo-C12-HSL  
[458]

 
 

promoted  the  infiltration  of  P.  aeruginosa  by  inducing  the  re-arrangement  of  tight 

junctions in the respiratory epithelium and altering the epithelial integrity. Thus, it was not 

surprising that the lasI rhlI mutant, a strain that cannot produce inducers of virulence (3- 

oxo-C12-HSL and C4-HSL) or express virulence factors controlled by the las and rhl 

systems,  caused  less  damage  to  the  epithelial  barrier.  Any  strategy  that  protects  the 

integrity of epithelial barrier or reduces the impact of P. aeruginosa-induced damage may 

be  useful  against  airway  infections by  this  pathogen. In  existing  literature, the  most 

documented  example  of  this  approach  is  azithromycin  
[462,  463]

.  Independent  of  its 
 

antimicrobial activity, this macrolide antibiotic has been shown to maintain TEER and 

expression of tight junctions during P. aeruginosa infections 
[462]

, whilst exhibiting anti- 

biofilm properties 
[203, 464, 465] 

and reducing invasion of PAO1 to 16HBE 14o- cells 
[463]

. In 

this study, G3 dendrons were assessed for their ability to reduce the damage inflicted on 

the epithelial barrier by P. aeruginosa. The results indicated that exposure to G3 dendrons 

at the time of infection can delay and hinder epithelial TEER reduction, particularly at low 

a MOI of 0.1:1. It is proposed that damage caused to the barrier function by PAO1 is less 

severe at this low MOI. Thus, G3 dendrons are able to efficiently control the infection and 

provide some protection against P. aeruginosa-induced damage. Indeed, the addition of G3 

dendrons to monolayers infected at a MOI of 0.1:1 allowed complete recovery of TEER 

within a shorter period of time. Such an effect by G3 dendrons may be predictive of an in 

vivo or clinical response to P. aeruginosa infections. 

 
Though the findings presented in this chapter suggest that G3 dendrons do not exhibit a 

particularly strong effect against monolayers infected with MOIs of ≥10:1 in the co-culture 
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model, they did identify MOIs at which G3 dendrons present cytoprotective properties. 

Such infection ratios could be explored further using in vivo animal infection models. For 

example, the ability of G3 dendrons to reduce bacterial cytotoxicity, adhesion into airway 

epithelial cells, and permeability of epithelium at low MOIs may serve as a first line of 

defence in response to P. aeruginosa infection. These properties are particularly beneficial 

as a reduction in adherence could prevent cell injury or even internalisation during the 

initial stages of infection (i.e. acute infection). Furthermore, protection against P. 

aeruginosa-induced cytotoxicity could prevent bacterial access to the basolateral surface of 

epithelial cells, reducing the spread and dissemination into distant sites. Indeed, studies in 

this chapter on cytotoxicity, adhesion and TEER of infected monolayers have in part 

supported the aforementioned hypotheses. 

 
As discussed in Chapter 7, G3 dendrons prevent the production of QS-regulated virulence 

factors but exhibit minimal effects when added after these factors are produced. It is 

proposed  that  the  induction  of  virulence  factors  has  already  taken  place  when  P. 

aeruginosa is inoculated at high densities (MOI 10:1). However, this is yet to occur at 

lower bacterial inoculation densities (MOI ≤1:1) where the threshold for QS activation has 

not been reached. This difference in virulence could explain the enhanced efficiency of G3 

dendrons at low MOIs in comparison to their limited effects against high bacterial 

inoculation densities. Complementation experiments using synthetic autoinducers and QS- 

deficient strains such as the lasI rhlI mutant PAO-MW1 at a range of MOIs may confirm 

this postulation. 
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8.5       Conclusions 
 
 

In this chapter, the cytotoxicity of G3 dendrons was investigated and their therapeutic 

potential  as  anti-virulence  agents  was  evaluated.  The  low  cytotoxicity  levels  of  G3 

dendrons were demonstrated in two cell lines derived from different species, human airway 

epithelial cells (16HBE 14o-) and mouse fibroblast cells (NIH 3T3) over a period of 48h, 

illustrating the broad biocompatibility of such macromolecules. The efficiency of G3 

dendrons  was  evaluated  in  an  optimised  in  vitro  co-culture  infection  model  of  P. 

aeruginosa and airway epithelial cells. The optimised parameters provided a range of co- 

incubation durations of up to 12 hours, permitting infection and stimulation of 16HBE 

14o- cells without altering their viability. Such parameters were successfully tailored to 

both submerged cultures and ALI infection models. At a non-cytotoxic concentration, G3 

dendrons appeared to exhibit a range of bacterial density-dependent protective properties 

in the co-culture model by (i) reducing P. aeruginosa-induced cytotoxicity, (ii) impairing 

the adherence, but not invasion of P. aeruginosa, and (iii) delaying the negative impact of 

P. aeruginosa on the airway epithelial barrier function, as well as (iv) maintaining the 

integrity of 16HBE 14o- monolayers. 

 
To our knowledge, this is the first study to report the potential of asymmetric peptide 

dendrimers in a co-culture infection model. With further development and evaluation in an 

in vivo animal infection model, such macromolecules may provide a novel strategy in 

control and prevention of P. aeruginosa infection. 
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CHAPTER 9: General discussion and conclusions 
 
 
 
 
 

9.1       General discussion 
 
 

Public awareness of the slow discovery of antibiotics has promoted a vigorous search for 

alternative therapeutic approaches. In an attempt to address this ever-growing problem, 

strategies targeting virulence have highlighted an alternative therapeutic approach. Natural 

[226, 227, 409]  
and synthetic compounds 

[217-220, 222]  
have been identified. Such agents have 

been intensely studied in P. aeruginosa, an organism that draws upon an array of 

mechanisms to infect almost any compromised site. A promising new research avenue, 

which has not been extensively explored by existing literature, is the use of a class of 

hyperbranched macromolecules termed asymmetric dendrimers. Studies have highlighted 

the  antimicrobial activity of  polyfunctional molecules such  as  linear peptides 
[325-332]

, 

functionalised  peptide  dendrimers  
[245,  257-260,  262,  263]

,  and  high  generation  spherical 
 

dendrimers 
[267-269]

. However, little is known regarding the activity of asymmetric peptide 

dendrimers at sub-bactericidal concentrations. Initially, this project set out to assess the 

suitability of using these macromolecules as a platform for the assembly of anti-virulence 

agents at the outer periphery. Bi-functionalised peptide dendrimers with specific moieties 

that, (i) interfere with the synthesis of autoinducers, and (ii) degrade extracellular 

autoinducer signals were designed, synthesised and characterised using analytical 

techniques (unpublished data). Crucial to this undertaking was, however, the decision to 

base the analysis first on unfunctionalised peptide dendrimers. This was a worthwhile 

endeavour as it identified the strong anti-biofilm and anti-virulence properties of poly (ε- 

lysine)  dendrons.  The  overall  aim  of  the  current  study  was  to  therefore explore the 

potential of asymmetric peptide dendrimers, specifically poly (ε-lysine) dendrons, as 

modulators of virulence in P. aeruginosa. This did not only elucidate their efficiency as 

novel potential therapeutics, but also identified the underlying mechanisms contributing to 

distinct effects. 

 
Several stages were involved in order to achieve this aim. First, a general methodology for 

the design, synthesis and characterisation of branching generations of poly (ε-lysine) 

dendrons   was   developed.   Next,   potential   inhibitors   were   investigated   for   their 
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antimicrobial activity and their effects on essential cellular functions. Such studies 

identified concentrations at which poly (ε-lysine) dendrons caused reversible damage. 

Then, poly (ε-lysine) dendrons were tested for their ability to alter the production of 

several biofilm-associated virulence factors, and interfere with the different stages of 

biofilm development. The interactions between planktonic/biofilm-encased cells and poly 

(ε-lysine) dendrons were also explored to identify their site of action. Next, the changes in 

expression of genes that encode for virulence factor production were investigated, and how 

these regulatory changes alter the production of las-, rhl- and pqs-controlled factors. 

Finally, an in vitro co-culture model of airway epithelial cells and P. aeruginosa was 

developed and optimised. This evaluated the efficiency of poly (ε-lysine) dendrons, and 

tested their ability to confer protection against P. aeruginosa-induced cytotoxicity. 

 
9.1.1               Synthesis and characterisation of G3 dendrons 

 
 

The initiation of this work required first the chemical synthesis of asymmetric peptide 

dendrimers. Four generations, consisting of poly (ε-lysine) branching units and an arginine 

functional root, were successfully synthesised onto a solid support to attain the 

characteristic hyperbranched structure. The use of lysine to construct the dendrimer 

branches  resulted  in  unequally  spaced  amines,  which  attributed  to  the  dendrons’ 

asymmetric structure (Figure 3.5). The conscious decision to include a root residue in the 

form of arginine provides a point of attachment, which could facilitate biomaterial surface 

coating in future studies. The rapid synthesis of G0 to G3 poly (ε-lysine) dendrons was 

achieved  using  conventional  Fmoc-SPPS.  This  method  of  synthesis  did  not  require 

rigorous isolation, purification or characterisation steps. Rather, the removal of excess 

reagents simply consisted of several washing steps with a polar solvent. Of particular 

importance was the use of an orthogonal protection strategy, which in this case minimised 

the possibility of sequence modifications and even degradation to the peptide chain. 

Furthermore, dendrons  were  easily  detached  from  the  linker  and  resin  support,  with 

minimal manipulation post-detachment. A yield of ≥70% was routinely achieved, 

highlighting the efficiency of this method. The reproducibility of this method minimised 

the large batch-to-batch variations that are often encountered during synthesis. The method 

of synthesis also achieved a high degree of purity in regards to crude dendrons (≥83%), 

which was sufficient for the in vitro studies. For future in vivo testing, the purity needs to 
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be increased to >98%, but this can be achieved by modifying the analytical HPLC method 

presented in Chapter 3 to accommodate a semi-preparative HPLC system. Of the four 

generations synthesised, G3 dendrons with the sequence ([Lys]2-Lys)4  ([Lys]2-Lys)2  Lys- 

Arg was of particular interest. This macromolecule became the predominant focus of this 

research  for  a  number  of  reasons;  (i)  it  exposes  a  high  number  of  bioactive  amine 

functional terminals (+16) that have the potential to interact with the negatively charged 

outer membrane of Gram-negative bacteria, (ii) whilst avoiding the possibility of steric 

hindrance and toxicity complications. The latter is often associated with high generation 

dendrimers   (≥G4)   
[274-278]

.   Overall,   characterisation   of   G3   dendrons   provided   a 
 

comprehensive profile detailing their features. Such characteristics were identified using an 

array of analytical and chemical techniques. For instance, FTIR was used to identify 

functional groups, DLS for particle size analysis and zeta potential for surface ionic 

properties. In terms of chemical analysis, the TNBSA assay provided a quantification of 

free and FITC-conjugated amines. This information collectively allowed a link between 

specific in vitro effects and unique dendron attributes to be established in a variety of 

studies. 

 
9.1.2               Potential of G3 dendrons as disrupters of biofilm formation 

 
 

The formation of biofilm communities is of major importance in the pathogenesis of P. 

aeruginosa infections 
[62]

. Chapter 5 thus assessed the potential of G3 dendrons to alter 

production  of  biofilm-associated virulence  factors,  and  disrupt  the  development of  a 

biofilm on three different surfaces. From the outset, it was recognised that G3 dendrons 

inhibited a complex adaptation termed swarming motility (Figure 5.1).  Such form of 

surface motility is highly dependent on a number of factors including bacterial cell density 

(i.e. QS) 
[359] 

and the production of biosurfactants (such rhamnolipids) 
[131]

. Later, this 

inhibition was attributed to alterations in the las and rhl system of QS, and consequently a 

downregulation in the expression of rhlA, a rhamnolipid-encoding gene (Figure 7.8). 

Another key strategy in testing the ability of G3 dendrons to alter the biofilm formation in 

P. aeruginosa was the use of a high-throughput static biofilm system 
[367]

. Such a system 

allowed the rapid screening of a range of G3 dendron concentrations (0 to 2 mg/mL) under 

a variety of nutrient conditions (nutrient-rich/limited), as well as different periods of 

incubation  (2-24h).  These  studies  revealed  that  G3  dendrons  abruptly  halt  biofilm 
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formation at the monolayer stage; consequently preventing the establishment of 

microcolonies (Figure 5.7) and an EPS matrix (Figure 5.8). This model could, however, be 

improved in future studies by including some elements of the airway mucosa. For instance, 

coating the wells with mucin prior to performing the biofilm assay may provide a more in 

vivo representation, particularly as mucin contributes to the colonisation and persistence of 

P. aeruginosa in the airways of CF patients 
[50, 53]

. Furthermore, the period of incubation 
 

post-exposure to G3 dendrons can be increased (i.e. >24h), to identify their duration of 

activity. Biofilms may be then thoroughly examined using scanning electron microscopy to 

document their development. Studies in this chapter also revealed interesting differences in 

the adhesion of P. aeruginosa to abiotic and biotic surfaces. The impact of treatment 

differed depending on the environmental conditions. Most intriguingly, G3 dendrons did 

not affect the surface exploration form of motility termed twitching (Figure 5.3), or impair 

the initial attachment of P. aeruginosa to polystyrene surfaces (Figure 5.4). Yet, they 

reduced adhesion to airway epithelial cells (Figure 8.16). This therefore underlines the 

need to verify the efficiency of novel agents in a model beyond a basic microtiter biofilm 

plate assay. 

 
The striking and powerful action of G3 dendrons highlights a promising novel candidate 

with the potential to disrupt biofilm formation. To add to their desirability as anti-biofilm 

agents, G3 dendrons rapidly associated with P. aeruginosa biofilms within only 2h of 

incubation (Figure 6.7). This was demonstrated using fluorescent tracking and detection in 

Chapter 6, and highlights the possible interactions between G3 dendrons and biofilm- 

encased cells. Coupled with an antimicrobial agent (specifically ciprofloxacin), a more 

significant impact on the ability to disperse 48h-old antibiotic-resistant biofilms was noted 

(Figure 5.6). Though limited by the assessment of only one antimicrobial agent, such a 

combinational approach may simultaneously disperse the biofilm and tackle the potential 

exacerbation of symptoms caused by the release of viable planktonic bacteria. This may 

thus provide an effective strategy for the treatment of antibiotic-resistant P. aeruginosa 

infections in vivo. Future studies can however explore the susceptibility of antibiotic- 

resistant biofilms to G3 dendrons and different classes of antibiotics, or antibiotic- 

conjugated G3 dendrons. 
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9.1.3               Potential of G3 dendrons as modulators of virulence 
 
 

Interaction studies between novel agents and bacterial cells have often revealed the spatial 

distribution of the investigated agents, providing an insight into the potential site of action 

as well as their final cellular targets 
[387]

. Indeed, studies in Chapter 6 revealed interesting 

findings regarding the site of action of G3 dendrons. These differed from the predominant 

representation of other cationic agents (e.g. the natural ε-PL peptide) 
[340, 346, 381]

. Here, the 

ability of G3 dendrons to rapidly associate with planktonic P. aeruginosa cells was 

demonstrated (Figure 6.6a). Further studies showed that G3 dendrons were neither 

homogenously distributed in the bacterial cell cytoplasm nor bound to the cell membrane. 

Rather, these macromolecules were able to translocate the bacterial membrane and localise 

at the poles of individual cells (Figure 6.8). The latter being an area where fundamental 

processes such as cellular differentiation, virulence, and growth of appendages occur 
[392]

. 

The localisation of G3 dendrons in such areas altered cellular functions, reducing 

macromolecular synthesis (Figure 4.9 and Figure 4.11). Collectively, these findings 

highlight the cell-penetrating capacity of G3 dendrons and suggest a cytoplasmic target 

mode of action. 

 
The importance of QS components in pathogenesis of P. aeruginosa in vivo is well 

documented. The intracellular polar localisation of G3 dendrons and their effects on 

macromolecular  synthesis  were  the  basis  for  investigating  the  changes  in  virulence. 

Chapter 7 thus assessed the ability of G3 dendrons to attenuate the expression of QS- 

regulated virulence factors. It was, however, important to limit the effects of G3 dendrons 

on growth kinetics and prevent an indirect quorum quench. This was successfully achieved 

by altering the phase of growth at which P. aeruginosa was exposed to G3 dendrons. This 

investigation first analysed the expression of las-, rhl- and pqs-regulated genes using LacZ 

transcriptional and translational reporters. Analysis revealed an inhibitory effect on the QS 

networks of P. aeruginosa, particularly on genes of the las network that encode for LasI 

proteins (lasI; Figure 7.5) and LasB elastase (lasB; Figure 7.7). Further analysis revealed 

that G3 dendrons do not alter the transcription of lasI and rhlI. It was, however, speculated 

that the translation of lasI and rhlI into the two synthases responsible for AHL production 

was affected. A further investigation into (i) the expression of LasI and RhlI proteins using 

western blot techniques, and (ii) the production of AHLs, which can be detected using 
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liquid chromatography-mass spectrometry or biosensor strains 
[466, 467]

, may provide a 

greater insight into the molecular target of G3 dendrons. Beyond a transcriptional level, G3 

dendrons were able to prevent the production of las-controlled LasA protease and rhl-/pqs- 

controlled pyocyanin in wild-type P. aeruginosa. Later, these findings were validated in an 

AHL-complemented double lasI rhlI mutant. Though limited by solely a prophylactic 

effect, the attenuation of virulence factors highlights the potential ability of G3 dendrons to 

reduce the pathogenicity of P. aeruginosa during infection. The attenuated factors play a 

role in both acute and chronic infections in vivo. For example, LasA protease and LasB 

elastase exhibit proteolytic activity against elastin 
[119]

, with LasB also degrading fibrin and 
 

collagen 
[120]

. Rhamnolipids aid the infiltration of P. aeruginosa into the respiratory 

epithelium 
[125]

, and as discussed earlier, play a role in biofilm formation 
[131]

. Pyocyanin 

suppresses lymphocyte proliferation 
[140]

. Overall, the findings support the general concept 

presented  in  congruent  literature,  that  targeting  virulence  factor  production  offers  a 

promising alternative strategy in reducing bacterial infections. 
 
 

9.1.4               Evaluation of G3 dendrons using an in vitro co-culture model 
 
 

The initiation of this final section required first the establishment of an in vitro co-culture 

model. In this case, airway epithelial (16HBE 14o-) cells and P. aeruginosa were co- 

cultured. However, the co-culture presented significant complications and required several 

optimisation steps. For example, the nutrient-rich environment required for epithelial cell 

culture prompted the rapid growth of P. aeruginosa. This consequently overwhelmed the 

eukaryotic culture, causing rapid destruction to the monolayer and eventually cell death. 

The optimised parameters did, however, provide a range of bacterial inoculations (MOI) 

and co-incubation durations, permitting infection and stimulation of airway epithelial cells 

without altering their viability. Though limited by a short co-incubation period, the system 

was a cost-effective approach with the capacity to evaluate the anti-virulence potential of 

G3 dendrons. Such a model could be further developed in future studies by using mucin- 

secreting cell lines such as Calu-3, well-differentiated primary airway epithelial cells 
[96]

, 
 

or a 3D cell culture model with a more developed innate system to resemble the in vivo 
 

situation 
[468]

. 
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The in vivo application of G3 dendrons or any other agents with desirable biological 

activity is only possible if these molecules do not elicit a cytotoxic response. The tissue 

culture-based assays, which dictated that these macromolecules were not toxic to mouse 

(NIH 3T3) or human (16HBE 14o-) cells at concentrations below 0.8 mg/mL, enable the 

development of future plans to assess their activity in vivo. The logical next step would be 

to elucidate first the toxicity of G3 dendrons in vivo and, providing that no toxic effects are 

identified, the anti-virulence properties of G3 dendrons in a mouse model of lung infection. 

Of course, the method used to deliver this macromolecule needs to be determined. For in 

vivo toxicity, this can be achieved intraperitoneally, which has been used to administer 

amino-terminated G2 PAMAM dendrimers 
[269]

. In regards to the anti-virulence properties, 
 

it is proposed that a nebuliser or an intratracheal injection can be used to deliver a 

prophylactic dose of G3 dendrons to animals prior to infection with P. aeruginosa. 

Subsequent analysis of lung tissues may then identify changes in morphological structure. 

 
In our in vitro model, the effects of G3 dendrons were successfully examined in two forms 

of co-culture systems, submerged and ALI. Each of which revealed interesting findings 

regarding the cytoprotective properties of G3 dendrons. These were, however, dependent 

on the MOIs, with low infections (i.e. MOIs of ≤ 1:1) allowing G3 dendrons to exhibit the 

strongest effects. The submerged co-culture model highlighted the ability of G3 dendrons 

to reduce the detrimental effects of P. aeruginosa (Figure 8.8), and impair its adhesion and 

invasion into 16HBE 14o- cells (Figure 8.16). On the other hand, the ALI model allowed 

the 16HBE 14o-  cells to develop barrier functions that mimicked the in vivo airway 

epithelium 
[459, 460]

. This model also revealed that G3 dendrons reduce the damage caused 
 

to the epithelial barrier and temporarily preserve the tight junctions of 16HBE 14o- cells, 

particularly at low MOIs (Figure 8.17). With regards to the in vivo situation, the latter may 

reduce bacterial access to the basolateral surface of epithelial cells, preventing the spread 

and dissemination into distant sites. 

 
The widespread occurrence and significant impact of P. aeruginosa infections offers 

opportunities to exploit the actions of G3 dendrons in many diverse settings. Beyond CF 

[16]
,  P.  aeruginosa  is  well  adapted  to  the  respiratory  tract  environment.  It  is  the 

predominant cause of pneumonia, accounting for approximately 30% of all cases 
[18]

. It 

also causes infections in patients with chronic obstructive bronchopulmonary disease, as 
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well as mechanically ventilated patients 
[22, 23]

. Elsewhere in the host, P. aeruginosa has the 

potential to infect chronic wounds that affect skin/soft tissues such as burns 
[34, 35]

. 

Furthermore, P. aeruginosa can cause urinary tract infections, particularly in catheterised 

patients 
[18]

. The economic implications of these infections are significant in terms of both 

costs to patients and the healthcare provider. Research on poly (ε-lysine) dendrons, which 

was a relatively unexplored class of macromolecules prior to this work, has therefore 

provided a greater understanding of their impact on bacterial virulence, as well as their 

efficiency as alternative agents for the treatment of P. aeruginosa infections. Such 

discoveries may lead to the development of translational technologies that can enhance and 

benefit multiple applications. It is envisaged that these macromolecules may find their 

application as (i) a surface coating of medical tools (e.g. urinary tract catheters or 

endotracheal tubes) for prevention of biofilm formation, (ii) an integration into wound 

dressings, or (iii) an inhalation formulation for respiratory infections particularly for 

patients with underlying conditions such as CF. 

 
The overall conclusion of this body of work is that asymmetric peptide dendrimers 

composed of branching units of poly (ε-lysine) are a promising candidate in fulfilling the 

search for non-antibiotic alternative strategies. Such macromolecules present considerable 

potential as modulators of virulence in P. aeruginosa. It is hoped that through the use of 

peptide and dendrimer chemistry, this work will enable the future design of effective and 

sustainable strategies to manage infections caused by P. aeruginosa. 
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9.2       Original contribution to research 
 
 

The work carried out in this thesis identified a novel application for a class of 

macromolecules termed poly (ε-lysine) dendrons. The potential of such macromolecules 

was extensively explored. Studies collectively highlighted their ability to attenuate the 

virulence  of  the  human  opportunistic  pathogen,  P.  aeruginosa,  and  identified  the 

underlying mechanisms contributing to distinct effects. 

 
The work can therefore be described as novel, as it reports for the first time: 

 
 

i. A comprehensive characterisation profile of asymmetric peptide dendrimers using 

an array of chemical and analytical techniques. 

ii. The  effects  of  poly  (ε-lysine)  dendrons  on  essential  cellular  functions  in  P. 

aeruginosa. 

iii. The anti-biofilm potential of poly (ε-lysine) dendrons, and their ability to alter 

biofilm-associated virulence factors. 

iv. Evidence  of  cellular  uptake  and  intracellular  localisation  of  poly  (ε-lysine) 
 

dendrons, and their site of action in P. aeruginosa. 
 

v. The changes in expression of QS-regulated virulence in response to treatment with 

poly (ε-lysine) dendrons and their potential molecular target. 

vi.     An evaluation into the ability of poly (ε-lysine) dendrons to confer protection 

against bacteria-induced toxicity in an in vitro co-culture model of airway epithelial 

cells and P. aeruginosa. 
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9.3       Future directions 
 
 

A number of research avenues can be explored in future studies to further the development 

of asymmetric peptide dendrimers (specifically poly (ε-lysine) dendrons), with the aim of 

directing these macromolecules towards practical applications. 

 
§ Further  phenotypic characterisation of  G3  dendrons,  (i)  to  assess  their  stability 

during storage at various temperatures, in different pH environments and in human 

serum, and (ii) to determine their susceptibility to proteolysis and different methods 

of sterilisation, as well as (iii) their haemolytic and immunogenic activity. 

 
 

§ Comparative studies to assess the activity of G3 dendrons against several wild-type 

laboratory strains and clinical isolates of P. aeruginosa. 

 
 

§ Construction  of   a   comprehensive  library   of   asymmetric  peptide  dendrimers 

composed  of  various  amino  acids  and  generation  numbers,  to  determine  the 

specificity of G3 dendrons to P. aeruginosa. 

 
 

§ Evaluation  of  the  anti-biofilm  activity  of  G3  dendrons  in  a  more  in  vivo 

representative biofilm formation model such  as  flow-cell chambers. This would 

allow direct microscopic investigation of biofilm development during and post- 

exposure to not only G3 dendrons but also combinational therapeutic approaches. 

 
 

§ Explore the  suitability of  G3  dendrons  as  a  prophylactic therapy  in  preventing 

biofilm formation by grafting these macromolecules onto the surface of commonly 

used biomaterials such as silicone, and monitoring the in vitro and in vivo 

development of a biofilm. 

 
 

§ Explore the use of additional transcriptome and proteomic analysis approaches to 

identify more QS- as well as non-QS regulated genes, and gene products that are 

affected by G3 dendrons. This is envisaged to supplement the findings and 

conclusions presented in Chapter 7. 
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§ Evaluation  of  G3  dendrons  in  an  in  vitro  3D  cell  culture  model  with  a  more 

developed innate system and/or in vivo animal infection model of P. aeruginosa. 

This would provide a better understanding of how G3 dendrons reduce the 

interactions between bacterial and epithelial cells. 

 
 

§ Development  of  bi-functional  macromolecules  to  enhance  the  potency  of  G3 

dendrons. Such an approach can be achieved by tethering the outer periphery of G3 

dendrons with either an antibiotic or agents that target different aspects of virulence. 

The local concentration of such agents would here exceed single entities due to the 

high number of dendritic presentations. This is envisaged to enhance the eradication 

rate of P. aeruginosa infections. 



296  

 

REFERENCES 
 

 
 

1. Davies SC. Annual report of the chief medical officer: Infections and the rise of 

antimicrobial resistance. Department of Health. London. 2013. 

2. European Commission. Opinion of the scientific steering committee on antimicrobial 

resistance. Brussels. 2003. 

3.  U.S.  Department of  Health  and  Human  Services.  Centers  of  Disease  Control and 

Prevention: Antibiotic resistance threats in the United States. Georgia. 2013. 
4. Davies J, Davies D. Origins and evolution of antibiotic resistance. Microbiol Mol Biol 

Rev. 2010. 74(3): 417-33. 

5. Ling LL, Schneider T, Peoples AJ, Spoering AL, Engels I et al. A new antibiotic kills 

pathogens without detectable resistance. Nature. 2015. 517(7535): 455-9. 

6. van Hoek AH, Mevius D, Guerra B, Mullany P, Roberts AP et al. Acquired antibiotic 

resistance genes: An overview. Front Microbiol. 2011. 2: 203. 

7. Huang YC, Lin TY, Wang CH. Community-acquired Pseudomonas aeruginosa sepsis in 

previously healthy infants and children: Analysis of forty-three episodes. Pediatr 

Infect Dis J. 2002. 21(11): 1049-52. 

8. UK Department of Health. Five year antimicrobial resistance (AMR) strategy 2013- 

2018. Annual progress report and implementation plan. 2014. 
9. Rumbaugh KP, Griswold JA, Hamood AN. The role of quorum sensing in the in vivo 

virulence of Pseudomonas aeruginosa. Microbes Infect. 2000. 2(14): 1721-31. 

10. Smith RS, Iglewski BH. Pseudomonas aeruginosa quorum sensing as a potential 

antimicrobial target. J Clin Invest. 2003. 112(10): 1460-5. 

11.  Rasko  DA,  Sperandio  V.  Anti-virulence  strategies  to  combat  bacteria-mediated 

disease. Nat Rev Drug Discov. 2010. 9(2): 117-28. 

12. Lee J, Zhang L. The hierarchy quorum sensing network in Pseudomonas aeruginosa. 

Protein Cell. 2015. 6(1): 26-41. 

13. Wei Q, Ma LZ. Biofilm matrix and its regulation in Pseudomonas aeruginosa. Int J 

Mol Sci. 2013. 14(10): 20983-1005. 

14. Rutherford ST, Bassler BL. Bacterial quorum sensing: Its role in virulence and 

possibilities for its control. Cold Spring Harb Perspect Med. 2012. 2(11). 

15. Todar K. Textbook of Bacteriology. Bacterial pathogens and diseases of humans. 2012. 

16. Bjarnsholt T, Jensen PO, Fiandaca MJ, Pedersen J, Hansen CR et al. Pseudomonas 

aeruginosa biofilms in  the  respiratory tract of  cystic fibrosis  patients. Pediatr 

Pulmonol. 2009. 44(6): 547-58. 

17. Cai R, Lewis J, Yan S, Liu H, Clarke CR et al. The plant pathogen Pseudomonas 

syringae pv. tomato is genetically monomorphic and under strong selection to 

evade tomato immunity. PLoS Pathog. 2011. 7(8): e1002130. 

18. Health Protection Agency. English national point prevalence survey on healthcare- 

associated  infections  and  antimicrobial  use,  2011:  Preliminary  data.  Health 

Protection Agency: London. 2012. 

19. European Centre for Disease Prevention and Control. Annual epidemiological report 

2014.  Antimicrobial resistance and healthcare-associated infections. Stockholm. 

2015. 

20. Antimicrobial resistance: Tackling a crisis for the health and wealth of nations. The 

review on antimicrobial resistance chaired by Jim O’Neill. December 2014. . 



297  

 

21. Papp-Wallace KM, Endimiani A, Taracila MA, Bonomo RA. Carbapenems: Past, 

present, and future. Antimicrob Agents Chemother. 2011. 55(11): 4943-60. 

22. Crnich CJ, Safdar N, Maki DG. The role of the intensive care unit environment in the 

pathogenesis  and  prevention  of  ventilator-associated  pneumonia.  Respir  Care. 

2005. 50(6): 813-36. 

23. Ferrara AM. Potentially multidrug-resistant non-fermentative Gram-negative 

pathogens causing nosocomial pneumonia. Int J Antimicrob Agents. 2006. 27(3): 

183-95. 

24. Nicotra MB, Rivera M, Dale AM, Shepherd R, Carter R. Clinical, pathophysiologic, 
and microbiologic characterization of bronchiectasis in an aging cohort. Chest. 

1995. 108(4): 955-61. 
25. Gilligan PH. Microbiology of airway disease in patients with cystic fibrosis. Clin 

Microbiol Rev. 1991. 4(1): 35-51. 

26. Rommens JM, Iannuzzi MC, Kerem B, Drumm ML, Melmer G et al. Identification of 

the  cystic  fibrosis  gene:  Chromosome  walking  and  jumping.  Science.  1989. 

245(4922): 1059-65. 

27. Hassett DJ, Cuppoletti J, Trapnell B, Lymar SV, Rowe JJ et al. Anaerobic metabolism 
and quorum sensing by Pseudomonas aeruginosa biofilms in chronically infected 

cystic fibrosis airways: Rethinking antibiotic treatment strategies and drug targets. 

Adv Drug Deliv Rev. 2002. 54(11): 1425-43. 

28. Boucher RC. Relationship of airway epithelial ion transport to chronic bronchitis. Proc 
Am Thorac Soc. 2004. 1(1): 66-70. 

29. Bush A, Payne D, Pike S, Jenkins G, Henke MO et al. Mucus properties in children 
with  primary ciliary dyskinesia: Comparison with  cystic fibrosis. Chest. 2006. 

129(1): 118-23. 
30. Sadikot RT, Blackwell TS, Christman JW, Prince AS. Pathogen-host interactions in 

Pseudomonas aeruginosa pneumonia. Am J Respir Crit Care Med. 2005. 171(11): 
1209-23. 

31.  Lau  GW,  Hassett  DJ,  Britigan  BE.  Modulation  of  lung  epithelial  functions  by 
Pseudomonas aeruginosa. Trends Microbiol. 2005. 13(8): 389-97. 

32. Wagner VE, Iglewski BH. Pseudomonas aeruginosa biofilms in CF infection. Clin Rev 
Allergy Immunol. 2008. 35(3): 124-34. 

33. Lyczak JB, Cannon CL, Pier GB. Lung infections associated with cystic fibrosis. Clin 
Microbiol Rev. 2002. 15(2): 194-222. 

34. Coetzee E, Rode H, Kahn D. Pseudomonas aeruginosa burn wound infection in a 
dedicated paediatric burns unit. S Afr J Surg. 2013. 51(2): 50-3. 

35. Public Health England. Surveillance of surgical site infections in NHS hospitals in 
England. London. 2013. 

36.  Armour  AD,  Shankowsky  HA,  Swanson  T,  Lee  J,  Tredget  EE.  The  impact  of 
nosocomially-acquired resistant Pseudomonas aeruginosa infection in a burn unit. 

J Trauma. 2007. 63(1): 164-71. 

37. Geyik MF, Aldemir M, Hosoglu S, Tacyildiz HI. Epidemiology of burn unit infections 

in children. Am J Infect Control. 2003. 31(6): 342-6. 

38.  Kumon  H,  Hashimoto  H,  Nishimura M,  Monden  K,  Ono  N.  Catheter-associated 

urinary tract infections: Impact of catheter materials on their management. Int J 

Antimicrob Agents. 2001. 17(4): 311-6. 



298  

 

39. Hamasuna R, Betsunoh H, Sueyoshi T, Yakushiji K, Tsukino H et al. Bacteria of 

preoperative urinary tract infections contaminate the surgical fields and develop 

surgical site infections in urological operations. Int J Urol. 2004. 11(11): 941-7. 

40. Donlan RM, Costerton JW. Biofilms: survival mechanisms of clinically relevant 

microorganisms. Clin Microbiol Rev. 2002. 15(2): 167-93. 

41. Hoiby N, Frederiksen B, Pressler T. Eradication of early Pseudomonas aeruginosa 

infection. J Cyst Fibros. 2005. 4(2): 49-54. 

42. National Institute for Health and Care Excellence. Colistimethate sodium and 

tobramycin dry powders for inhalation for treating Pseudomonas lung infection in 

cystic fibrosis. Manchester 2013. 

43. Tascini C, Ferranti S, Messina F, Menichetti F. In vitro and in vivo synergistic activity 

of   colistin,   rifampin,   and   amikacin   against   a   multiresistant   Pseudomonas 

aeruginosa isolate. Clin Microbiol Infect. 2000. 6(12): 690-1. 

44. Tascini C, Gemignani G, Ferranti S, Tagliaferri E, Leonildi A et al. Microbiological 

activity and clinical efficacy of a colistin and rifampin combination in multidrug- 

resistant Pseudomonas aeruginosa infections. J Chemother. 2004. 16(3): 282-7. 

45. Gunderson BW, Ibrahim KH, Hovde LB, Fromm TL, Reed MD et al. Synergistic 

activity of colistin and ceftazidime against multiantibiotic-resistant Pseudomonas 

aeruginosa in an in vitro pharmacodynamic model. Antimicrob Agents Chemother. 

2003. 47(3): 905-9. 

46. Lang BJ, Aaron SD, Ferris W, Hebert PC, MacDonald NE. Multiple combination 

bactericidal  antibiotic  testing  for  patients  with  cystic  fibrosis  infected  with 

multiresistant strains of Pseudomonas aeruginosa. Am J Respir Crit Care Med. 

2000. 162(6): 2241-5. 

47. van Delden C. Virulence factors in Pseudomonas aeruginosa. In: Ramos JL, editor. 
Pseudomonas:   Virulence   and   gene   regulation.   New   York,   USA:   Plenum 

Publishers.; 2004. p. 3-45. 

48.  Wu  HJ,  Wang  AH,  Jennings  MP.  Discovery  of  virulence  factors  of  pathogenic 

bacteria. Curr Opin Chem Biol. 2008. 12(1): 93-101. 

49. Letourneau J, Levesque C, Berthiaume F, Jacques M, Mourez M. In vitro assay of 

bacterial adhesion onto mammalian epithelial cells. J Vis Exp. 2011(51). 

50. Scharfman A, Kroczynski H, Carnoy C, Van Brussel E, Lamblin G et al. Adhesion of 

Pseudomonas aeruginosa to respiratory mucins and expression of mucin-binding 
proteins are increased by limiting iron during growth. Infect Immun. 1996. 64(12): 

5417-20. 
51. Jaffar-Bandjee MC, Lazdunski A, Bally M, Carrere J, Chazalette JP et al. Production 

of elastase, exotoxin A, and alkaline protease in sputa during pulmonary 

exacerbation of cystic fibrosis in patients chronically infected by Pseudomonas 

aeruginosa. J Clin Microbiol. 1995. 33(4): 924-9. 

52. de Bentzmann S, Plotkowski C, Puchelle E. Receptors in the Pseudomonas aeruginosa 

adherence to injured and repairing airway epithelium. Am J Respir Crit Care Med. 
1996. 154(4): S155-62. 

53.  Lillehoj  EP,  Kim  H,  Chun  EY,  Kim  KC.  Pseudomonas  aeruginosa  stimulates 

phosphorylation  of  the  airway  epithelial  membrane  glycoprotein  Muc1  and 

activates MAP kinase. Am J Physiol Lung Cell Mol Physiol. 2004. 287(4): 809-15. 

54. Bucior I, Pielage JF, Engel JN. Pseudomonas aeruginosa pili and flagella mediate 

distinct binding and signaling events at the apical and basolateral surface of airway 

epithelium. PLoS Pathog. 2012. 8(4): e1002616. 



299  

 

55. Dasgupta N, Wolfgang MC, Goodman AL, Arora SK, Jyot J et al. A four-tiered 

transcriptional regulatory circuit controls flagellar biogenesis in Pseudomonas 

aeruginosa. Mol Microbiol. 2003. 50(3): 809-24. 

56. O'Toole GA, Kolter R. Flagellar and twitching motility are necessary for Pseudomonas 

aeruginosa biofilm development. Mol Microbiol. 1998. 30(2): 295-304. 

57. Bradley DE. A function of Pseudomonas aeruginosa PAO polar pili: Twitching 

motility. Can J Microbiol. 1980. 26(2): 146-54. 

58.  Sauer  K,  Camper  AK,  Ehrlich  GD,  Costerton  JW,  Davies  DG.  Pseudomonas 

aeruginosa  displays  multiple  phenotypes  during  development  as  a  biofilm.  J 

Bacteriol. 2002. 184(4): 1140-54. 

59. Picioreanu C, Kreft JU, Klausen M, Haagensen JA, Tolker-Nielsen T et al. Microbial 

motility involvement in biofilm structure formation: A 3D modelling study. Water 

Sci Technol. 2007. 55(8-9): 337-43. 

60.  Rocchetta  HL,  Burrows  LL,  Lam  JS.  Genetics  of  O-antigen  biosynthesis  in 

Pseudomonas aeruginosa. Microbiol Mol Biol Rev. 1999. 63(3): 523-53. 

61. Preston MJ, Fleiszig SM, Zaidi TS, Goldberg JB, Shortridge VD et al. Rapid and 

sensitive method for evaluating Pseudomonas aeruginosa virulence factors during 

corneal infections in mice. Infect Immun. 1995. 63(9): 3497-501. 

62. Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: A common cause of 

persistent infections. Science. 1999. 284(5418): 1318-22. 

63.  Lam J,  Chan R,  Lam K,  Costerton JW.  Production of  mucoid microcolonies by 
Pseudomonas aeruginosa within infected lungs in cystic fibrosis. Infect Immun. 

1980. 28(2): 546-56. 
64. Baltimore RS, Christie CD, Smith GJ. Immunohistopathologic localization of 

Pseudomonas aeruginosa in lungs from patients with cystic fibrosis: Implications 

for the pathogenesis of progressive lung deterioration. Am Rev Respir Dis. 1989. 

140(6): 1650-61. 
65. Worlitzsch D, Tarran R, Ulrich M, Schwab U, Cekici A et al. Effects of reduced mucus 

oxygen concentration in airway Pseudomonas infections of cystic fibrosis patients. 

J Clin Invest. 2002. 109(3): 317-25. 

66.  Hoiby  N,  Krogh  Johansen  H,  Moser  C,  Song  Z,  Ciofu  O  et  al.  Pseudomonas 
aeruginosa and the in vitro and in vivo biofilm mode of growth. Microbes Infect. 

2001. 3(1): 23-35. 
67. Singh PK, Schaefer AL, Parsek MR, Moninger TO, Welsh MJ et al. Quorum-sensing 

signals  indicate  that  cystic  fibrosis  lungs  are  infected  with  bacterial  biofilms. 

Nature. 2000. 407(6805): 762-4. 

68. Heydorn A, Ersboll BK, Hentzer M, Parsek MR, Givskov M et al. Experimental 
reproducibility in flow-chamber biofilms. Microbiology. 2000. 146(10): 2409-15. 

69. Subbaraman LN, Borazjani R, Zhu H, Zhao Z, Jones L et al. Influence of protein 
deposition on bacterial adhesion to contact lenses. Optom Vis Sci. 2011. 88(8): 959- 

66. 
70. Colvin KM, Irie Y, Tart CS, Urbano R, Whitney JC et al. The Pel and Psl 

polysaccharides provide Pseudomonas aeruginosa structural redundancy within the 

biofilm matrix. Environ Microbiol. 2012. 14(8): 1913-28. 

71.  Whiteley M,  Bangera MG,  Bumgarner RE, Parsek MR, Teitzel GM  et  al.  Gene 
expression in Pseudomonas aeruginosa biofilms. Nature. 2001. 413(6858): 860-4. 

72. Rosan B, Lamont RJ. Dental plaque formation. Microbes Infect. 2000. 2(13): 1599- 
607. 



300  

 

73. O'Toole GA, Kolter R. Initiation of biofilm formation in Pseudomonas fluorescens 

WCS365  proceeds  via  multiple,  convergent  signalling  pathways:  A  genetic 

analysis. Mol Microbiol. 1998. 28(3): 449-61. 

74. Harrison JJ, Ceri H, Yerly J, Stremick CA, Hu Y et al. The use of microscopy and 

three-dimensional visualization to evaluate the structure of microbial biofilms 

cultivated in the calgary biofilm device. Biol Proced Online. 2006. 8: 194-215. 

75. Stoodley P, Dodds I, Boyle JD, Lappin-Scott HM. Influence of hydrodynamics and 
nutrients on biofilm structure. J Appl Microbiol. 1998. 85(1): 19-28. 

76. Derjaguin B, Landau D. The theory of stability of highly charged lyophobic sols and 
coalescence  of  highly  charged  particles  in  electrolyte  solutions.  Acta  Physico 

Chemica URSS. 1941. 14: 633. 
77.  Verwey  EJW,  Overbeek  JTG.  Theory  of  the  stability  of  lyophobic  colloids. 

Amsterdam: Elsevier; 1948. 
78. Caiazza NC, O'Toole GA. SadB is required for the transition from reversible to 

irreversible attachment during biofilm formation by Pseudomonas aeruginosa 

PA14. J Bacteriol. 2004. 186(14): 4476-85. 

79.  Pringle  JH,  Fletcher  M.  Influence  of  substratum  wettability  on  attachment  of 
freshwater bacteria to solid surfaces. Appl Environ Microbiol. 1983. 45(3): 811-7. 

80. Fletcher M, Loeb GI. Influence of substratum characteristics on the attachment of a 
marine Pseudomonas to solid surfaces. Appl Environ Microbiol. 1979. 37(1): 67- 

72. 
81. Characklis WG, McFeters GA, Marshall KC. Physiological ecology in biofilm systems 

In: Characklis W.G. MKC, editor. Biofilms. New York: John Wilsons & Sons; 
1990. p. 341-94. 

82. Mittleman MW. Adhesion to biomaterials. In: Fletcher M, editor. Bacterial adhesion: 
Molecular and ecological diversity. New York: Wiley-Liss Inc; 1996. p. 89-127. 

83. Klausen M, Heydorn A, Ragas P, Lambertsen L, Aaes-Jorgensen A et al. Biofilm 
formation by Pseudomonas aeruginosa wild type, flagella and type IV pili mutants. 

Mol Microbiol. 2003. 48(6): 1511-24. 
84. Klausen M, Aaes-Jorgensen A, Molin S, Tolker-Nielsen T. Involvement of bacterial 

migration in the development of complex multicellular structures in Pseudomonas 

aeruginosa biofilms. Mol Microbiol. 2003. 50(1): 61-8. 

85.  Costerton  JW,  Lewandowski  Z,  Caldwell  DE,  Korber  DR,  Lappin-Scott  HM. 
Microbial biofilms. Annu Rev Microbiol. 1995. 49: 711-45. 

86. Barken KB, Pamp SJ, Yang L, Gjermansen M, Bertrand JJ et al. Roles of type IV pili, 

flagellum-mediated motility and extracellular DNA in the formation of mature 

multicellular structures in Pseudomonas aeruginosa biofilms. Environ Microbiol. 

2008. 10(9): 2331-43. 

87. Fux CA, Wilson S, Stoodley P. Detachment characteristics and oxacillin resistance of 

Staphyloccocus aureus biofilm emboli in an in vitro catheter infection model. J 

Bacteriol. 2004. 186(14): 4486-91. 

88. Hausner M, Wuertz S. High rates of conjugation in bacterial biofilms as determined by 

quantitative in situ analysis. Appl Environ Microbiol. 1999. 65(8): 3710-3. 

89. Govan JR, Deretic V. Microbial pathogenesis in cystic fibrosis: Mucoid Pseudomonas 

aeruginosa and Burkholderia cepacia. Microbiol Rev. 1996. 60(3): 539-74. 

90.  Bragonzi  A,  Worlitzsch  D,  Pier  GB,  Timpert  P,  Ulrich  M  et  al.  Nonmucoid 

Pseudomonas aeruginosa expresses alginate in the lungs of patients with cystic 
fibrosis and in a mouse model. J Infect Dis. 2005. 192(3): 410-9. 



301  

 

91. Wozniak DJ, Wyckoff TJ, Starkey M, Keyser R, Azadi P et al. Alginate is not a 

significant component of  the  extracellular polysaccharide matrix  of  PA14  and 

PAO1 Pseudomonas aeruginosa biofilms. Proc Natl Acad Sci USA. 2003. 100(13): 

7907-12. 

92. Ma L, Jackson KD, Landry RM, Parsek MR, Wozniak DJ. Analysis of Pseudomonas 

aeruginosa conditional psl  variants reveals roles for  the Psl  polysaccharide in 

adhesion and  maintaining biofilm structure post-attachment. J  Bacteriol. 2006. 

188(23): 8213-21. 

93.  Colvin KM,  Gordon  VD,  Murakami K,  Borlee BR,  Wozniak DJ  et  al.  The  Pel 

polysaccharide can serve a structural and protective role in the biofilm matrix of 

Pseudomonas aeruginosa. PLoS Pathog. 2011. 7(1): e1001264. 

94.  Zhao  K,  Tseng  BS,  Beckerman  B,  Jin  F,  Gibiansky  ML  et  al.  Psl  trails  guide 

exploration and microcolony formation in Pseudomonas aeruginosa biofilms. 

Nature. 2013. 497(7449): 388-91. 

95. Anderson GG, Moreau-Marquis S, Stanton BA, O'Toole GA. In vitro analysis of 

tobramycin-treated Pseudomonas aeruginosa biofilms on cystic fibrosis-derived 

airway epithelial cells. Infect Immun. 2008. 76(4): 1423-33. 

96. Woodworth BA, Tamashiro E, Bhargave G, Cohen NA, Palmer JN. An in vitro model 

of Pseudomonas aeruginosa biofilms on viable airway epithelial cell monolayers. 

Am J Rhinol. 2008. 22(3): 235-8. 

97.  Moreau-Marquis  S,  Stanton  BA,  O'Toole  GA.  Pseudomonas  aeruginosa  biofilm 
formation in the cystic fibrosis airway. Pulm Pharmacol Ther. 2008. 21(4): 595-9. 

98. Govan JR, Brown AR, Jones AM. Evolving epidemiology of Pseudomonas aeruginosa 
and the Burkholderia cepacia complex in cystic fibrosis lung infection. Future 

Microbiol. 2007. 2(2): 153-64. 
99. Bragonzi A, Farulla I, Paroni M, Twomey KB, Pirone L et al. Modelling co-infection 

of the cystic fibrosis lung by Pseudomonas aeruginosa and Burkholderia 

cenocepacia reveals  influences on  biofilm formation and  host  response.  PLoS 

ONE. 2012. 7(12): e52330. 

100. Abdallah NMA, Elsayed SB, Yassin MM, El-gohary M, El-gohary GM. Biofilm 

forming bacteria isolated from urinary tract infection, relation to catheterization and 

susceptibility to antibiotics. IJBMBR. 2011. 2(10): 172-8. 

101.  Nickel  JC,  Ruseska  I,  Wright  JB,  Costerton  JW.  Tobramycin  resistance  of 
Pseudomonas aeruginosa cells growing as a biofilm on urinary catheter material. 

Antimicrob Agents Chemother. 1985. 27(4): 619-24. 
102. Domingue G, Ellis B, Dasgupta M, Costerton JW. Testing antimicrobial 

susceptibilities of adherent bacteria by a method that incorporates guidelines of the 

National Committee for Clinical Laboratory Standards. J Clin Microbiol. 1994. 

32(10): 2564-8. 
103. Walters MCr, Roe F, Bugnicourt A, Franklin MJ, Stewart PS. Contributions of 

antibiotic penetration, oxygen limitation, and low metabolic activity to tolerance of 

Pseudomonas aeruginosa biofilms to ciprofloxacin and tobramycin. Antimicrob 

Agents Chemother. 2003. 47(1): 317-23. 

104. Waite RD, Papakonstantinopoulou A, Littler E, Curtis MA. Transcriptome analysis of 

Pseudomonas aeruginosa growth: Comparison of gene expression in planktonic 

cultures and developing and mature biofilms. J Bacteriol. 2005. 187(18): 6571-6. 

105. Mah TF, O'Toole GA. Mechanisms of biofilm resistance to antimicrobial agents. 
Trends Microbiol. 2001. 9(1): 34-9. 



302  

 

106. Keren I, Kaldalu N, Spoering A, Wang Y, Lewis K. Persister cells and tolerance to 

antimicrobials. FEMS Microbiol Lett. 2004. 230(1): 13-8. 

107.  Schleheck  D,  Barraud  N,  Klebensberger  J,  Webb  JS,  McDougald  D  et  al. 

Pseudomonas aeruginosa PAO1 preferentially grows as aggregates in liquid batch 

cultures and disperses upon starvation. PLoS One. 2009. 4(5): e5513. 

108. Sauer K, Cullen MC, Rickard AH, Zeef LA, Davies DG et al. Characterization of 

nutrient-induced   dispersion   in   Pseudomonas   aeruginosa   PAO1   biofilm.   J 

Bacteriol. 2004. 186(21): 7312-26. 

109. An S, Wu J, Zhang LH. Modulation of Pseudomonas aeruginosa biofilm dispersal by 
a cyclic-Di-GMP phosphodiesterase with a putative hypoxia-sensing domain. Appl 

Environ Microbiol. 2010. 76(24): 8160-73. 

110. Musk DJ, Banko DA, Hergenrother PJ. Iron salts perturb biofilm formation and 

disrupt existing biofilms of Pseudomonas aeruginosa. Chem Biol. 2005. 12(7): 

789-96. 

111.  Glick  R,  Gilmour  C,  Tremblay  J,  Satanower  S,  Avidan  O  et  al.  Increase  in 

rhamnolipid synthesis under iron-limiting conditions influences surface motility 

and biofilm formation in Pseudomonas aeruginosa. J Bacteriol. 2010. 192(12): 

2973-80. 

112.  Tolker-Nielsen  T,  Brinch  UC,  Ragas  PC,  Andersen  JB,  Jacobsen  CS  et  al. 
Development  and  dynamics  of  Pseudomonas  sp.  biofilms.  J  Bacteriol.  2000. 

182(22): 6482-9. 
113. Webb JS, Thompson LS, James S, Charlton T, Tolker-Nielsen T et al. Cell death in 

Pseudomonas aeruginosa biofilm development. J Bacteriol. 2003. 185(15): 4585- 
92. 

114.  Allison  DG,  Ruiz  B,  SanJose  C,  Jaspe  A,  Gilbert  P.  Extracellular products  as 
mediators of the formation and detachment of Pseudomonas fluorescens biofilms. 

FEMS Microbiol Lett. 1998. 167(2): 179-84. 
115. Rollet C, Gal L, Guzzo J. Biofilm-detached cells, a transition from a sessile to a 

planktonic phenotype: a comparative study of adhesion and physiological 

characteristics in Pseudomonas aeruginosa. FEMS Microbiol Lett. 2009. 290(2): 

135-42. 
116.   Hamood   AN,   Colmer-Hamood  JA,   Carty   NL.   Regulation  of   Pseudomonas 

aeruginosa exotoxin A synthesis. In: Ramos JL, editor. Pseudomonas: Virulence 

and gene regulation. New York: Kluwer Academic/Plenum Publishers.; 2004. p. 

389-423. 
117. Pillar CM, Hobden JA. Pseudomonas aeruginosa exotoxin A and keratitis in mice. 

Invest Ophthalmol Vis Sci. 2002. 43(5): 1437-44. 
118. Storey DG, Ujack EE, Rabin HR, Mitchell I. Pseudomonas aeruginosa lasR 

transcription correlates with the transcription of lasA, lasB, and toxA in chronic 

lung infections associated with cystic fibrosis. Infect Immun. 1998. 66(6): 2521-8. 

119.  Wolz  C,  Hellstern  E,  Haug  M,  Galloway  DR,  Vasil  ML  et  al.  Pseudomonas 

aeruginosa LasB mutant constructed by insertional mutagenesis reveals elastolytic 

activity due to alkaline proteinase and the LasA fragment. Mol Microbiol. 1991. 

5(9): 2125-31. 

120. Heck LW, Morihara K, McRae WB, Miller EJ. Specific cleavage of human type III 

and IV collagens by Pseudomonas aeruginosa elastase. Infect Immun. 1986. 51(1): 

115-8. 



303  

 

121.  Mariencheck  WI,  Alcorn  JF,  Palmer  SM,  Wright  JR.  Pseudomonas  aeruginosa 

elastase degrades surfactant proteins A and D. Am J Respir Cell Mol Biol. 2003. 

28(4): 528-37. 
122. Laarman AJ, Bardoel BW, Ruyken M, Fernie J, Milder FJ et al. Pseudomonas 

aeruginosa alkaline protease blocks complement activation via the classical and 

lectin pathways. J Immunol. 2012. 188(1): 386-93. 

123.  Burger  MM,  Glaser  L,  Burton  RM.  The  enzymatic  synthesis  of  a  rhamnose- 
containing glycolipid by extracts of Pseudomonas aeruginosa. J Biol Chem. 1963. 

238: 2595-602. 
124. Rendell NB, Taylor GW, Somerville M, Todd H, Wilson R et al. Characterisation of 

Pseudomonas rhamnolipids. Biochim Biophys Acta. 1990. 1045(2): 189-93. 
125. Zulianello L, Canard C, Kohler T, Caille D, Lacroix JS et al. Rhamnolipids are 

virulence factors that promote early infiltration of primary human airway epithelia 

by Pseudomonas aeruginosa. Infect Immun. 2006. 74(6): 3134-47. 

126. van Gennip M, Christensen LD, Alhede M, Phipps R, Jensen PO et al. Inactivation of 

the  rhlA  gene  in  Pseudomonas  aeruginosa  prevents  rhamnolipid  production, 

disabling  the  protection  against  polymorphonuclear  leukocytes.  APMIS.  2009. 

117(7): 537-46. 

127. Read RC, Roberts P, Munro N, Rutman A, Hastie A et al. Effect of Pseudomonas 
aeruginosa  rhamnolipids  on  mucociliary  transport  and  ciliary  beating.  J  Appl 

Physiol. 1992. 72(6): 2271-7. 
128. Jensen PO, Bjarnsholt T, Phipps R, Rasmussen TB, Calum H et al. Rapid necrotic 

killing of polymorphonuclear leukocytes is caused by quorum sensing-controlled 

production  of  rhamnolipid  by  Pseudomonas  aeruginosa.  Microbiology.  2007. 

153(5): 1329-38. 

129. McClure CD, Schiller NL. Effects of Pseudomonas aeruginosa rhamnolipids on 

human monocyte-derived macrophages. J Leukoc Biol. 1992. 51(2): 97-102. 

130. Pamp SJ, Tolker-Nielsen T. Multiple roles of biosurfactants in structural biofilm 

development by Pseudomonas aeruginosa. J Bacteriol. 2007. 189(6): 2531-9. 

131. Caiazza NC, Shanks RM, O'Toole GA. Rhamnolipids modulate swarming motility 

patterns of Pseudomonas aeruginosa. J Bacteriol. 2005. 187(21): 7351-61. 

132.   Boles   BR,   Thoendel   M,   Singh   PK.   Rhamnolipids   mediate   detachment   of 

Pseudomonas aeruginosa from biofilms. Mol Microbiol. 2005. 57(5): 1210-23. 

133. Schooling SR, Charaf UK, Allison DG, Gilbert P. A role for rhamnolipid in biofilm 

dispersion. Biofilms. 2004. 1(2): 91-9. 

134. Davey ME, Caiazza NC, O'Toole GA. Rhamnolipid surfactant production affects 

biofilm architecture in Pseudomonas aeruginosa PAO1. J Bacteriol. 2003. 185(3): 

1027-36. 

135. Laursen J, Nielsen J. Phenazine natural products: biosynthesis, synthetic analogues, 
and biological activity. Chem Rev. 2004. 104(3): 1663-86. 

136.  Muller  M.  Pyocyanin  induces  oxidative  stress  in  human  endothelial  cells  and 
modulates the glutathione redox cycle. Free Radic Biol Med. 2002. 33(11): 1527- 

33. 
137. Mazzola M, Cook R, Thomashow L, Weller D, Pierson Lr. Contribution of phenazine 

antibiotic biosynthesis to the ecological competence of fluorescent Pseudomonads 

in soil habitats. Appl Environ Microbiol. 1992. 58(8): 2616-24. 



304  

 

138. Allen L, Dockrell DH, Pattery T, Lee DG, Cornelis P et al. Pyocyanin production by 

Pseudomonas aeruginosa induces neutrophil apoptosis and impairs neutrophil- 

mediated host defenses in vivo. J Immunol. 2005. 174(6): 3643-9. 

139. Wilson R, Sykes DA, Watson D, Rutman A, Taylor GW et al. Measurement of 

Pseudomonas aeruginosa phenazine pigments in sputum and assessment of their 

contribution to sputum sol toxicity for respiratory epithelium. Infect Immun. 1988. 

56(9): 2515-7. 
140. Nutman J, Chase PA, Dearborn DG, Berger M, Sorensen RU. Suppression of 

lymphocyte proliferation by Pseudomonas aeruginosa phenazine pigments. Isr J 

Med Sci. 1988. 24(4-5): 228-32. 

141.  Britigan  BE,  Roeder  TL,  Rasmussen  GT,  Shasby  DM,  McCormick  ML  et  al. 
Interaction of the Pseudomonas aeruginosa secretory products pyocyanin and 

pyochelin generates hydroxyl radical and causes synergistic damage to endothelial 

cells. Implications for Pseudomonas-associated tissue injury. J Clin Invest. 1992. 

90(6): 2187-96. 
142. Das T, Kutty SK, Tavallaie R, Ibugo AI, Panchompoo J et al. Phenazine virulence 

factor binding to extracellular DNA is important for Pseudomonas aeruginosa 

biofilm formation. Sci Rep. 2015. 5. 

143. Nealson KH, Platt T, Hastings JW. Cellular control of the synthesis and activity of the 
bacterial luminescent system. J Bacteriol. 1970. 104(1): 313-22. 

144. Miller MB, Bassler BL. Quorum sensing in bacteria. Annu Rev Microbiol. 2001. 55: 
165-99. 

145. Fuqua C, Winans SC, Greenberg EP. Census and consensus in bacterial ecosystems: 
The LuxR-LuxI family of quorum-sensing transcriptional regulators. Annu Rev 

Microbiol. 1996. 50: 727-51. 

146. Darch SE, West SA, Winzer K, Diggle SP. Density-dependent fitness benefits in 

quorum sensing bacterial populations. Proc Natl Acad Sci USA. 2012. 109(21): 

8259-63. 

147. Kaplan HB, Greenberg EP. Diffusion of autoinducer is involved in regulation of the 
Vibrio fischeri luminescence system. J Bacteriol. 1985. 163(3): 1210-4. 

148. Seed PC, Passador L, Iglewski BH. Activation of the Pseudomonas aeruginosa lasI 

gene by LasR and the Pseudomonas autoinducer PAI: An autoinduction regulatory 

hierarchy. J Bacteriol. 1995. 177(3): 654-9. 

149. Pearson JP, Gray KM, Passador L, Tucker KD, Eberhard A et al. Structure of the 

autoinducer required for expression of Pseudomonas aeruginosa virulence genes. 

Proc Natl Acad Sci USA. 1994. 91(1): 197-201. 

150. Pearson JP, Passador L, Iglewski BH, Greenberg EP. A second N-acylhomoserine 
lactone signal produced by Pseudomonas aeruginosa. Proc Natl Acad Sci USA. 

1995. 92(5): 1490-4. 
151. Pesci EC, Milbank JB, Pearson JP, McKnight S, Kende AS et al. Quinolone signaling 

in the cell-to-cell communication system of Pseudomonas aeruginosa. Proc Natl 

Acad Sci USA. 1999. 96(20): 11229-34. 

152. Lee J, Wu J, Deng Y, Wang J, Wang C et al. A cell-cell communication signal 
integrates quorum sensing and stress response. Nat Chem Biol. 2013. 

153.  Gambello  MJ,  Iglewski  BH.  Cloning  and  characterization  of  the  Pseudomonas 
aeruginosa lasR gene, a transcriptional activator of elastase expression. J Bacteriol. 

1991. 173(9): 3000-9. 



305  

 

154. Case RJ, Labbate M, Kjelleberg S. AHL-driven quorum-sensing circuits: Their 

frequency and function among the Proteobacteria. ISME J. 2008. 2(4): 345-9. 

155. Val DL, Cronan JE, Jr. In vivo evidence that S-adenosylmethionine and fatty acid 

synthesis  intermediates  are  the  substrates  for  the  LuxI  family  of  autoinducer 

synthases. J Bacteriol. 1998. 180(10): 2644-51. 

156. Parsek MR, Val DL, Hanzelka BL, Cronan JE, Greenberg EP. Acyl homoserine- 

lactone quorum-sensing signal generation. Proc Natl Acad Sci USA. 1999. 96(8): 

4360-5. 

157. Fuqua C, Parsek MR, Greenberg EP. Regulation of gene expression by cell-to-cell 
communication: Acyl-homoserine lactone quorum sensing. Annu Rev Genet. 2001. 

35: 439-68. 
158. Watson WT, Minogue TD, Val DL, von Bodman SB, Churchill ME. Structural basis 

and specificity of acyl-homoserine lactone signal production in bacterial quorum 

sensing. Mol Cell. 2002. 9(3): 685-94. 

159.  Bottomley MJ,  Muraglia E,  Bazzo  R,  Carfi  A.  Molecular insights  into  quorum 

sensing in the human pathogen Pseudomonas aeruginosa from the structure of the 

virulence regulator LasR bound to its autoinducer. J Biol Chem. 2007. 282(18): 

13592-600. 

160. Pearson JP, Van Delden C, Iglewski BH. Active efflux and diffusion are involved in 
transport  of  Pseudomonas  aeruginosa  cell-to-cell  signals.  J  Bacteriol.  1999. 

181(4): 1203-10. 
161. Schuster M, Lostroh C, Ogi T, Greenberg E. Identification, timing, and signal 

specificity of Pseudomonas aeruginosa quorum-controlled genes: A transcriptome 

analysis. J Bacteriol. 2003. 185(7): 2066-79. 

162. Ochsner UA, Reiser J. Autoinducer-mediated regulation of rhamnolipid biosurfactant 
synthesis in Pseudomonas aeruginosa. Proc Natl Acad Sci USA. 1995. 92(14): 

6424-8. 
163. de Kievit TR, Gillis R, Marx S, Brown C, Iglewski BH. Quorum-sensing genes in 

Pseudomonas  aeruginosa  biofilms:  Their  role  and  expression  patterns.  Appl 

Environ Microbiol. 2001. 67(4): 1865-73. 

164. Pesci EC, Pearson JP, Seed PC, Iglewski BH. Regulation of las and rhl quorum 
sensing in Pseudomonas aeruginosa. J Bacteriol. 1997. 179(10): 3127-32. 

165. Xiao G, He J, Rahme LG. Mutation analysis of the Pseudomonas aeruginosa mvfR 
and pqsABCDE gene promoters demonstrates complex quorum-sensing circuitry. 

Microbiology. 2006. 152(6): 1679-86. 

166. Gallagher L, McKnight S, Kuznetsova M, Pesci E, Manoil C. Functions required for 

extracellular quinolone signaling by Pseudomonas aeruginosa. J Bacteriol. 2002. 

184(23): 6472-80. 

167. Deziel E, Lepine F, Milot S, He J, Mindrinos MN et al. Analysis of Pseudomonas 

aeruginosa 4-hydroxy-2-alkylquinolines (HAQs) reveals a role for 4-hydroxy-2- 

heptylquinoline in cell-to-cell communication. Proc Natl Acad Sci USA. 2004. 

101(5): 1339-44. 

168. Mashburn LM, Whiteley M. Membrane vesicles traffic signals and facilitate group 

activities in a prokaryote. Nature. 2005. 437(7057): 422-5. 

169. Diggle SP, Winzer K, Chhabra SR, Worrall KE, Camara M et al. The Pseudomonas 

aeruginosa quinolone signal molecule overcomes the cell density-dependency of 

the  quorum  sensing  hierarchy,  regulates  rhl-dependent  genes  at  the  onset  of 



306  

 

stationary phase and can be produced in the absence of LasR. Mol Microbiol. 2003. 

50(1): 29-43. 

170.  Xiao  G,  Déziel  E,  He  J,  Lépine F,  Lesic  B  et  al.  MvfR,  a  key  Pseudomonas 
aeruginosa pathogenicity LTTR-class regulatory protein, has dual ligands. Mol 

Microbiol. 2006. 62(6): 1689-99. 

171. McKnight SL, Iglewski BH, Pesci EC. The Pseudomonas quinolone signal regulates 

rhl quorum sensing in Pseudomonas aeruginosa. J Bacteriol. 2000. 182(10): 2702- 

8. 

172. McGrath S, Wade DS, Pesci EC. Dueling quorum sensing systems in Pseudomonas 

aeruginosa control the production of the Pseudomonas quinolone signal (PQS). 

FEMS Microbiol Lett. 2004. 230(1): 27-34. 

173. Dekimpe V, Deziel E. Revisiting the quorum-sensing hierarchy in Pseudomonas 

aeruginosa: The transcriptional regulator RhlR regulates LasR-specific factors. 

Microbiology. 2009. 155(3): 712-23. 

174. Smith EE, Buckley DG, Wu Z, Saenphimmachak C, Hoffman LR et al. Genetic 

adaptation by Pseudomonas aeruginosa to the airways of cystic fibrosis patients. 

Proc Natl Acad Sci USA. 2006. 103(22): 8487-92. 

175. Schaber JA, Carty NL, McDonald NA, Graham ED, Cheluvappa R et al. Analysis of 

quorum sensing-deficient clinical isolates of Pseudomonas aeruginosa. J Med 

Microbiol. 2004. 53(9): 841-53. 

176. Long J, Zaborina O, Holbrook C, Zaborin A, Alverdy J. Depletion of intestinal 
phosphate after operative injury activates the virulence of Pseudomonas aeruginosa 

causing lethal gut-derived sepsis. Surgery. 2008. 144(2): 189-97. 

177. Schuster M, Greenberg EP. A network of networks: Quorum-sensing gene regulation 

in Pseudomonas aeruginosa. Int J Med Microbiol. 2006. 296(2-3): 73-81. 

178. Wagner VE, Bushnell D, Passador L, Brooks AI, Iglewski BH. Microarray analysis of 

Pseudomonas aeruginosa quorum-sensing regulons: Effects of growth phase and 
environment. J Bacteriol. 2003. 185(7): 2080-95. 

179.  Sandoz  KM,  Mitzimberg  SM,  Schuster  M.  Social  cheating  in  Pseudomonas 
aeruginosa quorum sensing. Proc Natl Acad Sci USA. 2007. 104(40): 15876-81. 

180. de Kievit T, Seed PC, Nezezon J, Passador L, Iglewski BH. RsaL, a novel repressor 
of  virulence  gene  expression  in  Pseudomonas  aeruginosa.  J  Bacteriol.  1999. 

181(7): 2175-84. 
181. Chugani SA, Whiteley M, Lee KM, D'Argenio D, Manoil C et al. QscR, a modulator 

of  quorum-sensing signal synthesis and virulence in Pseudomonas aeruginosa. 

Proc Natl Acad Sci USA. 2001. 98(5): 2752-7. 

182.  Li  L-L,  Malone  JE,  Iglewski  BH.  Regulation  of  the  Pseudomonas  aeruginosa 
quorum-sensing regulator VqsR. J Bacteriol. 2007. 189(12): 4367-74. 

183. Christensen LD, Moser C, Jensen PO, Rasmussen TB, Christophersen L et al. Impact 
of Pseudomonas aeruginosa quorum sensing on biofilm persistence in an in vivo 

intraperitoneal foreign-body infection model. Microbiology. 2007. 153(7): 2312-20. 
184. Pearson JP, Feldman M, Iglewski BH, Prince A. Pseudomonas aeruginosa cell-to-cell 

signaling is required for virulence in a model of acute pulmonary infection. Infect 

Immun. 2000. 68(7): 4331-4. 

185. Hoffmann N, Lee B, Hentzer M, Rasmussen TB, Song Z et al. Azithromycin blocks 

quorum sensing and alginate polymer formation and increases the sensitivity to 

serum  and  stationary-growth-phase  killing  of  Pseudomonas  aeruginosa  and 



307  

 

attenuates chronic P. aeruginosa lung infection in CFTR (-/-) mice. Antimicrob 

Agents Chemother. 2007. 51(10): 3677-87. 

186. Bijtenhoorn P, Mayerhofer H, Muller-Dieckmann J, Utpatel C, Schipper C et al. A 

novel metagenomic short-chain dehydrogenase/reductase attenuates Pseudomonas 

aeruginosa biofilm formation and virulence on Caenorhabditis elegans. PLoS One. 

2011. 6(10): e26278. 

187. Erickson DL, Endersby R, Kirkham A, Stuber K, Vollman DD et al. Pseudomonas 

aeruginosa quorum-sensing systems may control virulence factor expression in the 

lungs of patients with cystic fibrosis. Infect Immun. 2002. 70(4): 1783-90. 

188. Middleton B, Rodgers HC, Camara M, Knox AJ, Williams P et al. Direct detection of 

N-acylhomoserine lactones in cystic fibrosis sputum. FEMS Microbiol Lett. 2002. 
207(1): 1-7. 

189. Collier DN, Anderson L, McKnight SL, Noah TL, Knowles M et al. A bacterial cell 
to cell signal in the lungs of cystic fibrosis patients. FEMS Microbiol Lett. 2002. 

215(1): 41-6. 
190. DiMango E, Zar HJ, Bryan R, Prince A. Diverse Pseudomonas aeruginosa gene 

products  stimulate  respiratory  epithelial  cells  to  produce  interleukin-8.  J  Clin 

Invest. 1995. 96(5): 2204-10. 

191. Smith RS, Fedyk ER, Springer TA, Mukaida N, Iglewski BH et al. IL-8 production in 
human lung fibroblasts and epithelial cells activated by the Pseudomonas 

autoinducer N-3-oxododecanoyl homoserine lactone is transcriptionally regulated 

by NF-kappa B and activator protein-2. J Immunol. 2001. 167(1): 366-74. 

192. Chhabra SR, Harty C, Hooi DS, Daykin M, Williams P et al. Synthetic analogues of 

the bacterial signal (quorum sensing) molecule N-(3-oxododecanoyl)-L- 

homoserine lactone as immune modulators. J Med Chem. 2003. 46(1): 97-104. 

193.  Kim  K,  Koh  BH,  Hwang  SS,  Kim  SH,  Lepine  F  et  al.  HHQ  and  PQS,  two 

Pseudomonas  aeruginosa  quorum-sensing  molecules,  down-regulate  the  innate 
immune responses  through  the  nuclear factor-kB pathway.  Immunology. 2010. 

129(4): 578-88. 

194. Davies DG. The involvement of cell-to-cell signals in the development of a bacterial 

biofilm. Science. 1998. 280(5361): 295-8. 

195. Bjarnsholt T, Jensen PO, Burmolle M, Hentzer M, Haagensen JA et al. Pseudomonas 

aeruginosa tolerance to tobramycin, hydrogen peroxide and polymorphonuclear 

leukocytes is quorum sensing-dependent. Microbiology. 2005. 151(2): 373-83. 

196. Gilbert KB, Kim TH, Gupta R, Greenberg EP, Schuster M. Global position analysis 
of the Pseudomonas aeruginosa quorum-sensing transcription factor LasR. Mol 

Microbiol. 2009. 73(6): 1072-85. 
197. Sakuragi Y, Kolter R. Quorum-sensing regulation of the biofilm matrix genes (pel) of 

Pseudomonas aeruginosa. J Bacteriol. 2007. 189(14): 5383-6. 

198. Allesen-Holm M, Barken KB, Yang L, Klausen M, Webb JS et al. A characterization 

of DNA release in Pseudomonas aeruginosa cultures and biofilms. Mol Microbiol. 

2006. 59(4): 1114-28. 

199. Shrout JD, Chopp DL, Just CL, Hentzer M, Givskov M et al. The impact of quorum 

sensing and swarming motility on Pseudomonas aeruginosa biofilm formation is 

nutritionally conditional. Mol Microbiol. 2006. 62(5): 1264-77. 

200. Overhage J, Bains M, Brazas MD, Hancock RE. Swarming of Pseudomonas 

aeruginosa is a complex adaptation leading to increased production of virulence 

factors and antibiotic resistance. J Bacteriol. 2008. 190(8): 2671-9. 



308  

 

201.  Purevdorj  B,  Costerton  JW,  Stoodley  P.  Influence  of  hydrodynamics  and  cell 

signaling on the structure and behavior of Pseudomonas aeruginosa biofilms. Appl 

Environ Microbiol. 2002. 68(9): 4457-64. 

202. Galloway WR, Hodgkinson JT, Bowden SD, Welch M, Spring DR. Quorum sensing 

in Gram-negative bacteria: Small-molecule modulation of AHL and AI-2 quorum 

sensing pathways. Chem Rev. 2011. 111(1): 28-67. 

203. Tateda K, Comte R, Pechere JC, Kohler T, Yamaguchi K et al. Azithromycin inhibits 
quorum sensing in Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2001. 

45(6): 1930-3. 

204. Skindersoe ME, Alhede M, Phipps R, Yang L, Jensen PO et al. Effects of antibiotics 

on quorum sensing in Pseudomonas aeruginosa. Antimicrob Agents Chemother. 

2008. 52(10): 3648-63. 

205. Lin YH, Xu JL, Hu J, Wang LH, Ong SL et al. Acyl-homoserine lactone acylase from 

Ralstonia strain XJ12B represents a novel and potent class of quorum-quenching 

enzymes. Mol Microbiol. 2003. 47(3): 849-60. 

206. Dong YH, Xu JL, Li XZ, Zhang LH. AiiA, an enzyme that inactivates the 

acylhomoserine lactone  quorum-sensing  signal  and  attenuates  the  virulence  of 

Erwinia carotovora. Proc Natl Acad Sci USA. 2000. 97(7): 3526-31. 

207. Uroz S, Chhabra SR, Camara M, Williams P, Oger P et al. N-Acylhomoserine lactone 
quorum-sensing  molecules  are  modified  and  degraded  by  Rhodococcus 

erythropolis W2 by both amidolytic and novel oxidoreductase activities. 

Microbiology. 2005. 151(10): 3313-22. 

208. Huang W, Lin Y, Yi S, Liu P, Shen J et al. QsdH, a novel AHL lactonase in the RND- 
type inner membrane of marine Pseudoalteromonas byunsanensis strain 1A01261. 

PLoS One. 2012. 7(10): e46587. 
209. Wang WZ, Morohoshi T, Ikenoya M, Someya N, Ikeda T. AiiM, a novel class of N- 

acylhomoserine lactonase from the leaf-associated bacterium Microbacterium 

testaceum. Appl Environ Microbiol. 2010. 76(8): 2524-30. 

210.  Givskov M,  de Nys  R, Manefield M,  Gram L, Maximilien R et al. Eukaryotic 
interference with homoserine lactone-mediated prokaryotic signalling. J Bacteriol. 

1996. 178(22): 6618-22. 
211. Ren D, Sims JJ, Wood TK. Inhibition of biofilm formation and swarming of 

Escherichia coli by (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2(5H)-furanone. 

Environ Microbiol. 2001. 3(11): 731-6. 

212. Gram L, de Nys R, Maximilien R, Givskov M, Steinberg P et al. Inhibitory effects of 
secondary metabolites from the red alga Delisea pulchra on swarming motility of 

Proteus mirabilis. Appl Environ Microbiol. 1996. 62(11): 4284-7. 
213. Hentzer M, Riedel K, Rasmussen TB, Heydorn A, Andersen JB et al. Inhibition of 

quorum sensing in Pseudomonas aeruginosa biofilm bacteria by a halogenated 

furanone compound. Microbiology. 2002. 148(Pt 1): 87-102. 

214.  Manefield  M,  Rasmussen  TB,  Henzter  M,  Andersen  JB,  Steinberg  P  et  al. 
Halogenated furanones inhibit quorum sensing through accelerated LuxR turnover. 

Microbiology. 2002. 148(4): 1119-27. 

215. Hentzer M, Givskov M. Pharmacological inhibition of quorum sensing for the 

treatment of chronic bacterial infections. J Clin Invest. 2003. 112(9): 1300-7. 

216. Wu H, Song Z, Hentzer M, Andersen JB, Molin S et al. Synthetic furanones inhibit 

quorum-sensing and enhance bacterial clearance in Pseudomonas aeruginosa lung 

infection in mice. J Antimicrob Chemother. 2004. 53(6): 1054-61. 



309  

 

217. Geske GD, O'Neill JC, Miller DM, Mattmann ME, Blackwell HE. Modulation of 

bacterial quorum sensing with synthetic ligands: Systematic evaluation of N- 

acylated homoserine lactones in multiple species and new insights into their 

mechanisms of action. J Am Chem Soc. 2007. 129(44): 13613-25. 

218. Mattmann ME, Geske GD, Worzalla GA, Chandler JR, Sappington KJ et al. Synthetic 

ligands  that  activate  and  inhibit  a  quorum-sensing  regulator  in  Pseudomonas 

aeruginosa. Bioorg Med Chem Lett. 2008. 18(10): 3072-5. 

219. Geske GD, Wezeman RJ, Siegel AP, Blackwell HE. Small molecule inhibitors of 

bacterial quorum sensing and biofilm formation. J Am Chem Soc. 2005. 127(37): 

12762-3. 

220. Mattmann ME, Blackwell HE. Small molecules that modulate quorum sensing and 
control virulence in Pseudomonas aeruginosa. J Org Chem. 2010. 75(20): 6737-46. 

221. Swem LR, Swem DL, O'Loughlin CT, Gatmaitan R, Zhao B et al. A quorum-sensing 

antagonist targets both membrane-bound and cytoplasmic receptors and controls 

bacterial pathogenicity. Mol Cell. 2009. 35(2): 143-53. 

222. O'Loughlin CT, Miller LC, Siryaporn A, Drescher K, Semmelhack MF et al. A 

quorum-sensing inhibitor blocks Pseudomonas aeruginosa virulence and biofilm 
formation. Proc Natl Acad Sci USA. 2013. 110(44): 17981-6. 

223. Plyuta V, Zaitseva J, Lobakova E, Zagoskina N, Kuznetsov A et al. Effect of plant 
phenolic compounds on biofilm formation by Pseudomonas aeruginosa. APMIS. 

2013. 121(11): 1073-81. 
224. Rasmussen TB, Bjarnsholt T, Skindersoe ME, Hentzer M, Kristoffersen P et al. 

Screening for quorum-sensing inhibitors (QSI) by use of a novel genetic system, 
the QSI selector. J Bacteriol. 2005. 187(5): 1799-814. 

225. Bjarnsholt T, Jensen PO, Rasmussen TB, Christophersen L, Calum H et al. Garlic 

blocks quorum sensing and promotes rapid clearing of pulmonary Pseudomonas 

aeruginosa infections. Microbiology. 2005. 151(Pt 12): 3873-80. 

226. Jakobsen TH, van Gennip M, Phipps RK, Shanmugham MS, Christensen LD et al. 

Ajoene, a sulfur-rich molecule from garlic, inhibits genes controlled by quorum 
sensing. Antimicrob Agents Chemother. 2012. 56(5): 2314-25. 

227. Jakobsen TH, Bragason SK, Phipps RK, Christensen LD, van Gennip M et al. Food 

as a source for quorum sensing inhibitors: Iberin from horseradish revealed as a 

quorum sensing inhibitor of Pseudomonas aeruginosa. Appl Environ Microbiol. 

2012. 78(7): 2410-21. 

228. Ganin H, Rayo J, Amara N, Levy N, Krief P et al. Sulforaphane and erucin, natural 
isothiocyanates from broccoli, inhibit bacterial quorum sensing. MedChemComm. 

2013. 4(1): 175-9. 
229. Smyth AR, Cifelli PM, Ortori CA, Righetti K, Lewis S et al. Garlic as an inhibitor of 

Pseudomonas aeruginosa quorum sensing in cystic fibrosis: A pilot randomized 

controlled trial. Pediatr Pulmonol. 2010. 45(4): 356-62. 

230. Kohler T, Perron GG, Buckling A, van Delden C. Quorum sensing inhibition selects 
for virulence and cooperation in Pseudomonas aeruginosa. PLoS Pathog. 2010. 

6(5): e1000883. 
231. Gerdt JP, Blackwell HE. Competition studies confirm two major barriers that can 

preclude the spread of resistance to quorum-sensing inhibitors in bacteria. ACS 

Chem Biol. 2014. 9(10): 2291-9. 



310  

 

232.  Perez-Cobas AE,  Gosalbes  MJ,  Friedrichs  A,  Knecht  H,  Artacho  A  et  al.  Gut 

microbiota disturbance during  antibiotic therapy: A  multi-omic approach. Gut. 

2013. 62(11): 1591-601. 

233. Buhlerier E, Wehner W, Vogle F. "Cascade"- and "Nonskid-Chain-like" Syntheses of 

Molecular Cavity Topologies. Synthesis 1978. 2: 155-8. 

234. Aulenta F, Hayes W, Rannard S. Dendrimers: A new class of nanoscopic containers 

and delivery devices. Eur Polym J. 2003. 39(9): 1741-71. 

235.  Menjoge  AR,  Kannan  RM,  Tomalia  DA.  Dendrimer-based  drug  and  imaging 

conjugates:  Design  considerations  for  nanomedical  applications.  Drug  Discov 

Today. 2010. 15(5): 171-85. 

236.  Tomalia  DA,  Naylor  AM,  Goddard  WA.  Starburst  dendrimers:  Molecular-level 

control of size, shape, surface chemistry, topology, and flexibility from atoms to 

macroscopic matter. Angew Chem Int Ed (English). 1990. 29(2): 138-75. 

237. Klajnert B, Bryszewska M. Dendrimers: properties and applications. Acta Biochim 

Pol. 2001. 48(1): 199-208. 
238. Boas U, Heegaard PM. Dendrimers in drug research. Chem Soc Rev. 2004. 33(1): 43- 

63. 

239. Tomalia DA, Baker H, Dewald J, Hall M, Kallos G et al. A new class of polymers: 

Starburst-dendritic macromolecules. Polym J. 1985. 17(1): 117-32. 

240.  Hawker  CJ,  Frechet  JMJ.  Preparation  of  polymers  with  controlled  molecular 

architecture. A new convergent approach to dendritic macromolecules. J Am Chem 

Soc. 1990. 112(21): 7638-47. 

241. Merrifield RB. Solid-phase peptide synthesis: An improved synthesis of bradykinin. 
Biochemistry. 1964. 3: 1385-90. 

242. Fields GB, Noble RL. Solid phase peptide synthesis utilizing 9- 
fluorenylmethoxycarbonyl amino acids. Int J Pept Protein Res. 1990. 35(3): 161- 

214. 
243. Sadler K, Tam JP. Peptide dendrimers: Applications and synthesis. J Biotechnol. 

2002. 90(3-4): 195-229. 

244.  Mintzer  MA,  Dane  EL,  O'Toole  GA,  Grinstaff  MW.  Exploiting  dendrimer 

multivalency to combat emerging and re-emerging infectious diseases. Mol Pharm. 

2012. 9(3): 342-54. 

245. Tam JP, Lu YA, Yang JL. Antimicrobial dendrimeric peptides. Eur J Biochem. 2002. 

269(3): 923-32. 

246. Janiszewska J, Swieton J, Lipkowski AW, Urbanczyk-Lipkowska Z. Low molecular 

mass peptide dendrimers that express antimicrobial properties. Bioorg Med Chem 

Lett. 2003. 13(21): 3711-3. 

247.  Janiszewska  J,  Urbanczyk-Lipkowska  Z.  Synthesis,  antimicrobial  activity  and 

structural studies of low molecular mass lysine dendrimers. Acta Biochim Pol. 

2006. 53(1): 77-82. 

248. Liu Z, Young AW, Hu P, Rice AJ, Zhou C et al. Tuning the membrane selectivity of 
antimicrobial peptides by using multivalent design. Chembiochem. 2007. 8(17): 

2063-5. 
249. Lawyer C, Pai S, Watabe M, Borgia P, Mashimo T et al. Antimicrobial activity of a 

13 amino acid tryptophan-rich peptide derived from a putative porcine precursor 
protein of a novel family of antibacterial peptides. FEBS Letters. 1996. 390(1): 95- 

8. 



311  

 

250. Hou S, Zhou C, Liu Z, Young AW, Shi Z et al. Antimicrobial dendrimer active 

against Escherichia coli biofilms. Bioorg Med Chem Lett. 2009. 19(18): 5478-81. 

251. Chen X, Zhang M, Zhou C, Kallenbach NR, Ren D. Control of bacterial persister 

cells by Trp/Arg-containing antimicrobial peptides. Appl Environ Microbiol. 2011. 

77(14): 4878-85. 
252. Bahar A, Liu Z, Totsingan F, Buitrago C, Kallenbach N et al. Synthetic dendrimeric 

peptide active against biofilm and persister cells of Pseudomonas aeruginosa. Eur 

J Appl Microbiol. 2015: 1-11. 

253. Zhang YM BX, Virga K, Chen W, Gruber J, Wang B. Development of topical 
treatment for Pseudomonas aeruginosa wound infections by quorum-sensing 

inhibitors mediated by Poly(amidoamine) (PAMAM) dendrimers: Defense 

Technical Information Centre. Medical University of South Carolina, Charleston, 

SC 294252013. 

254. Stach M, Maillard N, Kadam RU, Kalbermatter D, Meury M et al. Membrane 

disrupting antimicrobial peptide dendrimers with multiple amino termini. 

MedChemComm. 2012. 3(1): 86. 

255. Stach M, Siriwardena TN, Kohler T, van Delden C, Darbre T et al. Combining 
topology and sequence design for the discovery of potent antimicrobial peptide 

dendrimers against multidrug-resistant Pseudomonas aeruginosa. Angew Chem Int 

Ed Engl. 2014. 53(47): 12827-31. 

256. Pires J, Siriwardena TN, Stach M, Tinguely R, Kasraian S et al. In vitro activity of a 
novel antimicrobial peptide dendrimer (G3KL) against multidrug-resistant 

Acinetobacter baumannii and Pseudomonas aeruginosa. Antimicrob Agents 

Chemother. 2015. 59(12): 7915-18. 

257. Johansson EMV, Kolomiets E, Rosenau F, Jaeger K-E, Darbre T et al. Combinatorial 
variation  of  branching  length  and  multivalency  in  a  large  (390 625  member) 

glycopeptide dendrimer library: Ligands for fucose-specific lectins. New J Chem. 
2007. 31(7): 1291. 

258. Johansson EM, Crusz SA, Kolomiets E, Buts L, Kadam RU et al. Inhibition and 

dispersion of Pseudomonas aeruginosa biofilms by glycopeptide dendrimers 

targeting the fucose-specific lectin LecB. Chem Biol. 2008. 15(12): 1249-57. 

259. Kadam RU, Bergmann M, Hurley M, Garg D, Cacciarini M et al. A glycopeptide 

dendrimer inhibitor of  the galactose-specific lectin LecA and of  Pseudomonas 

aeruginosa biofilms. Angew Chem Int Ed Engl. 2011. 50(45): 10631-5. 

260. Reymond JL, Bergmann M, Darbre T. Glycopeptide dendrimers as Pseudomonas 

aeruginosa biofilm inhibitors. Chem Soc Rev. 2013. 42(11): 4814-22. 

261. Tielker D, Hacker S, Loris R, Strathmann M, Wingender J et al. Pseudomonas 

aeruginosa lectin LecB is located in the outer membrane and is involved in biofilm 

formation. Microbiology. 2005. 151(5): 1313-23. 

262. Visini R, Jin X, Bergmann M, Michaud G, Pertici F et al. Structural insight into 

multivalent galactoside binding  to  Pseudomonas  aeruginosa lectin  LecA.  ACS 

Chem Biol. 2015. 10(11): 2455-62. 

263. Bergmann M, Michaud G, Visini R, Jin X, Gillon E et al. Multivalency effects on 

Pseudomonas aeruginosa biofilm inhibition and dispersal by glycopeptide 

dendrimers targeting lectin LecA. Org Biomol Chem. 2015. 

264. Meikle ST, Perugini V, Guildford AL, Santin M. Synthesis, characterisation and in 

vitro anti-angiogenic potential of dendron VEGF blockers. Macromol Biosci. 2011. 

11(12): 1761-5. 



312  

 

265. Meikle ST, Bianchi G, Olivier G, Santin M. Osteoconductive phosphoserine-modified 

poly({varepsilon}-lysine) dendrons: synthesis, titanium oxide surface 

functionalization and response of osteoblast-like cell lines. J R Soc Interface. 2013. 

10(79): 20120765. 

266. Lloyd AW, Olivier GWJ, Standen G, Santin M, Meikle ST, inventors; University of 
Brighton, assignee. Biomaterial with functionalised surfaces. 2010. 

267.  Calabretta  MK,  Kumar  A,  McDermott  AM,  Cai  C.  Antibacterial  activities  of 
poly(amidoamine) dendrimers terminated with amino and poly(ethylene glycol) 

groups. Biomacromolecules. 2007. 8(6): 1807-11. 

268. Lopez AI, Reins RY, McDermott AM, Trautner BW, Cai C. Antibacterial activity and 

cytotoxicity of PEGylated poly(amidoamine) dendrimers. Mol Biosyst. 2009. 5(10): 

1148-56. 

269. Xue X, Chen X, Mao X, Hou Z, Zhou Y et al. Amino-terminated Generation 2 

poly(amidoamine) dendrimer as a potential broad-spectrum, nonresistance-inducing 

antibacterial agent. AAPS J. 2013. 15(1): 132-42. 

270. Chan KG, Liu Y-C, Chang C-Y. Inhibiting N-acyl-homoserine lactone synthesis and 

quenching  Pseudomonas   quinolone  quorum  sensing   to   attenuate  virulence. 

Frontiers in Microbiology. 2015. 6. 

271. Xue X, Mao X, Li Z, Chen Z, Zhou Y et al. A potent and selective antimicrobial 

poly(amidoamine) dendrimer conjugate with LED209 targeting QseC receptor to 

inhibit the virulence genes of Gram-negative bacteria. Nanomedicine. 2015. 11(2): 

329-39. 

272. Rasko DA, Moreira CG, Li de R, Reading NC, Ritchie JM et al. Targeting QseC 
signaling  and  virulence  for  antibiotic  development. Science.  2008.  321(5892): 

1078-80. 

273. Cromer JR, Wood SJ, Miller KA, Nguyen T, David SA. Functionalized dendrimers as 

endotoxin sponges. Bioorg Med Chem Lett. 2005. 15(5): 1295-8. 

274. Roberts   JC,   Bhalgat   MK,   Zera   RT.   Preliminary   biological   evaluation   of 

polyamidoamine (PAMAM)  Starburst  dendrimers. J  Biomed  Mater  Res.  1996. 

30(1): 53-65. 

275.  Haensler  J,  Szoka  FC.  Polyamidoamine  cascade  polymers  mediate  efficient 
transfection of cells in culture. Bioconjugate Chem. 1993. 4(5): 372-9. 

276. Mukherjee SP, Davoren M, Byrne HJ. In vitro mammalian cytotoxicological study of 

PAMAM dendrimers - towards quantitative structure activity relationships. Toxicol 

in vitro. 2010. 24(1): 169-77. 

277. Mukherjee SP, Lyng FM, Garcia A, Davoren M, Byrne HJ. Mechanistic studies of in 

vitro cytotoxicity of poly(amidoamine) dendrimers in mammalian cells. Toxicol 

Appl Pharmacol. 2010. 248(3): 259-68. 

278.  Albertazzi  L,  Gherardini  L,  Brondi  M,  Sulis  Sato  S,  Bifone  A  et  al.  In  vivo 

distribution and toxicity of PAMAM dendrimers in the central nervous system 

depend on their surface chemistry. Mol Pharm. 2013. 10(1): 249-60. 

279. Tomalia DA, Reyna LA, Svenson S. Dendrimers as multi-purpose nanodevices for 

oncology drug delivery and diagnostic imaging. Biochem Soc Trans. 2007. 35(1): 

61-7. 

280. Shah N, Steptoe RJ, Parekh HS. Low-generation asymmetric dendrimers exhibit 

minimal toxicity and effectively complex DNA. J Pept Sci. 2011. 17(6): 470-8. 



313  

 

281. Johansson EMV, Kadam RU, Rispoli G, Crusz SA, Bartels K-M et al. Inhibition of 

Pseudomonas aeruginosa biofilms with a glycopeptide dendrimer containing D- 

amino acids. MedChemComm. 2011. 2(5): 418. 

282. Holloway BW. Genetic recombination in Pseudomonas aeruginosa. J Gen Microbiol. 

1955. 13(3): 572-81. 

283. Whiteley M LK, Greenberg EP. Identification of genes controlled by quorum sensing 

in Pseudomonas aeruginosa. Proc Natl Acad Sci USA. 1999. 96(24): 6. 

284. Pessi G, Williams F, Hindle Z, Heurlier K, Holden MT et al. The global 

posttranscriptional regulator RsmA modulates production of virulence determinants 

and N-acylhomoserine lactones in Pseudomonas aeruginosa. J Bacteriol. 2001. 

183(22): 6676-83. 

285. Toder DS, Ferrell SJ, Nezezon JL, Rust L, Iglewski BH. lasA and lasB genes of 

Pseudomonas  aeruginosa:  Analysis  of  transcription  and  gene  product  activity. 

Infect Immun. 1994. 62(4): 1320-7. 

286. Andrews JM. Determination of minimum inhibitory concentrations. J Antimicrob 

Chemother. 2001. 48(1): 5-16. 

287.  Bradford MM.  A  rapid and  sensitive method for  the quantitation of  microgram 

quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. 

1976. 72: 248-54. 
288. Ye J, Coulouris G, Zaretskaya I, Cutcutache I, Rozen S et al. Primer-BLAST: A tool 

to design target-specific primers for polymerase chain reaction. BMC 

Bioinformatics. 2012. 13(1): 1-11. 

289.  Chuanchuen  R,  Narasaki  CT,  Schweizer  HP.  Benchtop  and  microcentrifuge 
preparation of  Pseudomonas  aeruginosa  competent cells.  Biotechniques. 2002. 

33(4): 760, 2-3. 
290. Dennis JJ, Sokol PA. Electrotransformation of Pseudomonas. Methods Mol Biol. 

1995. 47: 125-33. 

291. Gruenert DC, Finkbeiner WE, Widdicombe JH. Culture and transformation of human 

airway epithelial cells. Am J Physiol. 1995. 268(3 Pt 1): L347-60. 

292. Strober W. Trypan blue exclusion test of cell viability. Curr Protoc Immunol. 2001. 3: 

3B. 

293. British Standards Institution. Biological evaluation of medical devices: Guidance on 

tests for in vitro cytotoxicity. Supplement to ISO 10993-5. London 2009. p. 60. 

294. Forbes B, Shah A, Martin GP, Lansley AB. The human bronchial epithelial cell line 

16HBE14o- as a model system of the airways for studying drug transport. Int J 
Pharm. 2003. 257(1-2): 161-7. 

295. Boas U, Christensen JB, Heegaard PMH. Dendrimers: design, synthesis and chemical 
properties. J Mater Chem. 2006. 16(38): 3785-98. 

296.  Fréchet  JMJ,  Hawker  CJ,  Gitsov  I,  Leon  JW.  Dendrimers  and  hyperbranched 

polymers: Two  families of  three-dimensional macromolecules with  similar but 

clearly distinct properties. J Macromol Sci. 1996. 33(10): 1399-425. 

297. Chan WW, PD. Fmoc solid peptide synthesis - A practical approach The Practical 

Approach Series. New York: Oxford University Press Inc; 2004. 
298. Kaiser E, Colescott RL, Bossinger CD, Cook PI. Colour test for detection of free 

terminal amino groups in the solid-phase synthesis of peptides. Analytical 

Biochemistry. 1970. 34(2): 595-8. 

299. Hermanson G. Bioconjugate Techniques. San Diego, California: Academic Press; 

1996. 



314  

 

300. Vallar S, Houivet D, El Fallah J, Kervadec D, Haussonne JM. Oxide slurries stability 

and powders dispersion: Optimization with zeta potential and rheological 

measurements. J Eur Ceram Soc. 1999. 19(6): 1017-21. 

301. Bruylants G, Wouters J, Michaux C. Differential scanning calorimetry in life science: 

thermodynamics, stability, molecular recognition and application in drug design. 

Curr Med Chem. 2005. 12(17): 2011-20. 

302. Malvern Instruments. Zetasizer Nano ZS90 Instruments Ltd., Worcestershire. . 2014. 

303.  Dendritech       Inc,       Midland,       Michigan,       USA.       Available       from 

http://www.dendritech.com/. Accessed on 8 March 2015. 

304.  Polymer       Factory       AB,       Stockholm,       Sweden.       Available       from 

http://www.polymerfactory.com/. Accessed on 8 March 2015. 

305. Bosman AW, Bruining MJ, Kooijman H, Spek AL, Janssen RA et al. Concerning the 

localization of end groups in dendrimers. J Am Chem Soc. 1998. 120(33): 8547-8. 

306. Luo K, Li C, Wang G, Nie Y, He B et al. Peptide dendrimers as efficient and 

biocompatible gene delivery vectors: Synthesis and in vitro characterization. J 

Control Release. 2011. 155(1): 77-87. 

307.  Morita  S,  Tagai  C,  Shiraishi  T,  Miyaji  K,  Iwamuro  S.  Differential  mode  of 

antimicrobial  actions  of  arginine-rich  and  lysine-rich  histones  against  Gram- 

positive Staphylococcus aureus. Peptides. 2013. 48: 75-82. 

308. Wang X, Guerrand L, Wu B, Li X, Boldon L et al. Characterizations of 

polyamidoamine dendrimers with scattering techniques. Polymers. 2012. 4(1): 600- 

16. 

309. Ciolkowski M, Rozanek M, Szewczyk M, Klajnert B, Bryszewska M. The influence 
of  PAMAM-OH  dendrimers  on  the  activity  of  human  erythrocytes  ATPases. 

Biochim Biophys Acta. 2011. 1808(11): 2714-23. 
310. Choi JS, Nam K, Park JY, Kim JB, Lee JK et al. Enhanced transfection efficiency of 

PAMAM dendrimer by surface modification with L-arginine. J Control Release. 
2004. 99(3): 445-56. 

311. Filipe V, Hawe A, Jiskoot W. Critical evaluation of nanoparticle tracking analysis 
(NTA) by NanoSight for the measurement of nanoparticles and protein aggregates. 

Pharmaceutical Research. 2010. 27(5): 796-810. 
312. Jackson CL, Chanzy HD, Booy FP, Drake BJ, Tomalia DA et al. Visualization of 

dendrimer molecules by transmission electron microscopy (TEM):  Staining 

methods and cryo-tEM of vitrified solutions. Macromolecules. 1998. 31(18): 6259- 

65. 

313.  Thiagarajan  G,  Greish  K,  Ghandehari  H.  Charge  affects  the  oral  toxicity  of 

poly(amido amine) dendrimers. Eur J Pharm Biopharm. 2013. 84(2): 330-4. 

314. He X, Qu Z, Xu F, Lin M, Wang J et al. Molecular analysis of interactions between 

dendrimers and asymmetric membranes at different transport stages. Soft Matter. 

2014. 10(1): 139-48. 

315.  Tande  BM,  Wagner  NJ,  Mackay  ME,  Hawker  CJ,  Jeong  M.  Viscosimetric, 
hydrodynamic,  and   conformational  properties  of   dendrimers  and   dendrons. 

Macromolecules. 2001. 34(24): 8580-5. 

316. Ropponen J, Tamminen J, Lahtinen M, Linnanto J, Rissanen K et al. Synthesis, 

characterization, and thermal behavior of steroidal dendrons. Eur J Org Chem. 

2005. 2005(1): 73-84. 

317. Gedde U. Polymer Physics. The Netherlands: : Kluwer Academic Publishers; 1999. 
318. Karatasos K. Glass transition in dendrimers. Macromolecules. 2006. 39(13): 4619-26. 

http://www.dendritech.com/
http://www.polymerfactory.com/


315  

 

319. Peng X, Peng X, Liu S, Zhao J. Synthesis and properties of new amphoteric poly 

(amidoamine) dendrimers. Express Polym Lett. 2009. 3: 510-7. 

320. Srivastava S. Understanding Bacteria. Netherlands: Springer; 2003. 
321. Strahl H, Hamoen LW. Membrane potential is important for bacterial cell division. 

Proc Natl Acad Sci USA. 2010. 107(27): 12281-6. 

322.  Gaal  T,  Bartlett  MS,  Ross  W,  Turnbough  CL,  Jr.,  Gourse  RL.  Transcription 

regulation by initiating NTP concentration: rRNA synthesis in bacteria. Science. 

1997. 278(5346): 2092-7. 

323. Hironaka I, Iwase T, Sugimoto S, Okuda K, Tajima A et al. Glucose triggers ATP 

secretion  from  bacteria  in  a  growth-phase-dependent  manner.  Appl  Environ 

Microbiol. 2013. 79(7): 2328-35. 

324. Mempin R, Tran H, Chen C, Gong H, Kim Ho K et al. Release of extracellular ATP 

by bacteria during growth. BMC Microbiol. 2013. 13: 301-. 

325. Park CB, Kim HS, Kim SC. Mechanism of action of the antimicrobial peptide buforin 

II: buforin II kills microorganisms by penetrating the cell membrane and inhibiting 

cellular functions. Biochem Biophys Res Commun. 1998. 244(1): 253-7. 

326. Podda E, Benincasa M, Pacor S, Micali F, Mattiuzzo M et al. Dual mode of action of 

Bac7, a proline-rich antibacterial peptide. Biochim Biophys Acta. 2006. 1760(11): 

1732-40. 
327. Benincasa M, Pacor S, Gennaro R, Scocchi M. Rapid and reliable detection of 

antimicrobial peptide penetration into Gram-Negative bacteria based on 

fluorescence quenching. Antimicrob Agents Chemother. 2009. 53(8): 3501-4. 

328. Joshi S, Bisht GS, Rawat DS, Kumar A, Kumar R et al. Interaction studies of novel 
cell selective antimicrobial peptides with model membranes and E. coli ATCC 

11775. Biochim Biophys Acta. 2010. 1798(10): 1864-75. 

329. Skerlavaj B, Romeo D, Gennaro R. Rapid membrane permeabilization and inhibition 

of vital functions of Gram-negative bacteria by bactenecins. Infect Immun. 1990. 

58(11): 3724-30. 

330. Boman HG, Agerberth B, Boman A. Mechanisms of action on Escherichia coli of 
cecropin P1 and PR-39, two antibacterial peptides from pig intestine. Infect Immun. 

1993. 61(7): 2978-84. 
331.  Agerberth B,  Lee JY,  Bergman T,  Carlquist M,  Boman HG  et  al.  Amino  acid 

sequence of PR-39. Isolation from pig intestine of a new member of the family of 

proline-arginine-rich antibacterial peptides. Eur J Biochem. 1991. 202(3): 849-54. 

332.  Patrzykat  A,  Friedrich  CL,  Zhang  L,  Mendoza  V,  Hancock  RE.  Sublethal 

concentrations of pleurocidin-derived antimicrobial peptides inhibit 

macromolecular  synthesis  in  Escherichia  coli.  Antimicrob  Agents  Chemother. 

2002. 46(3): 605-14. 

333.  Hilpert  K,  McLeod  B,  Yu  J,  Elliott  MR,  Rautenbach  M  et  al.  Short  cationic 
antimicrobial peptides interact with ATP. Antimicrob Agents Chemother. 2010. 

54(10): 4480-3. 
334. Kragol G, Lovas S, Varadi G, Condie BA, Hoffmann R et al. The antibacterial 

peptide  pyrrhocoricin  inhibits  the   ATPase   actions   of   DnaK   and   prevents 

chaperone-assisted protein folding. Biochemistry. 2001. 40(10): 3016-26. 

335. Merritt JH, Kadouri DE, O'Toole GA. Growing and analyzing static biofilms. Curr 
Protoc Microbiol. 2005. Chapter 1(1B). 

336. Savli H, Karadenizli A, Kolayli F, Gundes S, Ozbek U et al. Expression stability of 
six housekeeping genes: A proposal for resistance gene quantification studies of 



316  

 

Pseudomonas aeruginosa by real-time quantitative RT-PCR. J Med Microbiol. 

2003. 52(Pt 5): 403-8. 

337. Matsuda K, Tsuji H, Asahara T, Kado Y, Nomoto K. Sensitive quantitative detection 
of commensal bacteria by rRNA-targeted reverse transcription-PCR. Appl Environ 

Microbiol. 2007. 73(1): 32-9. 
338. Zhang L, Dhillon P, Yan H, Farmer S, Hancock REW. Interactions of bacterial 

cationic  peptide  antibiotics  with  outer  and  cytoplasmic  membranes  of 

Pseudomonas aeruginosa. Antimicrob Agents Chemother. 2000. 44(12): 3317-21. 

339. Ye R, Xu H, Wan C, Peng S, Wang L et al. Antibacterial activity and mechanism of 
action of epsilon-poly-L-lysine. Biochem Biophys Res Commun. 2013. 439(1): 148- 

53. 

340. Hyldgaard M, Mygind T, Vad BS, Stenvang M, Otzen DE et al. The antimicrobial 

mechanism  of  action  of  epsilon-poly-l-lysine.  Appl  Environ  Microbiol.  2014. 

80(24): 7758-70. 

341. Huang E, Yousef AE. The lipopeptide antibiotic paenibacterin binds to the bacterial 

outer membrane and exerts bactericidal activity through cytoplasmic membrane 

damage. Appl Environ Microbiol. 2014. 80(9): 2700-4. 

342. Wiegand I, Hilpert K, Hancock RE. Agar and broth dilution methods to determine the 

minimal inhibitory concentration of antimicrobial substances. Nat Protoc. 2008. 

3(2): 163-75. 

343. Bowdish DM, Davidson DJ, Hancock RE. A re-evaluation of the role of host defence 
peptides in mammalian immunity. Curr Protein Pept Sci. 2005. 6(1): 35-51. 

344. Hancock RE, Sahl HG. Antimicrobial and host-defense peptides as new anti-infective 
therapeutic strategies. Nat Biotechnol. 2006. 24(12): 1551-7. 

345. Koeth LM, King A, Knight H, May J, Miller LA et al. Comparison of cation-adjusted 

Mueller-Hinton broth with iso-sensitest broth for the NCCLS broth microdilution 

method. J Antimicrob Chemother. 2000. 46(3): 369-76. 

346. Shima S, Matsuoka H, Iwamoto T, Sakai H. Antimicrobial action of epsilon-poly-L- 

lysine. J Antibiot. 1984. 37(11): 1449-55. 

347. Zhou C, Li P, Qi X, Sharif AR, Poon YF et al. A photopolymerized antimicrobial 

hydrogel coating derived from epsilon-poly-L-lysine. Biomaterials. 2011. 32(11): 

2704-12. 

348. Choi H, Chakraborty S, Liu R, Gellman SH, Weisshaar JC. Medium effects on 

minimum inhibitory concentrations of  nylon-3  polymers against E.  coli.  PLoS 

ONE. 2014. 9(8): e104500. 

349. Ni N, Choudhary G, Li M, Wang B. Pyrogallol and its analogs can antagonize 

bacterial quorum sensing in Vibrio harveyi. Bioorg Med Chem Lett. 2008. 18(5): 

1567-72. 

350. Defoirdt T, Pande GS, Baruah K, Bossier P. The apparent quorum-sensing inhibitory 
activity of pyrogallol is a side effect of peroxide production. Antimicrob Agents 

Chemother. 2013. 57(6): 2870-3. 

351. Defoirdt T, Brackman G, Coenye T. Quorum sensing inhibitors: how strong is the 

evidence? Trends Microbiol. 2013. 21(12): 619-24. 

352. Schneider DA, Gourse RL. Relationship between growth rate and ATP concentration 

in Escherichia coli: A bioassay for available cellular ATP. J Biol Chem. 2004. 

279(9): 8262-8. 



317  

 

353. Chang DE, Smalley DJ, Conway T. Gene expression profiling of Escherichia coli 

growth transitions: an expanded stringent response model. Mol Microbiol. 2002. 

45(2): 289-306. 

354. Griffiths AJF, Miller JH, Suzuki DT, Lewontin RC, Gelbart WM. An introduction to 

genetic analysis. 7th edition ed. New York: W. H. Freeman; 2000. 

355. Wong ML, Medrano JF. Real-time PCR for mRNA quantitation. Biotechniques. 2005. 

39(1): 75-85. 

356. Beatson SA, Whitchurch CB, Semmler ABT, Mattick JS. Quorum sensing is not 

required for twitching motility in Pseudomonas aeruginosa. J Bacteriol. 2002. 

184(13): 3598-604. 

357. Heydorn A, Ersboll B, Kato J, Hentzer M, Parsek MR et al. Statistical analysis of 
Pseudomonas aeruginosa biofilm development: impact of mutations in genes 

involved in twitching motility, cell-to-cell signaling, and stationary-phase sigma 

factor expression. Appl Environ Microbiol. 2002. 68(4): 2008-17. 

358. Wu H, Song Z, Givskov M, Doring G, Worlitzsch D et al. Pseudomonas aeruginosa 

mutations in lasI and rhlI quorum sensing systems result in milder chronic lung 

infection. Microbiology. 2001. 147(5): 1105-13. 

359. Kohler T, Curty LK, Barja F, van Delden C, Pechere JC. Swarming of Pseudomonas 

aeruginosa is dependent on cell-to-cell signaling and requires flagella and pili. J 

Bacteriol. 2000. 182(21): 5990-6. 

360.  Bala  A,  Kumar  R,  Harjai  K.  Inhibition  of  quorum  sensing  in  Pseudomonas 
aeruginosa by azithromycin and its effectiveness in urinary tract infections. J Med 

Microbiol. 2011. 60(3): 300-6. 
361. Lazenby JJ, Griffin PE, Kyd J, Whitchurch CB, Cooley MA. A quadruple knockout 

of lasIR and rhlIR of Pseudomonas aeruginosa PAO1 that retains wild-type 

twitching motility has equivalent infectivity and persistence to PAO1 in a mouse 

model of lung infection. PLoS One. 2013. 8(4): e60973. 

362. Shih PC, Huang CT. Effects of quorum-sensing deficiency on Pseudomonas 

aeruginosa biofilm formation and antibiotic resistance. J Antimicrob Chemother. 

2002. 49(2): 309-14. 

363. Eichler M, Katzur V, Scheideler L, Haupt M, Geis-Gerstorfer J et al. The impact of 

dendrimer-grafted modifications to model silicon surfaces on protein adsorption 

and bacterial adhesion. Biomaterials. 2011. 32(35): 9168-79. 

364. Wang L, Erasquin UJ, Zhao M, Ren L, Zhang MY et al. Stability, antimicrobial 

activity, and cytotoxicity of poly(amidoamine) dendrimers on titanium substrates. 

ACS Appl Mater Interfaces. 2011. 3(8): 2885-94. 

365. Tremblay J, Deziel E. Improving the reproducibility of Pseudomonas aeruginosa 
swarming motility assays. J Basic Microbiol. 2008. 48(6): 509-15. 

366. Deziel E, Comeau Y, Villemur R. Initiation of biofilm formation by Pseudomonas 
aeruginosa 57RP correlates with emergence of hyperpiliated and highly adherent 

phenotypic variants deficient in swimming, swarming, and twitching motilities. J 

Bacteriol. 2001. 183(4): 1195-204. 

367. O'Toole GA. Microtiter dish biofilm formation assay. J Vis Exp. 2011. 1(47). 

368.  Gerhardt P,  Murray R, Wood W, Krieg N.  Methods  for  general and  molecular 

biology. Washington: American Society for Microbiology; 1994. 

369. Overhage J, Campisano A, Bains M, Torfs EC, Rehm BH et al. Human host defense 

peptide LL-37 prevents bacterial biofilm formation. Infect Immun. 2008. 76(9): 

4176-82. 



318  

 

370. Ryu JH, Kim H, Beuchat LR. Attachment and biofilm formation by Escherichia coli 

O157:H7 on stainless steel as influenced by exopolysaccharide production, nutrient 

availability, and temperature. J Food Prot. 2004. 67(10): 2123-31. 

371. Brackman G, Cos P, Maes L, Nelis HJ, Coenye T. Quorum sensing inhibitors increase 

the susceptibility of bacterial biofilms to antibiotics in vitro and in vivo. Antimicrob 

Agents Chemother. 2011. 55(6): 2655-61. 

372. LeBel M. Ciprofloxacin: chemistry, mechanism of action, resistance, antimicrobial 
spectrum, pharmacokinetics, clinical trials, and adverse reactions. 

Pharmacotherapy. 1988. 8(1): 3-33. 
373. Deligianni E, Pattison S, Berrar D, Ternan NG, Haylock RW et al. Pseudomonas 

aeruginosa cystic fibrosis isolates of similar RAPD genotype exhibit diversity in 

biofilm forming ability in vitro. BMC Microbiol. 2010. 10: 38. 

374. de la Fuente-Nunez C, Korolik V, Bains M, Nguyen U, Breidenstein EB et al. 

Inhibition  of  bacterial  biofilm  formation  and  swarming  motility  by  a  small 

synthetic cationic peptide. Antimicrob Agents Chemother. 2012. 56(5): 2696-704. 

375.  Brogden  KA.  Antimicrobial  peptides:  pore  formers  or  metabolic  inhibitors  in 

bacteria? Nat Rev Microbiol. 2005. 3(3): 238-50. 

376. Galdiero S, Falanga A, Cantisani M, Tarallo R, Pepa MED et al. Microbe-host 

interactions: Structure and role of Gram-negative bacterial porins. Curr Protein 

Pept Sci. 2012. 13(8): 843-54. 

377.  Band  VI,  Weiss  DS.  Mechanisms  of  antimicrobial peptide  resistance  in  Gram- 
Negative bacteria. Antibiotics. 2015. 4(1): 18-41. 

378. Melo MN, Ferre R, Castanho MA. Antimicrobial peptides: linking partition, activity 
and high membrane-bound concentrations. Nat Rev Microbiol. 2009. 7(3): 245-50. 

379. Yang L, Harroun TA, Weiss TM, Ding L, Huang HW. Barrel-stave model or toroidal 
model? A case study on melittin pores. Biophys J. 2001. 81(3): 1475-85. 

380. Oren Z, Shai Y. Mode of action of linear amphipathic alpha-helical antimicrobial 
peptides. Biopolymers. 1998. 47(6): 451-63. 

381.  Glukhov  E,  Stark  M,  Burrows  LL, Deber CM.  Basis for  selectivity of  cationic 
antimicrobial peptides for bacterial versus mammalian membranes. J Biol Chem. 

2005. 280(40): 33960-7. 

382. Madani F, Lindberg S, Langel U, Futaki S, Graslund A. Mechanisms of cellular 

uptake of cell-penetrating peptides. J Biophys. 2011. 2011: 414729. 

383.  Sochacki  KA,  Barns  KJ,  Bucki  R,  Weisshaar  JC.  Real-time  attack  on  single 

Escherichia coli cells by the human antimicrobial peptide LL-37. Proc Natl Acad 
Sci USA. 2011. 108(16): E77-81. 

384. The antimicrobial peptide database [database on the Internet]. University of Nebraska 

Medical  Centre:  Department  of  Pathology  and  Microbiology.  2015.  Available 

from: http://aps.unmc.edu/AP/main.php. Accessed: 10 September 2015 

385. Jullian M, Hernandez A, Maurras A, Puget K, Amblard M et al. N-terminus FITC 

labeling of peptides on solid support: the truth behind the spacer. Tetrahedron 
Letters. 2009. 50(3): 260-3. 

386. Kepner RL, Jr., Pratt JR. Use of fluorochromes for direct enumeration of total bacteria 
in environmental samples: past and present. Microbiol Rev. 1994. 58(4): 603-15. 

387. Chen HL, Su PY, Chang YS, Wu SY, Liao YD et al. Identification of a novel 

antimicrobial peptide  from  human  hepatitis  B  virus  core  protein  arginine-rich 

domain (ARD). PLoS Pathog. 2013. 9(6): e1003425. 

http://aps.unmc.edu/AP/main.php


319  

 

388. Uryga-Polowy V, Kosslick D, Freund C, Rademann J. Resin-bound aminofluorescein 

for C-terminal labeling of peptides: High-affinity polarization probes binding to 

polyproline-specific GYF domains. ChemBioChem. 2008. 9(15): 2452-62. 

389. Tseng BS, Zhang W, Harrison JJ, Quach TP, Song JL et al. The extracellular matrix 

protects Pseudomonas aeruginosa biofilms by limiting the penetration of 

tobramycin. Environ Microbiol. 2013. 15(10): 2865-78. 

390. Scheinpflug K, Krylova O, Nikolenko H, Thurm C, Dathe M. Evidence for a novel 
mechanism of antimicrobial action of a cyclic R-,W-rich hexapeptide. PLoS ONE. 

2015. 10(4): e0125056. 
391. Laloux G, Jacobs-Wagner C. How do bacteria localize proteins to the cell pole? J Cell 

Sci. 2014. 127(1): 11-9. 

392.  Kirkpatrick CL, Viollier PH.  Poles apart: prokaryotic polar organelles and their 

spatial regulation. Cold Spring Harb Perspect Biol. 2011. 3(3): a006809. 

393. Treuner-Lange A, Sogaard-Andersen L. Regulation of cell polarity in bacteria. J Cell 

Biol. 2014. 206(1): 7-17. 

394. Loh B, Grant C, Hancock RE. Use of the fluorescent probe 1-N-phenylnaphthylamine 

to study the interactions of aminoglycoside antibiotics with the outer membrane of 

Pseudomonas aeruginosa. Antimicrob Agents Chemother. 1984. 26(4): 546-51. 

395. Eriksson M, Nielsen PE, Good L. Cell permeabilization and uptake of antisense 
peptide-peptide nucleic acid  (PNA)  into  Escherichia coli. J  Biol Chem. 2002. 

277(9): 7144-7. 
396. Ma M, Cheng Y, Xu Z, Xu P, Qu H et al. Evaluation of polyamidoamine (PAMAM) 

dendrimers as drug carriers of anti-bacterial drugs using sulfamethoxazole (SMZ) 

as a model drug. Eur J Med Chem. 2007. 42(1): 93-8. 

397. Winnicka K, Wroblewska M, Wieczorek P, Sacha PT, Tryniszewska EA. The effect 

of PAMAM dendrimers on the antibacterial activity of antibiotics with different 

water solubility. Molecules. 2013. 18(7): 8607-17. 

398. Wu M, Maier E, Benz R, Hancock RE. Mechanism of interaction of different classes 

of cationic antimicrobial peptides with planar bilayers and with the cytoplasmic 

membrane of Escherichia coli. Biochemistry. 1999. 38(22): 7235-42. 

399. Stover CK, Pham XQ, Erwin AL, Mizoguchi SD, Warrener P et al. Complete genome 
sequence of Pseudomonas aeruginosa PAO1, an opportunistic pathogen. Nature. 

2000. 406(6799): 959-64. 
400. Winsor GL, Lam DK, Fleming L, Lo R, Whiteside MD et al. Pseudomonas Genome 

Database: improved comparative analysis and population genomics capability for 

Pseudomonas genomes. Nucleic Acids Res. 2011. 39: 596-600. 

401.  Favre-Bonte S,  Chamot E,  Kohler  T,  Romand  JA,  van  Delden  C.  Autoinducer 
production and quorum-sensing dependent phenotypes of Pseudomonas aeruginosa 

vary according to isolation site during colonization of intubated patients. BMC 

Microbiol. 2007. 7: 33. 

402.  Graham A,  Steel DM,  Wilson R, Cole PJ,  Alton EW et al. Effects of  purified 
Pseudomonas rhamnolipids on bioelectric properties of sheep tracheal epithelium. 

Exp Lung Res. 1993. 19(1): 77-89. 
403. Pessi G, Blumer C, Haas D. LacZ fusions report gene expression. Microbiology. 

2001. 147(8): 1993-5. 

404. Borlee BR, Geske GD, Blackwell HE, Handelsman J. Identification of synthetic 

inducers and inhibitors of the quorum-sensing regulator LasR in Pseudomonas 



320  

 

aeruginosa by high-throughput screening. Appl Environ Microbiol. 2010. 76(24): 

8255-8. 

405. Wargo MJ, Hogan DA. Examination of Pseudomonas aeruginosa lasI regulation and 
3-oxo-C12-homoserine lactone production using a heterologous Escherichia coli 

system. FEMS Microbiol Lett. 2007. 273(1): 38-44. 
406. Brint JM, Ohman DE. Synthesis of multiple exoproducts in Pseudomonas aeruginosa 

is under the control of RhlR-RhlI, another set of regulators in strain PAO1 with 

homology to  the  autoinducer-responsive LuxR-LuxI family. J  Bacteriol. 1995. 

177(24): 7155-63. 
407. Miller JH. Experiments in molecular genetics. Cold Spring Harbor Laboratory; 1972. 

408.  Kessler  E,  Safrin  M,  Olsonll  J,  Ohmanll  D.  Secreted  LasA  of  Pseudomonas 
aeruginosa is a staphylolytic protease. J Biol Chem. 1993. 268(10): 7503-8. 

409. Adonizio A, Kong KF, Mathee K. Inhibition of quorum sensing-controlled virulence 
factor production in Pseudomonas aeruginosa by  South Florida plant extracts. 

Antimicrob Agents Chemother. 2008. 52(1): 198-203. 
410. Pearson JP, Pesci EC, Iglewski BH. Roles of Pseudomonas aeruginosa las and rhl 

quorum-sensing systems in control of elastase and rhamnolipid biosynthesis genes. 

J Bacteriol. 1997. 179(18): 5756-67. 

411. Coleman JP, Hudson LL, McKnight SL, Farrow JMr, Calfee MW et al. Pseudomonas 
aeruginosa PqsA is an anthranilate-coenzyme A ligase. J Bacteriol. 2008. 190(4): 

1247-55. 
412. Muh U, Schuster M, Heim R, Singh A, Olson ER et al. Novel Pseudomonas 

aeruginosa quorum-sensing inhibitors identified in an ultra-high-throughput screen. 

Antimicrob Agents Chemother. 2006. 50(11): 3674-9. 

413. Irani VR, Rowe JJ. Enhancement of transformation in Pseudomonas aeruginosa 
PAO1 by Mg2+ and heat. Biotechniques. 1997. 22(1): 54-6. 

414.  Enderle PJ,  Farwell MA.  Electroporation of  freshly plated Escherichia coli and 
Pseudomonas aeruginosa cells. Biotechniques. 1998. 25(6): 954-6, 8. 

415.   Smith   AW,   Iglewski   BH.   Transformation   of   Pseudomonas   aeruginosa   by 
electroporation. Nucleic Acids Research. 1989. 17(24): 10509. 

416.  Birnboim  HC,  Doly  J.  A  rapid  alkaline  extraction  procedure  for  screening 
recombinant plasmid DNA. Nucleic Acids Res. 1979. 7(6): 1513-23. 

417.  Heurlier K,  Denervaud V,  Pessi  G,  Reimmann C, Haas D.  Negative control of 

quorum  sensing  by  RpoN  (sigma54)  in  Pseudomonas  aeruginosa  PAO1.  J 

Bacteriol. 2003. 185(7): 2227-35. 

418. Latifi A, Foglino M, Tanaka K, Williams P, Lazdunski A. A hierarchical quorum- 

sensing cascade in Pseudomonas aeruginosa links the transcriptional activators 

LasR and RhIR (VsmR) to expression of the stationary-phase sigma factor RpoS. 

Mol Microbiol. 1996. 21(6): 1137-46. 
419. Ishida T, Ikeda T, Takiguchi N, Kuroda A, Ohtake H et al. Inhibition of quorum 

sensing in Pseudomonas aeruginosa by N-acyl cyclopentylamides. Appl Environ 

Microbiol. 2007. 73(10): 3183-8. 

420.  Lang  AB,  Horn  MP,  Imboden  MA,  Zuercher  AW.  Prophylaxis and  therapy  of 

Pseudomonas  aeruginosa infection in  cystic  fibrosis  and  immunocompromised 

patients. Vaccine. 2004. 22(1): S44-8. 

421. Kessler E, Safrin M, Abrams W, Rosenboom J, Ohman D. Inhibitors and specificity 

of Pseudomonas aeruginosa LasA. J Biol Chem. 1997. 272(15): 9884-9. 



321  

 

422. Hegde SS, Blanchard JS. Kinetic and mechanistic characterization of recombinant 

Lactobacillus viridescens FemX (UDP-N-acetylmuramoyl pentapeptide-lysine N6- 

alanyltransferase). J Biol Chem. 2003. 278(25): 22861-7. 

423. Gustin J, Kessler E, Ohman DE. A substitution at His-120 in the LasA protease of 

Pseudomonas aeruginosa blocks enzymatic activity without affecting propeptide 

processing or extracellular secretion. J Bacteriol. 1996. 178(22): 6608-17. 

424.  Toder  D,  Ferrell  S,  Nezezon  J,  Rust  L,  Iglewski  B.  lasA  and  lasB  genes  of 
Pseudomonas  aeruginosa:  analysis  of  transcription  and  gene  product  activity. 

Infection and Immunity. 1994. 62(4): 1320-7. 

425. Papaioannou E, Utari PD, Quax WJ. Choosing an appropriate infection model to 

study quorum sensing inhibition in Pseudomonas infections. Int J Mol Sci. 2013. 

14(9): 19309-40. 

426. Moreau-Marquis S, Redelman CV, Stanton BA, Anderson GG. Co-culture models of 

Pseudomonas aeruginosa biofilms grown on live human airway cells. J Vis Exp. 

2010. 1(44). 

427. Hawdon NA, Aval PS, Barnes RJ, Gravelle SK, Rosengren J et al. Cellular responses 

of A549 alveolar epithelial cells to serially collected Pseudomonas aeruginosa 

from cystic fibrosis patients at different stages of pulmonary infection. FEMS 

Immunol Med Microbiol. 2010. 59(2): 207-20. 

428.  Shiner  EK,  Terentyev  D,  Bryan  A,  Sennoune  S,  Martinez-Zaguilan  R  et  al. 

Pseudomonas  aeruginosa  autoinducer  modulates  host  cell  responses  through 
calcium signalling. Cell Microbiol. 2006. 8(10): 1601-10. 

429.  Jacobsen  JN,  Andersen  AS,  Krogfelt  KA.  Impact  of  Pseudomonas  aeruginosa 
quorum sensing on cellular wound healing responses in vitro. Scand J Infect Dis. 

2012. 44(8): 615-9. 

430. Rock JR, Randell SH, Hogan BL. Airway basal stem cells: a perspective on their roles 

in epithelial homeostasis and remodeling. Dis Model Mech. 2010. 3(9-10): 545-56. 

431. Ehrhardt C, Kneuer C, Fiegel J, Hanes J, Schaefer UF et al. Influence of apical fluid 

volume on  the development of  functional intercellular junctions in  the human 

epithelial cell line 16HBE14o-: implications for the use of this cell line as an in 

vitro model for bronchial drug absorption studies. Cell Tissue Res. 2002. 308(3): 

391-400. 

432. Ghio AJ, Dailey LA, Soukup JM, Stonehuerner J, Richards JH et al. Growth of 

human bronchial epithelial cells at an air-liquid interface alters the response to 

particle exposure. Part Fibre Toxicol. 2013. 10: 25. 

433.  Garcia-Medina R,  Dunne  WM,  Singh  PK,  Brody  SL.  Pseudomonas  aeruginosa 

acquires biofilm-like properties within airway epithelial cells. Infect Immun. 2005. 

73(12): 8298-305. 

434.  Schaible B,  McClean S,  Selfridge A,  Broquet A,  Asehnoune K  et  al.  Hypoxia 

modulates infection of epithelial cells by Pseudomonas aeruginosa. PLoS ONE. 

2013. 8(2): e56491. 

435. Plotkowski MC, de Bentzmann S, Pereira SH, Zahm JM, Bajolet-Laudinat O et al. 

Pseudomonas  aeruginosa  internalization  by  human  epithelial  respiratory  cells 

depends on cell differentiation, polarity, and junctional complex integrity. Am J 

Respir Cell Mol Biol. 1999. 20(5): 880-90. 

436. Wolska K, Bukowski K, Anusz Z, Jakubczak A. Bactericidal activity of human, swine 

and cattle serum against Pseudomonas aeruginosa strains. Med Dosw Microbiol. 

1999. 51(3): 339-45. 



322  

437. Hammond A, Dertien J, Colmer-Hamood JA, Griswold JA, Hamood AN. Serum 

inhibits Pseudomonas aeruginosa biofilm formation on plastic surfaces and 

intravenous catheters. J Surg Res. 2010. 159(2): 735-46. 

438.  Kruczek C,  Qaisar  U,  Colmer-Hamood JA,  Hamood  AN.  Serum  influences the 

expression of Pseudomonas aeruginosa quorum-sensing genes and QS-controlled 

virulence genes during early and late stages of growth. Microbiology. 2014. 3(1): 

64-79. 

439.  Chugani  S,  Greenberg  EP.  The  influence  of  human  respiratory  epithelia  on 
Pseudomonas aeruginosa gene expression. Microb Pathog. 2007. 42(1): 29-35. 

440. Bernier SP, Ha DG, Khan W, Merritt JH, O'Toole GA. Modulation of Pseudomonas 

aeruginosa surface-associated group behaviors by individual amino acids through 

c-di-GMP signaling. Res Microbiol. 2011. 162(7): 680-8. 

441. Sebestik J, Niederhafner P, Jezek J. Peptide and glycopeptide dendrimers and 

analogous dendrimeric structures and their biomedical applications. Amino Acids. 

2011. 40(2): 301-70. 

442. Winnicka K, Bielawski K, Rusak M, Bielawska A. The effect of generation 2 and 3 
poly (amidoamine) dendrimers on viability of human breast cancer cells. J Health 

Sci. 2009. 55(2): 169-77. 

443. Parimi S, Barnes TJ, Callen DF, Prestidge CA. Mechanistic insight into cell growth, 

internalization,  and  cytotoxicity  of  PAMAM  dendrimers.  Biomacromolecules. 

2010. 11(2): 382-9. 

444.  Hong  S,  Leroueil  PR,  Janus  EK,  Peters  JL,  Kober  MM  et  al.  Interaction  of 

polycationic  polymers  with  supported  lipid  bilayers  and  cells:  nanoscale  hole 

formation and enhanced membrane permeability. Bioconjug Chem. 2006. 17(3): 

728-34. 

445. Kitchens KM, Foraker AB, Kolhatkar RB, Swaan PW, Ghandehari H. Endocytosis 
and interaction of poly (amidoamine) dendrimers with Caco-2 cells. Pharm Res. 

2007. 24(11): 2138-45. 
446. Lee JH, Cha KE, Kim MS, Hong HW, Chung DJ et al. Nanosized polyamidoamine 

(PAMAM) dendrimer-induced apoptosis mediated by mitochondrial dysfunction. 

Toxicol Lett. 2009. 190(2): 202-7. 

447. Hauser AR. The type III secretion system of Pseudomonas aeruginosa: infection by 
injection. Nat Rev Microbiol. 2009. 7(9): 654-65. 

448.  Kanduc D,  Mittelman A,  Serpico R, Sinigaglia E,  Sinha AA  et  al.  Cell death: 
apoptosis versus necrosis. Int J Oncol. 2002. 21(1): 165-70. 

449. Chan FK, Moriwaki K, De Rosa MJ. Detection of necrosis by release of lactate 
dehydrogenase activity. Methods Mol Biol. 2013. 979: 65-70. 

450. Schwarzer C, Fu Z, Patanwala M, Hum L, Lopez-Guzman M et al. Pseudomonas 

aeruginosa biofilm-associated homoserine lactone C12 rapidly activates apoptosis 

in airway epithelia. Cell Microbiol. 2012. 14(5): 698-709. 

451. Killeen GF, Madigan CA, Connolly CR, Walsh GA, Clark C et al. Antimicrobial 

saponins of Yucca schidigera and the implications of their in vitro properties for 

their in vivo Impact. J Agric Food Chem. 1998. 46(8): 3178-86. 

452. Feldman M, Bryan R, Rajan S, Scheffler L, Brunnert S et al. Role of flagella in 
pathogenesis  of  Pseudomonas  aeruginosa  pulmonary  infection.  Infect  Immun. 

1998. 66(1): 43-51. 
453. Green LR, Monk PN, Partridge LJ, Morris P, Gorringe AR et al. Cooperative role for 

tetraspanins  in  adhesin-mediated  attachment  of  bacterial  species  to  human 

epithelial cells. Infect Immun. 2011. 79(6): 2241-9. 



323  

 

454. El-Housseiny GS, Aboulwafa MM, Hassouna NA. Adherence, invasion and 

cytotoxicity of some bacterial pathogens. AJS. 2010. 6(10). 

455. Mittal R, Grati Mh, Gerring R, Blackwelder P, Yan D et al. In Vitro interaction of 

Pseudomonas aeruginosa with human middle ear epithelial cells. PLoS ONE. 2014. 

9(3): e91885. 

456. Glessner A, Smith RS, Iglewski BH, Robinson JB. Roles of Pseudomonas aeruginosa 

las and rhl quorum-sensing systems in control of twitching motility. J Bacteriol. 

1999. 181(5): 1623-9. 

457. Kondo A, Hirakata Y, Gotoh N, Fukushima K, Yanagihara K et al. Quorum sensing 

system lactones do not increase invasiveness of a MexAB-OprM efflux mutant but 

do play a partial role in Pseudomonas aeruginosa invasion. Microbiol Immunol. 

2006. 50(5): 395-401. 

458. Losa D, Kohler T, Bacchetta M, Saab JB, Frieden M et al. Airway epithelial cell 

integrity protects from cytotoxicity of Pseudomonas aeruginosa quorum-sensing 

signals. Am J Respir Cell Mol Biol. 2015. 53(2): 265-75. 

459. Rojanasakul Y, Wang LY, Bhat M, Glover DD, Malanga CJ et al. The transport 

barrier of epithelia: A comparative study on membrane permeability and charge 

selectivity in the rabbit. Pharm Res. 1992. 9(8): 1029-34. 

460. Bhat M, Toledo-Velasquez D, Wang L, Malanga CJ, Ma JK et al. Regulation of tight 

junction permeability by calcium mediators and cell cytoskeleton in rabbit tracheal 

epithelium. Pharm Res. 1993. 10(7): 991-7. 

461. Wan H, Winton HL, Soeller C, Stewart GA, Thompson PJ et al. Tight junction 

properties of the immortalized human bronchial epithelial cell lines Calu-3 and 

16HBE14o-. Eur Respir J. 2000. 15(6): 1058-68. 

462. Halldorsson S, Gudjonsson T, Gottfredsson M, Singh PK, Gudmundsson GH et al. 

Azithromycin maintains airway epithelial integrity during Pseudomonas 

aeruginosa infection. Am J Respir Cell Mol Biol. 2010. 42(1): 62-8. 

463.  Fan  L,  Wang Q,  de  la  Fuente-Nunez C,  Sun  FJ,  Xia  JG  et  al.  Increased IL-8 

production in  human bronchial epithelial cells after exposure to  azithromycin- 

pretreated Pseudomonas aeruginosa in vitro. FEMS Microbiol Lett. 2014. 355(1): 

43-50. 
464. Favre-Bonte S, Kohler T, Van Delden C. Biofilm formation by Pseudomonas 

aeruginosa: role of the C4-HSL cell-to-cell signal and inhibition by azithromycin. J 

Antimicrob Chemother. 2003. 52(4): 598-604. 

465. Wagner T, Soong G, Sokol S, Saiman L, Prince A. EFfects of azithromycin on 
clinical isolates of Pseudomonas aeruginosa from cystic fibrosis patients. Chest. 

2005. 128(2): 912-19. 

466. Steindler L, Venturi V. Detection of quorum-sensing N-acyl homoserine lactone 

signal molecules by bacterial biosensors. FEMS Microbiol Lett. 2007. 266(1): 1-9. 

467. Lakshmana GK, John J, Marie MA, Sangeetha G, Bindurani SR. Isolation and 

characterization   of   quorum-sensing   signalling   molecules   in   Pseudomonas 

aeruginosa isolates recovered from nosocomial infections. APMIS. 2013. 121(9): 

886-9. 
468. Carterson AJ, Honer zu Bentrup K, Ott CM, Clarke MS, Pierson DL et al. A549 lung 

epithelial cells grown as three-dimensional aggregates: Alternative tissue culture 

model  for  Pseudomonas  aeruginosa  pathogenesis.  Infect  Immun.  2005.  73(2): 

1129-40. 



324  

L
o

g
 C

F
U

/m
L

 

 

APPENDIX I 
 
 
 
 
 
 

108
 

 
 

 
107

 

 

 
 

106
 

 

 
 
 

105 

No treatment 

RG1K 

RG2K 

RG3K 

0 2 4 6 8  24 32 40 48 
 

Incubation time (h) 
 
 

Figure  A.1.  Effects  of  hyperbranched   poly  (ԑ-lysine)   dendrons   on  the  viability   of  P. 

aeruginosa NCTC 10662 biofilm cells. Biofilms were cultured on stainless steel discs and treated 

with poly (ԑ-lysine) dendrons (RGnK). Dendrons were used at an equimolar concentration of amine 

groups:  RG1K,  1600µM;  RG2K,  800µM;  RG3K,  400µM  (0.8  mg/mL).  Adherent  cells  were 

exposed to the dendrons during initial stages of cellular attachment (1h), as indicated by the arrow. 

Data represent mean; n = 2. P-value ≥ 0.95; One-way ANOVA. 
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Figure A.2. Susceptibility of established P. aeruginosa NCTC 10662 biofilms to poly (ε-lysine) 

dendrons and ciprofloxacin. Biofilms were cultured on stainless steel discs for 30 minutes or 48h. 

Discs were then treated with (a) RG1K, 1600µM; (b), RG2K, 800µM; (c), RG3K, 400µM (0.8 

mg/mL). CIP, ciprofloxacin (0.5 µg/ml). RGnK >> CIP, administration of RGnK followed by 

ciprofloxacin.  RGnK + CIP, co-administration  of RGnK and ciprofloxacin.  Percentage  viability 

was  determined  to  assess  the  ability  of  each  treatment  to  disperse  established  biofilms.  Data 

represent mean ± SD; n = 2. * P ≤ 0.04; ** P < 0.001 (vs. ciprofloxacin alone); Two-tailed-test. 
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APPENDIX III 
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Figure A.3. Quantification of ATP in P. aeruginosa PAO1 strains harbouring reporter plasmids. RG3K (0.8 mg/mL in NB) was added at the late- 

exponential phase (OD600 of ~1.0, 5h), and cultures were incubated for 24h at 37°C, with agitation at 120 rpm. ATP production was quantified using the 

BacTiter-Glo
TM  

assay. Data represent mean; n = 3. * P-value > 0.05 (vs. untreated control); Two-tailed t-test. 
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APPENDIX IV 
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Figure  A.4.  Viability  of  16HBE  14o-  cells  in  the  in  vitro  co-culture  P. aeruginosa  PAO1  infection  model  (with  no  media  change  at  2h). 

Monolayers of 16HBE 14o- cells (70-80% confluent in 6-well plates) were co-cultured with mid-exponential phase cultures of PAO1 at an inoculation 

ratio (MOI) ranging from 0.1:1 to 50:1 (PAO1 : 16HBE 14o-) at 37°C, 5% CO2  over a period of 6h. Viability of 16HBE 14o- cells was determined 

using trypan blue exclusion. Percentage viability of 16HBE 14o- cells was calculated in comparison with control wells (containing 16HBE 14o- cells 

and medium only). Data represent mean ± SD; n = 3. 



328  

 

APPENDIX V 
 
 
 
 
 

Table A.1. Susceptibility of P. aeruginosa PAO1 to gentamicin (0 to 1000 µg/mL)
(1)

. 
 
 

Gentamicin (µg/mL) CFU/mL after 1h exposure (±SD) 
 

Untreated control 1.1 x 10
8 

(±0.1 x 10
7
) 

 

31.25 6.5 x 10
4  

(±0.3 x 10
3
) 

 

62.5 1.1 x 10
4  

(±0.1 x 10
3
) 

 

125 4.0 x 10
3 

(±0.5 x 10
2
) 

 
250 0 

 
500 0 

 
1000 0 

 
(1) 

Mid-exponential phase cultures of PAO1 were suspended in complete MEM media and 

exposed to increasing concentrations of gentamicin. CFU/mL was determined after 1h of 

incubation at 37°C, 5% CO2. Data represent mean ±SD. n = 3. 
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APPENDIX VI 
 
 
 
 
 

Table A.2. Susceptibility of P. aeruginosa PAO1 to 1% (w/v) saponin lysis buffer 
(1)

. 
 

 

Exposure time 

(minutes) 

CFU (x 10
8
) /mL (±SD) 

 
Untreated control 1% (w/v) saponin 

 

0 1.6 (±0.1) 1.6 (±0.1) 

 

5 
 

1.7 (±0.4) 
 

1.6 (±0.3) 

 

10 
 

1.6 (±0.5) 
 

1.9 (±0.1) 

 

15 
 

1.7 (±0.3) 
 

1.5 (±0.2) 

 

20 
 

1.6 (±0.9) 
 

1.6 (±0.5) 

 

30 
 

1.7 (±0.2) 
 

1.5 (±0.3) 

(1) 
Mid-exponential phase cultures of PAO1 were suspended in complete MEM media and 

exposed to 1% (w/v) saponin lysis buffer (prepared in PBS-trypsin-EDTA).  CFU/mL was 

determined  after  incubation  at  37°C,  5%  CO2  for  the  specified  time  (minutes).  Data 

represent mean ±SD. n = 3. P-value > 0.05 (Untreated control vs. 1% saponin); Two-tailed 

t-test. 


