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Summary 

Bacterial and fungal biofilms are an increasing clinical challenge, from non-

healing wounds to chronic lung infections in cystic fibrosis (CF) patients.  Escalating 

antimicrobial resistance has led to a need for alternative treatments.  OligoG (a low 

MW alginate oligosaccharide), can disrupt multi-drug resistant bacterial biofilms and 

decrease antibiotic resistance.   

This study characterised the interaction between OligoG and the most prevalent 

CF pathogen, Pseudomonas aeruginosa, using nanoscale characterisation, imaging 

and fluorescent conjugation.  Further investigation into the effect of OligoG on CF 

sputum was carried out using Fourier transform infrared spectroscopy (FTIR) and 

rheology.  The work was extended to observe changes in fungal pathogens treated 

with OligoG.   

Electrophoretic light scattering (ELS) and dynamic light scattering revealed 

that the surface charge of P. aeruginosa became more negative when treated with 

OligoG (P<0.001) with an increase in sizing.  These interactions were not disrupted 

by hydrodynamic shear (P<0.0001).  Biofilm inhibition and disruption of a mucoid 

P. aeruginosa strain, treated with OligoG, was demonstrated using confocal laser 

scanning microscopy (P<0.05).  Fluorescent conjugation to OligoG revealed its 

distribution throughout the biofilm.   

In vitro scanning electron microscopy (SEM), atomic force microscopy (AFM) 

and ELS of mucin showed disruption in aggregation when treated with OligoG 

(P<0.005), with the surface charge becoming more negative (P<0.0001).  Ex vivo 

treatment of CF sputum with OligoG analysed using FTIR and rheology, 

demonstrated possible interaction with the sulfate moiety of mucin and a reduction in 

the viscous and elastic response (0.16 Hz; P<0.0001).   

AFM and SEM analysis of candidal biofilms treated with OligoG demonstrated 

a dose response in reducing biofilm formation, with a decrease in hyphal formation.  

An in vitro epithelial model demonstrated these changes at <2% OligoG.   

These studies provide insight into the role of OligoG as a treatment for CF 

patients.  Furthermore, promising results have shown that OligoG may lower 

candidal pathogenicity.  
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1.1 Introduction   

A biofilm is a collection of bacterial cells within a substratum, embedded in an 

organic polymer matrix of microbial origin (Garrett et al., 2008).  Biofilms show 

high resistance to antimicrobial agents via a number of different mechanisms, often 

causing a range of very hard to treat infections from endocarditis and ventilator-

assisted pneumonia, to the chronic inflammation and infection of the cystic fibrosis 

(CF) lung and non-healing skin wounds (Percival et al., 2011).  These recalcitrant 

infections therefore require novel therapeutic strategies.  Since bacteria within 

multicellular communities form cellular aggregates, one possible anti-biofilm target 

is to disrupt the structure of the biofilm itself  (Stewart and Costerton, 2001).  Nano-

sized low molecular weight (MW) oligosaccharides based on alginates have been 

shown to improve the efficacy of antibiotics and hence aid host defences to resolve 

infections and have considerable potential benefit in the treatment of biofilm 

infection for therapeutic use (Roberts et al., 2013).   

 

1.2 Alginate oligomers 

1.2.1 Properties of alginates 

Alginates are a broad family of polysaccharides composed of blocks of various 

lengths and distributions (Andersen et al., 2012, Qin, 2008).  Alginates are composed 

of copolymers, the “building blocks” of which are 1-4 linked β-D-mannuronic acid 

(M) and α-L-guluronic acid (G) residues (Draget and Taylor, 2011), which differ 

stereo-chemically due to their differences at C-5  (Qin, 2008).  The most common 

arrangement of alginates is a block copolymer containing homo-polymeric sequences 

of MM-blocks and similar sequences of GG-blocks which are inter-dispersed 

between mixed compositions of MG-blocks.  The ratio and distribution of G and M 

varies between species and on the growth conditions used.  Alginates are highly 

soluble in water and form gels with cations such as Ca2+, the gel-forming capacity 

depends on the G-block content and length (Hartmann et al., 2006).  M-blocks by 

contrast, do not form a gel with Ca2+ (Andersen et al., 2012). 

 Alginates are currently extracted from brown seaweed, but can also be 

produced by microbial fermentation (Draget and Taylor, 2011).  The alginate is 

extracted by treating raw seaweed with NaOH, to produce soluble sodium alginate.  
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This can be further precipitated after filtration by the addition of calcium chloride 

(Qin, 2008).  Alginates are also produced by bacterial species belonging to the 

genera Pseudomonas and Azotobacter during biofilm formation (Gimmestad et al., 

2003).  When produced, adaptations may be enzymatically introduced by 

epimerisation.  Pseudomonal alginates do not contain stretches of continuous G-

blocks, which are commonly seen in Azotobacter species (Gimmestad et al., 2003).  

The MW of bacterial alginates (e.g. as high as 4000 kDa in a mutant strain of 

Azotobacter vinelandii) are considerably higher than alginates extracted from 

seaweed, ranging between 48-186 kDa (Galindo et al., 2007, Pena et al., 2002).  

Alginate is a polyelectrolyte containing a COOH group within its chain, giving rise 

to different charge-densities depending on the pH.  Protonation and de-protonation of 

the COO- will alter the hydrophobicity of the alginate (Yang et al., 2011a).  pH 

therefore plays an important role in determining solubility of alginates in water 

(Hartmann et al., 2006).  The G-M composition of the alginate also affects physical 

and mechanical properties; mannuronic acid moieties give rise to a linear flexible 

conformation due to their β (1-4) bonds, the guluronic acid forms a folded, rigid 

structural shape, due to α (1-4) bonds (Yang et al., 2011a).  Interestingly alginates 

with a G content of >50% do not create an immune response, whilst a high M 

content can stimulate the innate immune system (Andersen et al., 2012). 

 

1.2.2 Current uses of alginates  

Alginates have a number of advantageous properties; being biocompatible, 

non-toxic and non-immunogenic.  Sodium alginate is listed and defined in the 

European Pharmacopoeia and the US Pharmacopeia/National Formulary, in the list 

of materials Affirmed Generally Recognized as Safe by the U.S. Food and Drug 

Administration  (Yang et al., 2011a).  No known alginate degrading enzymes exist in 

humans.  Alginates applied as biomaterials in vivo will therefore depolymerise only 

via spontaneous β-elimination.  At sites of infection, alginate breakdown by alginate 

lyases in bacteria (which catalyse the β-elimination of bacterial alginates) and 

degradation by reactive oxygen species (free-radical de-polymerisation) may occur 

(Andersen et al., 2012).  Alginate chains are relatively stable under physiological 

conditions (pH 7.4).  However, glycosidic linkages of alginates are susceptible to 
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acid hydrolysis and alkaline β-elimination.  Since the optimum stability for alginate 

is around pH 6, this implies that degradation at pH 7.4 is dominated by β-elimination 

(Andersen et al., 2012).  Initially, alginates were developed for industrial applications 

in the food and pharmaceutical industries.  The alginate Protanal® has several 

applications such as gelling and stabilizing certain foods, for example bakery creams 

and yogurt (BioPolymer, 2014).  Alginates have several other applications, and can 

be formed into macro- and micro-scale fibres for biomedical applications such as 

wound dressing and tissue engineering (Andersen et al., 2012, Qin, 2008, Boateng et 

al., 2008, Attwood, 1989).  Alginates are widely used in medicine e.g. in dental 

impression materials and in reducing gastric reflux (Gaviscon©; Draget and Taylor, 

2011).   

 

1.2.3 Alginate oligosaccharide (OligoG CF-5/20) 

OligoG is a G-block oligosaccharide with a very narrow MW range and a 

specific chemical structure following purification and fractionation (Fig 1.1A; Khan 

et al., 2012). As with most alginates, it too is produced from the stem of brown 

seaweed (Laminaria hyperbora), which has a low variability in G content.  

Purification employing charcoal filters is followed by spray-drying, and results in 

OligoG powder.  Purified OligoG is characterised by hydrogen-1 nuclear magnetic 

resonance and high-performance anion-exchange chromatography with pulsed 

amperometric detection (Fig 1.1B&C).  OligoG is composed of 90-95% guluronic 

acid with a MW of approximately 2600 g/mol.  OligoG is composed of 5-20 

monomer units. OligoG is a soluble anionic compound, with its solubility limited by 

viscosity when at  >15% (Khan et al., 2012).  Each batch produced is tested for 

viable counts, endotoxins, heavy metal counts and ions.  Initial tests were compared 

to oligomers of similar MW, but altered M content, via epimerisation technology.   

 

1.3 Bacterial infection 

1.3.1 Bacterial cell wall 

Bacteria are single-celled prokaryotes, bound by a thin elastic, semi-permeable 

phospholipid bilayer plasma membrane (5-10 nm thick).  The membrane is  
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Fig 1.1: Structure, purification and quality control of OligoG.  A) Structure of -L-guluronate (G) and -D-manuronate (M); OligoG has 
at least 90-95% of the monomer residues as G residues.  B) NMR spectrum of OligoG containing 96% G.  C) Characterisation of OligoG 
with high performance anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD). Image courtesy of Khan et 

al. (2012). 
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surrounded by a porous, semi-permeable cell wall.  The cell wall lies immediately 

external to the phospholipid layer (10-25 nm thick).  The wall provides strength and 

rigidity and opens freely to molecules <1 nm.  The main cell wall component is 

peptidoglycan, which is made up from N-acetylglucosamine (NAG) and N-

acetylmuramic (NAMA) acid molecules (Greenwood et al., 2007).   

Gram-positive and Gram-negative bacteria differ in their outer cell envelope 

(Fig 1.2), which will contribute to the net electronegativity of the cell surface.  The 

peptidoglycan cell wall of Gram-positive bacteria is very thick and tightly cross-

linked by inter-peptide bridges and has a phosphoryl group located in the substituent 

teichoic and teichuronic acid residues, and un-substituted carboxylate groups.  The 

peptidoglycan found in Gram-negative bacteria is very thin, loosely cross-linked and 

sequestered within the periplasmic space; phosphoryl and 2-keto-3-deoxyoxtonate 

carboxylated groups of lipopolysaccharide (LPS) are found in the outer leaflet of the 

outer membrane (OM) resulting in the observed negative electrostatic surface charge 

(Wilson et al., 2001).   

Gram-negative bacteria are resistant to a large number of noxious agents due to 

the effective permeability barrier function of the OM, which is impermeable to 

macromolecules.  The OM protects the bacteria from complement and antibody 

binding, and hence phagocytosis.  The molecular basis of the integrity of OM is due 

to the LPS, which is highly polyanionic.  The adjacent polyanionic LPS molecules 

are linked electrostatically by divalent cations such as Mg2+ and Ca2+ (Vaara, 1992) 

and LPS also plays a role in bacterial adhesion (Kipnis et al., 2006). 

Pseudomonas aeruginosa is an opportunistic pathogen and colonises the 

respiratory epithelium of CF patients (Kipnis et al., 2006).  P. aeruginosa (PAO1) 

has two distinct LPS O-polysaccharide species (A and B band) and their expression 

is under environmental control (Makin and Beveridge, 1996).  CF patients colonised 

with P. aeruginosa were found to synthesise LPS with specific lipid A structures, 

which indicates the unique recognition of the CF airway environment (Ernst et al., 

1999).  P. aeruginosa in CF adapts to select mutants with specific lipid A 

modifications, which allow resistance to host antimicrobial peptides, and increased 

Toll-like receptor 4 activation (Kipnis et al., 2006), resistance to cationic 

antimicrobial peptides and, therefore, promoting an increased inflammatory response 

(Ernst et al., 1999).  P. aeruginosa is capable of twitching, swimming and swarming  
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Fig 1.2: Schematic diagram representing the differences in cell wall content of Gram-negative and 
Gram-positive bacteria (Accessed 15/09/2014; 
http://www.expertsmind.com/topic/microbiology/bacterial-cell-wall-92313.aspx). 

http://www.expertsmind.com/topic/microbiology/bacterial-cell-wall-92313.aspx
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motility (Caiazza et al., 2005, Harshey, 1994).  These phenotypes play an important 

role in irreversible adhesion to epithelial cells and are a critical step in colonisation 

of the respiratory epithelium.  Flagella is a motile appendage often found in Gram-

negative bacteria and are complex proteic structures, which form a filamentous polar 

appendage at the cell surface.  Flagella can also be very immunogenic, becoming a 

disadvantage to colonisation.  To overcome this, P. aeruginosa can adapt to become 

aflagellar mutants once initial colonisation has occurred and thereby avoid the host 

response (Kipnis et al., 2006).  Pili or fimbriae are filamentous surface appendages 

and are smaller than flagella, but are also important for motility and adhesion 

(Greenwood et al., 2007). 

 

1.3.2 Clinical implications of biofilms  

An estimated 99% of the world’s bacteria are found in biofilm structures.  The 

advantages for a bacteria cell existing as a biofilm includes higher concentrations of 

nutrients close to the biofilm surface, increased genetic exchange, as well as better 

protection from the host’s immune system (Palmer et al., 2007a).   

The human body is home to a diverse and large number of microbes known as 

the indigenous microbiota or normal micro-flora (Bruinsma et al., 2001).  However, 

more than half of all infectious diseases that affect mildly compromised patients are 

commensal species of the human body or are common environmental organisms 

(Costerton et al., 1999).  Biofilms can be found on inert surfaces (e.g. medical 

devices), dead tissue, or on living tissue (e.g. endocarditis or in the CF lung).  

Immune response occurs due to the stimulation of antibodies, but is frequently 

ineffective against biofilms.  Even the host defence system in a healthy individual 

can rarely completely eradicate a biofilm  (Alavi et al., 2012). 

 

1.3.3 Stages of biofilm formation 

1.3.3.1 Conditioning layer 

The conditioning layer is composed of many organic and inorganic particles 

and becomes the “foundation” on which biofilms grow.  Interaction between the 

conditioning layer and substrate can alter surface charge, surface potential and 

surface tension, all of which may favour bacterial adhesion and act as anchorage sites 
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and/or nutrients for bacterial growth (Garrett et al., 2008, Donlan, 2002).  

Attachment and loss of bacterial mobility may initially be transient (Alavi et al., 

2012). 

The content of the aqueous medium can affect bacterial attachment.  The 

variability can depend on pH, nutrient availability, ionic strength and temperature.  

The cell itself also affects the bacterial attachment via a presence of fimbriae/flagella 

and surface hydrophobicity (Donlan, 2002, Alavi et al., 2012).   

 

1.3.3.2 Reversible adhesion 

Physical forces or bacterial appendages (e.g. flagella), can lead to planktonic 

cells contacting the conditioning surface.  Reversible adhesion occurs in a fraction of 

the cells at the surface, depending on the available energy, surface functionality, 

bacterial orientation and temperature.  For adhesion to occur, attractive forces need 

to exceed repulsive forces (Garrett et al., 2008).  The weakness of the bonds initially 

formed is evident in the low activation energy for desorption of bacteria (van Merode 

et al., 2006).  The physical forces involved include van der Waals forces and 

electrostatic interactions.  These forces are known as the Derjaguin, Verwey, Landau 

and Overbeek (DLVO) theory which is described further in section 1.5.2.2.  Bacterial 

adhesion is driven by these interactions between the bacteria and substratum.  These 

interactions occur between the entire cell body and more-specific localised adhesion 

sites, such as proteins on the cell surfaces.  In nature, nearly all bacterial surfaces 

carry a net negative charge in physiological conditions (van Merode et al., 2006).   

 

1.3.3.3 Irreversible adhesion 

A number of absorbed bacterial cells will remain immobilised.  A number of 

factors are thought to be involved in irreversible absorption including short-range 

forces (covalent and hydrogen bonding) as well as hydrophobic-hydrophilic 

interactions at the surface (Palmer et al., 2007a).  In this immobilisation, the physical 

repulsive force of the bacteria surface is overcome by bacterial appendages, e.g. 

flagella, fimbriae and pili which interact with the conditioning layer and strengthens 

the binding of the bacteria to the surface (Garrett et al., 2008, Hall-Stoodley and 

Stoodley, 2002).  Cell surface proteins can lead to attachment, e.g. the O-antigen 
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component of LPS in Gram-negative bacteria (Donlan, 2002).  Co-aggregation is 

also of particular importance clinically since a multi-species biofilm may develop as 

certain species may bind to other species rather than to the substrate (Alavi et al., 

2012). 

 

1.3.3.4 Population growth and stationary biofilm phase 

The immobilised cells divide by binary division to form clusters, as the 

daughter cells spread outwards and upwards from the point of attachment.  An 

exponential growth phase follows with a rapid increase in population.  As nutrients 

from the surrounding bulk fluid and substrate are required, the exponential growth 

rate is dependent on the physical and chemical nature of the environment.  Stronger 

bonds are then formed between cells due to interaction with divalent cations and 

excretion of extracellular polymeric substances; EPS (Dunne, 2002).  As the cells 

change from planktonic to an adherent biofilm population, gene expression alters and 

the production of bacterial appendages is inhibited in immobile sessile cells (Hall-

Stoodley and Stoodley, 2002), whilst the expression of genes for the production of 

cell surface proteins and excretion products increases (Hancock et al., 1990).  In the 

initial lag phase of biofilm formation, the interaction and growth lead to the 

development of a mushroom-like structure.   

At high cell densities, a series of cell signalling mechanisms are employed by 

the biofilm and this is termed quorum sensing (QS).  In QS, chemical and peptide 

signals at high concentrations regulate the genetic expression of a number of 

important processes including both mechanical and enzymatic processors of bacterial 

alginates (Singh et al., 2000).  Eventually cell division will equal cell death in the 

established biofilm.   

 

1.3.3.5 Cell death biofilm phase  

Eventually enzymes produced by the biofilm community start to breakdown 

the EPS matrix of the biofilm. The breakdown of the biofilm structure will allow 

release of surface-associated bacteria.  Gene expression for flagella becomes up-

regulated to facilitate bacterial motility to “shed” bacterial cells.  These planktonic 

bacteria are available for the colonisation of new surfaces, where the process of 
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biofilm formation begins again (Perni et al., 2014).  A schematic summary of biofilm 

formation can be seen in Fig 1.3A. 

 

1.3.4 Quorum sensing  

QS was first described by Greenberg in (1994). QS allows bacterial and  fungal 

communities to function as a “multicellular organism” by collectively responding to 

signalling processes (Waters and Bassler, 2005) in relation to population density.  In 

bacterial communities this is facilitated by the release of chemical signals, known as 

“autoinducers”.  The extracellular concentration of these autoinducers increases with 

greater cell population density and will alter gene expression and protein production 

in bacterial community (Waters and Bassler, 2005).  QS in Gram-negative bacteria 

occurs via small signalling molecules known as acyl homoserine lactones (AHL) 

which are co-factors of transcriptional regulators and diffuse freely across bacterial 

membranes (Kipnis et al., 2006).  In P. aeruginosa the QS is regulated by LuxI/LuxR 

circuit, specifically by the homologues LasI/LasR and RhlI/RhlR (Fig 1.3B).  LasI 

and RhlI are autoinducer synthases.  These regulatory circuits work in tandem to 

control the expression of several virulence factors (Miller and Bassler, 2001). 

Bacteria constantly interact with their surrounding environment and exchange 

information with other cells.  Signalling between cells allows for optimal growth, as 

they are able to adapt to their changing environment.   

 

1.3.5 Extracellular polymeric substance  

Bacteria within biofilms are encased in a matrix composed of EPS (Monroe, 2007) 

which are biopolymers of microbial origin such as glycoproteins, glycolipids and 

eDNA (Flemming et al., 2007).  The proportion of cells present in a biofilm is 

species-dependent and can range from 10-25% cells in a 75-90% EPS matrix (Garrett 

et al., 2008).  The EPS of Gram-negative bacteria includes uronic acid (e.g. D- 

guluronic, D-galacturonic and mannuronic acid) or ketal-linked pyruvates, which all 

have anionic properties.  EPS allows association of divalent cations, e.g. Ca2+ and 

Mg2+ and facilitates cross-linking within biofilms.  The EPS of Gram-positive 

bacteria, such as Staphylococcus species is mainly cationic (Donlan, 2002). 
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Fig 1.3: Diagrammatic representation of a A) typical biofilm formation pattern 
(image courtesy of Monroe 2007), B) P. aeruginosa LasI/LasR-RhlI/RhlR QS 
system (image courtesy of Miller and Bassler 2001).  
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EPS has many functions, which are constructive (structural components), 

sorptive (for ion exchange and sorption), active (due to extracellular enzyme polymer 

degradation) or surface active via membrane vesicles (Flemming et al., 2007), and 

provide a barrier to chemicals (Alavi et al., 2012).  Other functions of the EPS are 

specificity and recognition through lectins, providing genetic information and 

structure via nucleic acids, as well as aiding resistance to antimicrobial agents via 

deactivation.  EPS is redox active from bacterial refractory polymers which are 

thought to act as electron donors or acceptors, as well as having nutritive roles, with 

various polymers being a source of carbon, nitrogen and phosphate (Flemming et al., 

2007). 

Within the CF lung environment, P. aeruginosa frequently converts to a 

mucoid phenotype (Kipnis et al., 2006), which produces high MW alginates.  The 

degree of acetylation varies widely between the mucoid exopolysaccharide purified 

from different P. aeruginosa isolates.  It may only mutate to a mucoid form when 

iron, phosphate or nutrients are limited (Boyce and Miller, 1982, Terry et al., 1992).  

The mucoid phenotype is controlled by transcriptional regulation of the GDP-

mannose dehydrogenase encoded by the algD gene, which is the first gene of the 

alginate biosynthetic operon.  The algD gene is regulated under a complex multi-tier 

regulation mechanism, by both constitutive and inducible gene products (Lyczak et 

al., 2000).  The alginate anchors P. aeruginosa to the respiratory epithelium, protects 

P. aeruginosa from phagocytosis and antibiotics, and attenuates the host response, as 

well as being a structural component in the biofilm (Kipnis et al., 2006). 

Exchange of genetic material occurs within biofilms where there is access to a 

large gene pool (Alavi et al., 2012) and horizontal gene transfer can also occur.  In 

addition, extracellular deoxyribonucleic acid (eDNA) is found in abundance within 

biofilms and is thought to be derived from lysed dead cells.  It has postulated that 

eDNA within biofilms of P. aeruginosa may also have a structural role (Allesen-

Holm et al., 2006).  In P. aeruginosa biofilms eDNA is under the control of QS 

(Flemming et al., 2007). 
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1.3.6 Antibiotics and resistance   

Development of antibiotic resistance is a worldwide problem (Pruden et al., 

2013).  An increase in antibiotic resistance has led to an increase in the dosage and 

duration of antibiotic therapies required to induce a clinical response (Maragakis et 

al., 2008).  It is, however, recognised that the need for new antibiotics targeting 

multi-drug resistant (MDR) Gram-negative infections remains largely unmet 

(Mossialos et al., 2010).  Antibiotics target structures or processes which are vital for 

bacterial growth or survival, but must do so without harming the infected eukaryotic 

host.  They work either bacteriocidally or impeding growth via a bacteriostatic effect 

(Walsh, 2000).   

 Various vehicles for transfer of resistance for genetic adaptation and 

development of antibiotic resistance exist including gene transfer, genetic 

recombination/transposition (DNA rearrangements, gene duplications, transposition 

and insertional activation) as well as point mutations (Stewart and Costerton, 2001).  

For example, mutants may facilitate spread of resistance to its near neighbours, 

ultimately leading to dominance within the population.  This spread may be 

facilitated by mobile genetic elements, e.g. plasmids or transposons which replicate 

independently and pass easily between bacterial cells and even species (Luis 

Martinez et al., 2009).  The presence of bacterial membrane protein pumps (efflux 

pumps) can export the drug resulting in an ineffective intracellular concentration to 

affect bacterial protein synthesis (Paulsen et al., 1996).  Other modes of bacterial 

resistance include destruction of the antibiotic, e.g. the hydrolytic deactivation of the 

β-lactam ring by the hydrolytic enzyme β-lactamase (Bradford, 2001, Poole, 2004).  

Another method of antibiotic resistance is the reprogramming or “camouflaging” of 

the target.  For example, resistance to erythromycin can be gained by methylation of 

the 23S rRNA component found in the 50S subunit of the bacterial ribosomes which 

inhibits bacterial protein synthesis by altering ribosome function (Bussiere et al., 

1998). 

 

1.3.7 Antibiotic resistance in biofilms  

When planktonic cells form biofilms they may be up to 1000 times more 

resistant to antimicrobial agents.  Distinct phenotypic/genotypic differences can be 



15 

 

found between identical cells grown planktonically compared to when they are 

grown in a biofilm (Mah and O'Toole, 2001).  There are several hypothesis related to 

antimicrobial resistance and biofilms (Brooun et al., 2000).  Penetration will be 

greatly retarded in a biofilm and the antibiotic may never reach its target at a high 

enough concentration to be effective (Normark and Normark, 2002).  This theory 

however has flaws in that there is no barrier to the size of antibiotics which can 

penetrate through a biofilm and they are often found to readily permeate biofilms 

(Stewart and Costerton, 2001).  However, positively charged agents e.g. 

aminoglycosides (Jana and Deb, 2006) will bind to the biofilm EPS components 

which, therefore, limits transport of the compound (Mah and O'Toole, 2001).  

Antibiotics may be sequestered by binding to multi-layered thick cell wall, e.g. 

periplasmic glucans on P. aeruginosa cell wall interacts physically with tobramycin 

(Mah et al., 2003). 

Within the CF lung, oxygen deprivation and anaerobic growth has been linked 

to antimicrobial resistance of P. aeruginosa, where it is estimated that oxygen only 

penetrates to around 5% of the depth of the lung biofilm (Smith, 2005).  The 

metabolic waste products can lead to local accumulation of acidic waste which can 

antagonise the activity of antibiotics.  Cells within a biofilm may also be 

metabolically inactive due to depletion of substrates or accumulation of inhibitive 

waste products, causing them to enter a non-growing state (being viable but not 

cultivable).  As a number of antibiotics target cell wall synthesis (Normark and 

Normark, 2002), these will be unaffected by antibiotic therapies when in a dormant 

state (Mah and O'Toole, 2001). 

Another hypothesis for increased resistance of biofilms to antibiotics explores 

the possible formation of a sub-population of micro-organisms which are a 

phenotypically distinct (Stewart and Costerton, 2001).  Persister cells are dormant 

variants of regular cells which form stochastically in microbial populations (Lewis, 

2010).  P. aeruginosa persister cells are common isolates found in human airway 

infections (Mulcahy et al., 2010).  The osmotic environment within a biofilm differs 

and may lead to an osmotic stress response in the cell wall.  This may eventually lead 

to a change in the relative proportions of porins, which reduces cell envelope 

permeability to antibiotics (Stewart and Costerton, 2001).  Elevated antibiotic 

resistance is reported in swarming populations of bacteria such as P. aeruginosa.  
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Swarming bacteria move in multicellular groups and this genotype is an effective 

strategy for prevailing against antimicrobials (Butler et al., 2010).  Swarm cells 

exhibit an elevated resistance to a variety of antibiotics, including those which target 

protein translation, cell envelope, DNA replication and transcription (Kim et al., 

2003).   

 

1.3.8 Developing anti-biofilm therapeutics 

Novel alternative anti-biofilm strategies are clearly required to attack different 

stages in the biofilm life cycle, from inhibition of cell attachment, disruption of cell-

cell communication (QS), degrading the biofilm matrix and physical 

removal/disruption of the disseminating biofilm (Alavi et al., 2012).  Several 

mechanisms to prevent biofilm attachment have been reported including coating 

surfaces with antibiotic compounds, but the persistent low concentration of 

antibiotics may increase resistance (Francolini et al., 2004).  Other novel compounds 

have been tried such as natural cationic peptides.  Natural cationic peptides are 12-50 

amino acids in length and are amphiphilic.  A natural human cathelicidin peptide LL-

37 was shown to block P. aeruginosa biofilm growth and accelerate biofilm 

breakdown (de la Fuente-Nunez et al., 2012).  Not only was LL-37 found to decrease 

attachment of bacterial cells, but also stimulated twitching motility and down-

regulated genes essential for biofilm formation by influencing the QS systems Las 

and Rhl (Overhage et al., 2008).  A small cationic peptide 1037 (9-amino acid) was 

found to inhibit biofilms by reducing swimming and swarming motility, stimulating 

twitching motility and suppressing a variety of genes found in biofilm formation (de 

la Fuente-Nunez et al., 2012).  Alternative anti-biofilm mechanisms have included 

electrical enhancement via a bioelectric effect and ultrasound enhancement of 

antimicrobial transport.  Further approaches include photodynamic therapies as 

photosensitising drugs to induce local production of reactive oxygen species which 

are difficult for the microorganism to defend against (Smith, 2005).  Liposomes have 

also been postulated as a drug delivery/targeting vehicle to concentrate agents at the 

biofilm interfaces, to be taken up into cells harbouring intracellular pathogens 

(Smith, 2005, Pinto-Alphandary et al., 2000). 
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Recently other workers have purified components from the marine 

environment to disrupt biofilms.  A bacterial EPS (A101) derived from a marine 

bacterium (Vibrio sp.  QY101) and an enzyme (NucB) derived from Bacillus 

licheniformis, both exhibit significant anti-biofilm properties in vitro (Jiang et al., 

2011, Nithya et al., 2010, Shakir et al., 2012, Nijland et al., 2010).  The EPS of 

Oceanobacillus iheyensis BK6 derived from marine natural biofilms exhibited anti-

biofilm activity against a pathogenic strain of Staphylococcus aureus.  It has high 

viscosity, emulsifying properties and has the potential for pharmaceutical and 

industrial application (Kavita et al., 2014).  Interestingly, the properties of A101 

appear to be very similar to those initially reported of the algal-derived OligoG, 

particularly with regard to antibiotic potentiation specificity and biofilm disruption 

properties (Khan et al., 2012, Jiang et al., 2011).   

 

1.4 Fungal infection 

In recent years there has been an increased incidence of invasive fungal 

infections.  These lead to an increase in morbidity and mortality, making them a 

serious public health concern (da Silva et al., 2013).  Candida species co-exist as 

harmless commensals but the source of most cases are endogenous, (Lass-Floerl, 

2009) and they become opportunistic pathogens in immune-compromised (Silva et 

al., 2011b) and debilitated patients.  When fungal infections become systemic they 

are associated with significant mortality (Lass-Floerl, 2009).  Candidal infections can 

be superficial, as well as being systemic, leading to complications in major body 

organs.  The rise in fungal infections is thought to be mainly due to an increase use 

of medical practices such as invasive surgical procedures, immunosuppressive 

therapies (Ene et al., 2012, Silva et al., 2012), cytotoxic drugs (Silva et al., 2011b) 

and broad-spectrum antibiotics (Ramage et al., 2006, Silva et al., 2012).  The 

increased use of anti-neoplastic agents, prosthetic devices and grafts have also 

contributed to the rise in fungal infections (Lass-Floerl, 2009).   

The epidemiology of fungal diseases is changing due to the increase in 

antifungal prophylaxis (Lass-Floerl, 2009).  Once a candidal biofilm is formed in 

vivo, the only mechanism to eliminate the infection is often removal of the 

substratum that supports the biofilm.  The removal of medical devices is often 
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impossible, due to the patient’s condition, the anatomic location of the 

infection/disease and/or underlying disease processes (Ramage et al., 2006).   

 

1.5 Analysing bacterial and candidal biofilms  

1.5.1 Imaging techniques 

1.5.1.1 Atomic force microscopy  

Atomic force microscopy (AFM) was invented by Binnig et al. (1986) and has 

revolutionised the techniques for exploring the microbial surface (Sheu et al., 2010, 

Dorobantu and Gray, 2010).  In microbiology, AFM has provided three-dimensional 

imaging of surface ultrastructure under physiological conditions with minimal 

preparation and has been used to study the effect of antimicrobial agents on 

planktonic and sessile bacterial cells (Johansen et al., 1996, Powell et al., 2014, 

Kasas et al., 1994, Braga and Ricci, 1998, Bekir et al., 2014).  AFM has also been 

used to study the interactions of bacterial biofilms with different materials and 

biological surfaces (Beech et al., 2002).  AFM has been used to study the nanoscale 

interaction of antimicrobial agents e.g. colistin, and antimicrobial peptides with a 

range of MDR Gram-negative organisms including P. aeruginosa, Acinetobacter 

baumannii and E. coli (Li et al., 2007, Rossetto et al., 2007, Soon et al., 2009).  

Tapping mode has great potential for imaging surface topography with minimal 

applied force (Dufrene, 2002, Moller et al., 1999).  AFM consists of an AFM tip, a 

piezoelectrical scanner, an optical deflection system made up of a laser diode and a 

photodetector and an electrical feedback system (Fig 1.4).  The AFM tip is mounted 

at the end of a flexible cantilever (Dorobantu and Gray, 2010) and senses the force 

between a very sharp probe and the sample surface.  This is generated by recording 

the force change as the probe is scanned in the x and y directions (Dufrene, 2002).  

Small forces of interaction deflecting the cantilever give rise to  images which can be 

viewed three-dimensionally by topographic and phase images (Dorobantu and Gray, 

2010; Sheu et al., 2010). 
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Fig 1.4: Diagram of the basic operation of an AFM; A) cantilever and AFM tip, B) 
piezoelectrical scanner, C) an optical deflection system made up of a laser diode and 
a photodetector and an electrical feedback system. 
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1.5.1.2 Scanning electron microscopy 

In scanning electron microscopy (SEM) a de-magnified electron beam scans 

the sample surface.  Emissions are formed when the electron probe interacts with the 

sample and are captured by detectors.  SEM for planktonic and biofilm imaging of P. 

aeruginosa has been described extensively in the literature (Luca et al., 2013, Khan 

et al., 2012, Jesaitis et al., 2003, van Gennip et al., 2012) and combination of  

dehydration and fixation techniques are widely used and aim to preserve the delicate 

organic structures of bacterial samples through minimal destructive surface tension 

forces during drying (Fratesi et al., 2004).  However, care should be taken when 

analysing SEM in vitro biofilms compared to those in situ, since changes in the 

number of bacteria, texture of biofilm and structural differences are reported 

(Wimpenny et al., 2000). 

Different SEM preparation techniques have been shown to enhance different 

components of a heterogeneous sample (Fratesi et al., 2004).  For example, ethanol 

dehydration with hexamethyldisilazane preserves both bacteria and EPS layer well, 

but may dissolve certain polysaccharides.  Fixation can also be used prior to 

dehydration to increase resistance to deformation.   

 

1.5.1.3 Confocal laser scanning microscopy 

In confocal laser scanning microscopy (CLSM), a laser-light-beam is directed 

through the head of the microscope which passes via the objective into the 

microscope slide.  The fluorescent dye-stained specimen on the microscope slide 

excites, and the fluorescent image is captured by the objective.  A module on the 

head of the microscope receives the fluorescent image, and transfers it to the 

computer screen (Rowland and Nickless, 2000).  CLSM has the advantage of 

imaging the full thickness of the specimen by imaging serial sections. This is 

accomplished due to its ability to focus on planes within opaque objects and acquire 

a series of sections (“Z” stack) to produce three-dimensional images (Sharp, 2014).  

The ability to use a narrow range of excitation wavelengths will reduce auto-

fluorescence and improve image quality.  Details on CLSM uses in microbiology, 

choice of fluorescent probes and its limitations are discussed further in Chapter 3. 
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1.5.2 Surface charge analysis 

1.5.2.1 Influence of bacterial surface charge and adhesion 

The ability of bacteria to attach to a surface and the subsequent resistance of a 

biofilm to physical disruption relies on their physical and mechanical properties 

when formed in physiological environments (Aggarwal and Hozalski, 2010).  The 

development of a new anti-biofilm therapy treatment requires an understanding of 

the bacterial surface charge (Palmer et al., 2007a).  A previous study found that 

alteration of the bacterial repulsive electrostatic charge led to a reduced biofilm 

formation (Gross et al., 2001).  Bacteria are described as being ion-impenetrable, 

with the charge located on the outer cell surface only (Poortinga et al., 2002).  The 

cell surface charge of bacteria is caused by the dissociation or protonation of 

carboxyl, phosphate and amino groups.  At physiological pH between 5 and 7, 

bacterial strains are mainly negatively-charged due to the number of carboxyl and 

phosphate groups exceeding the number of amino acid groups present (Poortinga et 

al., 2002, Wilson et al., 2001, Palmer et al., 2007a).  The negative surface charge 

may reflect the presence of COO- groups in the LPS of Gram-negative bacterial cell 

wall (Shephard et al., 2008).  This is further influenced by local hydrophobicity, 

electrical potential and the adsorption of specific ions, e.g. Ca2+ (Poortinga et al., 

2002).   

 

1.5.2.2 The DLVO theory in relation to microbial adhesion  

The Derjaguin, Verwey, Landau and Overbeek (DLVO) theory is a quantitative 

simplistic model to describe the interaction between non-biological lyophobic 

colloids (e.g. polystyrene particles), but has been used to for biological materials and 

bacterial cell samples.  In contrast, characterising bacterial cell surfaces is more 

complex since they are chemically and structurally heterogeneous (Perni et al., 

2014), however researchers have used the extended DLVO theory to include non-

classical DLVO.  The extended DLVO theory also takes account of the hydrophobic, 

hydrophilic, steric and osmotic interactions involved (Perni et al., 2014) which better 

quantitatively predicts bacterial adhesion.  The DLVO theory was first used to 

describe the effects of electrolyte concentration on the initial, reversible phase of 
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biofilm formation (Marshall et al., 1971) and has since been used to describe 

bacterial adhesion (Hermansson, 1999, Perni et al., 2014).   

The DLVO theory explains how particle adhesion is determined by long range 

interactions between adhering particles and macroscopic substratum surfaces 

(Poortinga et al., 2002).  It therefore describes the net interaction between a cell and 

a flat surface (substratum) which is a balance between two main factors; the 

attractive interactions from the Lifshitz-van der Waal forces and repulsive 

interactions from overlapping electrical double layers (Hermansson, 1999).  The 

electrical double layers are made up of the counter-ions around the charged cell and 

bind to the surface which forms the inner Stern plane (Fig 1.5A).  The boundary is 

set when the ions outside this layer are not fully neutralised, resulting in an area of 

accumulated counter-ions and depleted co-ions.  The further from this boundary the 

ions get, the closer the value gets to the ion concentration of the bulk solution.  This 

outer layer is known as the diffuse layer, and the ions here are in rapid thermal 

motion (Hermansson, 1999).  The diffuse layer contains a notional boundary known 

as the shear plane, where ions on the inner surface are a part of the stable entity, 

whilst those on the outer surface of the layer stay within the bulk solution, and the 

potential at the theoretical boundary is known as the zeta potential; Fig 1.5B (Wilson 

et al., 2001).  Since no direct method exists for determining surface charge, instead 

measurement of the zeta potential can be used as an indirect method (Palmer et al., 

2007a) and will therefore, estimate the electrical potential of bacteria.   

 

1.5.2.3 Zeta potential 

Zeta potential is defined as the electrical potential of the interfacial region 

between the bacterial surface and the aqueous environment (Cowan et al., 1992).  

Zeta potential is calculated from the mobility of the bacteria in the presence of an 

electrical field under a defined salt concentration and pH (Palmer et al., 2007a, 

Wilson et al., 2001) using electrophoretic light scattering (ELS; described further in 

2.1.3). ELS offers distinct advantages regarding accuracy of measurement and 

measurement time (Wilson et al., 2001) in comparison to techniques such as 

microelectrophoresis and electrostatic interaction chromatography.  Since a large 

number of individual cells are examined during the course of each ELS test, zeta  
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Fig 1.5: Derivation of the zeta potential of a colloid.  A) The electric double 
layer surrounding a bacterial cell.  B) Electrical potential from the bacterial 
surface, where Ψ o is the surface potential, Ψ d is the potential at the stern plane 
and ζ is known as the zeta potential. 
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potential measurements also have the advantage of being sensitive to variation within 

cell populations (Cowan et al., 1992).   

ELS has become an established tool for the determination of the zeta potential 

measurements for many types of bacteria (Bayer and Sloyer, 1990, Vandermei et al., 

1988) and is often employed to “unravel” the mechanisms of bacterial adhesion and 

aggregation to biophysical host tissues and biomaterial substrates (Alves et al., 2010, 

Bowen et al., 2002, Roosjen et al., 2006, Shephard et al., 2008).  Zeta potential has 

been extensively used in studies to detect charge on different bacteria in both 

planktonic and sessile (sonicated biofilm cells) states (Guiot et al., 2002).  Studies on 

the surface charge of P. aeruginosa strains have previously been carried out under 

various growth conditions and electrolytic environments (Bruinsma et al., 2006, 

Horst et al., 2010).  ELS has been expanded to detect physical changes in bacteria as 

well as being developed into a diagnostic tool to aid determination of phenotypic 

features (Klodzinska et al., 2010).  Hence, surface charge can be used as a function 

of the viability and nutrient state of cells (Soni et al., 2008).  More recently ELS has 

been used to characterise the effects of antimicrobial peptides on the surface charge 

of E. coli, in an attempt to correlate biological and biophysical data, and understand 

their antimicrobial activity (Alves et al., 2010). 

 

1.6 Biofilms in human disease: cystic fibrosis 

1.6.1 Cystic fibrosis  

CF is a heterogeneous recessive genetic disorder.  Its pathological features 

arise from mutations in the CF transmembrane conductance regulator (CFTR) gene 

affecting Cl- and Na+ transport across all epithelial membranes.  This results in a 

range of chronic problems which include bacterial infection of the airway/sinuses, 

malabsorption of fat and nutrients due to pancreatic insufficiency and infertility 

(Knowles and Durie, 2002).   

The 2010 CF annual review reported that 95.2% of CF patients were genotyped 

(Bilton and Osmond, 2010) with 91.3% diagnosed with DF508 mutations (52.6% 

homozygous and 38.7% heterozygous).  This mutation leads to disruption of the 

quantity of functional CFTR on the cell surface.  The second most commonly 

occurring mutation is G551D (in 5.7% of patients), which affects the function of  
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Fig 1.6: Classes of CFTR mutations: grouped into six classes based on their effect on CFTR protein production, 
trafficking and function or stability. Illustration courtesy of Boyle and De Boeck (2013). 

http://www.sciencedirect.com/science/article/pii/S2213260012700577#gr1
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CFTR with defective opening of the CFTR Cl- channel (Bilton and Osmond, 2010).  

The six classes of CFTR mutations, with their corresponding effect on function, are 

described in Fig 1.6 (Boyle and De Boeck, 2013).  Screening of newborns for CF is 

becoming universally accepted, but there are several methods used (Vernooij-van 

Langen et al., 2012) and the current median age of diagnosis is 3 months; 65.5% 

(Bilton and Osmond, 2010).     

Progressive lung disease represents a major cause of morbidity and mortality in 

CF patients, and leads to premature deaths in 90% of sufferers (Lambiase et al., 

2006).  The absent or deficient CFTR protein at the apical surface of airway 

epithelium leads to abnormal salt and water transport.  This causes the airway surface 

liquid (ASL) height to be insufficient for mucociliary transport, and biochemically 

alters the mucus, being much thicker (Konstan, 2008).  The pulmonary infections 

become chronic with a progressive influx of neutrophils, which remain once the 

acute phase has subsided.  As well as the increase in numbers seen, these neutrophils 

do not undergo normal apoptosis.  Larger eDNA volumes in sputum have been 

reported at a young age within asymptomatic patients (Konstan, 2008).  Treatment of 

CF patients aims to improve quality of life by alleviating these symptoms and 

slowing down the decline in lung function.  This is accomplished by attempts to 

improve airway clearance and decreasing bacterial growth and infection which leads 

to airway inflammation (Gibson et al., 2003).  Recent figures have shown an increase 

in the median predicted survival rate from 34.4 years seen in 2009, to 36.6 in the 

2013 Annual Cystic Fibrosis review; Fig 1.7A (Bilton and Osmond, 2010). 

P. aeruginosa is the most common pathogen in the lower airway of CF sufferers 

leading to chronic infection, with periodic cycles of inflammation (Lambiase et al., 

2006).  The prevalence of P. aeruginosa increases from  54.2% at age 6-12 to 78.8% 

in the 18+ years (Navarro et al., 2001).  The younger CF patient age group (6-10 and 

11-15) has a higher incidence of Haemophilus influenzae and S. aureus.  Within the 

second and third decade, prevalence of these bacterial species tends to decrease as 

the colonisation rate of P. aeruginosa increases; Fig 1.7 B (Valenza et al., 2008).   

The mucoid P. aeruginosa strains typically found within samples from CF 

patients are non-favourable prognostic factors due to their excessive production of 

EPS and alginate which may alter the immunological response of the host (Valenza 

et al., 2008).  The mucoid strain of P. aeruginosa was found in 12% of patients,  
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Fig 1.7: Clinical features of UK cystic fibrosis population, A) mortality B) lung 

infection rates.  Data from the UK CF Registry. Cystic Fibrosis Trust, 2013.    
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being more prevalent in those over 17 years old (Paixao et al., 2010).  A large 

proportion of patients have been found to be colonised with fungal strains.  C. 

albicans (78.3%) was most prevalent in the age group 11-15, with a high incidence 

of Aspergillus fumigatus (58.3%) and Penicillium species (18.3%) found as well.  It 

is not clear whether their presence in the pathogenesis of respiratory infections led to 

a worsening of clinical parameters (Valenza et al., 2008). 

 

1.6.2 Cystic fibrosis lung environment   

Respiratory epithelium is covered by a 5-40 µm film of liquid known as the 

ASL which is composed of two layers; a watery solution between the cilia, and an 

upper-layer of mucus which covers the tips.  The depth of the ASL is similar to the 

length of the cilia and allows them to beat effectively below the mucus and remove 

foreign particles.  pH has an important effect on ASL, causing changes in ion 

conductance, which leads to different salt and water movements (Fischer and 

Widdicombe, 2006).  The median pH of the infected CF lung at the onset of 

pulmonary exacerbation (estimated using exhaled breath condensate; EBC) is 6.61 

Vs 8.14 in healthy controls (Tate et al., 2002).  These results were higher than those 

of an earlier study (Newport et al., 2009) giving EBC pH values of 5.88 in stable CF 

patients, 5.32 in CF patients undergoing exacerbation, 5.71 following antibiotic 

treatment and 6.15 in healthy controls. 

Samples from older patients and those with more severe disease was more 

acidic which may reflect oxidative stress within the CF lung (Newport et al., 2009).  

The CFTR has permeability to HCO3
- and plays a role in buffering the acidity within 

the lung (Fischer and Widdicombe, 2006), but in CF patients luminal HCO3
- 

conductance cannot be maintained, with reduced buffering capacity during 

inflammation (Tate et al., 2002).  An in vivo study found that there is no statistically 

significant difference between the pH of a CF patient and a non-CF patient in the  

nasal or lower airway (McShane et al., 2003).  This suggests that the CFTR may only 

be a minor component of pH homeostasis of the airway surface (McShane et al., 

2003).  

The Cl- concentration of the CF lung is abnormal due to the defective CFTR 

function (with altered trans-epithelial electrolyte and fluid transport) and secondarily 
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due to chronic pulmonary inflammation.  The Cl- concentration of bronchial ASL 

varies greatly within the literature from 140 mM up to 182 mM (Gilljam et al., 1989, 

Joris et al., 1993, Jayaraman et al., 2001, Song et al., 2003, Smith et al., 1996) 

compared to 85 mM to 132 mM in healthy controls subjects (Gilljam et al., 1989, 

Smith et al., 1996).  Studies have reported the Cl- concentration in CF being higher 

than in healthy control (Kozlova et al., 2006), whilst others report no differences 

(Tarran et al., 2001). A study comparing the function of polymorphonuclear 

neutrophils at higher Cl- concentrations demonstrated how increased Cl- 

concentration may significantly affect local immune function (Wills et al., 1997).  In 

relation to this, it was also noted that apoptosis and cell lysis accelerated in media 

with a high Cl- concentration (Tager et al., 1998).  The ionic and inflammatory 

changes seen in the CF lung are summarised in Fig 1.8.  

 

1.6.3 Cystic fibrosis sputum 

Mucus is a protective semi-permeable secretion that coats several mucosal 

epithelia throughout the body (Xabi et al., 2014) and plays an important 

physiological role in epithelial homeostasis. Mucus acts as a physical barrier to 

pathogens and environmental particulates and maintains hydration of the respiratory 

epithelia (Rubin, 2007).  Mucus is secreted by goblet and mucous cells of the sub-

mucosal glands; it is highly adhesive and heterogeneous, and composed principally 

of water, ~93-95% (King and Rubin, 2002).  Mucus production is increased in 

inflamed airways.  Sputum is a collection of airway mucous mixed with bacteria and 

cellular debris (Henke et al., 2011) being composed of a complex assembly of 

glycosylated mucins, EPS, inflammatory and epithelial cells and high MW eDNA, and 

is poorly transported by the ciliated respiratory epithelium (Wills et al., 1997).  

Within sputum, eDNA, mucin and alginate are all anionic polymers (Wills et al., 

1997) and inter-connect via cross-linking, non-covalent interactions e.g. electrostatic, 

hydrogen and hydrophobic bonding (Sanders et al., 2000).   

 

1.6.4 Mucus clearance in the lung during health and disease   

For secreted mucus to spread across the airway epithelium, a liquid-like 

deformation must occur alongside a low surface tension.  Conversely, continuous  
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Fig 1.8: Schematic of the lung of a CF patient representing key ions across the epithelial layer, inflammatory and bacterial 
changes as well as its effect on the mucus layer. 
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propulsion by the cilia requires stored energy, which is translated into motion of the 

mucus sheet upon recoil thereby preventing mucus movement into the lung due to 

gravity (Rubin, 2007).  Two main mechanisms of “clearing” the airway exist; firstly 

via mucociliary transport and secondly by coughing (Raff and Levitzky, 2011).  

Mucociliary transport removes particles trapped in the mucus lining, which is 

estimated to have a total surface area of 0.5 m2.  Cilia beat (at frequencies between 

600 and 900 beats/min) facilitates continuous movement of the mucus up the airway 

(opposing the effects of gravity) towards the pharynx and away from the alveoli 

(Raff and Levitzky, 2011).   

The removal of foreign matter by coughing is not an important clearance 

mechanism under normal physiological conditions (King, 1987), with the 

mucociliary mechanism being the only operative mechanism if there is no hyper-

secretion (King et al., 1989).  However, the mechanism of fluid clearance alters when 

the mucociliary system is damaged or insufficient (King et al., 1985).  A cough 

occurs by simulating multimodal nerve receptors within the trachea, responding to a 

variety of chemical mediators and mechanical stimuli (Servera et al., 2003).  In CF 

patients, mucus hyper-secretion occurs, making the cough mechanism a significant 

mode of mucus clearance (King, 1987).  The energy of expired air couples with the 

adherent mucus layer within the airway walls, and hence, transfers a portion of the 

stored energy as momentum.  The shear-force produced leads to acceleration of the 

fluid layer, causing high airflow rates to carry the sputum (King, 1987).  

 

1.6.5 Mucin overview 

Mucins are high MW poly-disperse, naturally occurring biopolymer (2-2000 

kDa; Rose and Voynow, 2006) glycol-conjugates with a heavily glycosylated protein 

core (Potapenko et al., 2010b).  Human mucins are encoded by the MUC gene 

localised on chromosome 1, 3, 4, 7, 11, 12 and 19 (Rose and Voynow, 2006) and 

may be either secreted or membrane-bound (Potapenko et al., 2010b).  In the lower 

respiratory tract, 12 mucin genes have been identified (MUC1, MUC 2, MUC 4, 

MUC 5AC, MUC 5B, MUC 7, MUC 8, MUC 11, MUC 13, MUC 15, MUC 19, MUC 

20).  Typically MUC5AC is expressed in the goblet cells and MUC5B in the 

glandular mucosal cells (Rose and Voynow, 2006).  Mucins are heterogeneous, the  
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Fig 1.9: Mucin glycoprotein comprising of MUC polypeptide backbone (yellow) with NH2-terminal domain 
(red) and a COOH-terminal domain (green). Several O-glycans are attached to the tandem repeat domains 
(threonine, black circles and serine, white circles). Image courtesy of Dedinaite (2012). 
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majority of the molecular mass made from oligosaccharide sugars being 70-80% per 

dry weight of mucin which link to hydroxylated amino acids, serine and threonine-

rich proteins cores; see Fig 1.9 (King and Rubin, 2002). 

 

1.6.6 Mucin production in relation to Pseudomonas aeruginosa colonisation 

P. aeruginosa is a versatile opportunistic human pathogen often presenting in a 

range of chronic human diseases and is the 3rd
 most common pathogen associated  

with nosocomial acquired infections (Moreau-Marquis et al., 2008).  P. aeruginosa 

has a physical/genetic “pliability” that enables it to colonise and proliferate in a 

diverse range of habitats.  P. aeruginosa is of particular importance in the CF biofilm 

as the dominant, persistent pathogen (Yang et al., 2011b), representing a formidable 

challenge to conventional antibiotic therapy (Høiby et al., 2010), inducing chronic 

inflammation and reducing lung function (Hassett et al., 2010).  When a CF patient is 

diagnosed with P. aeruginosa lung infections there is a strong association with 

declining clinical status and worsened prognosis.  The lack of successful treatment is 

associated with the formation of antibiotic-resistant biofilms in the lung.  The 

anaerobic environment created by the viscous mucus layer of the CF airway also 

facilitates its growth.  Attachment of P. aeruginosa to host mucin appears to be 

related  to the acquisition of the MDR phenotype in biofilms (Moreau-Marquis et al., 

2008).   

Mucin interactions are important for protection of the underlying mucosa 

(Lamblin et al., 2001), but it has been postulated that products from P. aeruginosa 

may induce mucin MUC5AC production in human airway epithelial cells.  This may 

be due to expression and activation of epidermal growth factor receptor (Kohri et al., 

2002), which is induced by tumour necrosis factor-α (Takeyama et al., 1999).  The 

expression of mucin genes, particularly such as MUC5AC, can be induced by several  

other internal factors such as neurogenic regulation, bacterial products and certain 

cytokines (Lamblin et al., 2001, King and Rubin, 2002).  
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1.6.7 Mucolytic therapy 

In CF, agents that alter the hydrophobicity or electrostatic charge of sputum are 

therapeutically efficacious (Bansil et al., 1995).  There are a large number of 

medications available to change the properties of airway secretions, collectively 

termed “mucoactive”.  Of all the “mucoactive” agents, the mucolytics are the most 

commonly used (King and Rubin, 2002).  The aim of mucolytic agents is to improve 

pulmonary function, and hence gas exchange, as well as prevent recurrent infections 

which lead to pulmonary damage (Fig 1.8).  Mucolytic agents were developed to 

break down the structure of sputum and have been shown to affect both elastic and 

viscous properties (Visick and Fuqua, 2005).  Rheology has shown to be a sensitive 

method in evaluating changes in viscoelasticity which correlates with CF sputum 

clearance (Dasgupta et al., 1998).  

 

1.6.8 Developing therapies 

Several other possible therapies to improve lung function have been described in 

the literature.  Agents such as low MW dextrin have been shown to alter the 

viscoelasticity and improve mucociliary clearance of CF sputum (Feng et al., 1998, 

Feng et al., 1999), this research does not appear to have progressed to human clinical 

trials.  More recently, nanomedicine approaches based on carbon nanoparticles have 

been demonstrated, in vitro, to disrupt the structure of mucus and sputum (Chen et al., 

2012) and to facilitate drug delivery (Cartiera et al., 2010, Tang et al., 2009).   

High MW alginates increase the elasticity and viscosity of mucus, but 

conversely the low MW alginates reduces the elasticity and viscosity of mucus 

(Sletmoen et al., 2012).  The ability to engineer alginate oligomers of defined 

guluronic/mannuronic acid composition, size, or degree of polymerization (DPn) has 

allowed development for distinct biological applications (Gimmestad et al., 2003).  

In a previous study, treatment with a prototype low MW alginate oligomer (DPn10) 

was shown to alter the rheology of mucin/alginate gels, mucin/DNA gels and sputum 

from a CF patient (Nordgard and Draget, 2011).  In vitro studies have shown that low 

MW alginate oligosaccharides are able to displace mucin-alginate interactions, as 

might be expected to occur in the chronically-infected lung (Sletmoen et al., 2012). 
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1.7 Analysing sputum  

1.7.1 Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a highly sensitive technique 

which can detect changes in the functional groups of molecules (e.g. tissue or cells) 

in a non-invasive manner (Lewis et al., 2010).  FTIR is a cost-effective, high-

throughput screening tool which studies the interaction between matter and radiated 

energy (Lewis et al., 2010).  It is a sensitive analytical method to identify and 

measure chemical bond vibrations found in functional groups within complex 

biological mixtures by producing an infrared absorption spectrum, which records a 

“fingerprint” of a sample based on the principle that different chemical bonds absorb 

at different wavelengths of electromagnetic radiation (Whiteman et al., 2008).  FTIR 

measures the intensity of the infrared beam after it has been absorbed by the sample 

and compares it with the intensity of the infrared beam from reference samples.  The 

absorbance reference is then calculated by: -log10 (IS/IR), where IS is the intensity of 

the infrared beam after it has been absorbed by the sample and IR is the intensity of 

the infrared beam from the reference.  Repeating identical tests on a sample multiple 

times, as well as on different days, has been found to give highly reproducible FTIR 

results.  For biological application the spectrum of wavelengths is often taken from 

the mid infrared range; 4000 to 400 cm-1 (Lewis et al., 2010).   

  

1.7.2 Rheological analysis of cystic fibrosis sputum 

Mucus is a pseudoplastic gel and has a non-Newtonian behaviour (King and 

Rubin, 2002).  The extent of its elasticity is determined by its capacity to store 

energy when the material is deformed (King, 1998).  Operating alongside these 

elastic forces are viscous forces due to dissipation.  These are proportionate to the 

rate, but not to the extent of deformation, and together they produce viscoelastic 

effects (Barnes, 2000).  It has been shown that a reduction in sputum viscosity and 

elasticity may benefit CF patients (Shah et al., 1995).  There are two basic types of 

flow with relative movement of adjacent particles of liquid, namely, extensional and 

shear flows (Barnes, 2000).   
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1.7.3 Extensional rheology 

Extensional rheology is usually quantified as extensional viscosity, which is a 

function of extensional strain rate/time.  In extensional rheology, the velocity 

gradient is in the flow direction (whereas in shear flow it is at right angles to the flow 

direction).  Extensional rheology measures extensional stress σe (also called tension) 

and the extension rate έ (elongation or stretching).  The ratio of stress to rate provides 

a uniaxial extensional viscosity:  

ηe = σe/έ 

Liquid threads have a natural tendency to break-up due to surface tension 

forces.  This break-up is governed by the extensional viscosity of the liquid threads 

under the stretching conditions.  At high extensional viscosities, it opposes local 

thinning tendencies, as the thread is stretched (Barnes, 2000). 

Alterations of the rheological properties of many complex polymeric biological 

fluids can lead to disease.  Understanding the extensional rheology of healthy, as 

well as unhealthy fluids, is therefore an important aspect of developing novel 

treatments, therapies and potential diagnostic applications (Haward et al., 2011).  

Fluids of biological relevance previously studied include saliva (Zussman et al., 

2007), synovial fluid (Bingoel et al., 2010) and blood (Sousa et al., 2011). 

 

1.7.4 Shear rheology 

In shear rheology, a shear stress or strain is applied to the test material and the 

resulting  stress or strain measured (Barnes, 2000).  The force placed on a sample 

leads to stress σ (force/area) and strain γ (which is the relative deformation).  A pure 

elastic system stores all the energy applied during deformation.  This is known as 

Hooke’s law, where σ is the stress, G is the elastic modulus or elastic response 

(material constant) and γ is the strain (Nielsen et al., 2004). 

σ = Gγ 

In an ideal Newtonian liquid, the stress is directly proportional to the shear 

rate.  Shear rate is a time derivative of strain, and can be calculated by: 
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σ = ηỳ 

where η is the shear viscosity, which is independent of time and shear rate (ỳ) in an 

ideal Newtonian liquid. 

The viscoelastic properties of sputum can be measured by applying oscillatory 

shear strain or oscillatory shear stress deformations to the sample.  Within a 

sinusoidal shear deformation, the stress and strain oscillates in time (Nielsen et al., 

2004).  This provides a repetitive sinusoidal straining motion over a certain 

time/cycle, at a frequency that is inversely proportional to time.  The viscoelastic 

properties are analysed by assessing the input/output wave.  The parameters 

measured are listed in Table 1.1.  An ideal solid produces an output wave ‘in phase’, 

whilst a pure Newtonian response produces an output wave in quadrature with the 

input (i.e. out of phase by 90°).  The elastic (solid-like) properties are assessed by 

measuring the storage modulus (G’) or elastic response, whilst the viscous (liquid-

like) response is given as the loss modulus (G’’) or viscous response.  Both these 

values will vary with the applied frequency ω (rad/s), which can be defined as 2πf, f 

being frequency in Hz (Barnes, 2000).  The complex modulus (G*) takes into 

account both the elastic and viscous properties of the sputum, regardless if it is 

recoverable or non-recoverable (Shah et al., 1996).  The ratio of viscous to elastic 

response (G’’/G’) is known as the tan δ, or loss tangent.  This is the recoil factor of 

the material, and determines how mucus behaves when subjected to external forces 

(King, 1998).  Sputum is a predominantly elastic biomaterial that exhibits an elastic 

response that is larger than the viscous response over a wide range of frequency 

(Sanders et al., 2000). 

Cough clearance index (CCI) has been computed from in vitro relationships 

(King, 1987) to predict sputum clearance by cough mechanism and is based on 

measured rheological properties and observations of clearance from ex vivo animal 

model studies (King et al., 1997).  CCI modelling has been used in several other 

studies using a magnetic microrheometer technique (King, 1987).  The CCI 

measurements were performed at 1 and 100 rad/s, to analyse both the complex 

modulus (G*) and loss tangent (tan δ).  A material with a high tan δ deforms 

permanently under stress, whilst at low tan δ, recoil after stress is removed.  This 

method has also been employed for rheological analysis of sputum from smokers 

(Zayas et al., 1990). 
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Table 1.1: Summary of rheological parameters used. 

Parameter   Definition 

Elastic response  G’  Elastic component of oscillatory flow  

Viscous response  G’’  Viscous component of oscillatory flow  

Complex modulus G* Measure of materials overall resistance to 

deformation 

Loss tangent  G’’: G’ Ratio of viscous response to elastic response 

(quantifying the extent of elasticity in a sample ) 

Phase angle δ Presence and extent of elastic behaviour in a fluid 

 

Limitations of rheology testing need to be overcome before testing can be 

successfully accomplished.  Since sputum acts as a colloid it is composed of two 

phases: the internal phase is known as the dispersed phase, which is within the 

dispersion medium known as the continuous phase.  In a colloidal system undergoing 

a multi-phase system, the disperse phase may undergo a slip, which needs to be taken 

into account (Barnes, 2000).  Static effects lead to constraints acting on the particles 

in the disperse phase adjacent to the walls, and steric, hydrodynamic, viscoelastic and 

chemical forces arise in the suspension flowing near the smooth walls.  This leads to 

the continuous phase being present at the boundary of the smooth wall, which is 

usually of low viscosity.  This may lead to the easier flow of the colloid near the 

boundary due to a lubrication effect known as “wall slip” which can introduce errors 

into the bulk viscoelastic measurement (Barnes, 2000).  Hence, the effects of “wall 

slip” need to be tested and accounted for prior to rheological analysis. 
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1.8 Aims 

The aims of this study were to investigate the role of the alginate oligomer, 

OligoG, in disrupting bacterial and fungal biofilms.  These studies aimed to further 

our understanding into the mechanism by which this low MW alginate oligomer 

interacts with microorganisms, as well as with mucin and CF sputum.   

The specific aims of this study were to: 

 Analyse changes in bacterial surface charge and sizing when treated with 

OligoG. 

 Assess the ability of OligoG to inhibit or disrupt a mucoidal bacterial isolate 

and to study the disruption of OligoG within the biofilm. 

 Investigate the interaction of OligoG with mucin and CF sputum. 

 Quantify the rheological changes in CF sputum treated with OligoG. 

 Characterise the interaction of OligoG with fungal pathogens. 
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2.1 Introduction 

2.1.1 Bacterial adhesion 

Bacterial adhesion is influenced by properties of the bacterium, substratum, as 

well as the surrounding environmental conditions.  For example, bacterial adhesion is 

known to be influenced by cell hydrophobicity, motility, release of extracellular 

substances (e.g. polysaccharides), proteins, bio-surfactants and surface charge 

(Roosjen et al., 2006).  In addition, there are many substratum factors also involved 

in cell surface attachment including; surface conditioning, mass transport, bulk 

surface roughness and surface micro-topography (Palmer et al., 2007a).  Initial cell 

attachment as a prelude to bacterial biofilm formation (described in section 1.3.3) is 

of vital importance as all other cells rely on these interactions between the surface 

and bacterial cell for their own attachment and survival.   

 

2.1.2 Derjaguin and Landau, Verwey and Overbeek (DLVO) theory 

Both ionic strength and pH are important variables to examine when 

considering the Derjaguin and Landau, Verwey and Overbeek (DLVO) theory (see 

section 1.5.2.2-1.5.2.3) for adhesion analysis of Gram-negative bacteria (Shephard et 

al., 2010).  The charged groups on the lipopolysaccharide (LPS) of the Gram-

negative cell wall can associate and dissociate under these variables, including when 

they approach another charged surface, be it another bacterium or a substratum 

(Poortinga et al., 2002).  This can then drive changes in cell surface appendages, not 

included in the DLVO theory, e.g. fibrils, flagella or fimbriae (Hermansson, 1999).   

 

2.1.3 Electrophoretic light scattering (ELS): zeta potential (surface charge) 

The zeta potential is deduced from electrophoretic mobility measurements (UE) 

from within an electric field.  Since the zeta potential can be calculated from the 

electrophoretic mobility measurements (Poortinga et al., 2002), the model used for 

large particles is that of Smoluchowski.  The Smoluchowski equation is derived from 

Henry’s equation, which is: 

)(
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where εo is the Relative Dielectric Constant, εr is the Electrical Permittivity of a 

Vacuum, ζ is the Zeta Potential, η is the Solution Viscosity, f (κa) is the Henry’s 

function (which is the ratio of particle radius to double layer thickness), κ is the unit 

of reciprocal length (where 1/κ is equal to the "thickness" of the electrical double 

layer known as the Debye length) and ‘a’ is the particle radius.   

The Smoluchowski approximation can be applied when particles are larger in 

size and dispersed within an aqueous moderate electrolyte concentration, where   f 

(κa) = 1.5.  Therefore the Smoluchowski equation is: 


 ro

EU 
 

The Smoluchowski approximation is valid for the sizes of most bacteria and viruses 

(Wilson et al., 2001).   

 

2.1.4 Dynamic light scattering (DLS): cell sizing 

Dynamic light scattering (DLS) is based around Brownian motion which is the 

random motion of particles in a solution (Malvern, 2014a).  When monochromatic 

light hits small particles, the light scatters in all directions (Berne and Pecora, 2000, 

Schatzel, 1991).  Light scattering from a suspension of particles undergoing 

Brownian motion fluctuates with time.  Random fluctuations around a mean are seen 

over long time periods.  However for shorter time scales, the particles have 

insufficient time to move far from their initial position and the intensity of the signals 

can therefore be correlated across small time spans.  Distribution of diffusion 

coefficients can be recorded, from which particle size distribution can be calculated 

(Malvern, 2014a).   

Refractive index differences of solutions affect light scattering (i.e. 

fluctuations) caused by random thermal motion, but can also be influenced by other 

confounding factors (Schatzel, 1991) such as viscosity and virial effects.  The virial 

effect occurs due to attractive or repulsive electrostatic interactions between 

particles.  Modern DLS can provide diffusion coefficient measurements for samples 

of high concentrations.  At higher concentrations there is an increased possibility that 

a scattered photon will interact with another macromolecule, increasing re-scattering, 

(known as multiple scattering).  Viscous drag can add to resistance in Brownian 

motion.  Hence the Stokes-Einstein equation takes viscosity into account to calculate 
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the hydrodynamic size from the measured diffusion coefficient.  Fortunately, no 

change in DLS distribution up to a relative concentration of about 10% has been 

noted  (Malvern, 2014b).  The new Zeta Sizer Nano takes these interactions into 

account during analysis.   

 

2.1.5 Atomic force microscopy 

Analysis of the microbial cell surface is recognised as being increasingly 

important since it separates the cell from its immediate environment.  The cell wall 

has many functions, including providing shape to the organism, protecting the 

cytoplasm and its contents, supporting the internal turgor pressure of the cell, 

providing a molecular sieve and controlling the interactions of cell adhesion and 

aggregation (Ahimou et al., 2002).  Atomic Force Microscopy (AFM) is an essential 

tool to visualise and analyse microbial systems and gives a unique insight into their 

behaviour and relationship with the environment (Wright et al., 2010, Dufrene, 

2002).  AFM also has the ability to image nanostructures and surface components on 

the exterior of bacterial cell surfaces (Dorobantu and Gray, 2010, Sheu et al., 2010).   

Bacterial samples for AFM are routinely immobilised on to an anatomically 

flat surface, e.g. mica or gold (Parot et al., 2007).  Mica is often chosen due to its 

extremely even surface, as well as its ability to be cleaved and hence allow removal 

of contamination.  Other studies have also previously used poly-L-lysine (0.01%) as 

a surface coating to facilitate bacterial attachment (Hwang et al., 2012).   

During imaging, it is important to be aware of possible artefacts arising on 

resulting images.  The size and shape of an AFM probe is an important component in 

determining image contrast as it may lead to a broadening of surface features because 

of the finite size of the AFM probe in comparison to surface features.  The sample 

can interact with the sides of the probe, leading to the resulting image being a 

combination of real sample topography and the probe geometry (Dufrene, 2002).   

 

2.1.6 Lipopolysaccharide  

Gram-negative bacteria have charged surface LPS molecules which may be 

influenced by ionic strength, and in turn may affect cell surface charge properties and 

hydrophobicity.  P. aeruginosa has the ability to alter the function of its LPS in 
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conjunction with environmental changes, as described in section 1.3.1 (Shephard et 

al., 2010).  P. aeruginosa has an extremely diverse physical/genetic variability which 

enables it to colonise and proliferate in a diverse range of habitats and is an important 

opportunistic human pathogen in a range of chronic human disease.  These studies 

have focused on P. aeruginosa which is of particular importance in cystic fibrosis 

(CF) where it represents the dominant, persistent pathogen (Yang et al., 2011b).   

 

2.2 Aims 

The hypothesis of this study was that OligoG interacts with the cell surface of 

planktonic bacteria to disrupt bacterial attachment and subsequent biofilm formation.  

Interactions between OligoG and planktonic bacteria were investigated at the 

nanoscale level.   

The specific aims of these studies were:  

 To quantify changes in bacterial cell surface charge and size induced by 

OligoG using zeta potential (using ELS) and sizing analysis (using DLS).   

 To study the resistance of the interactions of OligoG and the bacterial surface 

to hydrodynamic shear.   

 To study the interaction between OligoG and the surface structure of P. 

aeruginosa using AFM.   

 To quantify any interactions between OligoG and LPS using zeta potential 

analysis through ELS and sizing analysis through DLS respectively.   

 

2.3 Materials and Methods 

2.3.1 Electrophoretic and dynamic light scattering buffer (zeta potential and cell 

sizing measurements) 

CF patients have a deficiency in their CF transmembrane conductance 

regulator gene (CFTR) which is important for channelling chloride ions across cell 

membranes.  Both ELS and DLS measurements of P. aeruginosa were, therefore, 

performed at three ionic strengths (0.1 M, 0.01 M and 0.001 M NaCl).  The buffer 

pH (5-9) was also varied to correspond to the range of pHs observed within the CF 

lung (Fischer and Widdicombe, 2006).   
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2.3.2 Electrophoretic and dynamic light scattering sample preparation (zeta 

potential and cell sizing measurements)  

2.3.2.1 Alginates 

Zeta potential (ELS) and sizing analyses (DLS) were performed using two 

alginates, OligoG (CF-5/20) and Protanal® (LF-10/60).  Protanal® has a high MW 

(100 kDa) with a higher M:G ratio (%G: 65-67%) compared to OligoG (%G: 90-

95%; 2600 Da; 5-20 repeating monomers).  Protanal® (10% w/v) and OligoG (10% 

w/v) were dissolved in each electrolytic solution (0.1 M, 0.01 M and 0.001 M NaCl 

at pH 5, 7 and 9) prior to loading 1 ml into the folded capillary cell for analysis.  For 

accurate analysis of planned hydrodynamic shear experiments, ELS and DLS 

measurements of centrifuged OligoG was required, therefore, 10% OligoG (w/v) was 

also dissolved in buffer and centrifuged for 3 mins at 5,500 g for analysis.   

 

2.3.2.2 Pseudomonas aeruginosa treated with OligoG 

Cells were prepared for ELS and DLS as previously described by Klodzinska 

et al. (2010).  Briefly, single colonies of P. aeruginosa (PAO1) were inoculated into 

sterile Mueller-Hinton (MH) broth (Oxoid; Basingstoke, Hampshire), incubated at 

37ºC O/N, (shaking at 60 rpm) and 1 ml of the medium was centrifuged at 5,500 g 

for 3 mins.  The supernatant was removed and the pellet washed (x2) in 1 ml of 

dH2O and the pellet re-suspended in 100 µl of appropriate buffer.  A cell 

concentration of 20% (v/v) was used as well as additional tests carried out using 2% 

(v/v) P. aeruginosa (PAO1) in 0.01 M NaCl, at pH 5 with appropriate controls.  

Initial experiments showed that the use of high salt concentrations (>0.1 M NaCl) 

corroded the electrodes of the folded capillary cell (DTS1061 Malvern Instruments), 

with subsequent large increases in the variability of results (see Appendix I) so this 

buffer was not used further.   

For the P. aeruginosa (PAO1)-only control, 20 µl of the bacterial stock 

suspension in 100 µl of test buffer was re-suspended in 1 ml of test buffer defined 

prior to being left to stand for 20 mins.  It was then centrifuged (2,500 g; 6 mins), the 

supernatant was removed and cells re-suspended in 1 ml of buffer.  The sample was 

loaded into the folded capillary cell, using a syringe for ELS and DLS analysis.   
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For the OligoG-treated P. aeruginosa (PAO1) samples, 20 µl of the bacterial 

suspension in 100 µl of test buffer were re-suspended in 1 ml of buffer containing 

OligoG (0.2, 2 and 10%) and left to stand for 20 mins.  Samples were then 

centrifuged (2,500 g; 6 mins), the supernatant removed, and then re-suspended in 1 

ml of test buffer.  Analysis of the effect of OligoG involved use of both OligoG-

treated cell samples and supernatants using ELS and DLS analysis.   

 

2.3.3 Atomic force microscopy sample preparation  

Preparation for AFM imaging of P. aeruginosa (PAO1) followed the protocol 

described in section 2.3.2.2, but the buffer was replaced with dH2O to prevent crystal 

formation which could damage the AFM tip.  Five 7 µl samples were placed onto 

0.01% poly-L-lysine coated mica plates (Agar Scientific) and allowed to air-dry for 

40 mins in a sterile hood.   

Streptococcus mutans DSM 20523 (ATCC 25175) was grown in Tryptone Soy 

Broth (TSB; LabM, Heywood, Lancashire) and incubated in a CO2 cabinet for 72 h.  

Porphyromonas gingivalis NCTC 11834 (ATCC 33277) was grown in Fastidious 

anaerobe broth (FAB) in an anaerobic cabinet for 48 h.  Both bacteria were then 

washed as described for P. aeruginosa (PAO1) in section 2.3.2.2.  

The optimal concentration for OligoG imaging varied for the bacterial strains 

used.  Treated samples were, therefore, re-suspended in OligoG (0.2 and 0.5% w/v 

for P. aeruginosa (PAO1); 0.5 and 0.7% w/v for S. mutans and 0.1 and 0.3% w/v for 

P. gingivalis). 

 

2.3.4 Electrophoretic light scattering (zeta potential measurements) 

A Zetasizer Nano ZS (Malvern Instruments) with disposable capillary cells 

(DTS1061 Malvern Instruments) was used for zeta potential analysis (ELS).  The 

zeta potential of P. aeruginosa (PAO1) was calculated by applying the 

Smoluchowski model (Wilson et al., 2001).  Prior to each experiment, the folded 

capillary cell was thoroughly cleaned by washing with 70% ethanol (v/v), followed 

by a thorough rinse protocol in dH2O.  Then, 1 ml of the sample was loaded into the 

cell, ensuring no air bubbles were incorporated.  Ten measurements were taken for 

each test condition and the mean and standard deviations calculated.   
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2.3.5 Dynamic light scattering (cell sizing measurements) 

Tests for size (DLS) were performed on P. aeruginosa (PAO1) cells to detect 

any possible changes in size in the presence of OligoG.  The refractive index value 

and absorption options on the software were selected (1.39 and 0.001 respectively).  

A previous study had reported bacteria having a similar refractive index at 1.42 

(Foladori et al., 2008).  The temperature used was 25ºC for all experiments as for 

previous studies on P. aeruginosa (Bruinsma et al., 2001, Nagant et al., 2011) with 

an equilibrium time of 2 mins to allow stabilisation of the test vessel between runs.  

Ten measurements were taken for each test condition; and the mean and standard 

deviations calculated.   

 

2.3.6 Atomic force microscopy 

AFM was carried out on P. aeruginosa (PAO1), S. mutans and P. gingivalis 

cells to detect any possible changes in cell morphology in the presence of OligoG.  A 

Dimension 3100 AFM (Bruker) was used to achieve AFM images in an air 

environment.  The experiment was carried out under tapping mode operation (Soon 

et al., 2009) with OTESPA tips (Bruker).  The images were collected at a frequency 

of 0.8 Hz and image resolutions of 1024 x 1024.  A 10 μm2 area was initially 

scanned, followed by more detailed imaging over a 5 μm2 area.   

 

2.3.7 Hydrodynamic shear 

To analyse the strength of any bacterial-OligoG interactions, test samples were 

exposed to hydrodynamic shear.  For this, P. aeruginosa (PAO1) cultures were 

grown O/N in MH broth ± 10% OligoG (24 h, shaking 60 rpm, 37°C).  Triplicate 1 

ml samples were taken from the O/N culture.  The first sample was analysed with no 

wash step.  The second sample was centrifuged at 5,500 g; 3 mins, and re-suspended 

in buffer prior to analysis.  The third sample underwent 2 wash steps by 

centrifugation at (5,500 g; 3 mins) and the pellet was re-suspended in 1 ml buffer 

(0.01 M NaCl, pH 5) prior to ELS and DLS analysis.   

To determine the effect of hydrodynamic shear, AFM imaging was carried out 

following each wash stage.  For this, a sample was dried onto 0.01% poly-L-lysine 

coated mica plates (Agar Scientific) as previously described.   
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2.3.8 Lipopolysaccharide 

Due to anomalies of the results with the buffer at 0.1 M NaCl, the closest 

clinically relevant buffer solution of 0.01 M NaCl, pH 5 was chosen for analysis of 

the interactions between OligoG and LPS.  The LPS used (source strain ATCC 

27316, Sigma L 9143) was from P. aeruginosa serotype 10 (Muraschi et al., 1966).  

Initial experiments were carried out at 1% LPS (w/v) ± 2% OligoG (w/v).  LPS and 

OligoG were mixed and placed in a water bath at 37°C for 4 h before ELS and DLS 

analysis on the Zetasizer nano ZS (Malvern instruments) following the same 

parameters described in sections 2.3.4 and 2.3.5.  Following this experiment, the 

concentration of OligoG was lowered to 0.2% due excess OligoG interference with 

the results, whilst maintaining LPS at 1%.  This was also incubated for 4 h prior to 

ELS and DLS analysis.   

 

2.3.9 Statistical analysis 

Graph Pad Prism® was used for statistical analysis.  Group wise comparisons 

were analysed by the nonparametric Kruskal-Wallis one-way analysis of variance 

followed by the Mann-Whitney test.  To account for multiple testing, the Bonferroni-

Holm correction was applied to adjust P values.   

 

2.4 Results 

2.4.1 Alginate oligosaccharides Protanal
®
 and OligoG 

Overall, OligoG was found to have a wide distribution of charge at the applied 

salt concentration, which slightly extended into being positive (Fig 2.1).  The mean 

zeta potential of the OligoG control was negative in value and did not differ greatly 

across all the salt concentrations used (0.01 M and 0.001 M NaCl) nor for the 

different pHs (5, 7 and 9) tested, with the peak values ranging between -18.6 mV 

±1.2 to -22.4 mV ±1.0 (Table 2.1).  Sizing measurements for OligoG were also 

similar across all buffer solutions ranging between 1.32 nm ±0.29 in 0.01 M NaCl; 

pH 9 and 1.62 nm ±0.33 in 0.001 M NaCl; pH 5 (Table 2.1).   

The effect of a wash step on the OligoG control (in 0.01 M NaCl, pH 5) 

showed little difference between the pre- and post-spin samples for both zeta 
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potential analysis (-17.60 mV ±1.55 and -18.64 mV ±1.15 respectively; Fig 2.2A) 

and sizing experiments (1.40 nm ±0.31 and 1.57 nm ±0.38 respectively; Fig 2.2B) 

and no pellet was obtained from the suspension.   

Due to the highly viscous nature of 10% Protanal® (w/v), it was not possible to carry 

out zeta potential measurements at this concentration, so all subsequent experiments 

were carried out at 2% Protanal® instead, whilst maintaining the concentration of 

OligoG at 10%.  Protanal® was found to be far more negatively-charged than OligoG 

in all the buffer combinations tested (Fig 2.3).  Changes in pH had little effect on 

zeta potential values for either alginate; however Protanal® demonstrated a wider 

range of zeta potential values than OligoG at the different salt concentrations used.  

There was an observable greater negative-charge with decreasing NaCl concentration 

at all pH values for Protanal®, a trend not consistently shown by OligoG (Fig 2.3).  

Sizing was very uniform and constant for OligoG whilst Protanal® showed single, 

double or triple peaks forming at all pHs tested.  Protanal® showed a wider base of 

the peaks and resulted in a large amount of clumping (Fig 2.4).   

 

2.4.2 Pseudomonas aeruginosa control 

The zeta potential values obtained for the P. aeruginosa (PAO1) control did 

not appear to be affected by pH, not varying greatly between pH values of 5, 7 and 9 

(-30.9 mV ±0.80 to -30.0 mV ±0.97, at 0.01 M NaCl; Fig 2.5A).  Distinct differences 

were seen in both salt buffers tested, with a more negative-charge observed with a 

decrease in NaCl concentration.  A uni-modal peak was seen for P. aeruginosa 

(PAO1) alone at all buffer concentrations (Fig 2.5B).  The mean size of P. 

aeruginosa (PAO1) cells was 914 nm ±284 in 0.01 M NaCl, pH 5 (Fig 2.5C).   
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Fig 2.1: Typical zeta potential distributions for 10% OligoG control in 0.01 M 
NaCl, pH 5. 
 
 
 
 
 

 
Table 2.1: Zeta potential (mV) and sizing (nm) analysis of the 10% OligoG 
control in a range of buffer solutions (n=10 ±standard deviation).   

 

Buffers Mean Zeta potential (mV) Mean Sizing (nm) 

0.01 M NaCl, pH 5  -18.6 ±1.2 1.58 ±0.44 

0.01 M NaCl, pH 7  -22.0 ±1.5 1.50 ±0.37 

0.01 M NaCl, pH 9  -20.0 ±1.7 1.32 ±0.29 

0.001 M NaCl, pH 5  -22.4 ±1.0 1.62 ±0.33 

0.001 M NaCl, pH 7  -21.2 ±0.9 1.49 ±0.32 

0.001 M NaCl, pH 9  -21.6 ±0.9 1.51 ±0.35 
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Fig 2.2: Effect of a wash step, pre-spin sample (blue solid line) and post-spin sample (red solid line) on 
A) Zeta potential analysis (mV) and B) Sizing measurement (nm) distribution of OligoG control in 0.01 

M NaCl, pH 5 buffer.    

A 

B 
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Fig 2.3: Zeta potential (mV) measurements of Protanal® (2%) and OligoG (10%) in 
0.01 M and 0.001 M NaCl, pH 5, 7 and 9.  Mean value (n=10) ± standard deviation. 
 
 
 
 
 
 

pH 5 pH 7 pH 9 
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Fig 2.4: A typical sizing distribution (nm) A) OligoG 10% (red solid line) and B) Protanal® 2% (blue solid line) in 0.01 M 

NaCl, pH 5 buffer. 
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Buffer (NaCl) 

Zeta potential 

(mV) ±SD 

Sizing (nm)  

±SD 

0.01  M,  pH 5 -30.9±0.80 914.3±284.1 

0.01  M,  pH 7 -30.8 ±0.85 575.3±45.7 

0.01  M,  pH 9 -30.0 ±0.97 1003.1±84.9 

0.001 M, pH 5 -39.5 ±0.50 1158.8±123 

0.001 M, pH 7 -38.8 ±0.64 1136.0±57.6 

0.001 M, pH 9 -37.2 ±0.69 633.09±38.8 

A B 

C 

Fig 2.5: P. aeruginosa (PAO1) only control.  A) Zeta potential and sizing analysis at a range of buffer concentrations, B) Zeta potential 

(mV) distribution in 0.01 M NaCl, pH 5 buffer (n=10) and C) Sizing measurements (nm) in 0.01 M NaCl, pH 5 buffer.  
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2.4.3 Pseudomonas aeruginosa and OligoG 

As already stated above, the P. aeruginosa (PAO1) control produced a uni-

modal zeta potential peak in buffer 0.01 M NaCl, pH 5 (Fig 2.6A).  When P. 

aeruginosa (PAO1) was combined with OligoG (after 20 min), zeta potential 

measurements using ELS were initially masked by the excess of OligoG in the 

solution as noted by the wide bell-shaped curve obtained (-75 mV to +48 mV; Fig 

2.6A).  After the washing step it became evident that OligoG treatment induced a 

significant alteration in the surface charge (zeta potential) of the bacteria.  OligoG 

treatment increased the overall mean negative bacterial surface charge from -30.9 

mV ±0.8 to -47.0 mV ±2.3 in 0.01 M NaCl, pH 5 buffer.  This change was evident at 

all pH values used (pH 5–9; P<0.001) and at salt concentrations of 0.001 M and 0.01 

M NaCl.  In the case of P. aeruginosa (PAO1) cells that had been treated with 

OligoG and then washed, a secondary and more negative peak occurred (Fig 2.6A), 

(-57.8 mV ±2.7; 0.01 M NaCl, pH 5).  Although the mean zeta potential became 

more negative (Fig 2.6B and 2.6C respectively), when analysing the individual peaks 

it became evident that this effect occurred due to a secondary more negative peak 

forming at both 0.01 M and 0.001 M NaCl. 

To further analyse these findings, sizing measurements (DLS) were carried out 

using the same buffers.  P. aeruginosa (PAO1) was found to be much larger in size 

than OligoG and showed a greater variability in size between pHs (Fig 2.5A and 

Table 2.1 respectively).  For example, in 0.001 M NaCl buffer at pH 9, the values 

were lower at 632.89 nm compared to 1191.30 nm at pH 5.  Interestingly at 0.01 M 

NaCl, the size was lowest and considerably smaller at neutral pH (pH 7) compared to 

pH 5 and 9; this effect was not evident in 0.001M NaCl.  When P. aeruginosa 

(PAO1) was tested in combination with OligoG, it was evident that aggregation had 

occurred, which was maintained even after washing.  Sizing analysis using DLS 

showed a 2-3 fold increase in the measured size for 10% OligoG-treated cells pre-

wash (e.g. 914 nm ±284 to 2599 nm ±472; in 0.01 M NaCl, pH 5; Fig 2.7A) at all pH 

values (pH 5-9; P<0.001) and at salt concentrations of 0.001 M and 0.01 M NaCl 

(Fig 2.7B and 2.7C respectively).   
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Fig 2.6: A) Untreated P. aeruginosa (PAO1) cells only (blue solid line); P. aeruginosa (PAO1) treated with 10% OligoG (pre-wash; 
red solid line) and P. aeruginosa (PAO1) treated with 10% OligoG (post-wash; green solid line) in 0.01 M NaCl, pH 5 buffer.  B) 
Zeta potential peaks at pH 5-9 in 0.01 M NaCl.  C) Zeta potential peaks in pH 5-9 at 0.001 M NaCl.   

pH 5 pH 7 pH 9 pH 5 pH 7 pH 9 

A 

B C 
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Fig 2.7: Sizing analysis of A) Untreated P. aeruginosa (PAO1) control cells (blue solid line); P. aeruginosa (PAO1) treated 
with 10% OligoG, pre-wash (red solid line); P. aeruginosa (PAO1) treated with 10% OligoG, post-wash (green solid line) in 
0.01 M NaCl, pH 5 buffer. Sizing values for untreated P. aeruginosa (PAO1) control cells (red), pre- (blue) and post- (green) 

wash at B) 0.001 M NaCl and C) 0.01 M NaCl at pH 5-9.  

C 

A 

B 
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2.4.4 Concentration effects of Pseudomonas aeruginosa  

Using P. aeruginosa (PAO1) at a lower concentration (2% instead of 20% v/v) 

resulted in zeta potential measurements for P. aeruginosa (PAO1) which were 

maintained at both buffer concentrations (-30.0 mV ±0.77 Vs -30.9 mV ±0.80 

respectively).  When combined with OligoG, a secondary, more negative peak was 

formed, showing the interaction of OligoG with the surface of the P. aeruginosa 

(PAO1) cells, which was maintained over both  P. aeruginosa (PAO1) 

concentrations tested (P<0.05).  Fig 2.8A shows the uni-modal peak produced by 2% 

(v/v) P. aeruginosa (PAO1) and how this became more negative after OligoG 

treatment in 0.01 M NaCl, at pH 5.  It had been previously shown that P. aeruginosa 

(PAO1) sizing was affected by OligoG treatment (Fig 2.7) and the use of the lower 

P. aeruginosa (PAO1) concentration again showed that aggregation of the cells had 

occurred, as seen by the increase in peak size and the wider base of the peak (Fig 

2.8B).  The initial sizing of P. aeruginosa (PAO1) (2%) was 598.7 nm ±97, with an 

increase to 1761.0 nm ±469 when treated with OligoG (P=0.0015).   

 

2.4.5 Concentration effects of OligoG 

Zeta potential and sizing analyses was used to examine the effect of reduced, 

more clinically-relevant, concentrations of OligoG (0.2% and 2%) on P. aeruginosa 

(PAO1) cells.  OligoG treatment resulted in an increase in the overall negative 

bacterial surface charge (Fig 2.9A) in both 0.2% and 2% OligoG (Fig 2.9B; 

P<0.001).  The effects of 0.2% and 2% OligoG treatment on size were less marked 

(Fig 2.10). The wider base distribution indicates possible aggregation of P. 

aeruginosa (PAO1) with 0.2% OligoG post-wash. 
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B 

A 

Fig 2.8: A) Zeta potential analysis (mV) and B) Size distribution analysis (nm) of untreated P. 

aeruginosa (PAO1) (2% v/v) cells alone (blue solid line) and P. aeruginosa (PAO1) (2% v/v) 

treated with 10% OligoG (red solid line). Both sets of data analysed in 0.01 M NaCl, pH 5.   
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Mean Zeta Potential (mV) 

P. aeruginosa (PAO1) P. aeruginosa (PAO1) 

& OligoG  

(pre-wash) 

P. aeruginosa (PAO1) 

& OligoG  

(post-wash) 

0.2% OligoG -31.5 ±0.6 -36.0 ±0.9 -34.4 ±0.6 

2% OligoG -30.9 ±0.8 * -33.3 ±0.9 

 

Fig 2.9: Typical zeta potential distributions in 0.01 M NaCl, pH 5 of A) Untreated P. aeruginosa 
(PAO1) cells only (blue solid line); P. aeruginosa (PAO1) treated with 0.2% OligoG (post-wash; 
red solid line) and B) Mean zeta potential values (mV) of P. aeruginosa (PAO1) after OligoG 

(0.2% and 2%) treatment (2%; P<0.001). *Not determined as OligoG masked this measurement.  

A 
 
 
 
 
 
 
 
 
 
 
 
 
 

B 
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  Mean Sizing (nm)  

 P. aeruginosa 

(PAO1) 

P. aeruginosa 

(PAO1) + OligoG 

(pre-wash) 

P. aeruginosa 

(PAO1) + OligoG 

(post-wash) 

0.2% OligoG 837.0 ±74.8 872.9 ±61.3 1131.9 ±137.5 

2% OligoG 900.1 ±49.4 970.9 ±96.3 905.9 ±71.6 

Fig 2.10: A) Typical size distribution by volume in 0.01 M NaCl, at pH 5 of P. aeruginosa 
(PAO1) (blue solid line); P. aeruginosa (PAO1) treated with 0.2% OligoG (post-wash; red 
solid line) and B) Corresponding mean sizing values (nm) for P.aeruginosa (PAO1) with 
and without 0.2-2% OligoG.  

A 

B 
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2.4.6 Atomic force microscopy 

The interaction of OligoG with P. aeruginosa (PAO1) was studied using AFM to 

visualise the effect of OligoG on the morphology of the P. aeruginosa (PAO1) cells.  

Fig 2.11A shows the untreated P. aeruginosa (PAO1) control cells in comparison to the 

treated samples (0.2-0.5% OligoG; Figs 2.11B-C) where AFM clearly demonstrated the 

binding of OligoG to the cell surface of P. aeruginosa (PAO1).  Furthermore, Fig 2.11B 

shows OligoG not only binding to the cell wall, but demonstrates its interaction with the 

bacterial flagella.  There were no apparent changes in cell morphology observed, but 

aggregation was evident with the aggregated cells surrounded by OligoG (Fig 2.11C).  

In contrast, AFM of other bacterial species such as oral bacteria treated with OligoG 

showed distinct changes in cell morphology after OligoG treatment (Fig 2.12).  In this 

case, the effect on planktonic cells varied depending on the species being studied.  

Whilst untreated S. mutans produced distinct chains with altered cellular morphology, 

on exposure to OligoG, obvious cellular aggregation and ‘clumping’ was observed.  

Interestingly, AFM showed that OligoG caused a complete collapse or flattening of P. 

gingivalis cells.  The cells appear to be lysed and have undergone a complete loss of 

cellular structure.   
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Fig 2.11: AFM images (4 μm) of A) P. aeruginosa (PAO1) cells, B) P. 

aeruginosa (PAO1) treated with 0.2% OligoG (post-wash), z scale of 800 
nm and C) image (7μm) of P. aeruginosa (PAO1) treated with 0.5% 
OligoG (post-wash), z scale of 700 nm.   

B 

A 

      TOPOGRAPHY                      PHASE                      AMPLITUDE                  

C 
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Fig 2.12: AFM images of Streptococcus mutans DSM 
20523 (ATCC 25175) and Porphyromonas gingivalis 
NCTC 11834 (ATCC 33277) cells ± OligoG.   

P. gingivalis +  
0.1% OligoG (5 µm) 

S. mutans + 0.5% 
OligoG (20 µm) 

P. gingivalis (5 µm) 

S. mutans (20 µm) 

  

 TOPOGRAPHY               PHASE                 AMPLITUDE                  
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2.4.7 Hydrodynamic shear 

The interaction between P. aeruginosa (PAO1) and OligoG was further 

demonstrated by P. aeruginosa (PAO1) cells grown in the presence of OligoG being 

subjected to hydrodynamic shear.  This involved repeated washing in dH2O, followed 

by centrifugation and analysis at each different wash step (n=2), to detect the strength of 

interaction between P. aeruginosa (PAO1) and OligoG.  The buffer solution chosen for 

this series of tests was 0.01 M NaCl, pH 5.  Zeta potential and sizing measurements 

were then compared to an untreated P. aeruginosa (PAO1) control washed in the same 

way.   

The zeta potential values revealed that P. aeruginosa (PAO1) cells grown in 

OligoG exhibited an overall more negative bacterial surface charge which was 

significantly different for each of the hydrodynamic shear tests (washes) when 

compared to P. aeruginosa (PAO1) alone (30.0 mV ±0.9 to -33.1 mV ±1.1; 0.01 M 

NaCl, pH 5; 2nd wash; P<0.005).  The zeta potential distributions revealed that the 

secondary, more negative zeta potential peak remained after application of 

hydrodynamic shear, although the secondary peak size reduced in magnitude by 

approximately half after the 1st wash (P<0.0001; Fig 2.13A).   

P. aeruginosa (PAO1) sizing increased after OligoG treatment, with Fig 2.13B 

showing the increase in size from 869 nm ±74 for P. aeruginosa (PAO1) to 1423 nm 

±145 when grown in OligoG and washed twice (P<0.0001), as seen by the wider base of 

the peak (Fig 2.13B).   

AFM analysis confirmed the results obtained from the zeta potential and sizing 

analyses, showing OligoG bound to the cell surface.  Although the majority of the cell 

surface associated OligoG was removed by the initial exposure to hydrodynamic shear 

(i.e. the wash steps), OligoG remained bound to the cell surface, and this was evident 

after two wash steps and was associated with cellular aggregation (Fig 2.14).   

Reducing the centrifugation step from 5,500 g to 3,300 g produced very similar 

results.  The zeta potential maintained its more negative peak until the 2nd wash step 

(P=0.0001) and the bimodal peak again was maintained after two washes (P=0.0039; 

see Appendix I).  Sizing again demonstrated the clumping that occurred in the presence 

of OligoG.   
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Fig 2.13: Effect of hydrodynamic shear on A) Zeta potential (surface charge) and B) Cell sizing measurements 
of P. aeruginosa (PAO1)/OligoG binding. No wash (blue solid line), 1st wash (red solid line) and 2nd wash (green 

solid line).  

A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
B 
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No wash  1

st
 wash  2

nd
 wash 

 
Mean Zeta Potential (mV) 

P. aeruginosa (PAO1) -29.9 ±0.6  -29.3 ±0.5  -30.0 ±0.9 

P. aeruginosa (PAO1) + OligoG -35.9 ±1.6  -32.5 ±1.1  -33.1 ±1.1 

 Mean Sizing (nm) 

P. aeruginosa (PAO1) 902 ±123  728 ±36  869 ±74 

P. aeruginosa (PAO1) + OligoG 2085 ±952  1346 ±128  1423 ±145 

Fig 2.14: Effect of a hydrodynamic shear test at 5,500 g for 3 mins on OligoG treated 
cells tested in 0.01 M NaCl, pH 5 A) Mean zeta potential values (mV) and mean sizing 
values (nm). B) Corresponding AFM amplitude images of P. aeruginosa (PAO1) grown 
in 10% OligoG after each of three hydrodynamic shear tests. 

A 

B 
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2.4.8 Lipopolysaccharide 

The effect of 2% OligoG on the zeta potential (surface charge) of LPS was 

tested.  The test samples at this concentration were found to be dominated by the 

OligoG so could not be measured.  The OligoG concentration was therefore lowered 

to 0.2%.  There was no significant difference in the zeta potential value when 1% 

LPS was combined with 0.2% OligoG at all pH values measured using 0.01 M NaCl 

buffer (Table 2.2).   

 
Table 2.2: Zeta potential measurements for 0.2% OligoG, 1% LPS and combined in 
0.01 M NaCl buffer at pH 5, 7 and 9. 
 

 
Zeta Potential (mV) 

 
0.2% OligoG 1% LPS 1% LPS and 0.2% OligoG 

pH 5 -28.6 ±9.71  -40.4 ±2.82 -37.7 ±2.40 

pH 7 -41.7 ±3.96 -36.0 ±1.81 -36.5 ±2.63 

pH 9 -40.0 ±4.10 -36.3 ±3.66 -37.7 ±2.47 

 

In contrast to the surface charge data, sizing of the LPS only control produced 

a large standard deviation (99.77 nm ±51.17).  When LPS was combined with 0.2% 

OligoG, no change in size occurred, producing a similar result of 95.73 nm ±46.25 in 

0.01 M NaCl, pH 5. 

 

2.5 Discussion 

Biofilm growth is governed by a number of physical, chemical and biological 

processes.  The initial stages of bacterial adhesion involve the transport of cells to a 

surface.  Bacteria readily attach to surfaces when in contact with liquid present in 

bulk flow, carrying organic and inorganic substances.  This can ultimately lead to a 

higher concentration of nutrients on the surface than in the liquid phase.  Adsorption 

of organic molecules like proteins may condition the surface and alter its physical-

chemical properties.  Factors involved in bacteria adhesion to surfaces include 

electrostatic charges, surface free energy, hydrophobicity (Stover et al., 2000), 

physical interactions, such as hydrodynamic forces, Brownian motion and bacterial 

appendages e.g. flagella-mediated locomotion.  Initial (reversible) adhesion is 
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governed by “long range forces” including: electrostatic (double-layer) interactions 

(usually repulsive due to negative-charges of the cells and surface), steric 

interactions and van der Waals forces (attractive) (Garrett et al., 2008, Jenkins et al., 

2005).  These cell-surface interactions are altered by bacterial surface charge, ionic 

strength of the suspending medium and pH (Soni et al., 2008).  Determination of the 

surface charge properties of P. aeruginosa (PAO1) in the presence of OligoG in an 

aqueous environment may facilitate our understanding of potential cell-surface 

interactions in these early stages of bacterial attachment and subsequent biofilm 

growth.  Since we cannot measure the cell surface charge directly per se, it is 

characterised by its zeta potential (Soni et al., 2008).   

OligoG is negatively-charged, which greatly improves its chance of penetration 

through bacterial extracellular polymeric substance (EPS).  Fluorescence correlation 

spectroscopy has previously found limitations in diffusion of latex beads in the 

biofilm matrix due to EPS (Guiot et al., 2002), where cationic latex beads within 

biofilms showed no fluorescence correlation signals in comparison to the anionic 

particles of the same size containing the same fluorophore, demonstrating the role of 

electrostatic interactions within biofilms.  It was suggested that the cationic charge of 

the latex beads and the negative-charge of Lactococcus lactis and Stenotrophomonas 

maltophilia bacteria or EPS interact and inhibit possible diffusion of beads through 

the biofilms and thus, biofilms act as a barrier to diffusion of positively-charged 

particles.  In the absence of such attractive electrostatic interactions, negatively-

charged foreign entities could more easily penetrate and diffuse the biofilm EPS 

(Guiot et al., 2002).  Inhibition of diffusion of positively charged particles within a 

globally negatively-charged biofilm may, therefore, explain how the net negative-

charge of OligoG could promote penetration of the biofilm.   

The zeta potential for P. aeruginosa (PAO1) was found to be negative in value 

(Powell et al., 2014), which was as expected as this is reported for nearly all bacteria 

in physiological conditions.  Gram-negative bacteria are negatively-charged at most 

pH values due to a large number of phosphate and carboxyl groups present on 

bacterial LPS (Cowan et al., 1992).  The zeta potential was not greatly affected 

between pH 5 and 9, as seen in other studies (Soon et al., 2011).  Instead, the greatest 

effect was seen by the change in the NaCl concentration of the test solution, where 

the zeta potential values became more negative as the salt concentration was 
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lowered.  In the current study, the data at 0.1 M NaCl was excluded as the high salt 

concentration obscured results due to “ion shielding” (see Appendix I).  This has 

previously been noted in a study comparing colistin-susceptible and resistant 

Acinetobacter baumannii.  The increase in zeta potential towards neutral at higher 

ionic strengths noted by the authors was due to the “shielding” of the true surface-

charge, because of the large amount of cations present around the negatively-charged 

bacterial surface.  These data suggested that at ionic strengths below 0.1 mM, the 

zeta potential became independent of the ionic strength (Soon et al., 2011).   

Interestingly, all P. aeruginosa (PAO1) samples showed a uni-modal peak 

regarding zeta potential, but became bimodal following OligoG treatment.  Other 

studies have reported the bimodal nature of some P. aeruginosa strains (Nagant et 

al., 2011).  When the zeta potential of multiple strains of P. aeruginosa was 

investigated in 10 mMol/l phosphate buffer, pH 7 (Nagant et al., 2011), a great 

variation in zeta potential was observed with four exhibiting clear bimodal 

heterogeneity and two being narrow and uni-modal (Nagant et al., 2011).  These 

investigations also showed a wide distribution of zeta potential in Pseudomonas 

strains, but there was no statistically significant difference between the mucoid and a 

non-mucoid strains tested.  In these experiments, P. aeruginosa (PAO1) alone 

showed only a uni-modal peak at all buffer concentrations. Once treated with 

OligoG, the bimodal peak was evident in all buffers tested.   

Several strains of sub-gingival bacteria have also been found to be bimodal 

(Cowan et al., 1992), as well as Enterococcus faecalis strains which usually comprise 

of subpopulations with different surface charges, typified by the bimodal zeta 

potential distribution observed here for OligoG-treated P. aeruginosa (PAO1) (van 

Merode et al., 2006).  It should be noted however, that bacterial strains can display 

distinct sub-populations that differ in flagellation, natural competence and cell 

surface charge.  In a heterogeneous culture, the zeta potential may show a wide 

Gaussian distribution, or even more than one distinct Gaussian distribution.  It can be 

speculated that when bacteria approach the negatively-charged surface, the 

electrostatic repulsion is higher for bacteria with a negative zeta potential (van 

Merode et al., 2006).  This may, in part, explain the mode of action of OligoG, which 

produces an overall more negative zeta potential, inhibiting long-range bacterial 

adhesion to surfaces and disrupting normal biofilm formation.   
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The CF lung is typically more acidic and has a higher salt concentration 

(section 1.6.2) than the healthy lung (Tate et al., 2002, Newport et al., 2009), so the 

experiments in this study focused on 0.01 M NaCl, pH 5 buffer.  Under these 

conditions, the main zeta potential peak for P. aeruginosa (PAO1) was bimodal once 

treated with OligoG.  From AFM images, OligoG clearly interacted with the surface 

of P. aeruginosa (PAO1), with OligoG also seen to coat the flagella.  This physical 

interaction may be a possible explanation for the observed change in surface charge 

as surface appendages, such as fibrils, are thought to contribute heavily to the charge 

properties of a bacterium (Cowan et al., 1992).  AFM studies not only showed 

OligoG binding to the flagella, but also inducing cellular aggregation of the bacteria 

at high OligoG concentrations.  This may reflect one of the direct mechanisms of 

action for OligoG in the inhibition of bacterial cell motility (Powell et al., 2014).   

It has been previously stated that the more negative the zeta potential value, the 

greater the effect of a drug.  For example, CSA-13 is a cationic steroid, previously 

shown to be more effective (i.e. with greater correlation between sensitivity to the 

drug and electrostatic interaction) when the zeta potential was below -50 mV 

(Nagant et al., 2011).  Bruinsma et al. (2006) concluded that the more negative the 

surface charge (zeta potential), the more susceptible a bacterium was to an 

antimicrobial (Bruinsma et al., 2006).  Teichoic acid is a highly charged cell wall 

polymer which plays a key role in the initiation of biofilm formation in 

Staphylococcus aureus.  Gross et al., (2001) showed that negatively-charged 

materials were of particular relevance in reducing colonisation, with repulsive 

electrostatic forces leading to reduced staphylococcal biofilm formation.  The large 

negative zeta potential observed in this study when P. aeruginosa (PAO1) and 

OligoG were combined supports the theory that OligoG may behave in a similar way 

to reduce bacterial adhesion and hence biofilm formation.   

Increased repulsion due to the more negative-charge on P. aeruginosa (PAO1) 

may create a more open porous biofilm.  This altered structural assembly of OligoG-

treated pseudomonal biofilms may explain how OligoG treatment was able to 

potentiate a range of antibiotics/antimicrobials against Gram-negative multi-drug 

resistant (MDR) organisms (Khan et al., 2012) and oral pathogens (Roberts et al., 

2013), in vitro by allowing easier access into the biofilm.   
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Alteration of the bacterial surface-charge was evident following OligoG 

treatment, and initially this could have been thought to have arisen due to binding 

directly to LPS on the bacterial cell outer membrane.  The zeta potential value for 

LPS with 2% OligoG was masked by the high OligoG concentration, but once 

lowered to 0.2% OligoG, the zeta potential observed was unchanged at all pH values.  

This suggests a different mechanistic interaction between OligoG and P. aeruginosa.   

Electrostatic interactions play an important role in the mechanical stability of 

biofilms (Chen et al., 2012, Guiot et al., 2002, Mayer et al., 1999).  Alterations in 

electrostatic repulsion between negatively-charged moieties within a biofilm (in the 

presence of a negatively-charged bioelectric field) may effectively modulate the 

resultant mechanical structure and thickness (Stoodley et al., 1997).  In addition to 

mediating alterations in bacterial adhesion, this observed change in charge following 

OligoG treatment may, therefore, result in the altered structural assembly of 

Pseudomonas biofilms.  The altered structural assembly of OligoG-treated biofilms 

has been previously quantified through AFM force measurements and rheometry 

(Powell et al., 2013).  In these studies, AFM force measurements revealed a 

significantly lower Young’s modulus for OligoG treated biofilms, and rheometry 

revealed an observed increase in phase angle (the difference between stress and 

strain in an oscillatory test), which reflected a decreased ability of the OligoG-treated 

biofilm to resist structural rearrangement under stress (Powell et al., 2013).   

Applying a specific electric current to a developing biofilm has a significant 

effect on biofilm thickness (Stoodley et al., 1997).  This study involved growing a 

mixed species (3 day) biofilm under flow.  By fitting wire electrodes to the flow cell, 

the developing biofilm expanded by 4% when the applied charge was cationic and 

reduced by 74% when the applied charge was anionic.  Alteration of pH, (without 

electric current) was also shown to have a significant effect.  At pH 10, the biofilm 

was unaltered, whilst at pH 3 became compacted to 69% of its original thickness.  

This may be due to molecular interactions between the biofilm EPS and bacterial cell 

walls under acidic conditions.  Contraction under acidic conditions may be due to the 

elimination of electrostatic repulsion from neutralisation of negatively charged 

carboxylate groups, through protonation, as well as due to hydrogen bonding 

between carboxylic acids and oxygen atoms in the sugars.  The electrostatic 

interaction between the negatively-charged groups of the biofilm and the charged 
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wire may explain the biofilm contraction under anionic charge and expansion under 

cationic charge (Stoodley et al., 1997).  This current study emphasised the 

importance of the net negative-charge of OligoG in biofilm inhibition and disruption.   

Size estimation for P. aeruginosa is problematic due to its rod (or bacillus-like) 

shape, and so will be dependent upon the angle of the cell when the measurement is 

made.  This may explain the variability observed in the P. aeruginosa (PAO1) a size 

measurement across different pHs, however these values remain within size 

distributions expected for P. aeruginosa (PAO1).  Interestingly, when P. aeruginosa 

(PAO1) and OligoG were combined, the peak value for sizing increased, suggesting 

they were bound together or aggregated.  DLS demonstrated clear differences in the 

size of OligoG-treated P. aeruginosa (PAO1). DLS however, assumes Brownian 

motion of the cells and Pseudomonas species are motile.  To ensure that the observed 

increase in size did not simply reflect decreased motility, direct cell measurements 

were performed using AFM.  This confirmed that cellular aggregation following 

OligoG treatment was directly responsible for the size changes observed (Powell et 

al., 2014).   

The strength of the relationship between OligoG and P. aeruginosa (PAO1) 

appeared (in part) to be disrupted following use of the hydrodynamic shear washes 

and therefore may explain why some decrease in size occurred.  As size values 

remained much higher than for P. aeruginosa (PAO1) or OligoG alone, it must be 

assumed that the interaction between them was strong enough to withstand the 

hydrodynamic shear.  The strength of the bond was maintained during AFM 

imaging, which confirmed cell “clumping” in the presence of OligoG (Powell et al., 

2014).   

The epithelial cells of the CF patient have a significantly reduced (more 

negative) surface charge compared to those of the non-CF patient.  This may be 

important in the increased adherence of microorganisms in the CF lung (Thethi and 

Duszyk, 1997).  In the lung, epithelial surfaces are coated with mucin, which is 

negatively-charged due to the presence of N-acetylneuraminic acid and sulfated 

sugars (Lai et al., 2009a, Thornton et al., 1991).  The importance of electrostatic 

charge in surface adhesion has been highlighted by the failure of a S. aureus mutant, 

(with increased negative-charge due to the lack of D-alanine esters in its teichoic 

acids) to colonise material surfaces (Gross et al., 2001, Smith, 2005).  The greater 
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negative-charge on P. aeruginosa surface induced by OligoG, may effectively 

increase electrostatic repulsion between OligoG-treated P. aeruginosa (PAO1) and 

mucin/ epithelial cells in the CF lung (van Merode et al., 2006), thereby reducing 

bacterial adherence, and subsequent biofilm formation.   

Alterations in cell surface charge may not only affect biofilm development, but 

may also modify EPS production.  Three main weak interactions are of interest when 

studying bacterial EPS.  The first of these are dispersion forces which are active over 

the entire molecule and therefore not localised into functional groups.  These are 

produced by spontaneous formation of transient dipoles due to fluctuations in the 

electron distribution within the molecule.  The temporary dipoles polarise 

neighbouring molecules leading to dipolar attraction forces, to produce what is 

known as an oscillating induced-dipole-induced-dipole interaction, which reflects the 

main cohesive forces between hydrocarbon chains.  The second force is electrostatic 

interaction which is active between ions, as well as permanent and induced dipoles.  

These are quite strong and mainly involve divalent cations, especially Ca2+, 

accounting for a considerable proportion of the overall binding energy.  Lastly, 

hydrogen bonding is mainly due to the active bonds between hydroxyl groups 

frequently found in polysaccharides and water molecules.  These also support the 

tertiary structure in proteins.  Electrostatic interactions and hydrogen bonds were 

found to be the predominant forces among EPS macromolecules within the biofilm 

of a mucoid strain of P. aeruginosa (Mayer et al., 1999).  OligoG could potentially 

further disrupt these bonds during biofilm formation and EPS production, and 

competitively bind to divalent cations such as Ca2+ (Khan et al., 2012).   

P. aeruginosa (PAO1) used in this study was isolated from a wound many 

years ago. There are limitations involved in looking at the zeta potential of laboratory 

cultured organisms.  Following successive subculture and perhaps many years ‘in 

laboratory’ since original isolation, they may not truly represent what is seen in the 

clinical situation, and may have unwittingly been exposed to different chemicals or 

physical impacts in that time (Bruinsma et al., 2001).  P. aeruginosa (PAO1) 

therefore represents simply a model organism for these studies.  For the zeta 

potential experiments, P. aeruginosa (PAO1) was grown planktonically in 

suspension.  Although shaken whilst growing to facilitate planktonic growth, higher 

cell concentrations (i.e. at stationary phase) may lead to increased likelihood of 
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aggregation occurring.  Klodzinska et al. (2010) highlighted the importance of 

lowering cell concentrations to detect possible anomalies and assess the validity of 

the results obtained for zeta potential analysis.  The study of Klodzinska et al. (2010) 

showed that whilst the value of the zeta potential remained the same, the distribution 

could change.  Reducing the concentration of both P. aeruginosa (PAO1) cell and 

OligoG in this study confirmed the results obtained at higher concentrations.  An 

important finding was that the observed changes in surface charge and cell 

aggregation in P. aeruginosa were evident regardless of whether the bacteria were 

grown in the presence of OligoG, or were established cultures which were 

subsequently exposed to OligoG.  This was unsurprising, as previous studies had 

shown effects on Pseudomonas species in planktonic minimum inhibitory 

concentration (MIC) assays, CLSM LIVE/DEAD® imaging and SEM studies of 

OligoG treated, established pseudomonal biofilms (Khan et al., 2012).  Hence, 

OligoG may have potential application in both preventing biofilm development (on 

host or material surfaces) following debridement and bacterial decolonisation 

(Percival et al., 2011) and also as a treatment for established biofilms.   

 

2.6 Conclusion 

The physical, surface-charge and structural effects on P. aeruginosa described 

here may partly explain the observed action of OligoG on bacterial attachment, 

biofilm formation and antibiotic potentiation that have previously been described 

(Khan et al., 2012, Powell et al., 2013).  The benefits of using a combination of 

nanoscale technologies to characterise interactions between bacteria and antibacterial 

compounds, was also evident.   

The study utilised ELS, DLS and AFM to investigate the mechanisms by 

which OligoG modifies the Gram-negative bacterial cell-surface, structure, charge 

and function.  OligoG was demonstrated to bind to the surface of P. aeruginosa 

(PAO1) thereby inducing a more negative cell-surface charge and increased cellular 

aggregation.  The results revealed that OligoG had a similar effect on P. aeruginosa 

(PAO1) populations, whether it was present during or after the growth phase.  In 

addition, the application of hydrodynamic shear showed that this binding was strong, 

and not readily physically reversible (Powell et al., 2014).   
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Chapter 3:  

The ability of OligoG to disrupt mucoid 

pseudomonal biofilms 
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3.1 Introduction 

Bacteria gain several advantages from forming biofilms including protection 

from antibiotics, disinfectants and stresses arising from dynamic environments.  By 

using intercellular communication, bacteria are able to adapt to changing 

environments such as nutrient deficiency, by modifying gene expression to allow 

phenotypic variation (Garrett et al., 2008).  Biofilms are known to cause up to 80% 

of all infections and show significantly higher levels of antibiotic resistance (up to 

1000 fold) compared to their planktonic counterparts (Davies, 2003).   

Most cystic fibrosis (CF) patients will become chronically colonised by mucoid 

variants of Pseudomonas aeruginosa by early adulthood (Govan and Deretic, 1996).  

Thereafter, as it is rarely then eradicated, anti-pseudomonal therapy, for the most 

part, is largely palliative.  Chronic lung infections in CF patients cause an 

accumulation of P. aeruginosa mutations, leading to strains with both genotypic and 

phenotypic variations.  This diversification process leads to multiple pseudomonal 

sub-types co-existing within the same infected lung population (Wright et al., 2013).   

Fluorescent labelling has previously been used to assess the localisation of 

therapeutics.  Previous studies have looked into the use of phospholipase A2 (PLA2) 

crotoxin, (an anti-tumour protein) conjugated to dextrin as a polymer therapeutic, 

with the ultimate aim to decrease its toxicity.  Fluorescence labelling with Oregon 

Green (OG) was used to detect phospholipase A2 presence in human breast 

carcinoma cell lines (Ferguson and Duncan, 2009).  The synthesis and 

characterisation of OG labelled probes has been described and confocal laser 

scanning microscopy (CLSM) used to define the fate of the dextrin-OG in cells 

(Ferguson et al., 2010).  Fluorescent microscopy techniques have also been used to 

confirm localisation of water-soluble polymeric carriers in late endocytic 

intracellular compartments (Richardson et al., 2008). 

 

3.1.1 Development of an artificial sputum medium  

Due to changes in its consistency during sterilisation, intra- and inter-patient 

variability, its limited availability, and the prolific antibiotic use of CF patients, CF 

sputum itself is a less than ideal material to use for research purposes (Fung et al., 

2010).  To improve our understanding of P. aeruginosa infection in the CF lung, 
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artificial sputum (AS) medium was therefore developed to mimic the nutritional 

environment in the sputum of CF patients.  In contrast to CF sputum, the artificial 

sputum is a defined medium.  AS medium employed in previous studies has lacked 

mucin and DNA, both of which are important constituents of the extracellular 

polymeric matrix which characterises P. aeruginosa biofilm growth in the human 

lung (Palmer et al., 2007b).  Subsequent studies have incorporated both DNA and 

mucin in an attempt to aid understanding of the biology and microbiology of the CF 

lung (Kirchner et al., 2012).   

Previous studies reported difficulties in the preparation of AS medium, 

including sterilisation, which required filtration rather that autoclaving to avoid 

damage to the complex 3-dimensional structure of the mucin component of the 

medium (Fung et al., 2010).  The AS medium, whilst not ideal, does provide a model 

for the in vivo situation.   

 

3.1.2 Use of fluorescent labelling in microbiology 

Fluorescence occurs in some molecules when the absorption of a photon leads 

to emission of a light with a longer wavelength and lower energy.  This emission is 

known as fluorescence, and there are environmental factors that affect this spectrum 

such as temperature and pH (Sun et al., 2010).  Several factors need to be optimised 

prior to fluorescent imaging, including selection of an appropriate fluorophore 

(Pearson, 2007).  Fluorescence of macromolecules can provide information on 

binding sites, solvent interactions, degree of flexibility, inter-molecular distances and 

rotational diffusion coefficients.  For molecules with no intrinsic fluorescence, a 

fluorescent probe can be attached to the polymer by “chemical coupling”.  Prior to 

conjugation, it is essential to select an appropriate probe.  There are several important 

factors to consider when incorporating a fluorescent probe into a molecule including 

the need for the fluorescent probe to be tightly bound at a unique location, the 

fluorescence should not be sensitive to environmental conditions (e.g. pH) and 

should not affect the features of the macromolecule being investigated (Freifelder, 

1982).  For example, attachment of a hydrophobic probe would promote non-specific 

cell binding or alter the conformation of an oligosaccharide such as OligoG, and 

therefore possibly alter potential anti-biofilm effects.   
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The use of fluorescent probes to analyse the structure of cell membranes is well 

documented (Loh et al., 1984, Gomperts et al., 1970, Helgerson and Cramer, 1977, 

Madeira and Antunesm-Madeira, 1973, Uratani, 1982), and have been used to study 

the interaction of aminoglycosides (gentamicin) with P. aeruginosa (Loh et al., 

1984).  The mechanism by which aminoglycosides interact with the P. aeruginosa 

cell surface has been shown to involve an “initial step” comprising rapid ionic 

binding that neutralises the cells’ net negative-charge (Loh et al., 1984).  In this case, 

the charge on the probe can be a limiting factor when analysing membrane studies, as 

evident with commonly used negatively-charged probe, 1,8-anilino-1-

naphthalenesulfonic acid.  This could not be used to analyse polycationic gentamicin 

uptake in P. aeruginosa due to charge neutralisation, since it would complicate the 

kinetic analysis of diffusion.  Therefore, a neutral probe, 1-N-phenylnaphthylamine, 

was employed instead (Loh et al., 1984).   

 

3.1.3 Choice of fluorescence probe for OligoG labelling 

OligoG has been shown to bind to the cell surface of P. aeruginosa (PAO1; 

Powell et al., 2014, Roberts et al., 2013).  In these studies, OligoG binding was 

demonstrated to modify the surface charge of the bacteria and physical interaction of 

the oligomers with the cell surface was clearly demonstrated (Powell et al., 2014).  

The location of OligoG within the biofilm was however unknown. 

Texas Red (TxRd) cadaverine was selected as the fluorescent probe of choice 

in these studies since it is biologically inert, and has previously been conjugated to 

various polysaccharides, drugs and macromolecules in studies of cellular localisation 

(Anees, 1996, Chvatal et al., 2008).  TxRd cadaverine contains a primary aliphatic 

amine that enables conjugation to OligoG, via its COO- groups in aqueous solution 

using water-soluble carbodiimides, resulting in a stable amide bond (Ferguson and 

Duncan, 2009). 

TxRd has previously been conjugated to pentosan polysulphate, a highly 

negatively charged polysaccharide (Anees, 1996) and is also commonly employed to 

label dextran, a biologically inert hydrophilic polysaccharide (Sinai et al., 1995).  

TxRd-labelled dextran is widely used for neuronal tracing, intercellular 

communication and endocytosis (Hollenbeck, 1993, Oparka et al., 1997, Roberts et 
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al., 1997).  TxRd has also been used as a fluorescent probe for lectins (wheat germ 

agglutinin) to visualise their binding to Sphingomonas biofilms made from 

commercially available extracellular polymeric substance (EPS; Johansen et 

al.,1996), and Staphylococcus epidermis biofilms (Sanford et al., 1996).   

Methylprednisolone (MP) has been conjugated to TxRd cadaverine and placed 

in biodegradable poly(lactic-co-glycolic acid) based nanoparticles (NP) to analyse a 

minimally invasive drug delivery system for contrusion injury of the spine (Chvatal 

et al., 2008).  TxRd cadaverine was used as a fluorescent probe in these previous 

studies because of its low molecular weight (MW), which would less likely impede 

on diffusion.  By analysing the difference in nitric oxide production by cells treated 

with MP-NP or TxRd-MP-NP, Chvatal et al. (2008) also showed that conjugation of 

TxRd did not affect the anti-inflammatory function of MP-NP.   

 

3.2 Aims 

The hypothesis of these studies was that the interaction of OligoG with the cell 

surface of a mucoid strain of P. aeruginosa would inhibit biofilm development and 

this could be studied using fluorescently labelled OligoG.  Specific aims were: 

 To perform LIVE/DEAD® imaging on developing and established biofilms 

treated with OligoG.   

 To investigate biofilm growth with OligoG in a more clinically relevant in 

vitro environment.   

 To develop a fluorescent-labelled OligoG to allow detection of OligoG 

location in bacterial cell populations and biofilms.   

 

3.3 Materials and Methods 

3.3.1 Bacterial strains and media 

A stable mucoid strain of Pseudomonas aeruginosa (NH 57388A) isolated 

from the sputum of a chronically colonised CF patient attending the Danish CF 

Centre, Rigshospitalet, Copenhagen, Denmark (from N. Høiby, Copenhagen) was 

employed.  Fresh overnight (O/N) growth of P. aeruginosa (NH 57388A) isolated on 

blood agar plates was employed to inoculate tryptone soy broth (TSB; LabM, 

Heywood, Lancashire) which was “roller mixed” at 37°C to produce an O/N broth 
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culture of the organism.  These experiments employed sterile Mueller Hinton (MH) 

broth or an Artificial Sputum (AS) medium control (section 3.3.4).  The AS medium 

reproduced several components found in the CF sputum and created a less nutritious 

environment for bacterial growth.   

 

3.3.2 Confocal laser scanning microscopy 

Whatman glass-bottomed optical 96-well plates were used for all CLSM 

experiments.  For LIVE/DEAD® (BacLightTM Bacterial Viability Kit, Invitrogen, 

Paisley, UK) experiments, the green fluorescing nucleic acid dye, SYTO® 9 was used 

to visualise cells with intact cell membranes (live cells), and the red dye, propidium 

iodide those with compromised membranes (dead or dying cells).  Images were 

scanned using appropriate settings for sequential fluorescence recordings of SYTO® 

9 (Ex/Em max: 480/500nm) and propidium iodide (Ex/Em max: 490/635nm).  SYTO® 

9 was used without propidium iodide for experiments in which TxRd-labelled 

OligoG was studied.   

CLSM was performed using an Olympus FV1000 confocal microscope with 

images at x400 or x600 magnification under oil.  CLSM data was processed using 

Imaris software.   

 

3.3.2.1 Effect of OligoG as a treatment to inhibit biofilm formation (confocal 

laser scanning microscopy) 

MH broth ± 0.2%, 0.5%, 2%, 6% and 10% OligoG w/v (90 µl) was inoculated 

with 10 µl of P. aeruginosa (NH 57388A) culture and the developing biofilms were 

incubated for 24 h on a rocker.  The supernatant was removed and 6% LIVE/DEAD® 

(v/v) stain in phosphate buffered saline (PBS) was placed on the biofilms for 10 mins 

in the dark prior to imaging.   

 

3.3.2.2 Effect of OligoG as a treatment to disrupt an established biofilm  

Experiments were established in triplicate so that the biofilms could be 

visualised at the three different incubation/growth times points used (1 h, 4 h and 24 

h).  The P. aeruginosa (NH 57388A) culture was standardised to 107 cfu/ml (Russo 
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2013; OD600 0.05) and 10 µl of the standardised O/N culture was placed in 90 µl MH 

broth.  Biofilms were incubated at 37°C for 24 h with gentle rocking prior to 

treatment.  Half the supernatant was then gently removed and replaced with 50 µl 

fresh MH broth ± OligoG.  The final concentrations of OligoG were 0.5%, 2% and 

6% (v/v).  The samples were then incubated for 1 h, 4 h and 24 h.  At the selected 

time points, the supernatant was gently removed and 6% LIVE/DEAD® (v/v) stain in 

PBS was placed on the biofilms for 10 mins prior to imaging.   

 

3.3.3 Effect of OligoG on biofilm development of Pseudomonas aeruginosa (NH 

57388A; scanning electron microscopy) 

MH broth ±2 ml OligoG 0.2%, 2%, 6% and 10% (w/v) was prepared in a 12-

well plate (Greiner Bio-One, Stonehouse, UK) containing thermanox glass slides 

(Agar Scientific), followed by a 20 µl inoculum of the P. aeruginosa (NH 57388A) 

culture, prior to incubation with rocking for 24 h.  The supernatant was then removed 

and biofilms fixed with 2.5% (v/v) glutaraldehyde for 1.5 h.  Following vigorous 

washing (x4) with dH2O, the fixed biofilms were covered with 1 ml dH2O and 

freeze-dried.  Imaging was performed using Hitachi S4800 scanning electron 

microscope (SEM) and no sputter coating was used.  

  

3.3.4 Artificial sputum medium 

Briefly, AS medium comprised of: 4.0 g of deoxyribonucleic acid (DNA) from 

salmon fish sperm (Sigma Aldrich) and 5.0 g of porcine stomach (type II) mucin 

(Sigma Aldrich) dissolved O/N at 4°C in sterile dH2O.  Twenty ml of RPMI 1640 

amino acids solution (Sigma Aldrich), 5.9 mg of diethylenetriaminepentaacetic acid 

(DTPA; Sigma Aldrich), 5 ml of egg-yolk emulsion (Sigma Aldrich), 5.0 g NaCl and 

2.2 g of KCl were then added.  Following mixing, the pH was adjusted to 7.0 ± 0.1 

by the addition of 0.5 M NaOH, and made up to 1 L.  The AS medium was then 

filter-sterilised using a (0.22 µm pore) barrel filter (Millipore) and stored at 4°C (up 

to a month) in the dark.   
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3.3.4.1 Effect of OligoG on biofilm development of Pseudomonas aeruginosa 

(NH 57388A; scanning electron microscopy) grown in artificial sputum medium 

The P. aeruginosa (NH 57388A) culture was adjusted to OD600 0.05 for 107 

cfu/ml.  The resultant bacteria were centrifuged (5,500 g; 6 mins) and then washed 

with PBS (x2), and re-suspended in 1 ml PBS.  Ten µl of the resultant bacterial 

suspension was then added to 1 ml of AS medium containing OligoG 0.2% 2% and 

6% (w/v), in a 12-well plate on thermanox glass slides.  The biofilms were then 

incubated at 37°C for 48 h under gentle rocking.  The biofilms were prepared for 

SEM imaging as described in section 3.3.3. 

 

3.3.5 Texas red-labelling of OligoG and conjugate characterisation  

To localise OligoG both within the biofilm model and during biofilm 

disruption, CLSM was employed.  OligoG was labelled with TxRd cadaverine (MW 

690.87 g/mol) using EDC and sulfo-NHS as zero-length crosslinking agents.  EDC 

aids conjugation by activating carboxyl groups for spontaneous reaction with 

primary amines, while sulfo-NHS increases the efficiency of the EDC-mediated 

coupling (Fig 3.1).   

OligoG (100 mg) was dissolved in 1 ml PBS buffer (pH 7.4) in a 10 ml round-

bottomed flask.  To this, EDC (10 molar eq.) and sulfo-NHS (10 molar eq.) were 

added, and the mixture stirred for 15 mins.  Subsequently, TxRd cadaverine 

(dissolved in dimethyl sulfoxide, DMSO; 5 mg/ml and stored at -20 oC until use) was 

added (2 molar eq.).  The pH was adjusted to 8.0 via “drop-wise” addition of NaOH 

(0.5 M) and the reaction mixture was left stirring in the dark (5 h).  The resultant 

conjugate was then purified by size exclusion chromatography (SEC) using a 

disposable PD-10 desalting column containing Sephadex G25 equilibrated with 

dH2O (25 ml added in total).  The entire reaction mixture was added to the column 

and 5.5 ml of the eluted dH2O was collected, lyophilised and stored at -20oC.   
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Fig 3.1: Summary of the synthetic route for OligoG and TxRd cadaverine conjugation.   
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UV spectroscopy was used to determine the total TxRd content of the TxRd-

OligoG conjugate.  The TxRd-loading was determined by analysing a 5 mg/ml 

solution in PBS and relating this to a TxRd calibration curve (1-10 µg/ml).  The 

values were then plotted against fraction volume and bound TxRd was expressed as 

percentage of total fluorescence measured for all fractions.  Specific activity (g 

TxRd/mg TxRd-labelled conjugate) was calculated using the following equation: 

 

Specific activity         =    (g TxRd from UV) x % TxRd bound 

 (g TxRd/mg TxRd conjugate)              100 x mg TxRd-labelled conjugate 

 

The reaction mixture was characterised by SEC prior to, and after purification, 

by analysis of SEC fractions for fluorescence (free TxRd: TxRd-OligoG; 5 mg/ml 

solution in PBS).  Fractions (0.5 ml) were collected in 1.5 ml microcentrifuge tubes.  

A sample of each fraction (100 l) was placed in duplicate into a black 96-well 

microtitre plate and fluorescence measured using a fluorescent plate reader (ex = 

591 nm, em = 612 nm, gain 1000).  To analyse the pH and concentration dependence 

of TxRd cadaverine, the fluorescence was measured at concentrations 1-10 µg/ml in 

PBS at pH 5, 7 and 9 using a fluorescent plate reader 

  

3.3.6 Effect of texas red-labelled OligoG as a treatment to inhibit biofilm 

formation 

An inoculum of 10 µl of P. aeruginosa (NH 57388A) culture was placed in 90 

µl MH broth ± TxRd-labelled OligoG (TxRd-OligoG), alongside an MH broth only 

control.  The concentrations of TxRd-OligoG conjugate used were 0.5%, 2% and 6% 

(there was insufficient yield of product to carry out the test using 10% TxRd-

OligoG).  Biofilms were incubated for 24 h on a rocker.  The supernatant was then 

removed and 8% SYTO® 9 (v/v) stain in PBS was placed on the biofilms prior to 

imaging by CLSM.    
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3.3.7 Effect of texas red-labelled OligoG on biofilm disruption  

Conjugate concentrations were prepared in triplicate so that the biofilms could 

be visualised at the three different times points.  The P. aeruginosa (NH 57388A) 

culture was standardised to 107 cfu/ml (OD600 0.05) and 10 µl of the standardised 

O/N culture placed in 90 µl MH broth.  Biofilms were incubated at 37°C for 24 h 

with rocking prior to treatment.  Half of the supernatant volume was gently removed 

and replaced with 50 µl fresh MH broth ± TxRd-OligoG.  The final concentration of 

TxRd-OligoG used was 0.5%, 2% or 6% and the samples were incubated.  At the 

appropriate time points (1 h, 4 h and 24 h), the supernatant was gently removed and 

8% SYTO® 9 (v/v) in PBS added to the biofilms before imaging.  To confirm that 

the TxRd-OligoG had not dissociated to release free TxRd, the supernatant was 

analysed using a PD-10 column to quantify bound/unbound TxRd after incubation 

with biofilms.  Control experiments also included addition of the equivalent 

concentrations of “free” TxRd cadaverine (0.052 µg/ml, equivalent to 6% TxRd-

OligoG conjugate).   

   

3.3.8 Image J analysis of biofilm  

Images were processed using Image J (1.47v) to quantify biofilm area of 

coverage.  During CLSM, the strength of the laser was maintained throughout the 

series of experiments, making them directly comparable.  The images were processed 

to be smoothed, followed by a standardised adjustment of the brightness threshold.  

The images were then made binary and the percentage area coverage calculated.   

 

3.3.9 Statistical analysis 

Graph Pad Prism® statistical software were used to calculate any statistical 

change in biofilm coverage after treatment with OligoG.  In these analyses, the 

Tukey-Kramer multiple comparisons test was employed based on a one-way 

ANOVA test.   
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3.4 Results 

3.4.1 OligoG as a treatment to inhibit biofilm formation 

OligoG was found to inhibit P. aeruginosa (NH 57388A) biofilm growth in a 

dose-dependent manner (0-6% OligoG) with an increase in bacterial “clumping” and 

a more disorganised structure of the biofilm seen at 6% OligoG.  Interestingly, whilst 

biofilm development was markedly impaired by the addition of OligoG at the 

commencement, there were few dead cells present in these biofilms (Fig 3.2).   

 

3.4.2 OligoG as a treatment to disrupt an established biofilm  

Established 24 h biofilms of P. aeruginosa (NH 57388A) in which a well-

structured biofilm had formed were treated with OligoG.  Following 1 h of OligoG 

treatment, no apparent effect was seen on biofilm development (Fig 3.3).  Following 

4 h of treatment, very few changes in both the thickness of the biofilm and the 

number of dead cells was seen (Fig 3.4).  Following 24 h of OligoG treatment, 

however, a clear effect was observed, with marked disruption and reduced biofilm 

thickness with increasing OligoG concentration (0-6%).  In these studies there were 

no differences in non-vital bacterial cells observed in the treated biofilms (Fig 3.5).   

Image J analysis of the surface area demonstrated a dose-dependent reduction 

in biofilm coverage with increasing concentration of OligoG (0-6%).  The aerial 

view images showed a significant reduction from 32.73% (control) to 8.07% 

coverage for the 6% OligoG-treated biofilm (P<0.05; Fig 3.5B).  Similar 

observations from the side view images (biofilm depth) showed the percentage area 

coverage dropped from 22.07% (control) to 4.75% coverage for the 6% OligoG 

treated biofilm (P<0.05).   
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Fig 3.2: CLSM of LIVE/DEAD® staining of P. aeruginosa (NH 57388A) biofilms grown for 24 h in MH broth ± 
OligoG (0.2%, 0.5%, 2%, 6% or 10%).  x400 magnification.   

Control 0.2% OligoG 0.5% OligoG 

10% OligoG 6% OligoG 2% OligoG 
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Fig 3.3: P. aeruginosa (NH 57388A) grown for 24 h in MH broth, followed by 1 h treatment of OligoG (0.5%, 2% and 6%).  Imaged 
with LIVE/DEAD® staining using CLSM (x400 magnification).  A) Aerial view; B) Side view (biofilm depth).   
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Fig 3.4: P. aeruginosa (NH 57388A) grown for 24 h in MH broth, followed by 4 h treatment of OligoG (0.5%, 2% and 6%).  Imaged 
with LIVE/DEAD® staining using CLSM (x400 magnification).  A) Aerial view; B) Side view (biofilm depth).   
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Fig 3.5: P. aeruginosa (NH 57388A) grown for 24 h in MH broth, followed by 24 h treatment of OligoG (0.5%, 2% 
and 6%).  Imaged with LIVE/DEAD® staining using CLSM (x400 magnification).  A) Aerial view; B) Aerial (binary) 
view from Image J analysis; C) Side view (biofilm depth).   
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3.4.3 Scanning electron microscopy of Pseudomonas aeruginosa (NH 57388A) 

biofilms 

Initial studies of P. aeruginosa (NH 57388A) biofilm formation in MH broth ± 

OligoG showed a substantial reduction of cells and poor growth as the concentration 

of OligoG increased.  There was also a corresponding reduction in the EPS formed, 

with very few cells found to be embedded in matrix at the highest OligoG 

concentration (10%).  In addition, at this concentration, OligoG seemed to cluster 

around the cells forming a distinctive granular pattern (Fig 3.6).   

Sterile AS medium only showed the formation of non-uniform open structures 

(Fig 3.7).  Due to the low nutrient content of AS medium compared to MH broth, 

biofilms were grown for longer (48 h Vs 24 h respectively).  Interestingly P. 

aeruginosa (NH 57388A) formed microcolonies of perfectly round spheres.  The 

images clearly show individual bacterial cells embedded on the surface of these 

microcolonies, surrounded by EPS (Fig 3.7).  Also evident (at all concentrations) 

were linear formations of the cells prior to microcolony formation (Fig 3.7).  

Increased concentrations of OligoG (6%) were associated with increasing cellular 

debris visible.  Budding colonies were also seen to form extensively but not 

exclusively at the higher OligoG concentrations, with several images showing 

smaller microcolonies adjacent to the larger ones (Fig 3.7A, 6% OligoG).  An 

additional distinctive morphological feature was also noted at higher OligoG 

concentrations namely, thin spindles jutting out at right angles to the microcolonies 

(Fig 3.8, 6% OligoG).   
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Fig 3.6: P. aeruginosa (NH 57388A) grown for 24 h in MH broth ± OligoG (2%, 6% and 10%).  Imaging using SEM (no gold coating).  Scale bar 
10 µm.  Red arrow denotes; * EPS and ** OligoG surrounding the cells.   
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Fig 3.7: AS medium only and P. aeruginosa (NH 57388A) grown for 48 h in AS medium ± OligoG (0.2%, 2% and 6%), replicates A-C.  
Imaging using SEM (no gold coating).  Scale bar 5 µm.  Red arrow denotes; * cells embedded in microcolony, ** linear cell formation 
and *** cellular debris.   
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Fig 3.8: P. aeruginosa (NH 57388A) grown for 48 h in AS medium at OligoG 6%, 
showing development of thin spindles.  Imaging using SEM (no gold coating).  Scale 
bar 5 µm.   
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3.4.4 Texas red-labelling of OligoG and conjugate characterisation  

Optimisation of the TxRd-OligoG conjugation was performed to determine the 

optimum time required for reaction with EDC and sulfo-NHS.  A maximum stirring 

time of 5 h was found to be optimal, providing the highest fluorescent output for the 

greatest yield.  TxRd-OligoG was eluted from the PD-10 columns in a 5.5 ml volume 

of PBS (Fig 3.9).  Unbound TxRd cadaverine and TxRd-OligoG was eluted through 

the PD-10 column at 5 mg/ml in PBS (Fig 3.10).  To detect the percentage of free 

TxRd and yield of OligoG bound to TxRd, a calibration curve of TxRd cadaverine 

absorbance was produced using UV spectrophotometry (Fig 3.11A).  UV 

spectrophotometric analysis of the TxRd-OligoG (5 mg/ml in PBS) showed peak 

absorbance at 589 nm, which was equivalent to 0.5145 A.U. (Fig 3.11B).   

It could therefore be concluded that the purified TxRd-OligoG produced in 

these experiments contained < 1% free TxRd and 0.86 µg TxRd/ mg TxRd-OligoG 

(1 TxRd: 306.5 OligoG molecules).  The yield of TxRd-OligoG was low, and this 

therefore limited the range of concentrations that could be used in subsequent 

experiments.   
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Fig 3.9: Evaluation of the effect of reaction time on reaction yield and purity of 
TxRd-OligoG using a PD-10 column.   
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Fig 3.10: Evaluation of reaction yield and purity of TxRd-OligoG conjugates using a PD-10 column.  Elution 
profile of free TxRd (blue solid line; 5 mg/ml in PBS) and TxRd-OligoG (red solid line; 5 mg/ml in PBS).   
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Fig 3.11: A) Calibration curve for TxRd absorbance (1-10 µg/ml) at 
wavelength 589 nm; B) Spectrophotometric analysis of TxRd-OligoG (5 
mg/ml in PBS).   
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3.4.5 Effect of varying concentration and pH on Texas Red cadaverine 

fluorescence  

The fluorescence had a linear relationship in relation to the concentration 

of TxRd, which was seen at all pHs.  The fluorescence did not vary between pH 

5 and pH 7, but there was a slight decrease in fluorescence as the pH increased 

to pH 9 (Fig 3.12).   

 

3.4.6 Effect of texas red-labelled OligoG as a treatment to inhibit biofilm 

formation 

CLSM images (x400 magnification) showed that the biofilm inhibition 

properties of TxRd-OligoG were comparable to those of the un-labelled OligoG.  

In both cases, the biofilm was less well formed at higher TxRd-OligoG 

concentrations with a significant decrease in biofilm depth (Fig 3.13).  

Furthermore, at higher magnification (x600), areas of red fluorescence (TxRd-

OligoG) were evident and these increased with higher TxRd-OligoG 

concentrations (Fig 3.14).  From the side view images showing biofilm depth, 

the TxRd-OligoG was visible throughout the entire depth of the biofilm, even at 

concentrations as low as 0.5% TxRd-OligoG.   
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Fig 3.12: Effect of concentration and pH changes on the fluorescence of 
TxRd cadaverine.   
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Fig 3.13: P. aeruginosa (NH 57388A) grown for 24 h in MH broth ± TxRd-OligoG (0.5%, 2% and 6%).  Imaged with SYTO® 9 stain using 
CLSM (x400 magnification).  A) Aerial view; B) side view (biofilm depth).   

 
 
 
 

Control 0.5% OligoG 2% OligoG 6% OligoG 

A 

B 



103 

 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 3.14: P. aeruginosa (NH 57388A) grown for 24 h in MH broth ± TxRd-OligoG (0.5%, 2% and 6%).  Imaged with SYTO® 9 stain 
using CLSM (x 60 magnification).  A) Aerial view; B) side view (biofilm depth).   
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3.4.7 Effect of texas red-labelled OligoG as a treatment to disrupt an established 

biofilm  

TxRd-OligoG treatment of an established P. aeruginosa (NH 57388A) grown 

for 24 h displayed comparable results to that of the un-labelled OligoG.  As seen 

previously, 1 h of treatment with TxRd-OligoG showed no disruption of the biofilm, 

which was thin and compact in nature (Fig 3.15).  Following 4 h of incubation with 

TxRd-OligoG there was no difference visible on the established biofilm (Fig 3.16), 

with both the treated and control biofilms appearing to have a more abundant growth 

after this treatment period.  However, in accordance with the un-labelled OligoG, 

substantial disruption of the biofilm in a dose-dependent manner (0-6%) after 24 h of 

treatment with TxRd-OligoG was observed.  In addition, TxRd (red colouration) was 

visible throughout the full depth of the disrupted biofilm, particularly at the highest 

concentration of (6%) OligoG (Fig 3.17).   
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Fig 3.15: P. aeruginosa (NH 57388A) grown for 24 h in MH broth, followed by 1 h treatment of TxRd-OligoG (0.5%, 2% and 6%).  
Imaged with SYTO® 9 stain using CLSM (x600 magnification).  A) Aerial view; B) side view (biofilm depth).   
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Fig 3.16: P. aeruginosa (NH 57388A) grown for 24 h in MH broth, followed by 4 h treatment of TxRd-OligoG (0.5%, 2% and 6%).  
Imaged with SYTO® 9 stain using CLSM (x600 magnification).  A) Aerial view; B) side view (biofilm depth).   
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Fig 3.17: P. aeruginosa (NH 57388A) grown for 24 h in MH broth, followed by 24 h treatment of TxRd-OligoG (0.5%, 2% and 6%).  
Imaged with SYTO® 9 stain using CLSM (x600 magnification).  A) Aerial view; B) side view (biofilm depth).   
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3.4.7.1 Effect of texas red-labelled OligoG as a treatment to disrupt an 

established biofilm: z-stack analysis 

Analysis of the biofilm supernatant showed that no free TxRd was present (Fig 

3.18), since TxRd only was found to increase in fluorescence at >5.5 ml elution in a 

PD-10 column (Fig 3.10), a trend not seen in these graphs.  Interestingly, analysis of 

the supernatant from the 24 h treated biofilm with TxRd-OligoG showed a broader 

peak that eluted slightly later than the original TxRd-OligoG, suggesting that the 

OligoG chains had reduced in size during incubation with the biofilms.  This was 

evident from the increase in surface area under each graph (expressed as percentage 

area >5.5 ml elution which was shown to increase as the incubation time of TxRd-

OligoG increased; Table 3.1).   

When investigating the biofilm structure of the different z-stacks, a halo of 

redness was clearly evident surrounding the bacterial cells at concentrations of 

TxRd-OligoG (6%) during both 4 h and 24 h treatment periods.  This was evident 

throughout the biofilm depth (Fig 3.19).  No statistical analysis was carried out on 

the biofilm surface area coverage values for TxRd-OligoG experiments since its anti-

biofilm action may have been altered by conjugation.   

 

3.4.7.2 Effect of a Texas red cadaverine only control as a treatment to disrupt an 

established biofilm 

No biofilm disruption was observed following use of a “free” TxRd cadaverine 

control at 4 h or 24 h of treatment (Fig 3.20).  However, when investigating the 

biofilm structure through the different z-stacks, it was evident that free TxRd 

cadaverine formed a halo effect around each bacterial cell, (Fig 3.21) as was seen 

with the TxRd-OligoG treatment, at both 4 h and 24 h (Fig 3.19).   
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Fig 3.18: Quantification of TxRd-OligoG (TxRd-G) and unbound TxRd using PD-10 
column analysis of supernatant from P. aeruginosa (NH 57388A) biofilms grown for 
24 h in MH broth, followed by A) 1 h; B) 4 h and C) 24 h treatment with TxRd-
OligoG (0.5%, 2% or 6%).   
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Table 3.1: Quantification of percentage surface area under graph at elution 
>5.5 ml under PD-10 analysis of supernatant (Fig 3.18).   

 

 

TxRd-

OligoG conc.   

Percentage surface area under the graph at elution >5.5 ml 

following different incubation times (hours) with TxRd-OligoG  

1 h 4 h 24 h 

0.5% 13.5% 21.6% 22.1% 

2% 14.5% 21.6% 14.7% 

6% 22.0% 23.1% 31.7% 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3.19: P. aeruginosa (NH 57388A) grown for 24 h in MH broth, followed 
by 4 h or 24 h treatment (MH broth control or 6% TxRd-OligoG).  Imaged with 
SYTO® 9 stain using CLSM (x600 magnification, zoom x3.5).   

Control 6% OligoG 

4 h 

24 h 
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Fig 3.20: P. aeruginosa (NH 57388A) grown for 24 h in MH broth, followed by 4 h or 24 h treatment (MH broth control or TxRd control 
0.052 µg/ml [*equivalent to 6% TxRd-OligoG conjugate]).  Imaged with SYTO® 9 stain using CLSM (x600 magnifications).  A) Aerial view; 
B) side view (biofilm depth).  
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Fig 3.21: P. aeruginosa (NH 57388A) grown for 24 h in MH broth, followed by 4 
h or 24 h treatment (MH broth control or TxRd control 0.052 µg/ml [*equivalent 
to 6% TxRd-OligoG conjugate]).  Imaged with SYTO® 9 stain using CLSM (x600 
magnification, zoom x3.5).   
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3.5 Discussion 

This chapter shows that OligoG possess important properties to both inhibit 

and disrupt P. aeruginosa biofilms.  Its ability to provide inhibitory and disruptive 

functions was assessed against a mucoid P. aeruginosa strain isolated from the 

sputum of a chronically colonised CF patient.  Several other synthetic compounds 

that both inhibit and disrupt biofilm formation have previously been investigated 

such as iron chelators used as adjunct therapy in the chronically infected lung 

(O'May et al., 2009), the surfactant polysorbate 80 (Toutain-Kidd et al., 2009) and a 

silver nano-coating for dental applications (Besinis et al., 2014).   

Asymptomatic colonisation of CF lungs is often by non-mucoidal strains of P. 

aeruginosa.  Ultimately however, emergence of a mucoid form during chronic 

debilitating pulmonary infection typically occurs (Govan and Deretic, 1996).  

Conversion to the mucoid phenotype is often a response to the unique CF 

environment (Pritt et al., 2007).  There is no defined interval between initial 

colonisation and the transition to the mucoid form, but emergence of a mucoid 

phenotype leads to its selection and dominance in the CF lung (Govan and Deretic, 

1996).  OligoG has previously been shown to disrupt the biofilm of the non-mucoid 

P. aeruginosa strain PAO1 (Khan et al., 2012).  A similar dose-dependent effect of 

OligoG on mucoid strains in relation to biofilm assembly, biofilm inhibition and 

disruption, would be a distinct advantage for the CF patient.   

Disruption of mucoid strains of P. aeruginosa is of particular importance in CF 

since, not only does the presence of mucoid colonies of P. aeruginosa indicate a poor 

prognosis for the patient (Sriramulu et al., 2005), but the mucoid phenotype confers 

greater resistance to antibiotic treatment (Waine et al., 2008).  The mucoid matrix 

aids formation of protected biofilm microcolonies, thereby increasing resistance to 

opsonisation, phagocytosis, digestion and provides protection from dehydration for 

the bacterial cells (Pritt et al., 2007).  Mucoid pseudomonal strains can be isolated in 

90% of CF patients and are a typical feature of the disease, as other human 

infections, plants or animals are rarely colonised by it.  Mucoid P. aeruginosa can, 

however, be found in non-CF patients such those with chronic bronchitis.  P. 

aeruginosa colonises the CF lung following a history of general bacterial 

colonisation, antibiotic therapy and viral infections (Govan and Deretic, 1996).  The 
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inhibition of biofilm growth in the presence of OligoG was evident in a dose-

dependent manner, as well as producing a reduction in biofilm depth on the 

developing biofilms for up to 24 h.  The potential ability of OligoG to disrupt 

mucoidal P. aeruginosa may be extremely useful in CF and other chronic lung 

diseases, as biofilm disruption may allow effective antibiotic doses to reach the 

diseased lung.   

Mucoid pseudomonal strains synthesise large quantities of alginate 

exopolysaccharide due to genes such as algD (Pritt et al., 2007).  Interestingly, the 

alginates derived from mucoid P. aeruginosa have already been a target for anti-

biofilm therapies (Li et al., 2008).  It is thought that OligoG may compete with these 

high MW alginates (Sletmoen et al., 2012) and prevent the cross-linking with mucin 

thereby reducing assembly and formation of a highly resistant EPS matrix.  Other 

alginates have already been discovered from marine algae, e.g. A101, which not only 

inhibits the biofilm formation of many bacteria, but also disrupts the established 

biofilms of certain strains (Jiang et al., 2011).  It has also previously been found that 

co-administration of rhDNase I and algL enhanced their activity, reducing both 

biofilm growth and sputum bacterial counts (Alipour et al., 2009) as well as 

increasing the efficacy of antibiotics (Alkawash et al., 2006).  This work relates 

directly to the research with OligoG, suggesting that OligoG could also have 

enhanced (synergistic) efficacy if used in combination with rhDNase I as an in vivo 

CF therapy.   

The AS medium utilised in this work was adapted from earlier studies 

(Sriramulu et al., 2005, Russo et al., 2013, Kirchner et al., 2012).  The AS medium 

model has previously been used to aid understanding of how sub-inhibitory 

concentrations of specific antibiotics help to drive phenotypic diversity in P. 

aeruginosa populations (Wright et al., 2013).  AS medium was used to study the 

potential biofilm inhibition of OligoG in a more clinically-relevant environment, 

although the model is limited by having only key components present.  It is a given 

that the AS medium used here is not entirely representative of sputum in the CF lung 

particularly as other biologically active components present as nutrients were 

omitted, such as lactoferrin and oligopeptides.  Therefore, AS medium does not 

resemble the acute phase of infection but rather, is more representative of the disease 

state with an established colonisation of P. aeruginosa (Sriramulu et al., 2005).  SEM 
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imaging of AS medium alone showed a larger, more open porous structure, this may 

aid bacterial attachment and aid biofilm formation.   

The microcolonies observed in this study have also been noted in vivo.  Animal 

studies infecting healthy rats with a mucoid strain of P. aeruginosa to induce 

pulmonary infections via the “agar-bead” method, have shown intact Gram-negative 

bacteria enclosed with cell fragments within microcolonies which were 

morphologically similar to those found in the bronchial mucus of CF patients (Lam 

et al., 1980).  Pseudomonal growth within the CF lung naturally selects for variants 

that produce large amounts of EPS.  The bacteria in the CF lung are enclosed in this 

EPS which appears to drive microcolony formation.   

In the early stages of P. aeruginosa lung infection, the bacteria readily form 

spherical micro- or macro-colonies, resembling biofilms, the only exception being 

that the bacteria are attached together and not to the surface (Haley et al., 2012, Fung 

et al., 2010).  Previous pseudomonal growth in AS medium also demonstrated 

macroscopically visible “clumps” which could not be disrupted even by vigorous 

physical means (Sriramulu et al., 2005).  In the AS medium, almost no planktonic 

cells were evident and cells were not attached to the polystyrene and glass surfaces.  

Similarly, structurally tight microcolony formation has been shown to form with a 

range of other P. aeruginosa isolates including CF epidemic and non-epidemic 

strains (Fung et al., 2010).  The SEM study with AS medium confirmed the lack of 

attachment to the polystyrene surface, leading to the formation of distinct 

microcolonies.  Unlike other studies, individual cells could be clearly seen, but this 

may have been associated with the ‘young’ age of the biofilms being studied.  From 

previous studies, it has been shown that the total surface area exposed to nutrients 

and surface roughness coefficient values were significantly reduced when grown in 

AS medium (Haley et al., 2012).  When the medium was replenished, new 

microcolonies appeared on the surface of the underlying growth, or formed detaching 

segments from the biofilm mass (Haley et al., 2012, Sriramulu et al., 2005).  Similar 

observations could also be made in many of the OligoG samples, with an increasing 

quantity of detached segments produced as the concentration of OligoG increased.  

This may reflect the stressed environment created by OligoG with increased 

branching of biofilms from the spherical microcolonies.   
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At higher OligoG concentrations (>2%), the SEM images of P. aeruginosa 

(NH 57388A) grown in AS medium possessed microcolonies which produced “wiry 

spindles” protruding radially from the central core.  It is unclear exactly what these 

were, but they may be mucin strands or potentially elongated bacterial cells which 

have arisen due to the reduced nutrient environment (Steinberger et al., 2002).  Such 

cell elongation has also previously been linked to defective cell division (Yoon et al., 

2011).   

Image J analysis has been widely employed to compare digital images (Ghosh 

et al., 2004, Collins et al., 2002, Bruton et al., 2003) including those of biofilms 

(Hope and Wilson, 2004, Thomas et al., 2008, Villena et al., 2010).  Automated 

image analysis reduces bias (to a marked extent) and facilitates analysis of images 

generated during high-throughput screening (Schindelin et al., 2012).  Image J was 

utilised here to confirm the decrease in biofilm coverage that occurred in OligoG-

treated samples was statistically significant.   

Fluorescent-labelling is associated with technical problems, including dye-

membrane interactions, a lack of specificity and dye-bleaching (Zanetti-Domingues 

et al., 2013).  In the choice of a fluorescent dye, features such as photo-stability and 

brightness need to be measured against specificity of interaction (Zanetti-Domingues 

et al., 2013).  No clear trend or factor can reliably predict the level of membrane-dye 

interaction for a given dye in a particular model (Hughes et al., 2014).  These only 

become evident after laboratory experimentation.  In these experiments, binding of 

TxRd-OligoG to the bacterial cell wall was apparent.  Fluorescently-labelled 

molecules need to be characterised in terms of bound and free fluorescent marker.  

Potential release of free fluorophore from OligoG was eliminated as a problem, as 

analysis of the supernatant after incubation with the biofilm confirmed the TxRd-

OligoG remained intact, potentially reflecting the TxRd itself binding non-

specifically to the cell wall.  The labelled OligoG retained its biofilm inhibition and 

disruption properties, as the TxRd only control confirmed that the biofilm disruption 

in the TxRd-OligoG samples was due to OligoG alone.  However, localisation of 

OligoG within the biofilm could not be confirmed, since free TxRd also showed 

binding to the biofilm, albeit without conferring any anti-biofilm properties. 

Fluorescent probes aid several optical techniques, but further challenges of 

conjugation arise as it cannot be assumed that the fluorophore itself does not alter the 
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properties of the sample in some way.  Fluorescent imaging has been extensively 

employed in bacterial analysis (Moore et al., 1986).  Organic fluorophores are 

ubiquitous tags for a range of biological targets, and many have been studied in 

systems that contain membrane lipids (Hughes et al., 2014).  Previous studies have 

found that fluorescent probes significantly impacted the properties of a lipid bilayer, 

even at low concentrations (Skaug et al., 2011).  Interaction between dyes and lipid 

bilayers can lead to several complications.  For example, if the dye is conjugated to a 

biological target, it could potentially alter the target’s interaction with lipid bilayers 

(Hughes et al., 2014).  Dansyl-polymyxin is a fluorescent derivative of polymyxin B, 

which shows a 20-fold increase in fluorescence after binding to lipopolysaccharide 

(Moore et al., 1986).  Due to the positively-charged amino group of TxRd 

cadaverine, it is likely that this molecule has a high affinity for the negatively-

charged bacterial cell wall of the studied P. aeruginosa, and it is this that has likely 

caused it to form the homogenous ‘red’ halo observed around the cells.   

Clear bottom black 96-well plates were used to grow the biofilms, allowing 

minimal preparation and disruption of the biofilms prior to live imaging (Richardson 

et al., 2008).  Misinterpretation of images can also occur in probes that show pH- and 

concentration-dependence of the fluorescent output (Seib et al., 2007) which could 

induce pH- or concentration-dependent fluorescent quenching of the fluorophore 

(Seib et al., 2007).  Previous studies have shown alteration in fluorescence with a 

change in pH when investigating OG conjugates (Seib et al., 2007).  Treatment of the 

samples with OligoG did not alter the pH, therefore leaving the fluorescent output 

unaffected.  Indeed, TxRd was shown to be unaltered at both pH 5 and 7.  

Concentration-dependent quenching has also been reported in previous studies using 

doxorubicin, which produced a bell-shaped curve of fluorescence (Seib et al., 2006), 

which remained independent of pH.  The linear relationship seen with increasing 

concentration of TxRd cadaverine confirmed no concentration dependent quenching 

of the fluorophore had occurred.   
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3.6 Conclusion 

OligoG was shown to have inhibitory and disruptive properties against biofilms 

of a mucoid P. aeruginosa strain isolated from CF sputum.  This effect was 

maintained when also grown in the less nutritious AS medium, showing that OligoG 

could have utility and efficacy against the in vivo CF condition.  TxRd-OligoG 

maintained the biofilm inhibition and disruption properties of the unlabelled OligoG, 

but failed to provide reliable data for the localisation of OligoG within the biofilm 

due to the affinity of TxRd for the bacterial cell wall. 
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Chapter 4:  

Characterisation of mucin interactions 

with OligoG  
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4.1 Introduction 

Mucosal tissues account for the route or site of infection for most viruses, 

bacteria, yeast, protozoa and multicellular parasites (Linden et al., 2008).  Mucosal 

epithelial tissues have adapted innate responses to these pathogens (Kagnoff and 

Eckmann, 1997).  Important components of the innate immune system are mucins 

which form a physical barrier against chemical, enzymatic and mechanical insults 

and provide a “first line” defence against pathogens (Kagnoff and Eckmann, 1997). 

Whilst important in defence, mucin barriers may impede drug delivery to the 

lung since inhaled agents bind to the mucins and are removed by mucociliary 

clearance (Widdicombe, 1997).  Methods to disrupt these muco-adhesive interactions 

allowing crossing of the mucin-protective layer of the lung would greatly improve 

drug delivery to this site (Bansil and Turner, 2006).  Although mucin-alginate 

interactions have been documented in the literature (Sletmoen et al., 2012, Nordgard 

and Draget, 2011, Nordgard et al., 2014), a greater understanding of the interplay of 

OligoG with mucin within sputum samples, needs to be investigated. 

 

4.1.1 Mucin 

Mucins are produced in the goblet cells and glycosylation occurs through the 

endoplasmic reticulum and golgi complex.  Mucin oligomers are condensed in 

secretory granules prior to exocytosis and once released, rapidly assemble into a 

cross-linked network (King and Rubin, 2002).  Rapid hydration of mucins occurs 

once they reach the epithelial surface, becoming 95% water by weight (Taylor et al., 

2005a).  Each mucin polymer is composed of a single subunit type, consisting of a 

protein backbone encoded by various genes.  Mucins possess a large tandem repeat 

region which contains proline and is rich in serine and/or threonine residues known 

as apomucins (Lewis et al., 2013b).  Apomucins are the site of O-glycosylation 

(Rose and Voynow, 2006) forming the typical bottle brush structure; Fig 1.9 (Taylor 

et al., 2005a).  The one structural element shared by all mucins is the attachment to 

the peptide by O-glycosidic linkages between N-acetylgalactosamine (GalNAc) and 

the apomucins (Lamblin et al., 2001).  O-glycosylation requires an N-

acetylgalactosaminyl peptidyltransferase and one or more glycosyltransferases 

depending on the final O- glycan structure (Rose and Voynow, 2006).  The 
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glycosylation of proteins involves a stepwise progression of covalent attachments of 

oligosaccharide chains, which are then sequentially elongated and branched by a 

number of glycosyltransferases (Potapenko et al., 2010a, Groux-Degroote et al., 

2008).  The mucins found in humans frequently contain fucose (Fuc), galactose 

(Gal), N-acetylglucosamine (GlcNAc), sialic acid and mannose (Lamblin et al., 2001, 

Lewis et al., 2013a).  Further to these sugar modifications, the carbohydrate chains 

may also be substituted by N-acetylneuraminic acid and/or sulfate (Davril et al., 

1999).  It is the glycan moiety that often defines the functional characteristics of the 

mucin (Potapenko et al., 2010a). 

  Further important changes in the core glycan chains, linked to respiratory 

disease, are Lewis antigens (Lewis et al., 2013a).  These are tri- or tetra-saccharide 

terminal glycan epitopes and have 2 main sub-divisions of Lewis antigens, type 1 

and type 2 (Degroote et al., 1999), depending upon the building site of the terminal 

galactose to the GlcNAc.  Type 2 Lewis antigens are synthesised by transferring β-

1,4-galactose to the GlcNAc saccharide, by β-1,4-galactosyltranserases, and they 

include Lewis x.  Lewis x contains α-1,3-Fuc residues on the GlcNAc via 

fucosyltransferase. The galactose may or may not be modified with sialic acid to 

form sialyl Lewis x (Potapenko et al., 2010a)(Potapenko et al., 2010a)(Potapenko et 

al., 2010a)(Potapenko et al., 2010a)(Potapenko et al., 2010a)(Potapenko et al., 

2010a)(Potapenko et al., 2010a).  Further modifications of Lewis x may involve 

sulfation of GlcNac (3-sulfo Lewis x); see Fig 4.1 (Degroote et al., 1999) 

 

4.1.2 Mucins associated with cystic fibrosis  

Mucins are an important constituent in CF sputum (Lamblin et al., 2001) since 

they are gel-forming (King and Rubin, 2002, Jonckheere and Van Seuningen, 2008), 

and represent <1% (w/v) of respiratory secretions (Henke et al., 2007, Phillips et al., 

2006, King, 2005).  In diseased sputum, altered terminal carbohydrate moieties affect 

differences in the viscoelastic properties of mucus, since the addition of a charged 

residue will influence mucin aggregation  (Lewis et al., 2013a).  In addition, the 

mucin-to-water ratio has been shown to be significantly increased to ~5-10 times 

greater than in healthy individuals (Lai et al., 2009b).   



122 

 

 

 

Fig 4.1: Schematic representation of glycan oligosaccharide A) Lewis x, B) Sialyl Lewis x and C) Sulfo Lewis x.
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High mucin levels in the CF lung have been described (Thornton et al., 1991), 

although this has recently been questioned (King and Rubin, 2002) and mucin 

concentrations may even be decreased compared to healthy controls (Henke et al., 

2004).  CF mucins are however, more dense than seen in healthy patients, with 

highly glycosylated ends and increased levels of fucose, galactose, N-

acetylglucosamine, (Bhat et al., 1996), sialic acid and sulfate (King and Rubin, 

2002).  Furthermore, increases in glycosylation and branching in CF mucins have 

been shown to lead to a higher tendency to “gel” and obstruct transport in vivo (Bhat 

et al., 1996).  Mucin levels increase expression of sialylated and sulfated Lewis x 

determinants during inflammation and infection (Henke et al., 2007).   

 

4.1.3 Pig gastric mucin 

Due to the difficulties in obtaining mucin from human sources, pig gastric 

mucin (PGM) is often employed in studies, being a homologue of MUC5AC of the 

human lung (Felgentreff et al., 2006, Bhat et al., 1996, Crater and Carrier, 2010, 

Chen et al., 2012).   

 

4.1.4 Interaction of alginate oligomers with components of sputum 

Guluronate oligomers are polyelectrolytes and may inhibit interactions between 

matrix mucins and mobile components such as carboxylate-modified nanoparticles. 

Nordgard et al. (2014) hypothesised that guluronate oligomers could reduce the steric 

barrier of mucin networks by inhibition of mucin matrix crosslinks.  “Force un-

binding” events between non-commercial PGM and high molecular weight (MW) 

alginates have previously been quantified using atomic force microscopy (AFM; 

Sletmoen et al., 2012).  In these experiments, on addition of guluronate oligomers to 

the buffer, a concentration-dependent suppression of PGM high MW alginate 

interaction was observed.  The study concluded that the low MW guluronate 

oligomers-PGM interaction was the main mechanism underlying the suppression of 

mucin-high MW alginate interactions.  Bacterial alginates are considerably larger 

than OligoG, with some reported to have a MW as high as 4000 kDa (Pena et al., 

2002) as well as a low fraction of G residues; FG 0.33 (Gimmestad et al., 2003).  The 

interaction sites on the mucin molecule which are available for alginate binding may 
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be blocked by low MW alginate due to the difference in steric constraints of 

immobilised OligoG when compared to larger bacterial alginates (Sletmoen et al., 

2012). 

 

4.1.5 Fourier transform infrared spectroscopy  

Monitoring and diagnosing lung disease is complex.  For example, alterations 

in mucin expression, secretion and glycosylation, as well as in the Lewis antigen 

structures can all be used to characterise respiratory disease such as CF and chronic 

bronchitis (Davril et al., 1999, Degroote et al., 2003, Kirkham et al., 2008).  There 

are still no sensitive tools to predict which chronic obstructive pulmonary disease 

(COPD) patients are at risk of exacerbation or rapid deterioration, or to monitor 

disease progression and outcome.  Fourier transform infrared spectroscopy (FTIR) is 

a simple procedure which only requires a small quantity of test sample (Bosch et al., 

2008, Lamblin et al., 2001).  A study analysing COPD sputum using FTIR found 

statistically significant changes in the amide II regions and glycogen rich region of 

mucin between COPD patients and healthy controls (Whiteman et al., 2008) showing 

its utility for this application.     

Early detection of lung cancer is poor, and since long term smokers share 

common symptoms such as coughing, dyspnoea and haemoptysis, with other 

respiratory diseases, symptoms are often dismissed by clinicians.  By analysing the 

FTIR spectra, clear regions which differed in peaks between the healthy sputum and 

lung cancer patient were identified (Lewis et al., 2010).  FTIR was able to detect 

cancer in 48% of cases where no tumour was visible during bronchoscopy.  FTIR is 

also being developed to diagnose oropharyngeal tumours from healthy tissue 

(Menzies et al., 2014, Schultz et al., 1998, Pallua et al., 2012, Fukuyama et al., 

1999), as well as diagnosing laryngeal tumours by detecting a single set of 

biomarkers (Menzies et al., 2014).  As it is easy to use, FTIR could be developed as a 

simple tool for use by the non-specialist. It could also be used as a non-invasive way 

to monitor disease progression and bacterial identification (Bittar and Rolain, 2010).  

 



125 

 

4.1.6 DNA in cystic fibrosis sputum 

The dominant polyanion found in CF sputum is extracellular DNA (eDNA). 

The concentration of eDNA in CF patients is 10 times higher compared to other 

chronic respiratory diseases such as chronic bronchitis (Kim et al., 2001, Kater et al., 

2007).  The majority of eDNA in the CF lung is believed to be from the host 

although bacterial eDNA may also be present (Lethem et al., 1990).  The chronic 

inflammation seen in CF drives epithelial damage (Konstan and Ratjen, 2012), with 

increasing IL-8 production activating neutrophils which releases further eDNA into 

the already purulent sputum  (Kim et al., 2001).  Although obtaining an eDNA FTIR 

spectra from CF sputum represents a challenge, for accuracy however, it is vital to 

eliminate any “cross-over” between eDNA in the spectra analysed for mucin 

glycoprotein. 

 

4.2 Aims 

Mucin is an important secretion of the lung which contributes significantly to 

the viscoelasticity and biofilm formation in CF sputum.  A greater understanding of 

the interactions between OligoG and mucin is required to elucidate possible 

interactions within the CF lung.   

The hypothesis of the study was that the polyanionic nature of OligoG would 

alter the conformation of mucin, leading to structural changes of the glycans.  The 

specific aims of the study were: 

 To quantify changes in mucin surface charge induced by OligoG using zeta 

potential analysis through electrophoretic light scattering (ELS).   

 To utilise different imaging techniques to visualise changes in mucin and 

sputum structure in the presence of OligoG.   

 To characterise changes in hydrogen bonding and electrostatic interactions 

when treating sputum with OligoG using FTIR, and determine how it is 

related to the CF sputum DNA spectrum.   
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4.3 Materials and Methods 

4.3.1 Extraction of pig gastric mucin 

Mucin was collected from pigs immediately after slaughter (courtesy of 

Professor J. Pearson, Newcastle University).  Briefly, the pig gut was surgically 

opened and the surface gently washed with water.  The surface gel was then scraped 

off with a microscope slide, placed into a beaker and cooled on ice.  The mucin was 

then transported to the laboratory at 4ºC for processing.  Purified mucin was then 

prepared as described in Pearson et al. (2000), and used in all the following studies.   

 

4.3.2 Zeta potential analysis of pig gastric mucin-OligoG interactions (surface 

charge) 

PGM (0.03% w/v) and OligoG (0.02% w/v) solutions were immersed in NaCl 

buffer (0.001 M) at pH 5 and pH 7, followed by filter sterilisation, 0.22 µm pore size 

(Klemetsrud et al., 2013).  These were the control samples.  OligoG treated samples 

of PGM were made up to a final concentration of 0.03% PGM and 0.02% OligoG 

(v/v).  Control and treated samples were then incubated at room temperature (20 

mins) prior to ELS using the Zetasizer Nano ZS (Malvern Instruments) and 

disposable capillary cells (Malvern instruments).  Electrophoretic mobility of 

samples (25°C) was analysed using Smoluchowski’s equation (Klemetsrud et al., 

2013) as described in section 2.1.3.   

 

4.3.3 Atomic force microscopy imaging of pig gastric mucin 

In these studies, 0.004% (w/v) PGM in dH2O alone and combined with 0.001% 

(w/v) of OligoG in dH2O was stirred until fully dissolved (20 mins).  A fresh mica 

plate (Agar Scientific) was cleaved and a 1 µl droplet of PGM ±OligoG was placed 

in the centre, and air-dried at room temperature for 20 mins.  Imaging was performed 

using a Dimension 3100 AFM (6 samples per treatment group).   

 

4.3.4 Scanning electron microscopy imaging of pig gastric mucin  

PGM at 0.2% (w/v) was dissolved in dH2O, and placed on a roller at 37ºC for 2 

h, prior to being filter sterilised (0.22 µm pore).  Dissolved PGM (0.2%) was then 
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added to OligoG powder; producing a final OligoG concentration of 0.2%, 2%, 6% 

and 10% (w/v).  These were then allowed to dissolve for 10 mins.  Controls consisted 

of 0.2% PGM (w/v) only and 6% OligoG (w/v) alone.  Samples (900 µl) were placed 

on Thermanox glassTM slides (Agar Scientific) in 12-well plates (Grenier Bio-One, 

Stonehouse, UK), and incubated at 37°C (1 h).  Samples were fixed by directly 

adding 100 µl 25% glutaraldehyde (TAAB, UK, No. G004) to give a final 

concentration of 2.5% (v/v), and then left O/N.  Samples were then washed with 

dH2O (x4) before a final addition of 1 ml of dH2O.  Samples were then placed frozen 

at -20°C and freeze dried for 24 h.  Imaging was performed using Hitachi S4800 

scanning electron microscopy (SEM) without sputter coating.   

 

4.3.5 Ultra-structural analysis of cystic fibrosis sputum 

SEM of sputum samples were undertaken to determine whether treatment with 

OligoG led to structural changes in the CF sputum.  Non-induced CF sputum 

samples (ethics number: 11/WA/0318) were collected and stored at -80˚C until 

required.  Samples were thawed O/N at 4˚C.  Samples (0.1 ml) were incubated ± 

0.2% or 2% (w/v) OligoG for 20 mins at 37°C.  Non-homogenized CF sputum (0.1 

ml) was placed on freshly-cleaved mica plates (Agar Scientific) as previously 

described and air-dried (5-10 mins).  Non-adherent sputum was removed by washing 

gently with phosphate buffered saline (PBS; pH 7.4; x3).  The slides were then fixed 

(1 ml of 2.5% [v/v] glutaraldehyde) in a 12-well plate, at 21ºC (24 h).  Complete 

dehydration of the samples was achieved using the ethanol dehydration method 

(Manzenreiter et al., 2012).  Imaging was performed using Hitachi S4800 SEM, 

without sputter coating at high resolution and with chromium coating at low 

resolution.   

 

4.3.6 ImageJ analysis and quantification 

AFM images (20 µm) were “smoothed”, prior to a standardised adjustment of 

the threshold in black and white.  SEM of sputum samples were processed for 

“sharpening” to enhance the contrast at a set value. The images were then adjusted to 

highlight dark porous areas within the sputum samples.  Both AFM and SEM images 
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were then converted into binary mode to allow measurement of surface area 

coverage and quantification.   

 

4.3.7 Fourier transform infrared spectroscopy 

4.3.7.1 Fourier transform infrared spectroscopy of cystic fibrosis sputum 

Sputum samples were subjected to FTIR analysis to gain data on the possible 

interaction between mucin in sputum samples and OligoG, using a Bruker Alpha 

Fourier Transform IR instrument (equipped with a platinum attenuated total 

reflectance [ATR] single reflection diamond sampling module; Bruker Optics).  Prior 

to each run, the ATR crystal was thoroughly cleaned using 70% (v/v) alcohol in 

dH2O and air-dried.  Infrared spectra were recorded as a mean of 24 scans per sample 

(each repeated on 3 separate occasions) between the wave number range of 4000-450 

cm-1, at a resolution of 4 cm-1, controlled by Optics User Software (OPUS) version 

6.5 (Bruker Optics).  Although water was not expected to contribute to a spectrum 

after evaporation, each spectrum was assessed to ensure a smooth baseline existed 

between 1800 and 900 cm-1 (Dong et al., 1992).   

Initial test experiments were carried out on 10% (w/v) OligoG in dH2O.  A 

background spectrum was measured using 24 scans and subtracted from the sample 

spectrum acquired.  Sputum samples from 9 patients (see Table II.i) were then 

collected and initially divided into Control, 0.2% OligoG and 2% OligoG (w/v) 

treatment categories.  Approximately 3 μL of each sample was spotted directly onto 

the ATR sampling module, and allowed to slowly evaporated at room temperature.  

From preliminary results, it was apparent that the signal from the 2% OligoG test 

samples was dominated by OligoG, so subsequent studies employed a concentration 

of 0.2% (w/v) OligoG. 

 

4.3.7.2 Fourier transform infrared spectroscopy data processing and analysis  

Spectra were pre-processed using OPUS® software by subtracting a baseline 

between 4000-450 cm-1.  Baseline correction was performed followed by 

minimum/maximum normalisation and offset correction.  A mean IR spectrum was 

generated across each group of replicates.  The mean control sample was then 

subtracted from the mean OligoG treated sample for each patient.   
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Analysis focused on the 1240 cm-1 peak, a region that does not include OligoG 

absorbance.  This value was also selected as it is a measure of levels of sulfation 

(Lewis et al., 2013a), an important characteristic of the CF sputum and defining lung 

disease.   

 

4.3.7.3 DNA extraction from cystic fibrosis sputum samples 

DNA extraction was carried out on all CF sputum samples using a DNeasy 

Blood & Tissue Kit® (Qiagen). Sputum (1 ml) was processed as per the 

manufacturer’s instructions.  The DNA and protein content of the extracted samples 

was analysed using a Nanodrop spectrophotometer.  For this, the Thermo Scientific™ 

Nanodrop surface was thoroughly cleaned with isopropyl alcohol in dH2O and a 

blank consisting of 1 μl of nuclease-free water used for calibration.  A 1 μl sample of 

extracted DNA was measured and the DNA and protein contamination 

(absorbance260/280 nm) concentrations determined (n=3).  The samples then 

underwent FTIR (as described in section 4.3.7.1 and 4.3.7.2), followed by secondary 

derivative analysis of the peaks. 

 

4.3.8 Statistical analysis 

Graph Pad Prism® statistical software was used to carry out statistical analysis.  

Zeta potential analysis of mucin-OligoG interactions and the surface area coverage of 

ImageJ binary images of the AFM mucin and SEM CF sputum samples was analysed 

using a paired t-test and the Tukey-Kramer multiple comparisons test based on a one-

way ANOVA test, respectively.  P<0.05 was considered significant. 
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4.4 Results 

4.4.1 Zeta potential analysis of pig gastric mucin-OligoG interactions (surface 

charge) 

The zeta potential for mucin in 0.001 M NaCl, pH 7 was stable at -16.7 mV 

±0.85.  However, when OligoG (0.02%) was added, it became significantly more 

negative at -23.1 mV ±0.98 (P<0.0001).  Due to the low concentration of the OligoG 

control in this buffer, only multiple weak unstable peaks were seen (Fig 4.2A).  

When the pH of the 0.001 M NaCl buffer was reduced to pH 5, the mucin produced a 

similar reading at -16.0 mV ±0.732.  Again, the addition of OligoG led to a 

significantly more negative result of -24.2 mV ±0.45 (P<0.0001), very similar to that 

in the pH 7 buffer.  Similarly, the readings for the OligoG control were again 

unstable, producing multiple peaks (Fig 4.2B).   

 

4.4.2 Atomic force microscopy imaging of pig gastric mucin 

Treatment of mucin with OligoG was shown to disrupt the mucin network and 

change its morphology, forming a more disperse structure compared to the untreated 

control (Fig 4.3).  The topography images were quantified using ImageJ analysis of 

binary images, clearly showing a significant 23% increase in the amount of area 

covered by the mucin when treated with OligoG compared to the untreated control; 

52.06% ±12.37 Vs 28.81% ±5.84 respectively (Fig 4.4; P<0.005).  The samples 

remained reproducible throughout due to the low droplet size of 1 µm.   
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Fig 4.2: Zeta potential (surface charge) analysis (mV) of untreated PGM (red solid line), OligoG treated PGM 

(blue solid line) and OligoG only (green solid line).  Buffer concentration 0.001 M NaCl A) pH 7, B) pH 5.   
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Fig.  4.3: AFM images (20 μm) of A) PGM only control (0.004%); B) PGM (0.004%) with OligoG (0.001%).  

Z scale of 9 nm.   
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Fig 4.4: ImageJ analysis of the percentage surface area coverage of 
PGM AFM images (20 μm).   
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4.4.3 Scanning electron microscopy of pig gastric mucin 

The PGM formed symmetrical smooth spherical shapes in the absence of 

OligoG similar to the microcolonies seen in Chapter 2 in the AS medium (Fig 3.7).  

The OligoG only control (at 6%) formed a homogenous structured pattern.  

Treatment with 0.2% OligoG did not disrupt the formation of these spheres, although 

a number appeared to be less spherical and hence more bound to the ThermanoxTM 

glass slide (Fig 4.5).  As the concentration of OligoG increased (>0.2%), partial 

disruption of the spherical structures occurred (2% OligoG) with complete 

destruction observed at 6% OligoG (Fig 4.5).  

 

4.4.4 Ultra-structural analysis of cystic fibrosis sputum 

The control CF sputum samples produced a dense, tight woven network under 

SEM (18.75% ±4.17 porous).  A more open porous sputum structure was seen when 

treated with 0.2% OligoG (25.78% ±5.46 porous).  The 2% OligoG treated sputum 

structure was significantly more porous compared to the control; 32.17% ±3.90 (Fig 

4.6; P<0.05).  More detailed images at higher magnification of the sputum samples 

(Fig 4.7) demonstrated a smooth, non-porous structure in the control samples which 

became visibly more porous as the concentration of OligoG increased. 
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Fig 4.5: SEM of PGM ±OligoG at 0.2%, 2% and 6% (repeats A-C).  Scale bar 5 µm. 

PGM Control 0.2% OligoG & PGM 2% OligoG & PGM 6% OligoG & PGM 
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6% OligoG Control 
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Control 0.2% OligoG 2% OligoG 
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Fig 4.6: SEM imaging (without gold coating) of CF sputum ±OligoG (0.2% and 2%).  Scale 

bar A-B) 10 µm; C) 5 µm.   
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Fig 4.7: SEM imaging (with chromium coating) of CF sputum ±OligoG (0.2% and 2%).  

Scale bar 1 µm (A-C; triplicates). 
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4.4.5 Fourier transform infrared spectroscopy of cystic fibrosis sputum 

FTIR analysis was performed out by subtractive analysis (the untreated sputum 

spectrum was subtracted from the OligoG treated sputum for each case).  Therefore, 

the area of the spectrum chosen to be analysed was 1240 cm-1 which represents a 

sulfate peak (Lewis et al., 2013a).  This area did not relate to OligoG and hence it 

allowed an unbiased analysis of any changes observed (Fig 4.8A).  Focus was placed 

on negative peaks since these have the potential to demonstrate change by OligoG 

binding.  Some sputum samples are likely to have higher levels of sulfation, and 

DNA phosphate may interact in this spectral region around 1230 cm-1, O–P–O 

asymmetric stretching; DNA (Lipiec et al., 2012).  Spectral reading from DNA from 

a CF patient confirmed the absence of a phosphate DNA peak at 1240 cm-1, therefore 

strengthening the validity of the sulfate interaction (Fig 4.8B). 

A change in absorbance was observed due to the interaction of OligoG with 

mucin.  A decrease in absorbance of OligoG treated samples (Fig 4.9A) led to an 

overall negative peak following subtraction of the control sample from the OligoG 

treated sample (Fig 4.9B). This was seen in five of the OligoG treated samples at 

1240 cm-1, indicating hydrogen bonding and electrostatic interactions between the 

sulfate moiety (at this position) and OligoG.  It is therefore likely that the energy 

between the S+ - -
 O

- bonds was shifted to an S+ − O
- − H

+ bond following treatment 

with OligoG (Fig 4.10), although this did not reach statistical significance.   

Although the changes in wavenumber absorbance noted were minimal, again, 

five samples produced a negative peak after spectral subtraction.  This again showed 

energy loss of a bond, resulting in a lowering of the frequency (i.e. having a higher 

wavelength, leading to a reduction in wavenumber; Fig 4.10).   

All patients tested provided non-induced sputum and were taking antibiotics. 

However, due to the small sample size no correlation was found between sex, age, 

use of rhDNase I and forced expiratory volume in 1 second (FEV1). Full details of 

the patient samples can be found in Appendix II, Table II.i. 
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Fig 4.8: Second derivative of A) OligoG and B) CF DNA FTIR; confirming no interaction at sulfation peak 1240 cm-1 (see black arrow).   
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Fig 4.9: FTIR spectral peaks of sputum from patient 6 (Table II.i).  A) Mean spectra for control and OligoG treated sputum.  B) Subtraction 
of control sputum sample spectra from OligoG treated sample spectra. 
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Fig 4.10: Scatter graph of FTIR readings at 1240 cm-1 representing patients 1-9   (see 
Table II.i).  Change in absorbance and wavenumber shift of OligoG treated sample 

subtracted from the control. 
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4.5 Discussion 

Modifying the properties of mucus may be beneficial in a range of conditions 

such as CF (Nordgard et al., 2014), reproductive medicine (Willits and Saltzman, 

2001) and reducing the barriers to drug and gene delivery (Cone, 2009, Lai et al., 

2009a).  Negatively-charged biopolymers such as mucin, DNA and alginates, 

connect via physical entanglement of non-covalent bonds.  As glycoproteins exhibit 

electrostatic, hydrophobic and hydrogen bonding interactions, mucin is therefore able 

to adhere to other substances.  Although mucin serves as a barrier to bacteria, several 

pathogens such as P. aeruginosa reside within mucus and possess specific adhesins 

to bind to it (Bansil and Turner, 2006).  

PGM does not provide a completely accurate model system of native human 

CF mucus. The decision to use commercial purified type II gastric mucin from 

porcine stomach as a reproducible model (Sigma Aldrich PGM) is common in many 

studies (Crater and Carrier, 2010, Felgentreff et al., 2006, Lee et al., 2005, Ritzoulis 

et al., 2012) but it is important to be aware that there is a risk that non-commercial 

PGM may have been denatured due to the solvents (CsCl/guanidium chloride) used 

in its purification.  However, commercial PGM also has problems such as potential 

impurities like salts, immunoglobulins and secreted proteins which may still be 

present.  Purification of mucin may lead to degraded viscoelastic behaviour of the 

commercial PGM in comparison to PGM which has not undergone any chemical 

treatment (Lee et al., 2005).  In addition, freshly purified PGM gives greater inter-

batch variability compared to commercial PGM, but is more comparable to the native 

secretion (Maleki et al., 2008).  Commercial PGM however, is unable to produce 

rheological properties comparable to native mucus (KocevarNared et al., 1997).  In 

contrast, the use of non-commercial PGM allows good comparison to the in vivo 

situation, particularly in relation to nanoparticle delivery (Nordgard et al., 2014).  

Therefore, non-commercial PGM was used for these studies as a standardised model 

system. 

The zeta potential values obtained did not vary greatly between pH 5 and pH 7, 

typically being the pH range seen within the CF lung (Newport et al., 2009).  The 

observed zeta potential values become more negative following OligoG treatment 

and this was highly suggestive of mucin-OligoG interaction.  This could increase the 
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transport rate of therapeutics through PGM.  Changes in surface charge may also 

affect the ability of bacteria to form biofilms since mucins have been shown to 

increase the attachment of P. aeruginosa in CF airways (Landry et al., 2006).  It may 

also impede bacterial growth since mucins have also been shown to prolong bacterial 

survival (Mothey et al., 2014).  A low concentration of OligoG (0.2%; w/v) was used 

in this study, with the OligoG control failing to provide an accurate zeta potential 

reading.  As a result, the mucin-OligoG combined test was not “masked” by OligoG 

and reliable results were obtained.   

Mucin interaction with P. aeruginosa has been shown to increase bacterial 

motility, which in part is directed by quorum sensing and the lubricating properties 

of mucin (Yeung et al., 2012).  In contrast, OligoG has already been shown to reduce 

the motility of P. aeruginosa (Powell et al., 2014, Khan et al., 2012) and therefore 

may further explain its anti-biofilm properties in a more clinical setting.  In addition 

to this, high MW alginates such as those produced by P. aeruginosa, have a lower 

interaction with PGM when treated with OligoG (Sletmoen et al., 2012).  

Mobility of particles in PGM has been shown to be inversely correlated to the 

surface potential (or charge).  Sulfate modified polystyrene nano-particles had the 

lowest surface potential and the highest transport rate, compared to amine modified 

particles which had the highest zeta potential and lowest transport rate (Crater and 

Carrier, 2010).  Previous studies have also shown how similar results were obtained 

for the polysaccharide pectin when combined with commercial PGM, with the 

overall zeta potential becoming more negative following treatment (Klemetsrud et 

al., 2013).  This may be a highly advantageous property since anionic particles 

diffuse 20-30x faster through gastrointestinal mucus, compared to cationic particles 

(Crater and Carrier, 2010).  The anionic properties of the ‘mucin-OligoG’ molecule 

may therefore also allow easier access of therapeutics through the mucus network.   

An understanding of the effect of pH on mucin-mucin interactions is important 

since the electrostatic charges are governed by the polypeptide backbone and the 

oligosaccharide side chains (Maleki et al., 2008).  The pH of the stomach is 1-2 and 

the gastric epithelium remains unharmed under such acidic conditions primarily due 

to gelation of the gastric mucin (Cao et al., 1999).  Due to the gastric environment 

being acidic, the conformation of PGM is expected to change at higher pH values.  

Non-commercial PGM was found to form a strong heterogeneous network of 
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intertwined chains at pH 2, which became more evenly dispersed and form a more 

homogenous network at pH >2 (Maleki et al., 2008).  This clearly explains why no 

difference was found between pH 5 and pH 7 in the zeta potential studies.  Extracting 

MUC5AC from CF sputum may allow for a more accurate comparison of mucin-

OligoG changes when tested at pH 5 and pH 7.   

AFM employs  a non-invasive and  non-destructive sample preparation 

(Deacon et al., 2000) and has been used extensively to visualise structures at the 

nanoscale level (Round et al., 2002, Round et al., 2004).  Diluted solutions of mucins 

have been imaged to show its extended conformation when placed on untreated 

freshly cleaved mica plates (McMaster et al., 1999, Deacon et al., 2000, Hong et al., 

2005, Klemetsrud et al., 2013).  The methodology of imaging on mica plates was 

found to be reliable and reproducible (Round et al., 2002, Manzenreiter et al., 2012). 

AFM mucin images have previously demonstrated a regular network structure 

(Klemetsrud et al., 2013) and have been a useful tool to show glycoprotein structure 

and aggregation (Hong et al., 2005).  The AFM images in this study were as 

anticipated, with the zeta potential becoming more negative when mucin and OligoG 

were combined.  These results were indicative of increased repulsion between the 

molecules and less inter-linking networks, potentially reducing its ability to interact 

with bacterial biofilms or increase the viscosity of sputum.  The increase in 

molecules within the solution on addition of OligoG may partially account for the 

changes seen in surface area.  However, even when treated with OligoG, the 

structural similarity of the mucin pattern was maintained with what appeared to be 

binding with OligoG. 

Previous studies have reported mucin AFM imaging to show consistency with  

SEM studies (Deacon et al., 2000).  Studies have also shown how SEM of 

commercial PGM (Sigma Aldrich) provides a visual representation, to establish the 

relationship between nanoparticle concentrations and mucin aggregation (Chen et al., 

2010).  Hence a similar approach was used for this study.  The effect of OligoG on 

PGM was particularly dramatic, with the spherical mucin structures seemingly 

completely disrupted in the treated samples, with the mucin network instead 

appearing to have opened up and having fewer mucin network strands.  The addition 

of low MW guluronate oligomers to mucin matrices has previously been shown to 

form less dense cross-linking network and an increased matrix pore size (Nordgard et 
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al., 2014).  OligoG therefore has a potential application for improved delivery of 

nanomedicines. 

Spherical mucin structures have previously been imaged by SEM, and are a 

recognised complication for contact lens wearers (Millar et al., 2003).  Interestingly 

in this chapter, the spheres were formed under static conditions, and hence must have 

formed due to the charge on the mucin within the test solution.  The lack of these 

spherical structures in the treated samples shows how significant the alteration in 

charge was following the addition of OligoG.  

Difficulties arise during sample preparation for SEM imaging as the sputum 

microstructures are likely to contract (Schuster et al., 2013), and fixation and 

dehydration may therefore directly affect the resulting pore size obtained (Schuster et 

al., 2013).  These specific hurdles are difficult to overcome, but the contrast between 

the identically-treated test and control samples validated the approach taken.  

Previous studies using SEM imaging of sputum samples, (Manzenreiter et al., 2012, 

Schuster et al., 2013, Sanders et al., 2000) showed that (similar to this study), healthy 

mucus samples produced a meshwork architecture.  This mucus mesh ranged from 

tens to hundreds of nanometres in diameter, with many fibres smaller than 100 nm.  

The fibres were organised randomly suggesting that the mucus was isotropic 

(Schuster et al., 2013).  The surface area coverage of pores increased with increasing 

concentration of OligoG, which may improve access for other therapeutics.  

The comparison of PGM SEM and sputum SEM is vital since previous studies 

have shown that purified PGM showed increased nanosphere entrapment compared 

to native pig gastric mucus, possibly due to removal of non-mucin products leading 

to exposed interaction sites on mucins which were previously inaccessible (Nordgard 

et al., 2014).  OligoG was shown to disrupt both PGM and sputum structure, but 

PGM to a greater extent. This may be due to an increase in exposed “mucin sites of 

interaction”.  Further to this, non-commercial polymeric PGM samples were found to 

contain disulfide bridges/mucin polymers (Fogg et al., 1996) making it more 

comparable to the interactions seen in sputum samples. 

Recent developments in pharmaceutical nanotechnology have attempted to use 

nanoparticles to aid transport of drugs or genes to target areas by inhalation as 

treatments for respiratory diseases such as CF (Chen et al., 2010).  An understanding 

of nanoparticles as an inhaled therapeutic to treat respiratory diseases may improve 
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pharmacokinetic drug profiling and provide effective therapeutic outcomes (Schuster 

et al., 2013).  These must penetrate the mucosal barrier to avoid rapid clearance and 

provide the pharmacokinetic effect required (Schuster et al., 2013, Sanders et al., 

2000).  Schuster et al. (2013) showed that both particle size and charge were key to 

facilitating transport through respiratory mucus, with the former being the greatest 

predictor of particle diffusion.  Furthermore, perhaps unsurprisingly, rhDNase I had a 

significant effect on particle diffusion, confirming that eDNA is a large component 

of sputum (Sanders et al., 2000).  Cationic complexes are less transport-efficient than 

anionic ones (Chen et al., 2010, Sanders et al., 2000, Ferrari, 1997) thereby giving 

the low MW anionic properties of OligoG a distinct advantage in terms of increased 

sputum penetration (Sanders et al., 2000).    

Various mineral salts account for up to 1% of mucus mass, with the elasticity 

increasing with greater ion valency.  Higher concentrations of multivalent cations 

(e.g. Ca2+ and Mg2+) can facilitate reversible crosslinks between mucin monomers 

(Lai et al., 2009b).  Cationic Ca2+ acts as a “cross-linker” which condenses the mucin 

matrices inside mucin granules before exocytosis.  In this way, Ca2+ can interact with 

mucin and create complex insoluble mucus plugs (Bhat et al., 1996).  Ca2+ 

concentration within the CF lung increases to 4 mM compared to 1 mM in normal 

individuals (Chen et al., 2010).  Guluronic acid (G) subunits have previously shown 

preferential binding to cations such as Ca2+ (Lattner et al., 2003), and may therefore 

further reduce mucin cross-links.   

Recent novel clinical approaches involve the use of portable FTIR for use on 

patient samples in a clinical setting to predict acute episodes of COPD (Lewis et al., 

2013a) or to aid detection of lung cancer (Lewis et al., 2010, Yano et al., 2000, Yano 

et al., 1996, Wang et al., 1997).  This tool could be further developed as an aid in the 

treatment of CF patients since it is known that sialylation and sulfation of the Lewis 

x antigen is associated with respiratory disease, and could be a useful biomarker for 

analysing disease progression and severity  (Lewis et al., 2013a).  SEM and FTIR 

have previously been used in combination to assess the chemical and morphological 

composition of animal mucins (Teubl et al., 2013b).  Extending this analysis to 

sputum samples is complex, as the evaluation involves multiple chemical bond 

interactions due to the vast heterogeneity of the samples.  Over sulfation in CF 

mucins has long been reported in the literature (Degroote et al., 1999, Xia et al., 
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2005, Davril et al., 1999, Delmotte et al., 2002) and may be two fold greater than that 

derived from healthy individuals (Mendicino and Sangadala, 1999).  It has also been 

shown that the sulfated Lewis x antigen is the main sulfated sugar in mucin in CF 

(Lewis et al., 2013a).  Within a subtractive spectrum, positive peaks for OligoG were 

expected to increase overall absorbance in the treated samples, therefore making 

these areas of the spectrum uninformative.   

The spectral analysis for this study was taken between 900-1280 cm-1.  This is 

the region of the IR spectrum where absorbance at C-O bonds in sugars occur 

(Khajehpour et al., 2006), as well as C-C stretching or C–O-H bending (Hounsell, 

1994).  Specific sugar peaks in this area also come from C-H “wagging” and O-H 

“flexing” vibrations (Kacurakova and Mathlouthi, 1996).  IR spectra for sugar 

derivatives have previously been determined; the peak position and associated 

absorbance of the carbohydrate associated region being extremely similar to that 

found for Lewis x antigen, due to the monosaccharide composition.  Lewis et al 

(2013) showed that the IR spectra for raw sputum from a COPD patient had a similar 

general pattern to the Lewis x antigen derivatives, with a 1240 cm-1 peak, which 

corresponded to the sulfation peak (Powell et al., 1994).  In this way, the 

characteristic sulfate absorption allowed the sulfated Lewis x derivative to be 

distinguished from the non-sulfated antigen (Lewis et al., 2013a).   

Glycan sulfation is thought to increase when bacterial infection is present, 

possibly to protect the underlying glycoproteins from enzymatic degradation by 

bacteria (Mendicino and Sangadala, 1999).  Inflammatory leukocytes and P. 

aeruginosa are thought to recognise sulfated ligands and lead to an inflammatory 

response and increased pathogenesis of P. aeruginosa respectively (Xia et al., 2005, 

Ramphal and Arora, 2001).  However, a xenograft CF model demonstrated an 

increase in sulfation in the absence of bacterial infection, which implies it may be a 

primary defect of the disease (Zhang et al., 1995).  Other studies have postulated that 

increased  sulfation may be inherent in CF patients and only partly dependent on 

chronic bacterial infection (Robinson et al., 2012).  Equally though, some studies 

have also reported a reduction in sulfation in CF patients compared to healthy 

control, and therefore may not be an accurate model for all CF patients (Schulz et al., 

2007).  Changes in this peak in sputum suggest that OligoG was able to bind to the 

sulfate moieties on the glycans and in this way, may counteract the effects of 
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pathogen recognition and binding (Robinson et al., 2012).  Hence, OligoG’s ability 

to interact with the sulfate moiety could potentially reduce the severity of bacteria-

induced exacerbations.  Importantly, this study was limited due to lack of healthy 

control sputum and the small sample size and further work is needed to confirm these 

results.  

The viscosity of mucin was previously found to be pH dependent in artificial 

gastric juices with a gradual rise <pH 5 of approximately 100-fold compared to pH 7.  

It was found that when the PGM was treated with neuraminidase it removed over 

90% of the sialic acid, yet had no effect on the viscosity (Bhaskar et al., 1991).  In 

contrast, proteolytic digestion of the mucin with trypsin, or reduction of disulfide 

bonds with dithiothreitol, completely prevented changes in viscosity at low pH.  This 

study shows the importance of targeting mucin in the study of sputum viscoelasticity, 

as well as highlighting the need to also focus on other sputum components.   

Sputum samples have an inherent heterogeneity and represented a risk of bias, 

therefore, replication was key to the detection of outliers (Bhat et al., 1996).  

However, the results proved to be very reproducible from the same sample.  It was 

expected that there could be large outliers within the samples due to this inherent 

heterogeneity, but again this was not the case.  The results presented here may be 

used to create a hypothesis regarding the interaction of OligoG with the sulfate 

moiety of mucin, and to drive further research in patients and possible use of FTIR as 

a tool for clinical analysis of patient samples.   

FTIR does have its limitations.  It cannot determine the exact molecular 

structure of compounds, only which chemical groups are present in a sample.  Also, 

some vibrations detected by FTIR are attributable to multiple chemical groups.  Such 

problems may be overcome, for example, by the development of an FTIR reference 

library for monosaccharides (Lewis et al., 2013a).  FTIR can also lead to extremely 

complex readings when multiple components are present within a sample.  In this 

study, choosing an area of the spectrum which did not include an OligoG tracing was 

vital to obtaining usable data.  Also the exact composition of sputum and clearance 

rate will differ depending on the microbiota, anatomical site and disease state 

(Schuster et al., 2013).  Hence, had time and resources allowed, use of a much larger 

sample size would have been more informative.   
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4.6 Conclusion 

Interaction of OligoG with mucin produced a more negative surface charge 

leading to a more disperse structure, as seen in the AFM images.  The tight untreated 

mucin spheres (SEM) were disrupted by OligoG in a dose dependent manner.  This 

was further reflected in the complex polyanionic CF sputum, as the pore size 

increased and the tangled meshwork opened, when treated with OligoG.  A 

hypothesis was drawn from the FTIR analysis suggesting that OligoG interacts with 

the sulfate moiety of mucin.  Since an increase in sulfation within the CF lung is 

associated with reduced pulmonary function, this finding may lead to elucidation of 

another mechanistic effect of OligoG within the CF lung.   
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Chapter 5:  

Studies on the rheological changes 

induced in cystic fibrosis sputum by 

OligoG 
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5.1 Introduction 

Rheology has been extensively used to analyse the properties of sputum 

(Nordgard and Draget, 2011) since its viscoelasticity is directly altered in many 

pathological conditions of the lungs (Nielsen et al., 2004).  In cystic fibrosis (CF) 

patients, the sputum has an increased elasticity and viscosity which impairs clearance 

from the lungs. As such a major goal of therapy is effective removal of this thick 

tenacious sputum (Robinson et al., 1997).  The physico-chemical structure of mucus 

is therefore an important therapeutic target in diseases such as CF and chronic 

obstructive pulmonary disease (COPD; Nordgard and Draget 2011).  In this study, a 

direct comparison of the effects of the alginate oligomer OligoG with another 

therapy currently employed to alter the viscoelastic properties of sputum in CF 

patients, rhDNase I, was performed ex vivo.   

 

5.1.1 Sputum 

In chronic respiratory disease, production of sputum with abnormal viscoelastic 

properties (i.e. increased viscosity and elasticity) impedes effective mucus clearance, 

which prolongs infection and triggers airway inflammation (Nielsen et al., 2004, 

Livraghi-Butrico et al., 2012).  A significant correlation has been found between 

polyanions, mucin and DNA, and rheological changes in CF sputum (Sanders et al., 

2000).  Impaired clearance ultimately results in a reservoir of pathogens as well as 

both host and bacterial derived inflammatory mediators (e.g. interleukins and 

lipopolysaccharide; LPS), which perpetuate damage of the respiratory epithelium and 

drive chronic inflammation via direct (e.g. protease) and indirect (e.g. cytokine and 

Toll-like receptor) mechanisms (Livraghi-Butrico et al., 2012).  The altered 

viscoelasticity of mucus also effectively reduces the ability to deliver specific 

therapies to the diseased lung.   

 

5.1.2 Mucolytics 

Mucolytics aim to free adherent secretions from the epithelium and decrease 

their elasticity and viscosity.  Mucolytics are used as a therapy for mucus clearance 
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in CF patients and work in conjunction with bronchodilators, chest physical therapy 

and good nutrition (King and Rubin, 2002) to improve lung function in the patients.   

In a previous study, treatment with a prototype, low molecular weight (MW) 

alginate oligomer (DPn10) was shown to alter the rheology of mucin/alginate gels, 

mucin/DNA gels and sputum from a CF patient (Nordgard and Draget, 2011).   

 

5.1.2.1 rhDNase I 

CF patients undergo a continuous cycle of obstruction, infection and 

inflammation which releases large amounts of extracellular (e)DNA (Konstan and 

Ratjen, 2012).  eDNA is a viscous polyanion and is primarily released by neutrophil-

induced cell death in the lung mucus.  eDNA has been shown (via rheological 

investigations) to cause changes in viscoelasticity, leading to an increased complex 

modulus, a decrease phase angle and increased complex viscosity (Nordgard and 

Draget, 2011).  The eDNA content of the sputum has also been shown to be directly 

proportional to the viscous and elastic response of the mucus (Zahm et al., 1995).  

This led to the development of a highly purified recombinant human DNase I; 

(rhDNase I; Shah et al., 1995), which enzymatically digests the eDNA fragments in 

sputum.  rhDNase I treatment has been shown to decrease the viscosity and elasticity 

of infected mucus by hydrolysing the phosphodiester bonds of the DNA chains to 

form shorter oligonucleotides (Henke and Ratjen, 2007, Sanders et al., 2006, Visick 

and Fuqua, 2005), promoting improved airway clearance of secretions, resulting in 

increased pulmonary function, reduced pulmonary exacerbations (Fuchs et al., 1994, 

Jones and Wallis, 2010, Shah et al., 1995) and may prolong survival.  Approximately 

42.7% of CF patients regularly use a nebulised rhDNase I treatment (Bilton and 

Osmond, 2010).  Interestingly, the greatest improvement in CF patient survival 

occurred between 1994 and 1997 and coincided with a “step” increase in the use of 

nebulised rhDNase I (George et al., 2011).  The higher the initial eDNA content of 

treated sputum, the greater the effect of rhDNase I (Zahm et al., 1995).  It should be 

noted that other authors have suggested that there is no direct relationship between 

the concentration of eDNA found within sputum and its viscosity.  In contrast, 

COPD sputum samples have been shown to possess a decreased eDNA concentration 
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and viscoelasticity compared to CF sputa, suggesting that the higher elasticity and 

viscosity found in CF may be due to the presence of eDNA (Sanders et al., 2000).   

 

5.1.2.2 Mannitol 

Mannitol is a recently licensed (2012) sugar alcohol developed to improve 

surface hydration of the lung epithelium in CF patients and is inhaled as a dry 

powder (Bronchitol©).  It is believed that mannitol induces a sustained osmotic 

gradient to increase the amount of water in the airway lumen, thereby increasing 

hydration of the periciliary fluid and improving mucus clearance.  A phase II, 

randomised, open-label, dose response crossover study was carried out using 

mannitol showing a statistically significant increase in forced expiratory volume in 1 

second (FEV1) at 400 mg compared to 40 mg (Teper et al., 2011) which was 

maintained for the whole of the 26 week study (Bilton et al., 2011).  However, 

overall perseverance with mannitol therapy has been poor.  A study revealed that 27 

out of 85 (32%) patients were excluded from even commencing the trial due to failed 

mannitol tolerance tests, MTT (Teper et al., 2011), with a larger study finding 27 

(7.1%) failed the MTT out of 378 patients (Bilton et al., 2011).  Up to 22.4% of 

patients were thought to have an adverse event during the life time of this study due 

to the test medication mannitol.  The most common adverse events are 

bronchospasm, headache, cough and pharyngeal pain (Teper et al., 2011, Minasian et 

al., 2010) as well as lack of time in taking the medication (Aitken et al., 2012, Bilton 

et al., 2011).  Studies have shown no change in microbiology results during 

treatment.  This is a particularly important finding, since many organisms are able to 

use mannitol as a carbon source (Aitken et al., 2012).   

 

5.1.3 Rheology 

Rheology is used to assess the effect of mucolytics on sputum properties 

(Hoffer-Schaefer et al., 2014).  Modulating the rheological properties of mucus is 

often a desirable therapeutic measure aimed at changing these parameters to those 

levels found in health (Nielsen et al., 2004) and can be achieved by targeting 

exogenous polymers (Nordgard and Draget, 2011).  However, before the use of 
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therapeutic products to alter the rheological properties of mucus or sputum, the initial 

state of the mucus needs to be assessed (King, 1998).   

Liquid elements undergo shear flow over or past each other, whilst adjacent 

elements undergo extensional flow towards or away from each other (Barnes, 2000).  

It has been shown that the most reliable information regarding the properties of 

sputum can be gained via shear rheology oscillatory techniques (Nielsen et al., 2004), 

and the cough clearance index (CCI; King, 1987) can be calculated from these tests; 

CCI = 3.44 – (1.07 x log G*100) + (0.89 x tanδ 100) 

 However, a direct comparison of sputum samples can be difficult as observed 

viscoelasticity may vary with the physiology/pathology of the specimen provider 

(Nordgard and Draget, 2011).  Moreover, large inter- and intra-patient variation may 

occur due to variations in water content, actin, DNA and glycoprotein content.   

 

5.2 Aims 

As OligoG has previously been shown to cause disruption of mucin and 

alginate interactions (Sletmoen et al., 2012), we hypothesised that the alginate 

oligomer could potentially be chronically delivered, via an inhaled route to alter the 

viscoelastic properties of sputum in patients with chronic respiratory disease.  The 

specific aim of this chapter was to test the use of OligoG in the management of 

chronic lung disease by studying its ability to modify the rheological properties of 

CF sputum.   

 

The specific aims of this study were: 

 To investigate the ability of OligoG to modulate the viscoelastic 

properties of CF sputum ex vivo.  

 To assess changes in sputum rheology longitudinally ex vivo. 

 To compare OligoG treatment to currently available mucolytics ex 

vivo. 
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5.3 Materials and Methods 

5.3.1 Patients and samples 

Non-induced sputum samples (n=23) were collected by expectoration from 7 

patients with CF (mean age 26 years; range 17-39) with mean FEV1 0.80-1.93 L 

(mean percent predicted FEV1 was 46%; range 20-65%).  All subjects were under the 

care of the Cystic Fibrosis Service, Cardiff and Vale University Health Board and 

gave written informed consent.  The study was approved by the Local Research 

Ethics Committee (ethics number: 11/WA/0318).  Sputum samples with visible 

quantities of saliva were not used.  The patients were hospitalised due to pulmonary 

exacerbation at the time of sampling.  P. aeruginosa was isolated from all patients on 

airway culture and all were receiving oral, inhaled and/or intravenous antibiotics.  

Serial analysis of sputum collected from Patient 1 was employed in the longitudinal 

study (vide infra).  Patient data is shown in Table 5.1. 

Sputum samples were stored at -80oC prior to use as in previous studies 

(Dasgupta et al., 1998, Stressmann et al., 2011, Wills et al., 1997, Serisier et al., 

2009, Horsley et al., 2013, Hoffer-Schaefer et al., 2014).  Initial experiments (data 

not shown) confirmed that freezing samples did not affect sputum rheology.  

Previous literature has also shown that freezing the samples does not significantly 

change viscous or elastic response (G’ or G’’; Sanders et al., 2000).   
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Table 5.1: Patient data, including antibiotic and rhDNase I (if applicable) regimen at time of sampling. 
 

Patient 

No.   

Age 

(Yrs) 

Sex rhDNase I Antibiotic regimen at time of sampling Recent sputum 

microbiology 

FEV1  
(%) 

IV Oral Inhaled 

1# 17 F Y Tobramycin   

Meropenem 

Flucloxacillin 

Azithromycin 

Colistin (alternate month 
with) Tobramycin 

P. aeruginosa 1.10 L 
(37%) 

2 31 M N Colistin  

Meropenem 

Chloramphenicol 

 Colistin (alternate month 
with) Tobramycin 

P. aeruginosa 1.85 L 
(51%) 

3 28 M Y Tobramycin 

Ceftazidime 

  P. aeruginosa 1.93 L 
(54%) 

4 39 M Y  Azithromycin 

Flucloxacillin 

Colistin (alternate month 
with) Tobramycin 

P. aeruginosa  

S. aureus 

1.85 L 
(50%) 

5 30 F N Tobramycin 

Aztreonam 

Azithromycin Colistin (alternate month 
with) Tobramycin 

Pseudomonas sp.   

P. aeruginosa 

1.93 L 
(65%) 

6 20 M Y Tobramycin 

Meropenem  

Azithromycin Colistin Pseudomonas sp.   0.80 L 

(20%) 

7 18 M Y Tobramycin 

Ceftazidime 

Flucloxacillin 

Azithromycin 

Colistin (alternate month 
with) Tobramycin 

P. aeruginosa 1.30 L 
(43%) 

#Sputum from Patient 1 was used for the longitudinal study.  FEV1; forced expiratory volume in 1 second. 

P. aeruginosa, Pseudomonas aeruginosa; S. aureus, Staphylococcus aureus.   
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5.3.2 Extensional rheology 

A total of 4 repeat experiments were performed on samples collected from 3 

patients (patient 1, 2 and 7 in Table II.i).  The sputum samples were treated with 2% 

OligoG and a dH2O control.  The minimum volume of sputum used for the 

extensional rheology was 0.2 ml.  The treated samples were rocked gently side to 

side 4 times to mix them whilst preventing any change in rheological properties.  

Vigorous agitation was avoided to prevent spontaneous gelling or introduction of air 

into the gel.  The samples were then incubated at 37°C for 4 h before rheological 

measuring.   

Capillary Break-Up Extensional 

Rheometry (CaBER) was employed to measure 

the extensional properties of sputum samples.  

Briefly, two 7 mm plates were placed on the 

rheometer and the upper plate (no. 2) was 

aligned manually to the lower one (no. 1; Fig 

5.1).  For live recording of the experiment, the 

sputum samples were placed between the two 

plates and plate 2 was slowly moved upwards, 

subjecting the sample to a known “step-strain”.   

There was a delay between loading and 

testing relaxation time.  This was altered until 

the specimen fell at a time lag.  The surface 

tension and density was measured for each 

sample.   

An imposed step strain ε resulted in the 

formation of an unstable filament with a 

diameter (D) that decayed as a function of time 

due to surface tension σ.

In the final stages of filament break-up, the thinning phenomena was 

dominated by surface tension effects which allowed analysis of the rate-change of 

the mid-filament diameter to determine the extensional viscosity of the sample.   

 

Fig 5.1: Set up of two (1 
and 2) plates (7 mm) for 
extensional rheology. 
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5.3.3 Shear rheology 

The rheological properties of sputum samples were measured using a parallel 

60 mm aluminium plate on an AR-G2 (TA instruments, UK) Controlled Stress 

Rheometer.  Prior to starting the experiments, the instrument’s geometry inertia and 

rotational mapping were calibrated, followed by measurement of the rheometer’s 

zero gap.  Samples were placed on the lower plate with the upper plate being lowered 

onto the sample until the gap reached a pre-defined value (set after the initial wall 

slip test) between 400-1000 μm.  This gap was then adjusted so that the sample 

adequately filled the gap between the rheometer plates.   

All rheological experiments were conducted at a fixed temperature of 37ºC 

using Peltier control, to replicate the mean body temperature for clinical comparison 

(Sanders et al., 2000).  Torque sweeps were initially performed (0.1-10 Pa) to 

determine a stress at which the response of G’ and G’’ were within the linear 

viscoelastic region of the sample (Serisier et al., 2009).  The strain was therefore set 

at 2%, a level deemed to be within the linear viscoelastic range.   

An oscillation procedure was set up to carry out a frequency sweep, between 

0.1-10 Hz (Serisier et al., 2009).  The upper frequency was chosen since the ciliary 

beat frequency is estimated to be 10 Hz.  Studies investigating the effect of 

normobaric oxygen on cilia beat frequency have reported frequencies of 10.2 Hz (± 

0.9) and 9.5 Hz (Stanek et al., 1998, Shah et al., 1996).  This biologically relevant 

frequency has been used for similar studies (Nielsen et al., 2004).  The lower 

frequency of 0.1 Hz was chosen since the mucociliary clearance index has been 

estimated at 0.16 Hz (King, 1980), and a plateau was reached at frequencies lower 

than 0.1 Hz, possibly due to sputum reaching a permanent network structure (Nielsen 

et al., 2004).  Other rheological studies have focused on and used 0.16 Hz or 1 Hz as 

their test frequency due to its low inertia, leading to highly reproducible results 

(Sanders et al., 2000, Sanders et al., 2006, Wills et al., 1997).   

 

5.3.3.1 Sample heterogeneity  

Visual inspection of patient sputum samples highlighted the heterogeneous 

nature of the sputum, varying from near liquid to relatively solid.  Small CF volume 

samples have been shown to produce large variations in viscoelasticity when 



159 

 

analysing separate aliquots from the same sputum sample (Serisier et al., 2009).  

Hence a control was included within each treated sample.  However, previous 

experiments of sputum heterogeneity have also shown that a sample could be divided 

into different treatment modalities and still remain comparable for analysis (Sanders 

et al., 2000).  For example, using a minimum sample size of 0.9 ml good 

reproducibility of both G’ and G’’ was evident, with larger volume fractions shown 

to reduce the inherent variability between samples  (Sanders et al., 2000).  In the 

majority of cases, it was not possible to include control sputum samples from healthy 

individuals, as they are induced using 4.5% hypertonic saline (Serisier et al., 2009).  

This process not only has an effect on sample rheology, but also does not produce an 

adequate sample size.  The ‘gold standard’ for obtaining normal respiratory 

secretions is an invasive procedure, where sputum is collected directly from 

endotracheal tubes at surgery.  Again, this route does not provide adequate sputum 

sample sizes for rheological research (Serisier et al., 2009).  To test sample 

variability in the samples used in this study, a single patient’s samples were divided 

(n=8) for rheological testing and it acted as its own control.   

 

5.3.3.2 Wall-slip testing 

Dynamic effects within test samples may be present, which enhance the wall-

slip effect (section 1.7.4).  Shear rate and/or shear rate gradient will be present next 

to the smooth wall within the fluid.  This leads to the movement of particles further 

from the wall.  The resulting effect of these dynamic and static elements of 

lubrication is greater for larger particles since the particle-free layer will be bigger.  

Slip becomes more important at higher concentrations, greater particle size, reduced 

viscometer gap-size and when shear rates are decreased (Barnes, 2000).  Hence, wall 

slip tests were completed to optimize the experimental set-up.  To detect any 

presence of wall slip in sputum, 3 samples were tested from patient 1.  The set-up 

was as initially described, and a frequency sweep (0.1-10 Hz) was carried out at a set 

gap of 1000, 800, 600, 400 and 200 µm.   
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5.3.3.3 Sample incubation times 

Samples were incubated at different time points to assess the optimal 

incubation period for experiments with OligoG, and hence gain the maximum 

therapeutic benefit.  Samples were treated with 2% OligoG and incubated for 5, 30, 

60 and 240 mins (4 h).  These samples then underwent a frequency sweep (0.1-10 

Hz) to analyse changes in the viscoelastic properties of each test sample.   

 

5.3.3.4 Longitudinal study 

To monitor potential changes in the efficacy of OligoG with disease state, a 

longitudinal study of sputum rheology was conducted over 9 days on samples from 

patient 1, who was chronically infected with P. aeruginosa (Table 5.1).  Aliquots of 

each sputum sample were divided into six different treatment protocols.  Each 

sample was treated with 10% of total volume using the following treatment 

modalities: (1) dH2O (v/v); (2) 100 nM rhDNase I v/v (Pulmozyme®, Pz; Genentech 

Inc. San Francisco, CA); (3) 0.2% OligoG (w/v); (4) 2% OligoG (w/v); (5) rhDNase 

I and 0.2% OligoG; (6) rhDNase I and 2% OligoG.  A final rhDNase I concentration 

of 2.5 µg/ml (approximately 100 nM) was chosen in line with previous  studies 

(King et al., 1997).  After addition of each treatment regime to the sputum, the 

samples were inverted gently (x4) prior to incubating for 4 h statically at 37ºC.   

 

5.3.3.5 Comparative study 

To further observe the effectiveness of 2% OligoG (w/v), an additional 23 

patient sputum samples were collected, treated and analysed as described above.  All 

samples underwent a frequency sweep using the same parameters as before.  Non-

induced sputum samples (n=23) were collected by expectoration from 7 patients with 

CF (patients 1-7 in Table 5.1) attending the Cystic Fibrosis Unit, Cardiff.   

In a separate experiment, a series of three samples were also used to compare 

treatment with OligoG and ability to modulate sputum rheology with mannitol.  At 

the time of testing, mannitol was not licensed in the UK as an inhalation therapy for 

CF.  These studies consequently employed Aridol®, which is essentially the same 

drug, but currently used for the treatment of asthma.  In these studies, and based on 

product information, we compared 2% mannitol with 2% OligoG.   
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5.3.4 Statistical analyses 

Statistical analysis was performed using Graph Pad Prism® statistical software.  

The longitudinal study was analysed using Dunnett Multiple Comparisons test in 

conjunction with analysis of variance (ANOVA) to compare the means.  The 

characteristics of the samples in the comparative study between the control group 

and 2% OligoG treated samples were tested using Wilcoxon matched-pairs signed-

ranks test.  Confidence intervals were set at 95% and P<0.05 was considered 

significant.   

 

5.4 Results 

5.4.1 Extensional rheology 

The extensional rheology showed a large degree of variation within the 

extensional viscosity of the control samples when repeated.  The value for 

extensional strain rates also varied hugely between samples, as to be expected.   

Graphs were plotted using a curve fitting step.  Interestingly the degree of 

variation seemed to decrease when the sample was treated with 2% OligoG (Fig 5.2).  

Also, whilst patients 1 and 2 appeared to show similar curves for test and controls 

(i.e. untreated sample curves below those of the treated sample curves), those for 

patient 7 were distinctly different, with the test curves sitting between those of the 

various controls.  

 

5.4.2 Shear rheology 

5.4.2.1 Sample heterogeneity  

A test for heterogeneity was carried out to ascertain if a single patient sample 

could provide reproducible results when divided into 8 individual samples for 

testing.  The phase angle was found to have a mean of 17.95 ± 1.41 (Fig 5.3A) with 

the ratio of G’’ to G’ (Tan δ) remaining stable throughout the test for variability.  

The mean Tan δ was 0.32 ± 0.03 (Fig 5.3B).   
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Fig 5.2: Extensional viscosity of CF sputum showing untreated (blue cross) Vs 2% 
OligoG treated (red circles) on patient 1, patient 2 and patient 7 respectively (A-C). 
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These tests revealed that a sample from a single patient can deliver 

reproducible results on being divided into different aliquots of 0.9 ml for testing.  

Furthermore, these results suggested that a single sample could be divided to 

compare different treatment regimens.  Further control studies were then required to 

discover which plate gaps were the most reliable and reproducible for such 

comparisons.   

 

5.4.2.2 Wall slip testing 

Wall slip tests were performed on CF sputum samples (n=3) across a wide 

frequency range of 0.1-10 Hz.  The results were plotted as complex modulus values 

to analyse the rigidity of the samples across the range of frequencies tested.  The 

values across the frequencies of 0.1-10 Hz are shown in Figs 5.4A-C.   

The values for all set gaps varied more at >1 Hz, with the greatest variation 

seen at >4 Hz.  Fig 5.4A and Fig 5.4C revealed a high level of inertia when the gap 

between the sample and the upper plate was 200 µm at frequencies >1 Hz.  The 

second run (Fig 5.4B) revealed an even higher effect of inertia at a set gap of 200 

µm, giving erroneous results.  The findings confirmed previous studies (King 1980) 

where the mucociliary clearance value of 0.16 Hz was used as it produced the most 

reliable results. 

The wall slip results (n=3) were analysed further and the results were focused 

on 0.16 Hz.  The values found at this frequency for the elastic response (Fig 5.5A) 

indicates that when the plate is lowered to 200 μm (seen for sample 2 only), the 

possibility of probing large clumps of sputum instead of bulk properties may occur, 

decreasing the homogeneity of the analysis.  Similar results were seen for the viscous 

response with sample B again showing erroneous results when compared to the other 

two samples (Fig 5.5B).  These results suggested that all subsequent testing should 

be carried out at a set gap of ≥ 400 µm.   
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Fig 5.3: Rheological testing of a single patient sample divided into 8 aliquots 
to demonstrate experimental reproducibility showing; A) Phase angle (°) and 
B) Tan (δ) at 0.16 Hz. 

A 

B 
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Fig 5.4: Wall slip tests showing complex modulus (G*) values in triplicate A), 
B) and C) over the frequency range 0.1- 10 Hz at set gaps 200, 400, 600 and 
1000 μm (n=3).   
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Fig 5.5: Wall slip testing at 0.16 Hz at set gaps 200, 400, 600 and 1000 μm showing A) 
Elastic response (G’).  Mean response for pre-set gaps ± standard deviation: 1=6.01 ± 
0.86, 2= 7.68 ± 0.54 and 3 = 0.91 ± 0.048.  B) Viscous response (G’’).  Mean response 
for the pre-set gaps ± standard deviation: 1= 2.01 ± 0.25, 2= 2.54 ± 0.14 and 3= 0.91 ± 
0.05.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

A 
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5.4.2.3 Incubation time 

The optimal incubation time with OligoG was determined by analysing the 

effect of time on both elastic and viscous response (n=3).  The optimum incubation 

time could be used as an aid to determine when physiotherapy (in an in vivo setting) 

would be most beneficial after inhalation treatment with OligoG.  The elastic 

response (G’) was found to decrease after 1 h, with an even greater effect seen after 4 

h (Fig 5.6A).  Comparable results were seen with the viscous response for these 

incubation times (Fig 5.6B).  Conversely, the phase angle increased considerably at 4 

h incubation time (Fig 5.6C) suggesting that 4 h should act as the incubation period 

for all subsequent tests.   

 

5.4.2.4 Longitudinal study 

The longitudinal study on sputum samples collected from the same patient over 

9 days demonstrated marked intra-individual variation (at 0.16 Hz) in control values 

of elastic response (G’; 0.16-0.79 Pa; Fig 5.7) and viscous response (G’’; 0.13-0.32 

Pa; data not shown), showing considerable heterogeneity in the observed viscoelastic 

properties of the sputum during periods of exacerbation and hospital admission, even 

for samples obtained on the same day.   

This study confirmed the effectiveness of the 2% OligoG treatment at reducing 

both the elastic response (G’) and viscous response (G’’) of CF sputum samples 

(Figs 5.8A-B) to approximately half those of the control (P<0.01).  However, the 

data revealed an inconsistent response to rhDNase I alone, failing to demonstrate 

statistically significant reductions in either G’ or G’’ (P>0.05) for 6/9 test sputum 

samples.  In contrast, rhDNase I used in conjunction with 2% OligoG showed 

statistically significant differences in both G’ and G’’ (P<0.01).  This result suggests 

a potentiating effect of the combined treatment, with the observed values of both G’ 

and G’’, being less than those for 2% OligoG or rhDNase I alone (Fig 5.8).  A 

potentiating effect was also seen using 0.2% OligoG, although significant effects 

were observed only for G’’ (P<0.01) and not G’ (P>0.05).   
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 Fig 5.6: Effect of incubation time on rheological testing of OligoG treated sputum 

(2%) at 0.16 Hz. A) Elastic response (G’); B) Viscous response (G’’) and C) Phase 

angle (°).  Set-gap ≥ 400 μm (1-3, replicates). 

A 
 

B 

C 
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Fig 5.7: Longitudinal study of sputum samples (n=9) from a single CF patient collected over a period of 9 days, showing change in 
elastic response (Pa), compared to controls, when treated with 100 nM rhDNase I and/or 2% OligoG (at 0.16 Hz).  
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Fig 5.8: Longitudinal study for samples from a single patient collected over 9 days 
showing values for: A) elastic response (G’), B) viscous response (G’’) at 0.16 Hz 
for various sputum treatments with/without 0.2% or 2% OligoG and/or rhDNase I 
(100 nM; n=9), ** P<0.01.  The error bars represent the standard error of the mean.   
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5.4.2.5 Comparative study 

Shear rheology studies with 2% OligoG treatment showed a dramatic and 

significant reduction in both elastic (G’) and viscous response (G’’) of CF sputum 

compared to the dH2O-treated control.  A model has been previously developed to 

predict mucociliary clearance in vivo (King, 1980) and focused on the low frequency 

of 0.16 Hz, chosen to analyse mucus clearance, P<0.0001; Fig 5.9A (Nordgard and 

Draget, 2011) and cilia beat frequencies 10 Hz, P<0.02; Fig 5.9B (Nielsen et al., 

2004, Stanek et al., 1998, King, 1987).  There was no statistically significant change 

in the tan δ value at between 0.16 Hz and 10 Hz (i.e. the ratio of G’’ to G’ remained 

comparable).  The CCI modelled from the 10 Hz rheological data, showed that 

treatment with 2% OligoG significantly increased the predicted CCI (3.92 Vs 3.61 

for the dH2O control; P = 0.02).   

 

5.4.2.6 Mannitol study 

The elastic and viscous response of sputum after treatment with mannitol or 

OligoG was found to decrease (Fig.  5.10).  The graphs highlight the greater effect of 

2% OligoG on both elastic response (G’) and viscous response (G’’) in comparison 

to 2% mannitol treatment.   
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Fig 5.9: Changes in elastic response (G’) and viscous response (G’’) for 2% OligoG 
treatment of sputum samples compared to dH2O treated controls measured at A) 0.16 
Hz (n=23) and B) 10 Hz (n=21).   
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Fig 5.10: Changes in sputum rheology at 0.16 Hz showing A) elastic response (G’) 
and B) viscous response (G’’) for dH2O treated control compared to 2% mannitol 
and 2% OligoG treatment. 

B 

A 
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5.5 Discussion 

 Potential new therapies to decrease exacerbations and aid reduction of 

antibiotic resistance by the breakdown of the sputum biofilms are highly desirable to 

decrease both morbidity and mortality in CF.   

Extensional rheology experiments highlighted the heterogeneous nature of CF 

sputum in analysis when low sample volumes were used.  The findings showed 

OligoG treated samples to be more homogenous, but interpretation of findings 

should be made with caution since the sample number was low (n=3).  Oscillatory 

techniques, used to measure viscoelastic properties (i.e. G’, G’’) represents a 

potentially useful method for testing the efficacy of mucolytic agents in vitro 

(Nielsen et al., 2004).  This study employed a frequency range of 0.1-10 Hz, which 

was relevant to biological processes in the airway; the mucociliary clearance index 

having been studied at 0.16 Hz (King, 1980, Sanders et al., 2000, Sanders et al., 

2006, Wills et al., 1997, Nielsen et al., 2004) and cilia beat frequency at 

approximately 10 Hz (Nielsen et al., 2004, Stanek et al., 1998, King, 1987).   

To analyse shear rheology as accurately as possible, several control 

experiments were carried out.  These demonstrated that dividing a single sputum 

sample into different treatment groups was valid and relevant for comparative 

analysis as long as the samples were not too small (≥0.9 mL) and showed that up to 4 

h incubation time was optimal for 2% OligoG treatment.  Time-dependent analysis of 

CF sputum has previously been carried out using other mucolytic targets (Kater et 

al., 2007).  These previous studies demonstrated a time-dependent decrease in 

sputum cohesivity with gelsolin (Kater et al., 2007), highlighting the importance of 

selecting an optimum time of incubation for rheological testing, as observed here for 

OligoG.  Although incubation may alter the properties of the mucins in the sputum 

sample by lowering the elastic response (Horsley et al., 2014), the results of this 

study remained comparable, as both treated and untreated were incubated for the 

same length of time. 

Altered sputum rheology can impair mucociliary and cough clearance, so 

assessing the rheological properties of sputum is vital for determining disease 

progression. Various types of rheological analysis have shown the importance of 

measuring both elastic and viscous parameters.  Sputum is a true viscoelastic 

material, with the elastic response (G’) remaining greater than the viscous response 
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throughout the frequency sweep.  Early rheological measurements on sputum were 

carried out over large deformation and forces, which led to disruption of the elastic 

component.  However, it is important that the biopolymer structures within CF 

sputum are not damaged when measuring elastic and viscous responses (Nielsen et 

al., 2004).  The untreated samples in this study showed this response across all 

frequency ranges were within the linear viscoelastic range.   

Elastic forces have been found to impede clearance by coughing more than 

viscous forces.  These findings may relate to a balance which exists between 

elasticity and viscosity of mucus in healthy individuals to optimise both forms of 

airway clearance (cough and mucociliary action).  It has been postulated that a 

rheological shift may occur during airway injury (King et al., 1985).  Monitoring of 

the viscoelastic properties of mucus is therefore important, particularly in 

compromised patients, since the optimal range needs to be a balance between 

mucociliary and cough clearance (King, 1998).  The elastic properties need to be 

high enough to ensure that mucus is propelled by the cilia and to prevent movement 

down the lung, but not to the point where it resists propulsion by the cilia (Nordgard 

and Draget, 2011, Shah et al., 1996) since causing the mucus to become too liquid 

may lead to another potential hazard (King, 1998).  

Another major independent variable linked to mucus clearance in a simulated 

cough is viscosity (King et al., 1989).  When looking at the viscoelastic properties of 

mucus gel stimulants across a range of bronchial values found in COPD patients, a 

negative correlation was found between cough clearance and  increased viscosity, 

spinnability and adhesivity, but not with elastic response (King et al., 1989).  It was 

found that viscosity was the dominant variable.  Based on the Newtonian 

relationship, we can see that a sample of low viscosity (η) will displace one with a 

higher value since:  

F=kηX 

For a given force (F), the displacement (X) is proportional to 1/η.  η is an 

important factor in governing the displacement of a given force.  The wave formation 

created during cough clearance is influenced by the surface tension, which in turn 

can inhibit changes in surface architecture and hence reduce clearing.  Lowering the 

mucus surface tension is beneficial for both forms of clearance (King et al., 1989).  
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As a result, the effects of OligoG (2%) in lowering the viscous response of sputum, 

could potentially aid clearance of sputum from the lungs in vivo.   

The ratio of viscous response to elastic response (tan δ) is also important in 

mucociliary clearance.  An increase tan δ results in sputum having greater clearance 

potential by coughing, but less easily cleared by ciliary action (King, 1987).  When 

viscosity is increased at constant elasticity, there is a pronounced reduction in the 

mucociliary transport rate (King, 1980).  As CF sputum becomes too difficult to clear 

by the cilia, clearance by coughing becomes increasingly important (Kater et al., 

2007).  The ratio between viscous response and elastic response within coughing is 

opposite to that found for ciliary clearance.  The natural balance between viscous and 

elastic response allows mucus to be cleared by both mechanisms (King, 1987).  The 

ratio of viscous to elastic response was maintained by OligoG; a feature which is 

important clinically for the optimum clearance of mucus by both cough and 

mucociliary actions (King et al., 1997, Henke and Ratjen, 2007).  Rheological testing 

could be used on samples obtained from an in vivo clinical trial using OligoG to 

confirm the findings, and detect any clinical changes found.   

The results of this study (at 2% OligoG) were consistent with those previously 

demonstrated for another prototypical alginate oligomer, DPn10, FG 0.89, which 

showed an ability to decrease the elasticity of sputum (Nordgard and Draget, 2011).  

DPn10 (at a concentration equivalent to 0.06%) led to a decrease in complex modulus 

(G*) and an increase in phase angle δ of treated sputum samples (in the frequency 

range of 0.01 to 3 Hz) indicative of electrostatic competitive inhibition, reduced 

cross-linking networks and weakened gel matrix.  It is likely that OligoG utilises 

these mechanisms to target the mucin (and non-mucin) components of the CF 

sputum and induce the observed changes in viscoelasticity.  The finding that OligoG 

was not immediately effective, (requiring a 60-minute incubation period to induce 

any effect), supported this theoretical mode of action, i.e. the “smaller” low MW 

alginate oligomers require time to disrupt/compete for the high MW binding sites on 

the mucin in the sputum (Nordgard and Draget, 2011).    

Treatment with OligoG was shown to induce highly significant and 

reproducible changes in elastic and viscous responses (G’ and G’’) of sputum from 

CF patients over the entire frequency range studied.  This study has shown that 

OligoG modulates the elasticity of mucus leading to a decrease in stiffness.  A mixed 
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mucin-alginate gel will contain a combination of mucin-mucin and mucin-alginate 

interactions.  The mucin-alginate interaction is thought to be electrostatic in nature 

(Taylor et al., 2005b).  Low MW alginate oligomers (such as found in OligoG) have 

a small radius of gyration surrounding them due to their low MW, making the 

mucins unable to form cross-links (Nordgard and Draget, 2011).  These findings (at 

the macroscale) accord with recent nanoscale studies, which demonstrated the ability 

of alginate oligosaccharides to disrupt mucin/alginate interactions (Sletmoen et al., 

2012) and again reflect lower resultant cross-linking densities in the sputum 

(Nordgard and Draget, 2011).  They also concur with the ability of OligoG to modify 

the extracellular polymeric substance (EPS) matrix (and structure) of bacterial 

biofilms in vitro (Powell et al., 2013).  Within the mucus of CF patients, these 

mucin/alginate interactions appear to be enhanced (and viscosity and elasticity 

increased) by the excessive production of bacterial alginates by for example, P. 

aeruginosa (Fuongfuchat et al., 1996) thereby inhibiting mucociliary transport.   

Contrary to previous studies, statistically significant results were not obtained 

in this study when treating sputum with rhDNase I.  Previous studies investigating 

the in vivo treatment of CF patients with rhDNase I for ten days (Shah et al., 1996) 

found an immediate drop in G’, G’’ and G* values (i.e. decreased viscoelasticity) 

compared to the placebo (P<0.001).  In addition, clinical improvement in FEV1 

immediately after termination of treatment was found, but the effect did not persist.  

There was also no change in sputum DNA concentration after the ten days of 

treatment, in comparison to the placebo control group.  In addition, the rheological 

properties of sputum were not influenced by colonisation of the lung with mucoid P. 

aeruginosa (Shah et al., 1996).  These original landmark rheological studies of 

rhDNase I pre-date its widespread use.  In our hospitalised patients receiving 

intensive therapy, it was ethically unacceptable to withdraw treatment with regular 

nebulised rhDNase I prior to sample collection.  Previous studies have also found it 

was ethically difficult to stop patients receiving rhDNase I, so to mitigate this, 

sputum was collected in the morning before treatment with mucolytic agents 

(Sanders et al., 2006).   

The variation in rhDNase I efficacy noted in the longitudinal study may reflect 

variations in the eDNA component of the sputum in association with inflammatory 

cell content and disease exacerbation (Jiang et al., 2011, Kim et al., 2006).  Since 
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Patient 1 in this longitudinal study was already on a twice daily rhDNase I regime, its 

maximum effect in the samples used for the in vitro testing may also have been 

reached.  However, other studies investigating the relationship between DNA content 

in sputum and viscosity have found no significant correlation between any 

classification of sputum whether mucoid, purulent or mucopurulent (Picot et al., 

1978).  This was hypothesised to be due to an increase in exudates, resulting from 

inflammatory reactions possibly diluting the DNA/glycoprotein content of the 

sputum (Picot et al., 1978).  It may also explain why rhDNase I does not always have 

an optimal effect on decreasing the viscous and elastic responses (G’ and G’’), and 

why it was found only to work on 6/9 of the samples tested in this longitudinal study.  

Consequently, the effect of OligoG treatment at 2% dominated the changes in 

viscoelastic properties observed.  The combined effect of rhDNase I with 0.2% 

OligoG revealed a synergistic effect and may in fact be a novel way to enhance the 

effect of rhDNase I.   

rhDNase I has previously been shown to be ineffective in specific CF patients.  

They are known as the non-responders.  Testing of responders against non-

responders found a statistically significant difference between both groups, with 

sputum found to be extensively degraded in the former compared to the latter, where 

it was not degraded at all.  The median decrease in sputum elastic response (G’) in 

both groups was 32% and 5% respectively (Sanders et al., 2006).  There are several 

hypotheses why this group of patients do not respond to treatment, including 

difficulty of penetration of the therapeutic through sputum.   

The ability of new therapies to gain access through the complex sputum matrix 

is a challenge.  It has been shown that fluorescently–labelled negatively-charged 

polystyrene nanospheres, in a range of sizes, varied in their penetration through 

sputum samples (Sanders et al., 2000).  Larger nanospheres 270 nm and 560 nm 

seemed to have poor penetration due to steric obstruction.  However, the water 

channels in CF sputum seemed to allow passage of the smallest nanospheres (124 

nm).  Furthermore, electron microscopy revealed pores in the sputum, ranging in 

diameter between 100-400 nm (Sanders et al., 2000).  Interestingly, treatment with 

rhDNase I only, led to a minor increase in nanosphere transport.  DNA fragments 

from degradation by rhDNase I may hinder the transport of these nanospheres 

through viscous effects.  Another possibility is low Mg2+ levels which are necessary 
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for optimal rhDNase I activity (Sanders et al., 2000).  Mg2+ levels in responders to 

rhDNase I were found to be significantly higher than those in the non-responder 

group.  Moreover, there was a significant positive correlation between Mg2+ 

concentration and decrease in sputum elastic and viscous responses upon treatment 

with both rhDNase I and Mg2+ in the non-responder cohort (Sanders et al., 2006).  

Mg2+ is thought to be a co-factor in the enzymatic degradation of DNA by rhDNase I 

with a minimum concentration of Mg2+ required for its activity.   

Actin plays a key role in rhDNase I activity.  It has been shown that in a DNA 

concentration typically found in CF sputum (2.6 mg/ml), without actin, the activity 

of rhDNase I is independent of Mg2+ concentration  (Sanders et al., 2006).  It has 

been hypothesised that G-actin inhibits rhDNase I, and that Mg2+ promotes its 

polymerisation into F-actin, which does not interact with rhDNase I.   

rhDNase I has previously been investigated for possible synergistic effects with 

saline, where viscoelasticity was analysed using a magnetic microrheometer 

technique.  A significant difference was seen between 3% saline and rhDNase I 

compared to 0.9% saline and rhDNase I, with a decrease in the sputum rigidity index 

(log G* at 1 rad/s) with the latter.  Saline at 0.9% did not show a statistically 

significant improvement compared to the untreated control or when combined with 

rhDNase I.  These figures also showed a reduction in spinnability when this 

combined treatment was used, but the reduction was less than additive, suggesting 

that combination treatment between saline and rhDNase I may not lead to synergy.  It 

was postulated that the high salt concentration may have hindered the activity of 

rhDNase I since they were combined prior to the sputum treatment (King, 1998).  

OligoG on the other hand, seemed to target different areas of sputum, without 

hindering the efficacy of rhDNase I.   

Possible synergy between physical disruption of sputum using positive 

expiratory pressure (PEP) and rhDNase I treatment has also previously been tested 

(Dasgupta et al., 1998).  Flutter® valve (producing PEP) therapy and/or rhDNase I 

was carried out on sputum samples.  Flutter® and rhDNase I treatment alone did not 

significantly change sputum rigidity, but when used in combination, a substantial 

decrease in rigidity was found (P<0.001).  The same trends were found when 

calculating CCI, as rhDNase I failed to reach significance unless combined with 

Flutter®.  The authors hypothesised that the dose of rhDNase I was sub-threshold, but 
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potentially acted to prime the gel network, which was then degraded by the applied 

PEP oscillations (Dasgupta et al., 1998).  Other studies have shown that combined 

mucolytic treatments have a greater potential patient benefit than single treatments 

alone (King et al., 1997, Dasgupta et al., 1998).   

CF patient exacerbations are related to cough, sputum production, dyspnoea, 

and lowering of energy levels and appetite, which can lead to weight loss.  Lowering 

the incidence of exacerbation is vital, since it is related to morbidity, and is 

consequently a strong predictor of survival (Stressmann et al., 2011).  There was no 

significant difference found in sputum bacteriology before and after treatment with 

rhDNase I (Shah et al., 1996).  The additive effect of OligoG may therefore be of 

additional benefit.   

This present study showed that mannitol lowered both the elastic and viscous 

response, but that the effect was not as great as that observed with OligoG.  Minasian 

et al. (2010) found that treatment with mannitol was comparable to that of rhDNase 

I, with a 7% increase in FEV1 from baseline.  Other studies have also found 

improvement in the treatment groups, irrespective of the use of rhDNase I (Bilton et 

al., 2011).  However, mannitol did not enhance the effect of rhDNase I when used in 

combination.  A similar reduction in exacerbation has been reported for mannitol and 

7% hypertonic saline (HS); 35% and 37% respectively (Bilton et al., 2011).  

Mannitol and HS are not true mucolytics as they target osmolarity rather than distinct 

network junctions.  Since the increase in G’ and G’’ of sputum originates from the 

high number of junctions between biopolymer chains per volume unit of sputum 

(Sanders et al., 2000), combination effects with rhDNase I was probably not to be 

expected.   

During CF exacerbation, as well as the increase in polymeric eDNA levels, F-

actin also increases significantly, contributing to the ‘stickiness’ of purulent CF 

sputum (Henke and Ratjen, 2007).  The change in viscoelasticity due to the actin 

component of sputum has also been studied.  Gelsolin is an actin-severing peptide 

which cleaves non-covalent bonds between actin monomers within actin filaments, 

whilst thymosin β4 (Tβ4) is the major actin-sequestering peptide.  The viscosity of 

CF sputum treated with gelsolin in vitro has been shown to be significantly lowered 

at low shear (Vasconcellos et al., 1994).  In contrast, no dose response change in 

elasticity was found when sputum was treated with thymosin β4 (Tβ4), unless it was 
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combined with rhDNase I (Kater et al., 2007).  This synergistic response with 

gelsolin and rhDNase I produced a larger reduction in G’ and G’’ than seen with 

either reagent alone.  This highlights distinctive targets within sputum samples and 

the possibility that synergistic effects can cause an amplified therapeutic treatment.   

In the CF airway surface liquid (ASL), polycationic elements become 

entangled within the network and lower the effect of secreted antibacterial factors.  

Cationic antibacterial peptides such as cathelicidin LL-37 have reduced activity due 

to their interaction with the polyanionic nature of DNA and F-actin. This results in 

aggregation leading to reduced effectiveness, which is enhanced also by bacterial 

LPS.  Breaking up the filaments of F-actin has been shown to increase effectiveness 

of endogenous antibacterial factors (Bucki et al., 2007).  An increase in the 

proportion of free IL-8 and IL-8 dependent neutrophil chemotactic activity of sputum 

supernatants was found following in vitro addition of  rhDNase I and gelsolin (Perks 

and Shute, 2000).  The polyanionic nature of eDNA and actin may be repelled by 

OligoG to open the structure. 

Respiratory failure due to chronic suppurative lung disease is the major cause of 

death in CF patients (Cohen-Cymberknoh et al., 2011), with pulmonary function and 

chronic P. aeruginosa infection being the major prognostic indicators (Emerson et al., 

2002).  OligoG can modify the EPS of pseudomonal biofilms and increase bacterial 

susceptibility to antibiotic treatment in vitro (Khan et al., 2012).  The ability of 

OligoG to significantly modify the viscoelastic properties of CF sputum was also 

evident, the characteristics of which are known to vary in the lung in association with 

both inflammation and infection, representing an important therapeutic target (King, 

1998, Shah et al., 1996) although the exact rheological determinants of optimum 

ciliary transportability however, remain to be defined (Wills et al., 1997).   

The ability of OligoG at lower concentrations (0.2%) to potentiate the 

viscoelastic changes induced by rhDNase I may reflect the distinct “targets” of the 

agents.  rhDNase I modifies the extracellular high MW macromolecular structure of 

the sputum (i.e. DNA).  OligoG disrupts both mucin and macromolecular 

mucin/alginate interactions; probably disrupting the hydrogen bonds between mucin 

molecules (Fuongfuchat et al., 1996).  In this study, treatment with 2% OligoG more 

reliably decreased the elastic and viscous response compared to controls; reflecting 
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the universal alteration in the structural assembly of mucin in CF sputum and its 

value as a therapeutic target in the mucolytic treatment of CF (Davril et al., 1999).   

 

5.6 Conclusion 

There remains a need for new and improved therapies in CF, as the treatments 

are not universally effective and may be problematic.  These studies highlight the 

potential usefulness of therapies to alter the macromolecular structure of mucus and 

affect changes in its rheology in chronic respiratory disease.  The previously-

described ability of OligoG to potentiate antimicrobial activity against Gram-

negative bacteria (Khan et al., 2012) and modulate biofilm EPS alongside its ability, 

as demonstrated here, to reduce the elastic and viscous response of mucus, may be of 

particular use in the treatment of chronic respiratory disease  (Henke and Ratjen, 

2007, Elkins and Bye, 2006). 
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6.1 Introduction 

The increase in adverse health effects in patients due to Candida species is 

rising at an alarming rate with soaring economic consequences (Ramage et al., 2005, 

Lin et al., 2005).  C. albicans represents the most prevalent candidal species in 

humans but the incidence of other non-albicans Candida species infections is also 

increasing (Silva et al., 2011b, Fidel et al., 1999), many of which have high levels of 

resistance to conventional antifungal treatment (da Silva et al., 2013).  The most 

frequent causes of candidiasis are C. albicans, Candida glabrata, Candida 

parapsilosis, Candida tropicalis (Silva et al., 2012) and Candida krusei (Lass-Floerl, 

2009).  Virulence in Candida species is attributed to an ability to adhere readily to 

host tissue, to undergo morphological alteration and to secrete hydrolytic enzymes 

which facilitate invasion (Silva et al., 2011b).  In addition to candidal infections, 

fungal infections other than Candida species are also on the rise such as 

aspergillosis, zygomycosis and fusariosis (Lass-Floerl, 2009).   

The prevalence of C. albicans in CF patients has for many years been 

overlooked.  A prospective observational study found that 60.7% of CF patients grew 

C. albicans (Chotirmall et al., 2010).  Those with the lower BMI were found to be 

chronically colonised.  It was also found that C. albicans was generally isolated from 

those with a more advanced disease and with those colonised having more hospital 

treated exacerbations.  Although the colonisation of C. albicans was not the strongest 

predictor of BMI or FEV1, both parameters significantly decreased following the first 

acquisition found in sputum culture.  It is still debated if the fungal colonisation 

growth represents harmless sputum positivity or a potential pathogen (Chotirmall et 

al., 2010). 

 

6.1.1 Non-albicans Candida species  

Non-albicans Candida species have been estimated to account for 43.5-56.5% 

of all reported candidemia; C. tropicalis being the most frequent non-albicans 

Candida species in invasive candidiasis, especially in cancer patients (da Silva et al., 

2013).  C. tropicalis is now widely recognised as an important pathogen and a 

greater understanding of its virulence is required.   
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In vitro studies employing C. tropicalis 519468 showed it was found to form 

predominantly filamentous growth on reconstituted human oral epithelium (RHE), 

with clear disruption of epithelial tissue being evident at 24 h, leading to tissue 

alteration and detachment of the superficial keratinocyte layer (Silva et al., 2011b).  

An increase in the level of lactate dehydrogenase activity (LHD) was also found, 

which correlated with the observed tissue damage.  This study supported the view 

that the pseudohyphal form facilitated tissue invasion.   

 

6.1.2 Morphology 

Yeast-like fungi are the most common cause of fungal infections in humans 

(Kamysz et al., 2006).  Candida species are polymorphic having several growth 

forms and can grow as both yeast and filamentous form.  Pseudohyphae are formed 

by budding from yeast cells or hyphae, with the new growth remaining attached to 

the parent cells as it elongates.  Pseudohyphae lack internal cross walls and have 

filaments with constrictions at cell-cell junctions.  In contrast, true hyphae form 

either from an existing hyphae or a yeast cell, and are initiated by germ tube 

projection.  This elongates and branches which divides the hyphae into a separate 

fungal unit (Silva et al., 2012).  Certain Candida species may exhibit reversible 

transition from each growth form, conferring the advantage of rapid and efficient 

environmental adaptation.  Different environmental signals which induce these 

changes in morphology include: serum, N-acetylglucosamine, pH changes, hypoxia, 

hypercapnia, temperature, starvation and adherence (De Sordi and Muhlschlegel, 

2009).  Not all Candida species  form hyphae and/or pseudohyphae.  C. glabrata is 

not polymorphic and can only grow as a blastoconidia (Silva et al., 2012).   

 

6.1.3 Virulence and adherence 

The invasion of host tissue by Candida is a complex combination of physical, 

mechanical and enzymatic processes.  Adhesion to host tissues and morphogenesis 

both contribute to candidal virulence (Jayatilake et al., 2005).  In addition, there are 

multiple virulence factors associated with Candida species (Shimizu et al., 1996) and 

four main enzymes have been associated with virulence produced by C. albicans 

strains including hyaluronidase, chondroitin sulphatase, secreted aspartyl proteinases 
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(SAPs) and phospholipases (PLs), which help Candida species to invade tissues.  

Interestingly, these factors have been shown to be increased in antifungal resistant 

strains (Ying and Chunyang, 2012).   

Secretions of hydrolytic enzymes, e.g. SAPs, are key virulence factors during 

C. albicans mucosal and disseminated infections, which are important in determining 

pathogenicity (Schaller et al., 1999).  The proteinases of C. albicans are made up of 

isoenzymes encoded by at least 10 SAPs genes that are implicated in both local and 

systemic infections (Schaller et al., 1999).  It has been found that SAP1-3 have a 

direct role in tissue damage during superficial infections, whilst SAP4-6 are 

important for invasion and interaction with components of cellular defence (Schaller 

et al., 2001).  SAP6 expression occurs during yeast to hyphae transition (Schaller et 

al., 1998).  Interestingly, PL was found to be particularly concentrated at the 

peripheries of the hyphal tips and at the initial sites of bud formation (Jayatilake et 

al., 2005) acting as a mechanical “anchor” for yeast survival on oral epithelium, 

preventing displacement by hydrodynamic shear due to morphological alteration to 

facilitate adhesion.  Fungi are known to produce cell surface proteins such as the 

adhesins HWP1 (Nobile et al., 2006).  Target genes such as ALS3 (Nobile et al., 

2008) and the cell wall related protein SUN41 (Norice et al., 2007) have been 

identified as important factors in biofilm adhesion and virulence in C. albicans.   

To establish an infection, Candida species must mount effective stress 

responses to counter host defences, and adapt to dynamic changes in nutrient status 

within different environments (Ene et al., 2012).  Changes in carbon source have 

been shown to dramatically affect their cell wall architecture (Lowman et al., 2011).  

For example, a carbon source such as lactate can strongly influence the resistance of 

C. albicans to antifungal drugs, osmotic and cell wall stresses.  Furthermore, an 

increase in stress resistance was associated with major changes in architecture and 

biophysical changes independent of key stress (Hog1) and cell integrity (Mkc1) 

signalling pathways (Ene et al., 2012).  In this respect, it is well known that Candida 

species are able to respond to changes in their immediate environment, being able to 

undergo reversible morphological changes between yeast (spherical cells) and hyphal 

(filamentous) forms of growth (Ene et al., 2012).  C. dubliniensis and C. albicans 

have been shown to react to changes in environmental pH by changing cell shape via 

differential gene expression, which they use as a means of adaptation to different 
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ecological niches (Sosinska et al., 2011).  OligoG may exert its effect on the cell wall 

through its use as an alternative carbon source.  OligoG does not, however, 

significantly alter the pH of the media (Khan et al., 2012).   

 

6.1.4 Models to assess candidal biofilm formation 

In health, the intact human epithelium acts as a discrete physical and chemical 

barrier against Candida species infection.  The ability to study these interactions 

experimentally has presented a number of problems.  Animal models fail to 

completely mimic the human in vivo condition and their use poses ethical issues 

(Schaller et al., 1998) so more suitable in vitro experimental models are required.  

Primary oral keratinocyte mono- and multi-layered and organotypic cultures of 

human origin have all been previously explored as model systems to study these 

interactions (Oda et al., 1998, Sundqvist et al., 1991, Easty et al., 1982).  The use of 

such human primary cell culture models is however limited due to a lack of available 

tissue, inter-donor variation (and hence insufficient reproducibility), as well as 

fibroblast contamination and limited duration of exposure.  Novel alternatives to 

overcome these problems have used primary cell culture models with specific cell 

lines (Jacobsen et al., 1999) and ex vivo models employing biopsy tissue and the 

chick chorioallontoic membrane (Pugh and Cawson, 1975, Reichart et al., 1995).  

The reconstituted human oral epithelium (RHE; SkinEthic Laboratories, Lyon, 

France) provides a reproducible multi-layer keratinocyte model structure where it is 

possible to reproduce the internal milieu of the oral cavity within the appropriate pH 

range, although it has a time limit due to the multi-layer nature of the model.   

 

6.1.5 Reconstituted human oral epithelium  

The RHE model consists of well-stratified keratinocytes which are devoid of 

stratum corneum (Fig 6.1), being structurally comparable due to routine culture 

conditions (Schaller et al., 1998).  It is essentially an ‘off the shelf’ use model for 

time-limited experiments (Jayatilake et al., 2005).  RHE are organotypic cultures of 

spontaneously immortal TR146 cells originally obtained from a squamous cell 

carcinoma of the buccal mucosa.  The tissues exhibit stratification, epithelial  
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Fig 6.1: A) Reconstituted human oral epithelium 
(SkinEthic Laboratories, Nice, France); B) Oral 
epithelium ex vivo (SkinEthic Laboratories, Nice, 
France).   
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morphology and permeability, and express keratins in a pattern which mimics intact 

human epithelia (Jacobsen et al., 1999).   

The suitability of the RHE model as an in vitro model to study chronic candidal 

epithelial interaction and invasion in chronic hyperplastic candidosis has been 

confirmed in a number of studies (Bartie et al., 2004, Jayatilake et al., 2005, Schaller 

et al., 2001, Malic et al., 2007).  In the RHE model, differing patterns of Candida 

species tissue invasion highlight its ability to demonstrate strain-specific differences 

in the ability of similar strains to invade the tissue.  In the model, invasion correlated 

with the expression of SAP and morphological changes (Bartie et al., 2004, Schaller 

et al., 1999).  RHE has therefore been shown to be a useful test for oral 

pharmacology experiments (Schaller et al., 1998).  RHE has also been used in 

permeability studies for therapeutic applications, for example, to detect diffusion of 

naltrexone across the oral mucosa (Giannola et al., 2007).   

More recently, site specific keratinocyte (including reconstituted human 

vaginal epithelium) models have been employed to analyse cytokine responses using 

quantitative PCR and fluorescence-activated cell sorting (Schaller et al., 2005).  This 

study showed that specific SAPs causing tissue damage correlated with an epithelial 

induced pro-inflammatory cytokine response.   

Whilst the RHE model lacks humoral or cell-mediated immune responses 

(Bartie et al., 2004), which are pivotal in regulating candidal epithelial interaction in 

humans, the model system is pliable, reproducible and of value in studying the 

interaction of potential antifungal agents with fungal adhesion and invasion of 

epithelia.  Often patients predisposed to candidal infection will have an altered or 

depressed immunity (Schaller et al., 1998) which therefore cannot be completely 

replicated using this model.   

 

 6.1.6 Antifungal agents 

Fungi are eukaryotic cells which means their mechanism of gene expression, 

replication and some structural features are similar to those found in human cells, 

which makes development of highly specific antifungals difficult (Kamysz et al., 

2006).  An antifungal agent is a substance of biological, semi-synthetic or synthetic 

origin which inhibits the growth of, or kills fungi (Rodriguez-Tudela et al., 2008).  
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Various chemical classes of antifungal agents are in widespread clinical use to treat 

Candida species infections and include polyenes, azoles, echinocandins, pyrimidine 

analogue and flucytosine.  Fluconazole is the most commonly prescribed antifungal 

agent (des Champs-Bro et al., 2011, Prasad et al., 2008) and is used prophylactically 

as well as for treatment (da Silva et al., 2013).  Fluconazole activity is mediated by 

inhibition of the enzyme responsible for converting lanserol to ergosterol, which is a 

key component in fungal cell membranes.  Exposure to fluconazole results in cell 

lysis and death.  It is available in either intra-venous or oral formulations and is 

rapidly absorbed from the gastrointestinal tract (Watt et al., 2011, Morschhauser, 

2010).   

In contrast to the studies of bacterial biofilm resistance to antibiotics, the 

mechanisms by which biofilms resist the action of antifungal agents is not well 

characterised.  It has been postulated that the mechanism may include drug exclusion 

by the biofilm matrix and phenotypic changes due to nutrient limitation or a switch 

to a low growth rate (Baillie and Douglas, 2000).  Mutations in ERG11 which 

encodes sterol 14α-demethylase can affect binding of azoles to the enzyme, which 

results in drug resistance.  An increase in expression of ERG11 can also lead to azole 

resistance and alterations in the sterol biosynthesis pathway that bypass the 

accumulation of toxic sterol (Morschhauser, 2010).  It has also been found that 

diffusion through a mixed-species biofilm comprising of C. albicans and 

Staphylococcus epidermis is very slow (Al-Fattani and Douglas, 2006).  Resistance is 

the main disadvantage for the clinical use of azole antifungals like fluconazole, 

itraconazole and voriconazole (Aperis et al., 2006).  The efficacy/toxicity ratio of 

some antifungal agents such as amphotericin B is unfavourable and can lead to 

hepatic and kidney damage at high concentrations (Giordani et al., 2004).  Another 

factor limiting amphotericin use is neutropenia (Kamysz et al., 2006).   

New targets for antifungal activity have been developed with echinocandins 

being the newest addition, approved by the FDA (Cappelletty and Eiselstein-

McKitrick, 2007).  Echinocandins are the first new antifungal drug classes 

introduced in more than 20 years (Denning 2002).  Echinocandins inhibit 1,3- β-D-

glucan synthetase and have a broad spectrum fungicidal activity against Candida 

species (Chamilos et al., 2007).  Echinocandins have low host cell toxicity and have 

a rapid fungicidal activity against most Candida species with predictable kinetics 
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allowing once-a-day dosing (Denning, 2002).  Voriconazole and amphotericin B 

have shown synergy with echinocandins, but unfortunately the clinical response has 

been variable (Cappelletty and Eiselstein-McKitrick, 2007). 

 

6.1.7 Combination therapy 

The number of antifungal drugs available for clinical use is limited in 

comparison to antibacterial drugs, and there has also been an increase in cross-

resistance thereby driving the need for new therapeutic strategies in this area (da 

Silva et al., 2013).  Antifungal treatments are also often limited due to their toxicity 

and adverse side effects leading to chills, fever, headache, nausea and vomiting, and 

dose-limiting nephrotoxicity (Dismukes, 2000, Lewis, 2011).  The use of combined 

antifungal therapy has been postulated as a means to promote efficacy and lower the 

observed systemic toxicity of antifungal agents (Harris and Coote, 2010, da Silva et 

al., 2013).  Examples of this include the combined use of amphotericin B with an 

azole to target ergosterol and its synthesis, respectively (Kalkanci et al., 2010), 

administration of the fungicide amiodarone with fluconazole to broaden its 

antifungal activity (da Silva et al., 2013) and effective treatment against the 

protozoan Trypanosoma cruzi using the antifungal posaconazole in combination 

therapy with amiodarone (Veiga-Santos et al., 2012).  Naturally occurring peptide 

antibiotics have considerable potential as novel antifungal compounds (Kamysz et 

al., 2006) and show synergy with of a range of antifungal agents (Harris and Coote, 

2010).  Iron chelation alone or in combination with antifungal drugs may be another 

useful means for the prevention and treatment of mycoses (Zarember et al., 2009). 

Essential oil from Cinnamomum cassia (Giordani et al., 2006), Thymus vulgaris 

thymol chemotype (Giordani et al., 2004) and acteoside isolated from the aerial parts 

of the shrub Colebrookea oppositifolia (Ali et al., 2011) have been shown to 

potentiate amphotericin B, with the latter having fungitoxic properties against 

various Aspergillus species  Citrinamides A and B are aromatic alkaloids isolated 

from Penicillium species FKI-1938.  Such alkaloids have shown moderate 

potentiation of miconazole activity against C. albicans (Fukuda et al., 2008).  

However, limiting factors such as the allergenic potential of natural oil needs to be 

taken into account for in vivo application (Giordani et al., 2006).    
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A newer approach is to incorporate substances not classified as antimicrobials, 

for example, enzymes such as alginate lyase (AlgL; Bugli et al., 2013) and in this 

regard, therapeutic dose of polyene antifungals on Aspergillus fumigatus infections 

was shown to reduce in the presence of AlgL.  Although alginate is not found in A. 

fumigatus extracellular matrix, other polyuronates are found, which can be degraded 

by AlgL.  The hyphae are cohesively bonded together by a hydrophobic EPS and 

nonspecific degradation by the enzyme, enables polyenes to exert their antifungal 

action (Bugli et al., 2013).   

   

6.2 Aims 

Whilst the mechanism by which OligoG affects the growth of Pseudomonas 

species remains largely unknown, this effect is however, striking.  Conceivably, 

OligoG therefore could also affect the formation and assembly of candidal biofilms 

and subsequent interaction with epithelial surfaces.   

The hypothesis of this study was that exposure of Candida species to OligoG 

might induce a disrupted morphology and a decreased biofilm mass, and this could 

be studied in an established biofilm model.  The specific aims of the study were: 

 To utilise scanning electron microscopy (SEM) and atomic force microscopy 

(AFM) to characterise changes in biofilm assembly in the presence of 

OligoG.   

 To utilise electrophoretic light scattering (ELS) to analyse changes in surface 

charge by OligoG treatment.   

 To utilise the RHE model to study the changes in fungal adherence and 

invasion induced by OligoG treatment.   

  

6.3 Materials and Methods 

6.3.1 Culture media and fungal strains 

Sabouraud Liquid Broth (SAB; LabM, Heywood, Lancashire) and Sabouraud 

Dextrose Agar (SDA; Lab M) were used for routine maintenance and growth of 

Candida species  A completely synthetic medium, RPMI-1640 (Sigma-Aldrich) 

traditionally used for susceptibility testing of fungi was also employed for additional 
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experiments where limited fungal growth was required e.g. testing of antifungal 

therapeutics (Rodriguez-Tudela et al., 2008).  Media was filter-sterilised and stored 

at 4°C until use.  Prior to each experiment Candida species were grown aerobically 

on SDA at 37°C for 18 h.  Yeast Nitrogen Base (YNB; BD Diagnostics, Cowley, 

UK) medium supplemented with 0.5% glucose (w/v) was used for the RHE studies. 

The strains chosen for these studies (Table 6.1) were those previously used for 

susceptibility testing with OligoG, MIC elucidation with various antifungals and 

germ tube formation tests.  These strains were previously characterised in a 

preliminary study of co-culture with OligoG, undertaken by collaborators in Norway 

(see Appendix III).   

 

Table 6.1: Candida strains and sources.   

Candida strain Strain source 

Candida albicans CCUG 39343 Faeces 

Candida tropicalis 519468 Urinary 

Candida glabrata ATCC 2001 Faeces 

Candida albicans  ATCC 90028 Blood 

 

6.3.2 LIVE/DEAD
®
 staining of Candida tropicalis 519468 biofilms grown in 

OligoG 

An overnight (O/N) culture of the fluconazole resistant, C. tropicalis 519468 

was grown in RPMI-1640 broth.  Biofilms were grown in 8-well chamber slides (BD 

Falcon), using an inoculum of 35 µl of O/N culture per well (107 cells; OD600), 

followed by addition of either 350 µl of RPMI-1640 or 350 µl of 2% OligoG (w/v 

solubilised in RPMI-1640).  The chamber slides were then incubated for 24 h at 

37˚C, with gentle rocking.  The supernatant was removed and the biofilm stained 

with LIVE/DEAD® BacLightTM Bacterial Viability Kit (Invitrogen, Paisley, UK) 

containing SYTO® 9 dye and propidium iodide, prior to imaging under a fluorescent 

microscope (Olympus Provis AX70).  The Bacterial Viability Kit was used 

preferentially to Yeast viability kits (personal communication: Dr S. Malic) in this 

study.   
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6.3.3 Effect of growth in OligoG on Candida species biofilm formation  

6.3.3.1 Scanning electron microscopy imaging 

Three Candida species from a variety of clinical sources were chosen to detect 

changes in biofilm formation in the presence of OligoG.  These isolates were C. 

tropicalis 519468, C. glabrata ATCC 2001 and C. albicans 39343. ThermanoxTM 

glass slides (15 mm diameter; Agar Scientific) were inserted into each well of a 12-

well Cellstar® plate (Grenier Bio-One, Stonehouse, UK) and 1 ml SAB ±2%, 6% and 

10% OligoG (w/v) was added.  The O/N Candida cultures were diluted 1 in 10, and 

20 µl added to each test well which were then mixed well prior to being incubated 

for 24 h (with gentle rocking) at 37˚C.  The supernatant was removed and each well 

immersed in 2.5% (v/v) glutaraldehyde for 1.5 h prior to being washed (x 4) with 

dH2O.  After addition of 1 ml dH2O to each well, the biofilms were frozen (-20oC) 

before being placed in a freeze-dryer for 24 h.  Imaging was performed using a 

Hitachi S4800 SEM, without sputter coating.   

 

6.3.4 Effect of OligoG and fluconazole combination therapy on growth of 

Candida tropicalis 519468 biofilms   

6.3.4.1 Scanning electron microscopy imaging 

C. tropicalis was inoculated in RPMI-1640 medium and incubated aerobically 

at 37°C O/N for 24 h, at 160 rpm.  The O/N culture was diluted to 4 x 106 cfu/ml as 

determined by an OD600 reading of 0.3 (Muter et al., 2001).  One ml of the diluted 

culture was incubated with gentle rocking (4 h, 37oC) on ThermanoxTM slides in the 

bottom of 12-well Cellstar® plates.  Each well was washed (x 3) with pre-warmed 

RPMI-1640 medium.  To each well, 1 ml of either 0.5, 1 or 2 mg/l fluconazole 

and/or 2% OligoG (w/v) in RPMI-1640 was added and further incubated with gentle 

rocking (24 h, 37oC).  The cell preparations were fixed and freeze dried as described 

in 6.3.3.1 above.  Imaging was performed using a Hitachi S4800 SEM, without 

sputter coating.   
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6.3.4.2 Atomic force microscopy imaging 

Sample preparation for AFM was as previously described (Murillo et al., 

2005).  Briefly, C. tropicalis 519468 was grown O/N in SAB by gently rocking.  

Then, 10 ml of this O/N culture was centrifuged (2,100 x g, 10 mins) and the pellet 

re-suspended in pre-warmed SAB to attain an inoculum of 4 × 106 cfu/ml (OD600).  

Biofilms were formed in polystyrene petri dishes (90 mm x 16.2 mm; Fisher 

Scientific) using 6 ml of inoculum, by shaking incubation at 37oC for 5, 30, 90 or 

240 mins.  Initial studies (data not shown) determined that the depth of biofilm 

formed after 240 mins was too dense for AFM analysis and a maximum growth time 

of 90 mins was chosen for subsequent experiments.  The concentration of 

fluconazole used was set at the conventional MIC value i.e. 1 mg/l (see Appendix 

III, Table III.i, undertaken by collaborators in Norway).   

  Separate experiments investigating biofilm inhibition and disruption 

employed 6 ml of inoculum (prepared as above) ± 2% OligoG (w/v) and/or 

fluconazole (1 mg/l).  Biofilms were incubated at 37 oC for 90 mins.  Biofilm 

disruption studies grew the initial inoculum (6 ml) for 30 mins and then replaced the 

medium with fresh SAB for a further 90 mins in the absence or presence of ± 2% 

OligoG (w/v) and/or fluconazole (1 mg/l).   

Prior to AFM imaging, biofilms were rinsed with dH2O (x 2) and air dried at 

room temperature for 1 h.  Imaging was performed using a Dimension 3100 AFM 

(Bruker), scan speed of 0.7 Hz.   

   

6.3.5 Effect of OligoG on zeta potential (surface charge) of Candida species  

O/N cultures of C. tropicalis 519468 and C. albicans 39343 were grown 

statically in SAB at 37oC; 100 µl of each culture was used to inoculate fresh SAB, 

before culture at 37˚C for 19 h at 80 rpm.  One ml of this culture was removed and 

washed at 5,500 g (3 mins) in dH2O (x2) to remove growth medium.  The pellet was 

re-suspended in 100 µl of appropriate buffer and 20 µl of this suspension added to 1 

ml of the relevant electrolytic solution at a salt concentration of 0.01 M NaCl, pH 5, 

7, and 9, with or without OligoG (10%; w/v).  Candida tropicalis 519468 and C. 

albicans 39343 were incubated in the relevant solution for 20 mins, before the 

sample was subjected to further washing and centrifugation at 2,500 g (6 min) to 
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remove excess OligoG.  ELS analysis of zeta potential was performed before and 

after the last centrifugation step.  Candida species cells exposed to lower 

concentrations of OligoG (0.2-1%) were not subject to further washing and 

centrifugation since at lower concentrations excess OligoG was unlikely to mask the 

results.  ELS was therefore tested immediately after the 20 mins incubation step.  A 

Zetasizer Nano ZS (Malvern Instruments) and disposable capillary cells (DTS1061 

Malvern instruments) were used.  The zeta potential of C. tropicalis 519468 and C. 

albicans 39343 was calculated by applying Smoluchowski’s model, as described in 

section 2.1.3. 

 

6.3.6 In vitro reconstituted human oral epithelium infection model 

6.3.6.1 Growth curves and effect of OligoG 

C. albicans ATCC 90028 was grown O/N in Yeast Nitrogen Base (YNB; BD 

Diagnostics, Cowley, UK) medium supplemented with 0.5% glucose (w/v)  at 37ºC 

without agitation.  This culture was diluted to 5 x 107 cfu/ml in 0, 0.2, 2, 6 or 10% 

OligoG (w/v) for use as the inoculum for growth curve experiments.  Each growth 

curve was conducted in triplicate using 200 l of inoculum in a 96-well plate, with a 

YNB ±OligoG blank. Growth curves were conduced over a 24 h period at 37°C and 

results recorded on a Fluostar Omega plate reader (BMG LABTECH).  Readings 

measuring change in cell density were recorded every hour.   

 

6.3.6.2 Preparation of Candida albicans 

C. albicans ATCC 90028 was cultured on SDA at 37C for 24 h.  A single 

colony from the resulting growth was sub-cultured into YNB and incubated for 12 h 

at 37°C under gentle agitation.  This suspension was centrifuged and washed (x3) 

with phosphate buffered saline (PBS). The resulting yeast cells were enumerated 

using a haemocytometer and 50 µl of 2 x 106 cfu/ml was added to the RHE 

(SkinEthic Laboratories, Nice, France).   

 

6.3.6.3 Preparation of RHE 

RHE models were generated by SkinEthic Laboratories, Nice, France by 

culturing transformed human keratinocytes derived from the cell line TR146.  
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Cultures had been incubated in serum-free conditions (in line with the 

manufacturer’s protocol, see Appendix III, Fig III.i).  A chemically defined 

MCDB-153 medium containing 5 µg/ml insulin and 1.5 mM calcium chloride was 

used to grow the cells on a 0.5 cm2 microporous polycarbonate filter for 5 days.  The 

MCDB-153 medium contained essential amino acids, vitamins, inorganic salts, 

organic compounds and trace elements.  The RHE in vitro model and all culture 

media were devoid of any antibiotics and antimycotics.   

   

6.3.6.4 Culture and imaging of infected RHE 

Immediately following delivery of the RHE, the tissue was removed from the 

agarose-nutrient solution and placed in a fresh 6-well tissue culture plate with 1 ml of 

SkinEthic maintenance medium (see Appendix III, Fig III.i ) ± 0.2, 2 and 6% 

OligoG (w/v), prior to the addition of the candidal inoculum.  RHE infected with 2 x 

106 cfu/ml Candida were incubated for 12 h at 37°C in a humidified atmosphere 

enriched with 5% CO2.  A non-infected control ± 6% OligoG (w/v) was included and 

all experiments were repeated in triplicate.   

Cell viability was studied employing CLSM with LIVE/DEAD® staining.  

Following co-culture with C. albicans, RHE were placed on microscope slides and 

100 µl of LIVE/DEAD® was placed directly on the tissue (containing 25 µM SYTO® 

9 and 15 µM propidium iodide).  The samples were incubated for 30 mins at 37˚C in 

the dark prior to being transferred onto a clean glass slide.  The tissue was covered 

with Vectashield® mounting medium to prevent “photo bleaching”.  CLSM was 

performed using a Leica TCS SP2 AOBS spectral confocal microscope (Leica 

Microsystems GmbH, Wetzlar, Germany).  All experiments were repeated in 

triplicate.   

 

6.4 Results 

6.4.1 LIVE/DEAD
®
 Staining of Candida species biofilms grown in OligoG 

LIVE/DEAD® staining (Fig 6.2) revealed that C. tropicalis 519468 biofilms 

grown in the presence of 2% OligoG possessed distinct differences in biofilm 

structure compared to the untreated control.  OligoG treatment resulted in biofilm 
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disruption, as demonstrated by increased cell and hyphal death (red) in comparison to 

live cells (green) and a more ‘open’ and less densely-formed biofilm.   

 

6.4.2 Effect of growth in OligoG on Candida species biofilm formation  

The structural changes of candidal biofilms induced by OligoG were species-

specific.  SEM imaging of a range of OligoG concentration revealed the dose 

dependent effect of C. tropicalis grown in OligoG.  Treatment with 2-10% OligoG 

induced potential elongation (length) and “flattening” of candidal cells (Fig 6.3).  

The biofilms exhibited less cell biomass, with a “looser” cellular structure as the 

OligoG concentration increased (Fig 6.3).  In contrast, the same pattern was not seen 

with C. albicans, where cell size and shape appeared unaffected.  Instead “cell 

flattening” was only apparent at the highest OligoG concentrations (10%), which 

corresponded to a “looser” biofilm structure, decrease in cellular biomass and an 

increase in water channels (Fig 6.4).  The overall effect of OligoG on C. glabrata 

appeared negligible (Fig 6.5).     
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Fig 6.2: LIVE/DEAD® fluorescence imaging of C. 

tropicalis 519468 grown for 24 h at 37˚C.  Untreated 
control Vs 2% OligoG.  Green and red represent live and 
dead cells respectively.   

Control 2% OligoG 
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Fig 6.3: SEM of C. tropicalis 519468 (x1200) treated with OligoG at concentrations of A) 0% B) 2% 
C) 6% D) 10%.  Scale bar is 20 µm. 

A B 

C D 
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Fig 6.4: SEM of C. albicans 39343 (x1200) treated with OligoG at concentrations of A) 0% B) 
2% C) 6% D) 10%.  Scale bar is 20 µm.   

0% OligoG 
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Fig 6.5: SEM of C. glabrata ATCC 2001 (x1200) treated with OligoG at concentrations of A) 0% B) 
2% C) 6% D) 10%.  Scale bar is 20 µm.   

A B 

C D 
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6.4.3 Effect of OligoG and fluconazole antifungal therapy on growth of Candida 

tropicalis biofilms 

SEM revealed that when fluconazole was used at concentrations equivalent to 

‘at’ and ‘above’ the MIC value (1 mg/l), a less dense biofilm with a decrease in 

hyphal growth was formed.  However fluconazole treatment “below” the MIC value 

appeared to have no effect.  Fluconazole used in conjunction with 2% OligoG 

however showed a potentiation effect on the establishment of C. tropicalis biofilms 

(Fig 6.6).  The combined treatment, at every fluconazole dose studied, induced a less 

well-formed biofilm (i.e. decreased biomass and increaesd water channels) when 

compared to fluconazole treatment alone.   

The differences observed in altered biofilm structure with 2% OligoG 

treatment were less marked when using AFM imaging (Fig 6.7), than with 

LIVE/DEAD® staining and SEM imaging.  Interestingly, whilst the differences in 

gross biofilm structure were slight, the Candida species cells themselves exhibited 

marked changes in morphology following OligoG treatment.  Treatment with OligoG 

and fluconazole resulted in less filamentous growth, OligoG treatment alone resulted 

in rounded cells, whilst fluconazole treatment produced cells that were decidedly 

more “flattened” in shape.  The combination treatment however, produced the most 

distinctive morphological changes, with the cells having a roughened surface in 

comparison to cells treated with fluconazole or OligoG alone.    
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Fig 6.6: SEM of C. tropicalis 519468 (x1200) treated with 2% OligoG with/without fluconazole (FLC) at concentrations of 0.5, 1 and 2 mg/l
 

(equivalent to ‘below’, ‘at’ and ‘above’ the MIC value respectively).  Scale bar is 40 µm. 

 

     Control FLC (0.5 mg/L) 

MIC 

FLC (1 mg/L)  FLC (2 mg/L)
 

 

2% OligoG 2% OligoG + FLC (0.5 mg/L)
 

 2% OligoG + FLC (1 mg/L)  2% OligoG + FLC (2 mg/L) 
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Fig 6.7: AFM imaging of C. tropicalis 519468 grown on polystyrene with and without 2% OligoG and/or fluconazole 
(FLC, 1 mg/l, equivalent to the MIC).  Image area 50 µm2; Z-scale of 7.5 µm.   
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6.4.4 Effect of OligoG and fluconazole combination therapy on disruption of 

immature Candida tropicalis 519468 biofilms 

The effect of OligoG and fluconazole combination therapy on cellular structure 

was less evident on pre-formed biofilms (Fig 6.8).  However, a decrease in cell 

biomass was seen, with an additive, and more marked effect when OligoG and 

fluconazole were used as a combined treatment.  Interestingly, although the samples 

underwent vigorous washing, some areas were clearly seen to retain OligoG around 

the cells (Fig 6.9).   

 

6.4.5 Zeta potential analysis of Candida species 

Zeta potential values for both C. albicans 39343 and C. tropicalis 519468 were 

negative and there was no significant difference between values obtained at any pH 

tested.  However, the mean value for C. albicans 39343 (-22.3 mV ±1.15) was 

considerably more negative than for C. tropicalis 519468 (-5.24 mV ±0.43) at 0.01 

M, pH5 (Fig 6.10).   

The zeta potential of treated Candida species was masked by OligoG prior to 

washing, and this masking was highlighted by the fact that C. albicans 39343 and C. 

tropicalis 519468 produced similar peaks (-10.2 mV ±0.65 and -10.9 mV ±1.07 

respectively).  Post-washing, no significant differences in the zeta potential value for 

the treated and untreated samples were observed (Fig 6.11).  Lowering the OligoG 

concentration to 0.2%, 0.5% and 1% OligoG to analyse the surface charge without 

washing confirmed that there were no significant changes in zeta potential (Table 

6.2).  A less negative zeta potential was found at 1% OligoG with C. albicans 39343, 

which was not seen with C. tropicalis 519468, probably due to the masking effect of 

OligoG at this concentration.   
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Fig 6.8: AFM imaging of C. tropicalis 519468 grown on polystyrene with and without 2% OligoG and/or fluconazole 
(FLC, 1 mg/l, equivalent to the MIC) on a 30 min established biofilm.  Image area 50 µm2; Z-scale of 7.5 µm.   
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Fig 6.9: AFM imaging of C. tropicalis 519468 grown on polystyrene with and without 
2% OligoG and/or fluconazole (FLC, 1 mg/l, equivalent to the MIC).  A) Image area 50 
µm2; Z-scale of 8 µm.  B) Image area 50 µm2; Z-scale of 9 µm.  C) Image area 8 µm2; Z-
scale of 4 µm.  
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Fig 6.10: Typical zeta potential distribution for C. albicans 39343 (blue solid line) and C. tropicalis 519468 (red solid line) at 
0.01 M NaCl, pH 5. 
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Fig 6.11: Mean Zeta Potential (mV) values for  A) C. albicans 39343 and B) C. tropicalis 519468; untreated 
Candida (pre-wash), treated Candida with 10% OligoG (pre-wash), untreated Candida (post-wash) and treated 
Candida with 10% OligoG (post-wash) at 0.01 M NaCl, pH 5, 7 and 9. 
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Table 6.2: Pre-wash mean zeta potential values (± standard deviation) at 0.01 M 
NaCl, pH 5, of untreated C. tropicalis 519468 and C. albicans 39343 cells: control, 
0.2% OligoG, 0.5% OligoG and 1% OligoG.   

 

 Mean Zeta Potential (mV) 

+%OligoG C. tropicalis 519468  C. albicans 39343 

Candida Only -5.24 ±0.43  -22.3 ±1.15 

Candida + 0.2% OligoG -4.69 ±0.84  -21.8 ±2.25 

Candida + 0.5% OligoG -3.56 ±0.98  -24.0 ±1.23 

Candida + 1% OligoG -6.04 ±2.27  -12.7 ±2.36* 

*possible masking effect of OligoG 

 

6.4.6 Reconstituted human oral epithelium  

6.4.6.1 Growth curves 

The growth curves over 24 h of Candida species showed that there was a dose-

dependent response when grown in the presence of OligoG.  After 4 h, a clear 

reduction in cell growth with increasing concentration of OligoG could be seen.  

However, there appeared to be no difference between growth curves obtained for 

0.2% and 2% OligoG.  Interestingly, the presence of OligoG did not alter the time 

point (around 7 h) at which the cells went from exponential phase to stationary phase 

growth (Fig 6.12).   

 

6.4.6.2 Confocal laser scanning microscopy of LIVE/DEAD
®
 staining of RHE 

model infected with Candida albicans (± OligoG)  

Healthy un-infected RHE samples exhibited few non-vital cells (Fig 6.13).  

Infected control RHE demonstrated abundant Candida species with vital filaments 

being evident throughout the samples.  Interestingly as the concentration of OligoG 

increased there was a decrease in the amount of hyphal formation, with obvious 

increases in non-vital (red stained) hyphae at 2% OligoG.  At 6% OligoG, an 

increase in live yeast at the surface of the epithelial cells was also observed (Fig 

6.13).   
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Fig 6.12: Growth curve over 24 h for C. albicans ATCC 90028 comparing growth in 0.2%, 2%, 
6% and 10% OligoG with an untreated control.   
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Fig 6.13: LIVE/DEAD® CLSM images of RHE samples infected with C. albicans 

ATCC 90028 for 12 h.  

Healthy Control Infected Control 6% G Control 

6% G Infected 2% G Infected 0.2% G Infected 
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6.5 Discussion 

Previous studies have shown the effectiveness of OligoG in the disruption of 

pseudomonal biofilms (Powell et al., 2014, Powell et al., 2013, Khan et al., 2012, 

Roberts et al., 2013).  These studies sought to determine the effect of OligoG on 

fungal pathogens.  Earlier experiments characterised the growth of Candida (n=12) 

and Aspergillus (n=3) strains in RPMI medium and Mueller-Hinton (MH) broth 

(Tøndervik et al., 2014).  Addition of OligoG to MH and RPMI broth reduced the 

growth of all fungal strains tested in a concentration dependent manner (Appendix 

III, Fig III.ii-iii).  The effect was most pronounced with 10% OligoG, leading to a 

15-50% reduction in cell density after 48 h incubation.  Analysis of the growth 

kinetics showed that the specific growth rate (μ) in MH broth was only slightly 

reduced by the addition of OligoG.  Typically for C. tropicalis 519468, growth rates 

of μ=0.22/t (without OligoG) and μ=0.19-0.2/t (with 10% OligoG) were observed.   

This current study showed a dose-dependent response to OligoG treatment 

demonstrated by biofilm disruption of the most common fungal pathogen C. 

albicans, as well as of the increasingly common C. tropicalis.  These in vitro 

experiments showed the ability of OligoG to modulate both fungal growth and fungal 

biofilm formation.  Treatment with OligoG demonstrated altered growth 

characteristics of the candidal biofilms, which was associated with concentration-

dependent biofilm disruption, increased cell and hyphal death, and a less dense 

biofilm.  Fundamentally, OligoG effectively reduced the capacity of the Candida 

species to form a strong, stable biofilm structure.  Although there was no significant 

difference in surface roughness (Ra) measurements between the control and 2% 

OligoG treated samples (P>0.05).  There was however a significant increase in Ra 

for both the combined fluconazole and 2% OligoG, and fluconazole alone treatments 

(P<0.001) compared to the control (Appendix III, Fig III.iv; Tøndervik et al., 

2014).  The distinct morphological changes observed here included cell “flattening”, 

which could be the result of non-optimal growth conditions leading to cellular 

dehydration. 

A key feature of Candida species is the ability of certain species to form yeast, 

pseudohyphae and hyphae.  Hyphae have an important role in causing disease as they 

invade epithelial cells and lead to tissue damage (Sudbery, 2011).  Further functions 

of hyphae include directional translocation between host environments, consolidation 
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of the colony, nutrient acquisition and support for three-dimensional matrix 

formation (Brand, 2012).  Light micrographs obtained from the germ tube assay 

demonstrated that OligoG markedly inhibited the hyphal growth phase of C. albicans 

and demonstrated a reduction in the number of cells producing hyphae following 

OligoG treatment (Appendix III, Fig III.v; Tøndervik et al., 2014).  The 

concentration of OligoG required to produce an effect however, was species-

dependent.  An increase in non-vital filaments was seen in the CLSM imaging of the 

RHE model, with a statistically significant reduction in hyphal infiltration at 0.2% 

OligoG seen following PAS staining (Appendix III, Fig III.vi).  These earlier 

observations support the current findings that OligoG has a direct effect on the 

invasive hyphal growth phase of Candida species.  OligoG may reduce tissue 

invasion, leading to a lower chance of dysplastic cells forming (Sitheeque and 

Samaranayake, 2003).  In this way, OligoG could also work synergistically with 

antifungal agents such as fluconazole.   

In comparison to C. tropicalis and C. albicans, C. glabrata is not dimorphic 

and produces only blastoconidia (yeast).  It can be found as a commensal and as a 

pathogen under a range of conditions.  In contrast to other Candida species, only a 

limited amount of research has been conducted on C. glabrata and very little is 

known about its virulence.  C. glabrata blastoconidia are smaller than those of C. 

albicans (1-4 µm compared to 4-6 µm respectively) and it is the only pathogenic 

Candida species that does not expresses pseudohyphae.  An important distinguishing 

feature is the diploid genome of C. albicans and several other non-albicans Candida 

species compared to the haploid genome of C. glabrata (Fidel et al., 1999).  In 

keeping with the importance of the hyphal inhibition effect of OligoG was the 

finding that the anti-biofilm effect was markedly reduced in C. glabrata.  This 

reduced effect may potentially be due to their lack of hyphal growth, thereby 

indirectly implicating a possible mode of action for OligoG on filament formation.   

Resistance to antifungal agents is increasingly common (Odds, 2009).  C. 

glabrata is difficult to treat and often resistant to azole antifungals (Fidel et al., 

1999).  The biofilm forming ability of C. glabrata is a major contributing factor to its 

higher antifungal resistance, and it has been shown to possess both innate and 

acquired resistance to antifungals.  C. glabrata can modify ergosterol biosynthesis, 

mitochondrial function or antifungal efflux, and has been found to be less susceptible 
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to clinical biocides (Seneviratne et al., 2010).  Up-regulation of stress response 

proteins has also been found in the C. glabrata biofilm proteome (Seneviratne et al., 

2010).  Interestingly whilst C. glabrata has been shown to be unable to invade RHE 

tissues when on its own, in a mixed species infection, C. albicans caused disruption 

of the keratinocyte layers allowing penetration of C. glabrata, causing increased 

tissue damage (Silva et al., 2011a).   

Morphological changes in Candida species biofilms were less evident when an 

established biofilm was treated with OligoG, however, some disruption of biofilm 

structure was demonstrated.  Candida species biofilms are composed of a three-

dimensional network with extensive spatial heterogeneity (to facilitate the influx of 

nutrients), microcolonies with ramifying water channels, the disposal of waste 

products and establishment of “micro-niches” throughout the biofilm (Ramage et al., 

2005).  These studies clearly showed disruption and these effects on biofilm 

homeostasis and architecture by OligoG may impair further biofilm development, as 

well as increase the effectiveness of antifungal agents.  Previous studies on 

pseudomonal biofilms have shown the disruption in biofilm homeostasis caused by 

OligoG, resulting in disruption under hydrodynamic shear (Powell et al., 2013).   

OligoG was able to potentiate the effect of selected antifungal agents 

commonly used to treat fungal infections.  All Candida strains used showed 

potentiation with nystatin (up to 16-fold with C. parapsilosis) and fluconazole (up to 

8-fold with four strains; Appendix III, Table III.i).  This result was confirmed using 

SEM and AFM imaging showing the ability of OligoG to potentiate the activity of 

fluconazole, leading to a more “flattened” cell structure present in the disrupted 

biofilm.  A large variation in susceptibility towards terbinafine among different 

clinical Candida isolates has previously been described (Ryder et al., 1998).  

Significant correlation was found between terbinafine and azole MICs which 

supports the hypothesis that a common mechanism regulates both azole and 

terbinafine resistance among many isolates (Odds, 2009).  CDR2 and MDR1 

homologs are over-expressed in C. tropicalis  leading to development of resistance to 

azoles and terbinafine, although the genes and encoded efflux pumps involved are 

not yet fully characterised (Morschhauser, 2010).  There may be further scope to 

study combination therapy of OligoG with other classes of antifungals.  In addition, 
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an insight into its particular mode of action mechanistic may be gained by using a 

future molecular or protein expression profiling approach.   

AFM is increasingly used to study the cell surface, (Khan et al., 2012, Powell 

et al., 2013) and has recently been used to assess the binding of OligoG to the cell 

surface of the pathogenic bacteria P. aeruginosa, which remained bound even after 

hydrodynamic shear (Powell et al., 2014).  Perhaps unsurprisingly given the 

contrasting differences in cell wall structure and charge between the candidal and 

pseudomonal cell wall there was no apparent similarity in the binding of OligoG to 

the fungal cell wall.  The candidal cell wall is composed of -glucans, chitin and 

mannoproteins (Aguilar-Uscanga and Francois, 2003).  A prominent component in 

the pseudomonal cell wall is LPS (Vaara, 1992).  Nevertheless, morphological 

changes were clearly evident when Candida was exposed to OligoG.  While these 

studies are not directly comparable (organisms were in different growth states, 

planktonic versus biofilm), it would suggest that different mechanisms of action may 

be involved in the antimicrobial effects observed in bacterial and fungal pathogens 

(Aguilar-Uscanga and Francois, 2003).   

Microbial cell surface charge is a dominant physicochemical surface property 

involved in the adhesion of bacteria and fungi to cells and material surfaces, and is of 

pivotal importance (Busscher et al., 1997).  The initial colonisation of a surface by 

candidal cells during biofilm formation is due to nonspecific factors such as cell 

surface hydrophobicity and electrostatic interactions (Williams et al., 2013).  Specific 

adhesins on the fungal surface recognise ligands on the surface structure e.g. serum 

proteins.  Following initial attachment, the cells quickly divide, proliferate and the 

biofilm matures (Ramage et al., 2005).  Analysis of the surface charge of candidal 

cells demonstrated species-specific heterogeneity which had been observed 

previously during the imaging studies with C. albicans, which was found to have a 

more negative charge compared to C. tropicalis, in keeping with previous studies 

across pH 2.0 to 6.8 (Busscher et al., 1997).  Busscher et al. (1997) demonstrated that 

the increased negative zeta potential of C. tropicalis was associated with less rapid 

adherence to negatively-charged material surfaces; concluding the more negative 

zeta potential slowed down adherence by electrostatic repulsion (Busscher et al., 

1997).  The reduced biofilm formation observed following OligoG treatment could 

be postulated to reflect OligoG-binding (which is also negatively charged) inducing 
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repulsion and hence reducing biofilm formation.  Previous work (see Chapter 1) has 

demonstrated that in P. aeruginosa, OligoG binding significantly lowers the negative 

charge of this bacteria and this lower negative charge was maintained even after 

washing (Powell et al., 2014).  In these studies with fungi, no change in surface 

charge was seen with either of the two Candida species at 0.01 M NaCl, pH 5-9, 

inferring that a different mechanism of action may be involved in the disruption of 

fungal biofilms.  No change in surface charge was evident, even at lower 

concentrations (≤0.2% OligoG) where any possible masking effects of OligoG were 

negligible.   

The fungal cell wall is highly elastic and provides both physical protection and 

osmotic support.  As a means of combating potential cell lysis, the composition of 

the cell wall can be altered using a ‘compensatory mechanism’ when it is activated in 

response to changes in the immediate environment such as contact with cell wall 

perturbing agents or mutagens, thereby allowing the cell wall to be remodeled (Klis 

et al., 2002).  Cell wall damage due to mutations of cell wall-related genes trigger a 

compensatory mechanism resulting in hyper-accumulation of chitin, which can 

ultimately reach 20% of the cell wall mass (Lagorce et al., 2002).  The response to 

such cues can effectively direct changes in fungal growth, cell wall mass, ultra-

structure, elasticity and adhesion, enzyme production and pathogenicity (Ene et al., 

2012).  While it is not known whether OligoG induces this kind of re-modelling 

effect, it is a charged molecule and so could influence, or be influenced by, 

molecular changes in the cell wall composition.   

In healthy individuals, it is common to find asymptomatic colonisation of 

mixed bacteria-fungal populations on the skin, in the oral cavity, the GI tract and the 

lower female reproductive tract.  Recently however, an increase has been seen in the 

frequency of mixed bacterial-fungal infections found in humans, with C. albicans 

being the most frequently isolated fungal species from such infections.  Co-infection 

of bacteria and fungi such as C. albicans and Staphylococcus aureus has been well 

established.  Both organisms are commonly isolated bloodstream pathogens, often 

found as co-infecting agents.  They are also both capable of forming biofilms, and 

show increasing evidence of antimicrobial resistance, thereby representing a 

significant and growing problem in the management of poly-microbial infections.  

Candida species have been found to co-aggregate with and/or bind to bacteria 
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(Ramage et al., 2005).  Specific binding of S. aureus to the hyphae of co-cultured C. 

albicans (via Als3p binding) has been shown to enable tissue infiltration and 

subsequent deep tissue infection by S. aureus (Peters et al., 2012).  OligoG has been 

shown to have an antimicrobial effect on MDR bacterial strains (Khan et al., 2012) 

and has now also shown to potentially alter the pathogenicity of Candida species  

The potential of antimicrobials capable of targeting both bacteria and yeasts, such as 

OligoG, have a distinct advantage for such poly-microbial infections.   

Colonisation of the respiratory tract by bacteria and fungi are common in those 

with chronic lung disease (Peleg et al., 2010).  Candida and Pseudomonas species 

have been co-isolated from the CF lung, but the understanding of how they 

communicate is largely unknown (Holcombe et al., 2010).  This relationship can be 

directly and indirectly influenced by the other species.  Bacterial and fungal factors 

can influence one another’s growth behaviour and survival.  Secreted molecules can 

mediate many types of interactions between bacteria and fungi.  These extracellular 

signalling molecules, such as homoserine lactones, mediate quorum sensing (QS) in 

single species communities, often in response to population density (Peleg et al., 

2010).  The analysis of gene expression changes in Candida species in response to P. 

aeruginosa revealed an increase in the genes related to drug or toxin efflux and a 

decrease in expression of genes associated with adhesion and biofilms formation 

(Holcombe et al., 2010).   

Studies have found that bacterial toxins can also be antifungal in nature.  

Collaborative relationships also exist whereby the species provide protection for each 

other against the attacking immune response and/or antimicrobial agents.  For 

example, colonisation of the respiratory tract with Candida species may increase the 

risk of pseudomonal ventilator associated pneumonia (Azoulay et al., 2006).  Animal 

studies have also shown that a mixed species infection leads to changes in microbial 

burden at the primary site of infection as well as the rate of dissemination of the 

infection from this site, all of which have a long-term effect on host survival (Peleg 

et al., 2010).   

The decision to treat candidal wound and dental infections depends on several 

factors such as the immune status of the host, clinical and radiological signs of 

infection as well as the result of  microbiological testing (De Pauw et al., 2008).  

Resistance, cost and toxicity are key issues around the use of antifungals.  Lowering 
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the MIC of standard antifungals may increase their efficacy and overcome resistance, 

particularly in triazoles.  The ability of OligoG to potentiate the disruption of 

Candida species biofilms in combined therapies could lead to a lower risk of drug 

toxicity in vitro and an opportunity to increase treatment options in the management 

of fungal lung infections.  The potentiating activity observed in this study represents 

considerable promise for the clinical utility of OligoG in the treatment and 

management of fungal infection and reduction of antifungal toxicity in clinical 

practice.  This is supported by similar observations for OligoG in potentiating the 

activity of antibiotics against MDR Gram-negative bacteria (Khan et al., 2012).   

 

6.6 Conclusion 

From this study, the synergistic activity of OligoG in disrupting the biofilm 

architecture could potentially permit: a) better access for antifungal agents and/or 

host innate defenses to biofilm-embedded organisms and, b) previously dormant 

(drug-tolerant) cells to move into a more drug-susceptible phase of growth.  The 

current in vitro observations would appear to support some of these hypotheses, but 

will need to be tested with appropriate in vivo models.  Although the precise 

mechanism of action of OligoG against fungi has yet to be established, it does not 

now appear to involve altering the surface charge. 
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7.1 General discussion 

This thesis has studied the mechanisms by which a newly-described mode of 

therapy may be utilised to treat biofilm infections and meet the global healthcare 

challenge of emerging antibiotic resistance, with estimated direct and indirect annual 

healthcare costs of $20 and $35 billion respectively in the US (Smith and Coast, 

2013).  Although interventions are in place to reduce excessive antibiotic prescribing 

for hospital inpatients to decrease antibiotic resistance and the incidence of hospital 

acquired infections (Davey et al., 2013, Ashiru-Oredope et al., 2012), the apparently 

inexorable emergence of new, multi-drug resistant (MDR) strains (CDC, 2014) will 

undoubtedly require novel therapeutic approaches (Carlet et al., 2014).   

Due to the limited “commercial lifespan” of novel antibiotics, commercial 

interest in antibiotic development has waned (Bragginton and Piddock, 2014).  

Consequently, whilst between 1940 and 1962, >20 new “classes” of antibiotics were 

marketed, in the intervening 50 years, only 2 new classes have reached the market 

(Conly and Johnston, 2005).  In addition, the number of antibacterial agents 

receiving approval by the US Food and Drug Administration (FDA) has decreased 

by almost 60% in the period between 1983 and 2002 (Conly and Johnston, 2005).  

There is a huge, unmet demand for therapies for MDR Gram-negative bacteria.  The 

Infections Disease Society of America has estimated that at least 10 new antibiotics 

active against “superbugs” are required in the market to meet current needs (Coates 

et al., 2011).   

Colonisation by MDR bacteria represents particular problems in chronic 

“antibiotic-exposed” populations such as those found in cystic fibrosis (CF) patients. 

Whilst macrolides, e.g. azithromycin, have been shown to improve respiratory 

function, the emergence of macrolide resistance is now evident (Southern, 2012).  

The clinical prescribing difficulties are nowhere more apparent than in CF, but there 

appears to be conflicting evidence regarding antibiotic prescribing. Studies have 

shown a significant clinical benefit to early long-term antibiotic administration 

(Smyth and Walters, 2012).  However,  no clear evidence was found supporting the 

benefits for the prevention of lung deterioration of regular, elective intra-venous 

antibiotics against chronic P. aeruginosa compared to treatment only at 

exacerbations (Breen and Aswani, 2012).   
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OligoG has been shown to disrupt the growth of MDR Gram-negative bacteria 

(Khan et al., 2012) P. aeruginosa and B. cepacia.  OligoG treatment was also found 

to reduce the MICs for a range of antibiotics (by up to 512-fold), including 

macrolides (azithromycin, erythromycin, apiromycin and ciprofloxacin), aztreonam, 

ceftazidime, oxytetracycline and ciprofloxacin against bacteria such as 

Pseudomonas, Acinetobacter and Burkholderia species  Similar synergy or 

potentiation (but to a lesser extent) was seen with Gram-positive bacteria (Staph 

aureus).  This potentiation effect was selective and not seen for every combination 

tested, with none seen with the aminoglycosides (tobramycin and amikacin).  

OligoG was shown to decrease bacterial proliferation in liquid culture, in a 

dose dependent manner (Khan et al., 2012).  The results were particularly striking in 

Gram-negative bacteria P. aeruginosa, A. baumannii, Burkholderia species and 

Enterobactericeae.  When grown as a biofilm, P. aeruginosa PAO1 cells showed cell 

damage, cell death and a decreased biofilm cell density, with alterations in the 

structural organisation of the cells in the biofilm apparent when imaged using CLSM 

and SEM.  Mechanical disruption of P. aeruginosa biofilms by OligoG has also been 

reported employing AFM and shear rheology analysis (Powell et al., 2013) which 

demonstrated a lower Young’s modulus, decreased resistance to hydrodynamic shear 

and increased surface irregularity when compared to untreated biofilms.  The precise 

mode of action of OligoG remains unresolved.  Previous studies showed that there 

was no increase in cellular permeability of Gram-negative bacteria when grown in 

OligoG (Khan et al., 2012).  This is reassuring since a number of “permeabilising” 

antimicrobial agents have been hindered in clinical trials by nonspecific 

permeabilisation-toxicity concerns (Hancock and Sahl, 2006).  Studies employing P. 

aeruginosa PAO1 MexAB-OrpM mutants demonstrated that the effect of OligoG 

was not mediated by interaction with this efflux pump (Khan et al., 2012).   

Charge interactions play a key role in the initiation and development of a 

biofilm.  Alginates such as OligoG are poly-anionic in nature, exhibiting 

compositional heterogeneity and poly-dispersity (Andersen et al., 2012).  The 

homogeneous OligoG studied here, was shown to interact strongly with the bacterial 

surface of Pseudomonas (Chapter 2) and also a range of bacteria from other biofilm-

related infections (Roberts et al., 2013, Khan et al., 2012, Powell et al., 2013).  The 

detailed studies in PAO1 confirmed its interaction with OligoG, which was 
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maintained even after rigorous washing (Powell et al., 2014).  Of clinical importance, 

OligoG had a similar effect on PAO1 populations whether it was present during or 

after the growth phase, and this was apparent with concentrations as low as 0.2% 

(Powell et al., 2014).  Initial stages of biofilm development involve a reversible 

“adhesion stage” (Garrett et al., 2008).  Decreasing zeta potential overcomes the net 

repulsion between bacterial surfaces (Powell et al., 2014) resulting in bacterial 

aggregation which was evident in both the DLS and AFM studies of OligoG-treated 

PAO1, with the OligoG appearing to “stick” onto the bacterial cells and flagella 

(Chapter 2).   

Interestingly, motility test agar stabs showed that 6% OligoG inhibited motility 

of P. aeruginosa, as well as Escherichia coli and Proteus mirabilis (Khan et al., 

2012).  Motility of P. aeruginosa has been shown to be required for bacterial 

penetration into hypoxic zones within stationary mucus masses (Worlitzsch et al., 

2002).  OligoG at higher concentrations also increases the viscosity of liquid media 

(BioPolymer, 2014).  Previous studies have shown how decreased flagellal motility 

occurs as surrounding viscosity increases in bacteria such as Vibrio alginolyticus 

(Atsumi et al., 1996).  As ambient medium viscosity increased, it led to a decrease in 

the swim-speed of bacteria such as Prorocentrum minimum (Sohn et al., 2013).  

Possession of such a property may potentially add to OligoG’s antibiofilm effect.  

However, changes were apparent in biofilm formation at concentrations as low as 

0.2% OligoG, where media viscosity undergoes minimal change compared to the 

control (BioPolymer, 2014), therefore a different antibiofilm mechanistic effect must 

also be present.   

Alginate G-subunits are known to preferentially bind to cations such as Ca2+, 

however not all cations utilise the G subunit binding sites (Lattner et al., 2003).  

Imaging results showed that OligoG clearly altered the bacterial membrane, and 

further research into its interaction with divalent cations may aid our understanding 

of how OligoG potentiates antibiotics.   

During the course of infection, P. aeruginosa undergoes a phenotypic switch to 

a mucoid form, characterised by overproduction of exopolysaccharide alginate, 

which is thought to protect the biofilm from the harsh environment of the CF lung.  

In a non-mucoidal strain, such as PAO1, alginate biosynthesis genes are not 

expressed (Wozniak et al., 2003) and therefore can only be used to understand the 
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implications of early events in the infected CF airway when non-mucoidal strains 

predominate.  An obvious criticism of any in vitro study is that the situation bears no 

resemblance to the in vivo model.  In the initial studies, PAO1 was employed which 

is a clinical isolate originally derived over 40 years ago (Bruinsma et al., 2001), see 

Chapter 2, and is deemed a useful reference strain for initial biofilm 

characterisation.  The latter part of this study (Chapter 3) employed a human CF 

sputum mucoid P. aeruginosa isolate (NH57388A) to assess the biofilm inhibition 

and disruption properties of OligoG.  The nutritionally-depleted AS medium was 

employed in later experiments which has recently been describe with NH53788 to 

establish three-dimensional bacterial structures, in an attempt to mimic the micro-

colonies of the “infected” CF lung.  However, the biofilm model was only run for a 

maximum of 24 h, meaning that the response to chronic multi-organism biofilms 

present in the lung for several years could not be evaluated.  Also the conditions of 

growth within the lung cannot be directly accounted for in vivo.   

Mucoid P. aeruginosa secrete alginates consisting of the uronic acid residues 

β-D-mannuronate and α-L-guluronate, making it a polyelectrolyte.  Binding in 

extracellular polymeric substance (EPS) is conferred by electrostatic interactions 

between divalent Ca2+ and the COO- groups of the polysaccharide.  The extent of this 

binding will vary depending on the MW and ratios of G- and M-oligomers in the 

molecule, both of which contribute to the rheological properties of the network of 

EPS macromolecules (Wloka et al., 2004).  Previous studies (employing AFM) 

suggested that OligoG, being composed of G-residues, may compete for these cross-

links within the EPS (Sletmoen et al., 2012) and prevent tight EPS formation.  

Comparable properties were seen in the ability of OligoG to disrupt biofilm 

development of the highly mucoid strain NH53788 (evident in Chapter 3) and its 

ability to disrupt the EPS “network” both of which support the potential application 

of OligoG in both biofilm disruption and mucolysis in respiratory disease.   

Several recent antibiofilm research studies have focused on facilitating 

penetration of the EPS biofilm layer, an important step that appears to be a 

prerequisite for biofilm disruption.  For example, cellulase has been used to aid 

degradation of EPS formed by P. aeruginosa and whilst not totally inhibiting biofilm 

formation, it was highlighted as a combination treatment with other therapeutics 

(Loiselle and Anderson, 2003).  Bacteriophages have also shown the ability to 
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diffuse through the alginate EPS of P. aeruginosa to reach the bacterial surface, 

reducing both bacterial cell numbers and the viscosity of alginates, which could 

assist penetration of the biofilm (Hanlon et al., 2001).  A notable finding of the CF 

lung is the dense bacterial spheres formed in the excised lungs of CF patients 

infected with P. aeruginosa following transplantation (Worlitzsch et al., 2002).  

These bacterial spheres were estimated to be >100 µm in size, and interestingly may 

be synonymous with the “unattached” in vitro spheres observed in the AS medium 

studies (Chapter 3).  Several genes such as the extracellular polysaccharide alginate 

(algD) and type IV pili (pilB)  were found to be necessary for tight microcolony 

formation (Sriramulu et al., 2005).  Intriguingly, Worlitzsch et al. (2002) also found 

that up to 94.5% of the lung bacteria were within the airway lumen, around 5-17 µm 

from the epithelial cell surface.  None were in fact found to be in direct contact with 

the epithelial surface.  This was confirmed in vitro, where the bacteria were found to 

selectively bind to mucus rather than airway epithelial cells.  Similarly in this current 

research, the biofilms did not form on the surface of the well plates, and reflected the 

spherical structures recorded in the literature.  Whilst these studies have focused on 

P. aeruginosa, S. aureus is another prominent bacterium affecting CF patients with 

chronic colonisation peaking between 20-23 years of age.  It is also known to form 

biofilms in vitro.  In addition, S. aureus has also been found to form biofilm-like 

structures when grown in AS medium (Haley et al., 2012).  Hence, it would be 

interesting to see if OligoG affects this early onset bacterium in vivo in CF patients.  

The importance of targeting antibiofilm strategies to these tight complex structures 

cannot be underestimated.   

Previous reduction studies using AS medium have been performed, showing 

that all the components are vital for microcolony (sphere) formation (Sriramulu et 

al., 2005).  For example, when mucin was completely eliminated, there was little 

growth (and only as conventional biofilm) with significant adherence of P. 

aeruginosa to the walls of the polystyrene wells.  Poor growth in the absence of 

mucin suggested its use as a major energy/carbon source for P. aeruginosa in this 

medium (Sriramulu et al., 2005).  In addition, DNA concentration was also proven to 

be important  (Haley et al., 2012).  eDNA patterns within P. aeruginosa biofilms 

alter with biofilm age, with young biofilms forming grid-like structures in the 

substratum.  As the biofilm develops, a high concentration of eDNA is found at the 
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surface of the microcolonies where it predominates in the stalk portion of the 

mushroom-shaped structures.  At this point, the highest eDNA concentration is found 

on the outer part of the stalks, creating a border between the stalk subpopulation and 

the cap subpopulation.  As the biofilm gets older eDNA is throughout the mushroom 

shaped structures with high concentrations found in discrete layers (Allesen-Holm et 

al., 2006).  In the CF patient, the reduction in microcolony formation might be 

contributed by rhDNase I treatment, as it facilitates eradication of bacteria and in 

particular high MW eDNA (Sriramulu et al., 2005).  These differential targets may 

help to explain the synergistic effect seen in our study between OligoG and rhDNase 

I in sputum in Chapter 5. 

Whilst OligoG was shown to potentiate antibiotics (Khan et al., 2012), alter 

bacterial surface charge and change actual biofilm structure, its location within a 

biofilm was unknown.  Imaging the distribution of OligoG within the biofilms could 

clearly improve our understanding of its mechanism of action.  Previous studies had 

investigated lectin binding to polysaccharides to localise production by mucoid P. 

aeruginosa.  Since non-specific binding between EPS and OligoG was likely to 

occur (Strathmann et al., 2002), specific covalent fluorescent labelling with TxRd 

cadaverine to OligoG was undertaken.  Importantly, the conjugate exhibited similar 

biofilm inhibition and disruption properties as un-labelled OligoG.  Unfortunately, 

the fluorophore appeared to interact with the bacterial cell wall giving inconclusive 

mechanistic data (Chapter 3).  Future studies could incorporate a wash step before 

imaging to see if TxRd-OligoG could be dissociated from the bacterial biofilm.  

However, there is a danger that such a procedure may disrupt the biofilm structure or 

wash away important structural components.  Furthermore, since TxRd cadaverine 

has a positively charged amino end group, it is possible that this may be responsible 

for the interactions with bacterial membranes.  This could be confirmed by 

employing a TxRd succinimidyl ester as the “free” TxRd form, thereby reducing 

interaction with the negatively charged bacterial cell membrane.   

As mucins are a key component of CF sputum, studying their interaction with 

OligoG is of vital importance.  Similar to the lack of clinical relevance discussed for 

the P. aeruginosa (PAO1), a similar criticism could be levelled at the use of PGM for 

these studies.  Although the protein backbone of PGM shows high similarity to 

human mucin in the amide I and amide II region, its viscosity varies greatly as a 
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result of variation in the degree of glycosidic bonding (Teubl et al., 2013a).  PGM 

shows only 68% homology to its human equivalent at the protein level.  Simple and 

direct extrapolation of the results obtained here with PGM should be related to 

human respiratory mucin with caution (Teubl et al., 2013a).  The initial imaging 

studies, employing SEM and AFM, confirmed OligoG disruption of the tight mucin 

aggregates leading to a more “open” structure, with reduced inter-linking networks.  

This resembled the disrupted biofilm pattern seen when treated with OligoG, which 

led to bacterial clumping (Chapter 3).  This observed disruption was evident in both 

direct imaging and was reflected in ELS analysis, where PGM became more negative 

when treated with OligoG.   

Mucins have extensive diversity of oligosaccharide structures which are 

important in mediating interactions with other proteins, cells and pathogens.  The 

exact disease-related changes in glycosylation associated with CF remain unclear and 

may vary with infection/inflammation status, which may even affect patients in early 

childhood (Schulz et al., 2007).  Clear differences include a decreased mean 

carbohydrate dry weight of non-diseased individuals (59%) compared to CF patients 

(76%).  Furthermore, the majority of the O-glycans in non-diseased mucin are 

“neutral”, whereas a majority of O-glycan from CF patients are anionic (~63%), 

containing both sialylated and/or sulfated species (Xia et al., 2005).  P. aeruginosa 

colonisation is established in the respiratory epithelium via adhesion to these specific 

mucins.  These studies (Chapter 4) showed how mucin became more negative when 

combined with OligoG, which might effectively alter its ability to establish ‘typical’ 

biofilms, and hinder the bacterial growth environment (Robinson et al., 2012).   

In vivo binding of mucin in the CF lung is complex.  In the diseased state, 

CFTR is not expressed in the goblet cells and mucous glands of acinar cells, which 

synthesise respiratory mucins.  As a consequence of CFTR mutation, differential 

mucin glycosylation and sulfation may be a secondary effect of the mutation such as 

chronic infection and inflammation (Xia et al., 2005).  Sulfation may be a result of 

the underlying inflammation, along with defects in the cell surface CFTR, which 

may be a receptor for P. aeruginosa.  Inflammation in CF individuals may precede 

further bacterial colonisation, being a major factor and cause of this altered 

glycosylation and sulfation of mucins (Xia et al., 2005).   
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Isolates from the CF lung are able to utilise human respiratory mucin as a 

source of sulfate for growth, compared to non-clinical species of the genus 

Pseudomonas which cannot (Robinson et al., 2012).  A possibility is to speculate and 

suggest that the interaction of OligoG with free sulfate (SO4
2-) may reduce the energy 

sources available for bacterial growth in sputum, and thereby hinder biofilm 

development.  However, as inorganic sulfate for growth in sputum is plentiful, mucin 

de-sulfation is unlikely to be a limiting energy source.  It has been postulated that it 

has an alternative, as yet unknown, purpose in the CF lung (Robinson et al., 2012).  

A reduction in sulfation has been associated with improved pulmonary function in 

CF subjects.  Although a CF patients general health may improve after exacerbation, 

their lung biochemistry remains fundamentally in a worse state than that of healthy 

non-CF individuals (Schulz et al., 2007).  The interaction between OligoG and the 

sulfate moiety (SO4
2-) may lead to improved pulmonary function, and could be 

sustained during periods of remission (Chapter 4).  To confirm the validity of the 

mucins used in this study, a comparison of mucin MUC5AC (extracted from CF 

sputum samples and cell lines) with freshly cleaved PGM and commercial PGM 

would be highly beneficial.  This would be novel research and would also add 

valuable data to the published literature.  It was postulated in this study that OligoG 

may be interacting with MUC5AC (Chapter 4), leading to the hypothesis that this 

opened the mucin network via hydrogen bonding.   

Unfortunately dynamic light scattering (DLS) analysis of sizing measurements 

could not be performed with mucin in this study, as the maximum size that could be 

analysed was 10 µm.  Since mucins are likely to form rod-like aggregates due to 

electrostatic repulsion, any aggregates formed will have been considerably larger, 

being at least one order of magnitude greater than its “native” mucin biopolymer 

(Bhaskar et al., 1991).  Electron microscopy of intact MUC5AC mucin has shown its 

poly-disperse nature, with filamentous threads, many in excess of 10 µm in length 

(Sheehan et al., 2000).  As mucin samples have a tendency to “clump”, results may 

be missed if they were out of range.  Future research could possibly measure mucin 

particle size using a homodyne DLS instrument (Chen et al., 2012).   

The use of FTIR in this study proved challenging due to the heterogeneous 

nature of the samples used (Lewis et al., 2013a).  Also as this study, had a focus of 

testing only non-induced sputum, there were difficulties in obtaining large numbers 
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of patient specimens (Chapter 4).  Although induced sputum is known to provide 

samples with higher cell viability, sputum induction requires saline inhalation and 

therefore leads to an increased osmolarity of the airway lining (Paggiaro et al., 2002).  

This would directly affect the rheology of the sample and the chemical bonds found 

in FTIR.  An induced sample may also have more nasal and pharyngeal 

contamination (Paggiaro et al., 2002).  Despite this, the data generated was 

promising in analysing the sputum/OligoG interactions, and will contribute to future 

research studies.  In the first instance, a larger study sample is required, as 9 patients 

were insufficient to obtain definitive statistical results.  Also, as in vivo studies with 

OligoG are now underway, it would be highly preferable if new samples could be 

obtained from these studies, where OligoG treatment is given in vivo prior to FTIR 

analysis.  The DNA concentration between sputum samples can vary greatly, for 

example, in a study of 167 CF patient sputum, the level of DNA ranged from 0.3 – 

9.5 mg/ml (Haley et al., 2012).  A greater understanding of the interaction of OligoG 

with DNA is also required.   

The rheological properties of biofilms determine the shape and mechanical 

stability of a biofilm structure, which in turn affects mass-transfer and detachment 

processes.  In the diseased lung, the EPS can aggregate due to hydrogen bonding, to 

form highly hydrated viscoelastic gels (Stoodley et al., 2002), contributing to an 

ineffective cough and airway clearance.  Progressive airway obstruction by 

“thickened sputum” leads to chronic bacterial infection and inflammation, and 

production of more sputum.  Mucin is an important component of sputum and studies 

have shown that a significant correlation exists between mucin content and 

rheological moduli, elastic and viscous responses (Sanders et al., 2000).  The co-

delivery of inhaled antibiotics with mucolytics to decrease sputum viscoelasticity is 

perceived to improve antibiotic penetration into the sputum, leading to an increased 

antibacterial potency and reduction of the dose required for clinical benefit (Yang et 

al., 2010).  OligoG has been suggested to potentially alter sputum viscoelasticity 

(Nordgard and Draget, 2011) as well as enhancing antimicrobial therapy (Khan et al., 

2012), suggesting that it might have in vivo therapeutic benefit.   

The use of extensional rheology on these sputum samples would have 

conferred considerate advantage in the small sample sizes required to perform the 

test.  The heterogeneity of the untreated samples is considerable, thereby skewing 



230 
 

any readings obtained.  Interestingly, this heterogeneity was markedly reduced 

following treatment with 2% OligoG (Chapter 5).  Subsequent testing was carried 

out using bulk shear rheology which had been extensively used in previous sputum 

studies (Nordgard and Draget, 2011, Henke and Ratjen, 2007, Hoffer-Schaefer et al., 

2014, Nielsen et al., 2004).  These studies demonstrated a significant decrease in 

elastic and viscous response following OligoG treatment.   

The longitudinal study on CF sputum from a single patient demonstrated the 

synergistic effects of OligoG with rhDNase I, further amplifying the possible in vivo 

benefits of OligoG treatment.  Surprisingly in the longitudinal study, large intra-

patient variation was seen in sputum samples, even within 24 h of sample collection.  

Importantly, this was not associated with exacerbation, FEV1, duration of intra-

venous antibiotics or length of hospital admission.   

OligoG appears to target the mucin component of sputum (Sletmoen et al., 

2012), whilst rhDNase I targets the eDNA (Sanders et al., 2006, Visick and Fuqua, 

2005), both of which act to significantly reduce the viscoelasticity of CF sputum.  

These results were in keeping with preliminary FTIR data (showing changes to the 

sulfated moiety of mucin in OligoG treated-CF sputum), suggesting that OligoG can 

effectively ‘open-up’ or ‘unravel’ the sputum structure and alter the viscoelasticity of 

sputum.   

A range of mucolytic drug delivery approaches, including use of nanoparticles 

and nanocarrier-based systems have been evaluated, some of which have been 

demonstrated, in vitro, to disrupt the structure of mucus and sputum (Chen et al., 

2012) and to facilitate drug delivery (Cartiera et al., 2010, Tang et al., 2009).  These 

studies investigated diseased sputum/mucus, as mucus from healthy individuals is 

not spontaneously expectorated and therefore difficult to obtain.  A greater 

understanding of the behaviour of healthy mucus could considerably increase our 

knowledge of the effects of OligoG in enhancing permeability of mucus gel.  For 

example, healthy mucus could be collected from the endotracheal tubes of patients 

without respiratory co-morbidities, such as patients undergoing elective non-

cardiothoracic surgery.  However, mucus collected from endotracheal tubes may be 

altered compared to the mucus gel layer in vivo, since endotracheal tubes are 

connected to a passive heat and moisture exchanger to humidify the ventilated air.  
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This means of sample collection is nevertheless preferable to bronchial lavages, as it 

minimises sample dilution and salivary contamination (Schuster et al., 2013).   

Current conventional antifungals consist of azoles (with fluconazole being the 

most potent), polyenes (such as nystatin) and echinocandins (Denning, 2002).  

Combining antifungal drugs has been recommended to enhance efficacy against 

invasive fungal infections.  The aim of a combined therapy is to widen the spectrum 

and potency of drug activity, provide a rapid synergistic effect, reduce toxicity and 

the risk of resistance.  Echinocandins are one of the newer class of antifungals, with 

less drug interactions compared to azoles (Denning, 2002).  However, resistance to 

echinocandins has already been reported (Cappelletty and Eiselstein-McKitrick, 

2007).  A case-study found caspofungin treatment-failure of oral candidosis and 

oesophagitis due to a mutation in the candidal gene encoding 1-3-β-D-glycan 

synthase, thereby reducing susceptibility to echinocandins (Baixench et al., 2007).  

This may be an area where, if synergy with OligoG could be shown, applications to 

treat yeast infections associated with echinocandin resistance could be undertaken.   

Physical studies of OligoG interactions with the fungal cell surface showed 

significant differences to those obtained from the bacterial studies.  There were no 

changes in zeta potential for Candida species treated with OligoG (Chapter 6), in 

contrast to that observed for P. aeruginosa (PAO1; Chapter 2).   

Candida cell walls are essentially highly glycosylated polypeptides, consisting 

of several N-linked glycans with outer side chains of mannose units.  The anionic 

surface charge of yeasts and their hydrophobicity is linked to phosphorylation of 

these mannosyl side chains.  These “mannoproteins” are mainly on the outside of the 

Candida cell wall, and are responsible for initial biofilm establishment.  Their 

anionic charge is thought to repel COO- groups (Park et al., 2003) and may, in part, 

explain the failure of polyanionic OligoG to “bind” with the cell wall, which instead 

appeared to keep the cells apart, via repulsion of the two carboxylic acid moieties on 

both the cell wall and OligoG.   

Whilst studies of P. aeruginosa, B. cepacia and Achromobacter species (due to 

their disease association and mortality respectively in CF) are frequent, Candida 

species are often overlooked in CF patients.  Of the Candida species found in CF 

patients, 95% have been identified as C. albicans, with the remaining isolates being 

C. glabrata, C. parapsilosis, C. krusei and C. dubliniensis.  Confounding factors that 
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make CF patients at higher risk of colonisation with Candida species include 

xerostomia from diabetes-related CF, inhaled corticosteroids and prolonged 

antibiotic use (Chotirmall et al., 2010).  There has also been an improvement in 

species identification leading to a greater understanding of the lung microorganisms 

isolated (Peltroche-Llacsahuanga et al., 2002).  A large-scale study from the 

European Epidemiologic Registry of Cystic Fibrosis found that fungal colonisation 

was associated with differences in FEV1 (Navarro et al., 2001).  Navarro et al., 2011 

found that Aspergillus species and Candida species colonisation were associated 

with a significant decrease in FEV1 in all age groups.  Interestingly, 33.5% of all 

patients in the study were colonised with Candida species and 16.9% with 

Aspergillus species (Navarro et al., 2001).  It has been shown that antibiotic therapy 

with amoxicillin, azithromycin, third generation cephalosporins and oral vancomycin 

all increased the rate and load of Candida species colonisation in CF children 

(Gammelsrud et al., 2011).   

Initial OligoG candidal studies were carried out by the Department of 

Bioprocess Technology, SINTEF Materials and Chemistry, N-7465 Trondheim, 

Norway (see Appendix III).  High-throughput robotic MIC screening demonstrated 

the potentiating effects of OligoG (2, 6 and 10%) with several classes of antifungal 

agents including fluconazole with strains tested.  In addition, RHE work 

demonstrated a statistically significant reduction in candidal hyphal infiltration at a 

low concentration of 0.2% OligoG (see Appendix III). This precipitated further 

investigation of OligoG as an antifungal.  Importantly, development of OligoG as an 

inhalation therapy (with no known antimicrobial resistance) has the potential to 

lower the bacterial load within the lung, which in turn could reduce fungal 

pathogenicity.   

As OligoG has moved towards clinical use, Phase I clinical studies of the 

safety and toxicology of OligoG have been undertaken using a working 

concentration between 2-10% (www.clinicaltrials.gov [identifier NCT00970346]).  

Concomitant research studies focused on the same principal concentrations 2, 6 and 

10% OligoG (Khan et al., 2012, Roberts et al., 2013, Powell et al., 2013).  In the 

subsequent human patient clinical trial, in 2012, studies employed a 6% inhaled 

solution of OligoG (www.clinicaltrials.gov [identifier NCT01465529]).  From this 

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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study, it was estimated that only 20% of the nebulised OligoG actually entered the 

lung (i.e. giving an actual dose of 1.2%).  This led to a reassessment of the actual 

experimental concentrations that should be used in the in vitro studies.  Therefore, to 

analyse the interaction between OligoG and bacteria, using nanoscale imaging, the 

concentrations of OligoG used in later experiments were lowered to 0.2-0.5% 

OligoG (Powell et al., 2014, Roberts et al., 2013).  To get a more accurate picture of 

the actual dose reaching the lung, an open labelled, randomised, two-way crossover 

scintigraphic study will investigate lung deposition of radiolabelled OligoG delivered 

as a dry powder and as a nebulised solution in CF patients.  This will determine the 

ratio of OligoG in the central airways compared to the peripheral region, as well as 

characterise the extra-pulmonary deposition (i.e. in the oesophagus and stomach) and 

estimate retention of OligoG in the nebuliser or inhaler.  Further information 

regarding animal and human inhalation OligoG studies can be found in Appendix 

IV. 

OligoG contains sodium salts (12.4% w/w sodium salt) and this may affect the 

osmolarity of the suspending medium.  In bacterial environments where salt 

concentrations are higher, such as the skin, osmotic pressure did not appear to affect 

the growth rate and extent of Staphylococcus epidermis at NaCl concentrations ≤1 M 

(Linnes et al., 2013).  Other bacterial genera however have shown activation of 

biofilm genes, such as the bdm (biofilm dependent modulation) gene in E. coli during 

osmotic shock at 0.5 M NaCl (Francez-Charlot et al., 2005).  Interestingly in CF 

patients, high salinity in the lung is often encountered and osmo-adaptation is 

therefore crucial for survival of P. aeruginosa in this habitat (Aspedon et al., 2006).  

In another study, hyperosmotic stress (0.5 M NaCl) applied to exponentially growing 

P. aeruginosa (PAO1), interrupted rhamnolipid synthesis (Bazire et al., 2005) which 

is also involved in biofilm formation.  Furthermore,  a MucA mutant (leading to a 

mucoid phenotype) was found to be more susceptible to osmotic stress than the wild 

type, with no increase in alginate synthesis seen under chronic osmotic stress 

(Behrends et al., 2010).  These findings may be advantageous for OligoG in aiding 

disruption of biofilm formation, as well as further altering sputum viscoelasticity.  

Interestingly, the C. tropicalis AFM images (Chapter 6) demonstrated cell flattening 

when treated with OligoG, which could be partly explained by osmotic stress caused 

by the actual salt levels found in OligoG itself.   
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Identification of natural strategies that interfere with intra- and inter-species 

cell-cell communication is promising and could provide new treatments for bacterial 

disease (Federle and Bassler, 2003).  A new school of thought has emerged to target 

QS, hydrophobicity and EPS as a means of preventing biofilm formation.  Marine 

bacterial extracts have been shown to have antibiofilm properties against P. 

aeruginosa (PAO1), including QS inhibition and reduction of EPS production.  

These effects caused biofilm dispersion and disruption, and a reduced hydrophobicity 

index (Nithya et al., 2010).  QS signals of pathogens can regulate expression of 

virulence factors, and recently they have become targets for novel therapies.  The 

development of QS inhibitors has been shown to make biofilms more susceptible to 

antimicrobial treatments.  This in turn, may lead to a reduction in bacterial virulence 

and patient mortality (Rasmussen and Givskov, 2006).  Coral-associated bacteria 

have also been shown to possess antibiofilm activity against biofilm formation in 

Streptococcus pyogenes due to QS inhibition properties (Thenmozhi et al., 2009).  

What is still needed for all these antimicrobials is that they have to make the “giant 

leap” from the laboratory to the patient.  Many problems exist in this transition 

including toxicity in chronic usage and those of safe, commercial scale-up.  As for 

OligoG, this step is already underway.   

 

7.2 The future 

Important direct physical changes with OligoG that alter bacterial electrostatic 

interactions, aggregation, biofilm formation, and mucin assembly have been 

demonstrated.  However, much work remains to be done to understand OligoG’s 

precise mode of action.  Also, its exact role in the potentiation of antibiotics remains 

unresolved with important targets e.g. QS and cell-surface hydrophobicity, needing 

still to be studied at a molecular and functional level.  Importantly, no build-up of 

resistance to OligoG has been noted in vitro even following prolonged serial sub-

culture using escalating OligoG concentrations (Khan et al., 2012).   

In addition to mechanistic and structural studies, the ability of OligoG to alter 

the viscoelasticity of sputum and its antibiofilm effects are both highly promising 

features for other respiratory diseases such as COPD.  These areas represent research 

avenues that could also be pursued in the future.  There are a number of other 
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potential new applications for OligoG, including its topical application for chronic 

wounds and burns, as well as in dental products.   

Production of alginates with specific physical properties can be affected by a 

number of factors including the species of seaweed used, source and water 

temperature.  Alginates isolated from bacteria and algae are usually of high MW 

(typically 105 to 106 Da), corresponding to about 500-5000 residue per chain 

(Andersen et al., 2012).  The ability to produce alginates reproducibly and efficiently 

is vital for therapeutic products, whilst still maintaining the maximum therapeutic 

effect.  Complying with economic and environmental challenges, whilst keeping up 

with demand for production of OligoG, is also of vital importance.  Lower MW 

alginates are obtained by partial degradation, for example, by acid hydrolysis 

(Andersen et al., 2012) or epimerase activity (Gimmestad et al 2003).  Whilst it is 

knonwn that OligoMG and OligoM oligomers (of similar MW profile to OligoG) do 

not have as strong a potentiation affect as OligoG (Khan et al., 2012), we know little 

of the structure-function relationship.  The techniques described in this thesis could 

therefore be valuable in future screening for potential new agents. 

 

7.3 Conclusion 

This thesis describes the interaction of OligoG with bacteria and disruption of 

biofilms of MDR and pan-drug resistant bacteria.  OligoG has been shown to inhibit 

and disrupt pseudomonal biofilms, leading to changes in surface charge and sizing.  

These bacteria-polysaccharide interactions were not easily disrupted on washing.  

AFM, SEM and CLSM were used to visualise cellular changes, as well as using a 

fluorescently-labelled OligoG conjugate to highlight distribution of OligoG within 

the biofilm.  OligoG has also been shown to decrease filament formation in Candida, 

working synergistically with fluconazole.   

The complex interaction of OligoG with mucin was further investigated, 

showing that OligoG caused a change in mucin conformation, which may also play a 

role in hindering biofilm formation.  Extensional and shear rheological analysis 

confirmed that OligoG reduced both viscous and elastic parameters of sputum, as 

well as working synergistically with rhDNase I.  These alterations, as well as its 

antibiofilm properties, are positive features for improving pulmonary function in CF 
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patients.  Promisingly, the clinical trials for OligoG are currently at the Phase IIb 

stage in CF patients, with a significant prospect that this translational research will 

make the exciting journey from laboratory to clinical therapy. 

 

7.4 Papers published from thesis to date 

Published- 

TØNDERVIK, A., SLETTA, H., KLINKENBERG, G., EMANUEL, C., POWELL, 

L. C., PRITCHARD, M. F., KHAN, S., CRAINE, K. M., ONSOYEN, E., 

RYE, P. D., WRIGHT, C., THOMAS, D. W. & HILL, K. E. 2014. Alginate 

oligosaccharides inhibit fungal cell growth and potentiate the activity of 

antifungals against Candida and Aspergillus spp. Plos One, 9 (11) e112518. 

POWELL, L. C., PRITCHARD, M. F., EMANUEL, C., ONSOYEN, E., RYE, P. D., 

WRIGHT, C. J., HILL, K. E. & THOMAS, D. W. 2014. A nanoscale 
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Appendix I:  

Nanoscale chapter 
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Fig I.i: A) Mean zeta potential values for 10% OligoG, untreated PAO1 and PAO1 
treated with 10% OligoG (post-wash) at various pH values in 0.1 M NaCl.  B) Cell 
size analysis of PAO1, PAO1 treated with 10% OligoG (pre-wash) and PAO1 treated 
with 10% OligoG (post-wash) in 0.1 M NaCl.   
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Table I.i: Effect of a hydrodynamic shear test at 3,300 g for 3 mins on OligoG 
treated cells tested in 0.01 M NaCl, pH 5; mean zeta potential values (mV) and mean 
sizing values (nm).   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 No wash  1
st
 wash  2

nd
 wash 

 Mean Zeta Potential (mV) 

PAO1 -30.7 ±1.0  -30.6 ±0.7  -29.9 ±1.1 

PAO1 + OligoG -36.5 ±1.2  -33.4 ±1.2  -32.1 ±1.1 

 Mean Sizing (nm) 

PAO1 947 ±77  934 ±142  984 ±67 

PAO1 + OligoG 1564 ±722  1684 ±559  1530 ±439 
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Appendix II:  

FTIR patient samples 
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Table II.i Patient data for FTIR, including antibiotic and rhDNase I (if applicable) regimen at time of sampling. 

Patient Sex Age (Yrs. 

months) 

Taking 

rhDNase I 

Immunised 

against 

Influenzae 

Receiving 

antibiotics 

Sputum 

induced 

Microbiology FEV1 (L) 

1 M 28.8 Yes Yes Yes No P. aeruginosa 1.93 

2 F 37.10 Yes Yes Yes No P. aeruginosa 0.65 

3 M 31.1 No Yes Yes No P. aeruginosa 1.15 

4 M 39.5 Yes Yes Yes No P. aeruginosa 

S. aureus 

1.99 

5 F 17 Yes Yes Yes No P. aeruginosa * 

6 M 13 Yes Yes Yes No Atypical 

myobacterium 

* 

7  F 22.1 Yes Yes Yes No P. aeruginosa 

C. albicans 

1.1 

8  F 39.2 No Yes Yes No Normal flora# 2.13 

9 M 25.8 No * Yes No S. aureus 4.05 

# Patient recently had bilateral lung transplant  * Unknown  FEV1 Forced expiratory volume in 1 second   

P. aeruginosa, Pseudomonas aeruginosa; S. aureus, Staphylococcus aureus; C. albicans, Candida albicans.   
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Appendix III:  

Preliminary fungal experiments 
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Table III.i:. MICs (µg/ml) of antifungals alone and with increasing concentrations of OligoG (2, 6, 10%) for a range of Candida species  
(Department of Bioprocess Technology, SINTEF Materials and Chemistry, Trondheim, Norway) 
 
 

 Nystatin   Fluconazole   Terbinafine 

% OligoG 0 2% 6% 10%   0 2% 6% 10%   0 2% 6% 10% 

C. albicans CCUG 
39343 

8 8 4 2 
  

16 16 8 4 
  

>32 >32 >32 >32 

C. parapsilosis 

ATCC 22019T 
8 4 1 0.5 

  
2 2 0.5 0.25 

  
2 2 2 2 

C. krusei 141/03  
8 4 2 2 

  
128 64 64 64 

  
>32 >32 >32 >32 

C. krusei 

249/03(2) 
8 8 8 4 

  
8 4 2 1 

  
4 4 8 4 

C. lusitaniae 
994/01(2) 

8 8 2 1 
  

0.5 0.25 <0.13 <0.13 
  

8 4 4 2 

C. tropicalis 12 
8 8 4 4 

  
1 1 <0.13 <0.13 

  
>32 16 >32 32 

C. tropicalis   75 
8 8 8 2 

  
2 1 0.5 0.25 

  
>32 >32 >32 >32 

C. tropicalis 

519468 
16 8 4 2 

  
128 1 0.5 0.25 

  
>32 >32 >32 >32 

C. tropicalis 
544123 

8 8 2 2 
  

1 1 0.5 0.25 
  

>32 >32 >32 >32 

C. tropicalis 
250/03 

8 4 2 1 
  

8 4 2 2 
  

>32 >32 >32 >32 

C. tropicalis    
AG1 

8 8 4 2 
  

128 >128 0.5 <0.13 
  

>32 32 >32 >32 

C. tropicalis   
T2.2 

8 8 4 2 
  

>128 0.5 0.25 <0.13 
  

>32 >32 >32 32 
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Fig III.i: Reconstituted Human Oral Epithelial Cells Documentation 
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Fig III.ii: Effect of increasing concentrations of OligoG (0%, 2%, 6%, and 10%) on cell densities after cultivation in MH broth for 48 h at 34
o
C for 

various Candida and Aspergillus species Error bars represent standard deviation from the mean (n≥4).  (*, data not significantly different from 
control results; P>0.05).  Work carried out by the Department of Bioprocess Technology, SINTEF Materials and Chemistry, N-7465 Trondheim, 
Norway. 
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Fig III.iii: Effect of increasing concentrations of OligoG (0%, 2%, 6%, and 10%) on cell densities after cultivation in RPMI broth for 48 h at 34
o
C 

for various Candida and Aspergillus species Error bars represent standard deviation from the mean (n≥4).  (*, data not significantly different from 
control results; P>0.05).  Work carried out by the Department of Bioprocess Technology, SINTEF Materials and Chemistry, N-7465 Trondheim, 

Norway. 
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Fig II.iv: Mean surface roughness expressed as (Ra) ±standard error. *indicates 
significantly different from the control. FLC, fluconazole. Work carried out by Mr K. 
Craine. 
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Fig III.v:  Germ tube assay showing; A) light microscopy images of Candida albicans (CCUG 39343) cells grown with/without the 
presence of OligoG, (Scale bar is 100 µm). B) Percentage of Candida cells producing hyphae for four different strains grown for 2 hours 
in the presence of OligoG (0, 0.2, 0.5, 2, 6 and 10%).  C. glabrata as a non-hyphae producer was the negative control.  * indicates 
significantly different from the control, (P<0.05).  Work carried out by Dr C. Emanuel. 
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Fig III.vi: Periodic-acid Schiff (PAS) of control, infected and 
0.2% OligoG treated RHE samples showing; A) imaging B) box 
plot of hyphal invasion measurements (n=64; P<0.05). Work 
carried out by Dr A. Jack. 
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Appendix IV:  

Animal and human studies into the 

safety and tolerability of OligoG for 

inhalational delivery 
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Animal clinical trials of the alginate oligosaccharide OligoG (CF-5/20)  

Inhalation studies were carried out with OligoG in experimental animals: single 

dose and multiple doses at variable exposure times, as well as single oral or 

intravenous administration of tritium-labelled OligoG (for details see Table IV.i-iii). 

No clinical changes were evident with the single- or repeated nebulised 

administration of OligoG for up to 28 days for 4 hours/day.  The only OligoG related 

necropsy finding was bronchial lymph node enlargement in 8/15 animals treated with 

OligoG for 4 hours/day.  There was a (histologically-scored) minimal-mild alveolar 

foamy macrophage accumulation in the lung of all animals from the 28-day groups, 

which reflected normal clearance mechanisms of the rat lung and was not considered 

to be a toxicological effect of administration of 6% OligoG.  All other histology and 

clinical tests including blood and urine analysis displayed normal parameters.   

For the 3H-labelled OligoG oral dose, mean plasma levels reached a peak at 2 

hours post-dosing and decreased to background levels within 12 hours.  For the 3H-

labelled OligoG intravenous dose, mean plasma radioactivity levels reached a peak 5 

mins after injection and decreased to background levels within 24 hours. After oral 

dosing, the major elimination route was via the faeces and urine (82.6% and 8.5% 

respectively within 24 hours).  The remainder was recovered over the following 168 

hours, with minute amounts (≤2.4%) also recovered in expired air at 48 hours post 

dose.  After intravenous administration, the major route of elimination was via the 

urine (73.1% within 6 hours of dosing).  These data show that whilst OligoG is 

rapidly absorbed, it also rapidly excreted which are standard drug–like properties.   

 

Human clinical trials of the alginate oligosaccharide OligoG (CF-5/20)  

A Phase I, randomised, double-blinded, placebo-controlled, dose-escalated trial 

was carried out to investigate the safety and tolerability of inhaled aerosolised 

OligoG in healthy volunteers (EudraCT number: 2009-009330-33, 

http://www.clinicaltrials.gov identifier NCT00970346).  The product was found to be 

well tolerated with mild and transient adverse effects, which occurred equally in the 

placebo group.  No serious adverse events occurred and no clinically significant 

http://www.clinicaltrials.gov/
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changes in laboratory analysis of vital signs, ECG or spirometry were recorded.  No 

systemic absorption was seen above the level of quantification in the 

pharmacokinetic data (AlgiPharma, 2014). From this study, the initial working 

concentrations between 2-10% OligoG were selected as it was confirmed safe for 

clinical use (Khan et al., 2012). 

A Phase IIa double-blind, randomised, placebo-controlled, cross-over study has 

also been completed to evaluate the safety, tolerability and preliminary efficacy of 

OligoG when administered for 28 days in CF patients, chronically colonised with P. 

aeruginosa (EudraCT number:2010-023090-19, http://www.clinicaltrials.gov 

identifier NCT01465529).  The results have not yet been published. 

Another Phase IIa clinical trial is currently recruiting patients employing an 

open label, randomised, two-way crossover scintigraphic study to investigate the 

lung deposition of radiolabelled OligoG, when delivered as a dry powder and as a 

nebulised solution in CF patients ((EudraCT number: 2013-003774-27, 

http://www.clinicaltrials.gov identifier NCT01991028).  These results will aid our 

understanding of the clinically relevant dose to use for maximum efficacy of the 

therapeutic.   

A further Phase IIb double-blind, randomised, placebo-controlled cross-over 

study is planned to start analysing efficacy and safety of inhalation of OligoG 

administered for 28 days in CF patients (http://www.clinicaltrials.gov identifier 

NCT02157922). 

http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
http://www.clinicaltrials.gov/
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Table IV.i: Summary of dosing for inhalation studies with OligoG in experimental animals (experiment I).   

Experiment Phase of study Dose group/ 

treatment#
 

Mean aerosol 

OligoG conc.   

Respiratory minute 

volume (L min-1)  

Dose duration 

(min)  

Body 

weight (kg)  

Estimated achieved 

dose (mg/kg)  

I 

Single dose, 

variable OligoG 

conc.   

1.Vehicle control  0.007 0.159 240 0.248 1.08 

2.Low dose 1.07 0.164 240 0.258 163.2 

3.Intermediate dose 1.14 0.160 240 0.249 175.8 

4.High dose  2.19 0.169   241* 0.270 330.4 

#N=5 male rats; *High dose animals overdosed by 1 min in error.   
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Table IV.ii: Summary of dosing for inhalation studies with OligoG in experimental animals (experiments II and III).   

Experiment Phase of study Dose group/ 

Treatment
#
 

Daily exposure 

duration (min) 

OligoG formulation 

in mg
-1

 kg
-1

 day
-1

 

Non-aqueous component 

mg
-1

 kg
-1

 day
-1

 

II 

Single dose, 
variable exposure 
times 

1.6% OligoG 60 500.0 75.6 

2.6% OligoG  120 997.6 150.8 

3.6% OligoG 240 1999.8 301.9 

III 

Single dose 

 6% OligoG 60 500.0 75.6 

 6% OligoG 120 997.5 150.8 

 6% OligoG 240 1999.8 301.9 

7 days dosing 
6% OligoG 60 511.4 71.0 

6% OligoG 240 2034.4 282.4 

14 days dosing 
6% OligoG 60 498.5 71.6 

6% OligoG 240 1984.3 284.8 

28 days dosing 

Vehicle only 240 1916.7 0 

6% OligoG 120 494.4 71.6 

6% OligoG 240 1988.2 288.0 
#(n=10; 5 female, 5 male rats) 
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Table IV.iii: Summary of sampling for inhalation studies with 3H- OligoG in experimental animals (experiment IV).   

Experiment Dose group/ 

Treatment
#
 

Samples Additional samples  Additional samples from selected 

animals 

IV 

IV (n=4) 
Blood, plasma 

  

OD (n=4)   

IV (n=4) 

Urine/faces  

Blood, plasma, selected tissues/organs, 

carcass 

Blood, plasma, GI tract, carcass 

Expired air (n=2) OD (n=4) 

IV (n=18) Tissues and organs   

All animals received a dose of 5 mg/kg tritium-labelled OligoG; IV, intravenous; OD, oral dose.   
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