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Summary  
The development of antimicrobial resistance against multiple antibiotic and 

antifungal classes in bacterial and fungal pathogens respectively is of global clinical 

concern. With ñlast resortò antibiotics and antifungal treatments having associated 

toxicity issues and with a drying-up of new antimicrobials in the development pipeline, 

(especially for Gram-negative organisms), the development of novel therapies is 

urgently needed.  OligoG CF-5/20 is a low molecular weight alginate oligosaccharide 

that has been shown to have antimicrobial and anti-biofilm properties against a range 

of multi-drug resistant pathogens. 

OligoG CF-5/20 was tested against a range of Candida spp., in addition to 

being used as a combination therapy with the antifungal nystatin.  Minimum inhibitory 

concentration (MIC) assays and growth curves showed that OligoG CF-5/20 

synergistically enhanced the effect of nystatin against planktonic cells.  Furthermore, 

confocal laser scanning microscopy (CLSM) and COMSTAT analysis showed that it 

was also effective at preventing biofilm formation, as well as disrupting established 

biofilms.  This study demonstrated that OligoG CF-5/20 can act as a stand-alone 

treatment against Candida spp., as well as showing enhanced effectiveness when used 

as a combination therapy with the antifungal nystatin (P <0.0001). 

To investigate the contribution of calcium (Ca2+)-binding in its antimicrobial 

activity, G-block (OligoG CF-5/20) and an M-block alginate oligosaccharide 

(OligoM) with comparable average size (DPn 19) and contrasting Ca2+ binding 

properties (that of OligoG being greater), were compared.  The tailored alginate 

OligoM was shown to be comparable to OligoG CF-5/20 at reducing planktonic and 

biofilm growth of P. aeruginosa; also demonstrating similar reductions in virulence 
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factor production of pyocyanin (P <0.05), elastase (P <0.0001), and protease (P 

<0.0001) when tested at 6%.  Compared to OligoM, OligoG CF-5/20, exhibited a 

significantly stronger inhibitory effect on quorum sensing (QS) signaling, and 

displayed increased potentiation of the antibiotic azithromycin in MIC and biofilm 

assays.  These results with OligoM highlight the fact that the antimicrobial effects of 

alginate oligosaccharides were not purely dependent upon Ca2+ binding. 

Colistin is often referred to as the antibiotic of last resort for the treatment of 

e.g., carbapenem-resistant Enterobacteriaceae.  The discovery of the plasmid-encoded 

colistin resistance, mcr, and its rapid dissemination into the environment in recent 

years heralds the risk of a post-antibiotic era.  The resistance profiles associated with 

the mcr-1 and mcr-3 genes were apparent in MIC and minimum biofilm eradication 

concentration (MBEC) assays, and the associated fitness costs of mcr plasmid carriage 

were highlighted in the growth curves with mcr-1 strains showing significantly lower 

growth rates than those carrying mcr-3.  A bead biofilm model was adapted to monitor 

the stability of mcr-1 and mcr-3 genes over time, using isogenic E. coli J53 hosts.  

After serial passage (every 2 days for a month), the mcr-1 gene was lost by day 23, 

while the mcr-3 gene was stably maintained for up to 31 days.  CLSM and COMSTAT 

analysis demonstrated the antibiofilm effect of OligoG CF-5/20 against mcr carrying 

E. coli (P <0.05), whilst also showing changes in extracellular polymeric substance 

(EPS) such as a reduction of proteins (P <0.05) and the release of eDNA.  

These results suggest that OligoG CF-5/20 has considerable potential as an 

antimicrobial agent, either as a stand-alone treatment or in combination with existing 

therapies, such as colistin or nystatin, to treat multidrug resistant pathogens that are 

responsible for hard-to-treat chronic infections.  
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1.0 In troduction  

 

The exponential rise in antimicrobial resistance (AMR), combined with the 

lack of both new antibiotic and anti-fungal treatments currently in development, poses 

a serious global health issue, resulting in high patient mortality and huge cost 

implications (Antimicrobial Resistance Collaborators 2022). This situation is 

compounded by the fact that bacteria in a biofilm state are known to be responsible for 

the majority of hard-to-treat chronic infections, which confers increased antimicrobial 

tolerance, adding another layer of complexity to possible patient treatment options.  

Furthermore, current antifungal treatments for invasive fungal infections are limited 

by their toxicity, as are current ñlast resortò treatments for multidrug resistant 

pathogens, thereby limiting their use.  Therefore, there is an urgent demand for less 

toxic alternatives.  This could be achieved through new drug formulations or through 

the use of combined therapies which could potentially reduce drug toxicity, as well as 

improving the efficiency of treatments currently in clinical use (Tøndervik et al. 2014). 

1.1 Bacterial cell wall 

 

The bacterial cell wall can be broadly categorised into one of two groups, 

Gram-positive and Gram-negative (Figure 1.1).  The major cell wall component of 

Gram-positive bacteria is a thick layer of peptidoglycan; composed of alternating N-

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) subunits which 

are cross linked by ɓ-(1-4) glycosidic bonds (Vollmer et al., 2008).  Peptidoglycan is 

essential for a strong, but elastic scaffold, protecting the cell from stress such as 

osmotic pressure, and dictating the shape of the cell (Scheffers and Pinho 2005).  

Attached to this peptidoglycan are accessory molecules, such as carbohydrates, 

teichoic and lipoteichoic acids.  Lipoteichoic acid is a polymer that is linked to the cell  
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Figure 1.1. Diagrammatic representation of the cell walls of Gram-positive and 

Gram-negative bacteria. 
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membrane via a lipid anchor (Percy and Gründling 2014). Similar to Gram-positive 

bacteria, Gram-negative bacteria also have a peptidoglycan layer, although it is 

considerably thinner (~3-6 nm thick compared to 10-40 nm) and lies between the inner 

and outer lipid membrane in the periplasmic space (Scheffers and Pinho 2005; Egan 

et al. 2017). The Gram-negative cell wall has sufficient physical strength to withstand 

turgor pressure, and extreme pH, and temperature (Beveridge 1999).  It has two 

membranes; an inner membrane and an outer membrane, while Gram-positives have 

only one.  Situated in the outer membrane of Gram-negative bacteria are outer 

membrane proteins (OMPs), such as porins, which form pores allowing the uptake of 

nutrients and the release of waste (Galdiero et al. 2012).  These pores are also important 

for the emergence of antibiotic resistance in pathogenic strains.  Lipopolysaccharides 

(LPS) are present on the surface of the outer membrane, as well as being released into 

the environment.  LPS is made up of three regions: the core polysaccharide, an O-

antigen and lipid A.  LPS causes an overall negative electrostatic charge on the surface 

of Gram-negative bacteria, playing a role in adhesion and in the initiation of biofilm 

formation (Beveridge 1999).  Lipid A varies amongst bacterial species and its structure 

strongly defines the degree of immune activation. 

1.2 The antibiotic development pipeline 

 

Although there is an urgent need for new antimicrobials, the number of new 

drugs currently in development is actually very low.  The WHO has stated (as of 

September 2021), that there are 217 antimicrobial products in preclinical (phase I-III)  

stages of development (mostly in Western countries with high GDP) and that only 49 

of these target the WHO ñpriority pathogensò (WHO 2021, 2022a).  Since 2017, the 

Food and Drug Administration (FDA) has approved eight new antibiotics, and only a  
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few new classes of antimicrobials (including oxazolidinone and cyclic lipopeptides), 

have been introduced into clinical practice targeting Gram-positive pathogens (Coates 

et al. 2011; Hutchings et al. 2019; Terreni et al. 2021; Chahine et al. 2022).  

Despite the prediction that deaths caused by MDR will surpass cancer-related 

deaths by 2050, many pharmaceutical companies are not focused on antibiotic 

development.  This is due to financial, economic, and regulatory issues compared to 

other more lucrative treatments, such as anticancer drugs (AMR-review.org 2015).  To 

get a new drug to market, the cost to pharmaceutical companies is estimated to be up 

to $2.5 billion, taking around 10-15 years to get through clinical trials and into clinic 

use (Plackett 2020; Wouters et al. 2020; Brown et al. 2022).  Consequently, the 

financial return in investment for companies developing new antibiotics is poor, 

especially in comparison to other treatments.  Ideally, any new antimicrobials effective 

against MDR pathogens should be saved as ñlast resortò drugs, meaning that their use 

should be heavily restricted to ensure that they remain effective, as high prescribing 

rates contribute to resistance.  However, this is not commercially viable, as limiting 

antibiotic prescribing, ultimately limits the likely financial profit (Luepke et al. 2017).  

The increasing length of time taken for new drugs to get to clinical trial, the 

lack of outside investment and high failure risks are all barriers to new product 

development. This makes it increasingly difficult  for pharmaceutical companies to 

recoup their costs, so that antibiotic research is no longer viewed as a profitable 

investment (Nelson 2003).  Interestingly however, there are potential alternatives to 

antibiotics for treating resistance, such as bacteriophage therapies and 

immunomodulation (Cook and Wright 2022; WHO 2022a). 
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1.3 Antimicrobials  

1.3.1 Discovery 

 

The discovery of penicillin (the first ɓ-lactam antibiotic) in 1928 and its 

introduction to clinical use in the 1940ôs, along with the discovery of streptomycin in 

1943 (the first aminoglycoside), resulted in the greatest decline in mortality by 

infectious disease ever witnessed (Fleming 1929; Aminov 2017).  This started the 

ñgolden ageò of antibiotic discovery, with the majority of novel classes of 

antimicrobials being discovered within a couple of decades.  However, since this initial 

momentum of antimicrobial discovery and development, there has been a steady 

decline in discovery rates and a worrying  lack of new antimicrobials in the 

development pipeline, referred to as a ñdiscovery voidò (Davies 2006).  

1.3.2 Antibiotic classification and targets 

 

 Antibiotics can be described as having either narrow or broad-spectrum 

activity and being either bactericidal (if they kill bacteria) or bacteriostatic (if they 

slow down/inhibit their growth; Figure 1.2) (Grada and Bunick 2021).  Antibiotics 

which have a narrow spectrum of activity are specific to certain types of bacteria which 

they can kill or inhibit.  For example, vancomycin is effective against only Gram-

positive bacteria including methicillin resistant Staphylococcus aureus (MRSA) and 

Clostridium difficile, in comparison broad-spectrum antibiotics, such as amoxicillin (a 

penicillin derivative) which target a wider range of both Gram-positive and Gram-

negative bacteria (Kaur et al. 2011; Álvarez et al. 2016).  

Although broad-spectrum antibiotics can treat a wider range of pathogens 

compared to narrow spectrum antibiotics, which can be beneficial when treating 
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unknown infections, their widespread use is more likely to select for antibiotic 

resistance and allow the spread of multidrug resistant pathogens (Ciģman and Plankar 

Srovin 2018; Melander et al. 2018).  Furthermore, the indiscriminate use of broad-

spectrum antibiotics can lead to disruption of the host microbiome, leading to 

increased susceptibility to colonisation by pathogens such as C. difficile, causing issues 

with nutrient absorption, diarrhoea, and colitis, thereby leading to higher levels of 

morbidity and mortality (Sears et al. 2013).   

1.3.2.1 Antibiotics targeting cell wall synthesis 

 

Due to the unique composition of the bacterial cell wall, many antimicrobials 

are specifically able to target it, disrupting its synthesis.  The mechanism of action of 

the ɓ-lactam family of antibiotics (including penicillins, carbapenems, monobactams 

and cephalosporins) targets cell wall synthesis, ultimately leading to cell death, which 

occurs via inhibition of the final step of peptidoglycan synthesis (Tooke et al. 2019; 

Lima et al. 2020).  Normal peptidoglycan synthesis involves around thirty enzymes, 

where typically, penicillin-binding proteins (PBPs) bind to the D-alanyl-D-alanine 

segment of the GlcNAc peptide chain, allowing cross-linking by glycine residues 

between the glycan chains, which are then incorporated into the growing 

peptidoglycan structure forming the cell wall (Sauvage et al. 2008; Bush and Bradford 

2016).  The antibiotic ɓ-lactam ring mimics the D-alanyl D-alanine segment, so is able 

to bind PBPs, interrupting terminal transpeptidation and, effectively terminating the 

final steps in the peptidoglycan synthesis pathway (Kapoor et al. 2017).  Glycopeptides 

(such as vancomycin) similarly also inhibit cell wall synthesis.  However, the target 

molecule is different to ɓ-lactams, as it binds directly to the D-alanyl D-alanine
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Figure 1.2.  The mechanism of action of different classes of antibiotic.
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in the peptidoglycan precursor, forming hydrogen bonds and sequestering it, thereby 

shielding the peptide from transpeptidase activity (Jovetic et al. 2010; Zeng et al. 2016; 

Acharya et al. 2022).  

Daptomycin is a thirteen amino acid cyclic polypeptide belonging to the 

lipopeptide class of antibiotics that also targets the bacterial cell membrane (Bush 

2012).  Both Ca2+ ions and the phospholipid phosphatidylglycerol are essential for 

daptomycin activity, with daptomycin complexing with Ca2+ to form micelles.  When 

these small micelles come into close proximity with the bacterial membrane, 

(comprised at least in part of phosphatidylglycerol) its structure is altered, allowing 

daptomycin to become inserted into it (Miller et al. 2016; Kreutzberger et al. 2017).  

This insertion into the membrane leads to potassium efflux and rapid membrane 

depolarization, resulting in cell death (Steenbergen et al. 2005).   

Polymyxins, such as polymyxin E (colistin), also target the bacterial (Gram-

negative) cell membrane.  In this case, the cationic peptide region of colistin binds to 

the LPS, while the hydrophobic fatty acid tail interacts with the lipid A component of 

bacterial LPS, displacing divalent cations, leading to outer membrane permeabilisation 

and subsequent cell death (Andrade et al. 2020).  

1.3.2.2 Inhibitors of nucleic acid synthesis 

 

Folate, (the natural form of vitamin B9), is important for many cellular 

processes in bacterial cells, including DNA synthesis and methylation, as well as DNA 

repair (SobczyŒska-Malefora and Harrington 2018).  Sulfonamides are analogues of 

p-aminobenzoic acid (PABA), which can competitively inhibit dihydropteroate 

synthetase, an enzyme essential for dihydropteroic acid production (and similarly 
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dihydrofolic acid and tetrahydrofolic acid synthesis), Hence, sulfonamides directly 

inhibit DNA replication, stopping both cell growth and division (Ovung and 

Bhattacharyya 2021).   

1.3.2.3 Inhibitors of protein synthesis 

 

Protein synthesis in eukaryotes occurs on ribosomes with 40S and 60S 

subunits, while in prokaryotes this occurs on 30S and 50S ribosome subunits.  

Tetracyclines are broad-spectrum protein synthesis inhibitors.  They target the 30S 

subunit, preventing binding of aminoacyl tRNA to the acceptor site on the ribosome, 

resulting in failure of protein chain elongation and synthesis (Shutter and Akhondi 

2022).  Aminoglycosides similarly bind to the 30S subunit (specifically the A site on 

the 16S ribosomal RNA), promoting incorrect protein translation and assembly, 

resulting in production of faulty proteins which are then released to cause cell damage 

(Krause et al. 2016). 

The 50S ribosome subunit is also the target of several antibiotic classes 

including, oxazolidinones, chloramphenicol and macrolides.  Oxazolidinones bind to 

the 23S portion of the 50S subunit, preventing protein synthesis at a very early stage, 

whilst also preventing formation of the 70S initiation complex (Foti et al. 2021).  

Chloramphenicol prevents chain elongation through inhibition of peptide bond 

formation (Dinos et al. 2016).  Macrolides also bind to the 23S portion of the 50S 

subunit, although they prevent protein synthesis through inhibition of transpeptidation 

or the translocation step, leading to premature detachment of incomplete peptide 

chains (Uddin et al. 2021).  
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1.4 Multidrug r esistant pathogens 

 

Antimicrobials are used in many aspects of life, with animal husbandry, 

veterinary medicine, and the medical industry each using tonnes of antibiotics each 

year (Ventola 2015).  The overuse of antibiotics has been a huge contributing factor to 

the observed rise in levels of bacterial resistance, with the emergence of MDR 

pathogens, such Staphylococcus aureus and Pseudomonas aeruginosa, becoming 

increasingly more prevalent.   

Bacteria can be classed as multidrug resistant (MDR), extensively resistant (XDR) 

or pan-drug resistant (PDR; i.e. showing resistance to all antibiotic classes).  This 

creates huge limitations as to which antimicrobial agent can be used for treatment of 

specific MDR bacteria (Magiorakos et al. 2012).  Rapidly emergent MDR pathogens 

pose a global threat to public health, with a recent government review predicting that 

by the year 2050, 10 million people annually will die from antimicrobial resistance 

(AMR), at an estimated cost to the economy of $100 trillion (O'Neill 2014).  There is, 

therefore, a pressing need to develop new antibiotics to keep ahead of the development 

of AMR.  

The so called ñESKAPEò pathogens (Enterococcus faecium, S. aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter spp.) display 

high levels of MDR, limiting treatment options for patients with ESKAPE pathogen 

infections.  They are responsible for substantial numbers of hospital-acquired 

infections (HAIs), contributing significantly to patient mortality and morbidity.  

Hence, they have ópriorityô status, to which new antimicrobial agents should be 

urgently targeted.  New products in the antibacterial drug pipeline are currently 
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directed against the top three pathogens namely, P. aeruginosa, S. aureus and 

Mycobacterium tuberculosis (WHO 2021). 

1.4.1 Intrinsic antibiotic resistance 

 

Antimicrobial resistance can occur intrinsically as part of the normal 

characteristics that bacteria may already possess (Figure 1.3).  This can be mediated 

by the bacterial outer membrane (stopping hydrophobic compounds from entering), 

active efflux (transporting the drug out of the Gram-negative cell outer membrane), or 

additional genes/genetic loci already within the host cell which contribute to this 

phenotype rendering them immune to the mechanism of action of a drug (Rosenblatt-

Farrell 2009; Cox and Wright 2013).  Pseudomonas spp. are a clinical issue due to 

intrinsic resistance that confers protection from antibiotics. Their outer membrane has 

low permeability which slows down the uptake of antibiotics, while they also possess 

enzymes, such as ɓ-lactamases, which inactivate antibiotics and express efflux pumps 

which can actively remove antibiotics (Alvarez-Ortega et al. 2011). This intrinsic 

resistance is independent of antibiotic selective pressure and therefore, does not arise 

as a consequence of antibiotic overuse.  

1.4.2 Acquired antibiotic resistance 

 

Antibiotic resistance can also be acquired through random mutations in 

existing genes leading to the creation of new characteristics (genotypes/phenotypes).  

The frequency of spontaneous mutations occurring within the chromosome is rare (~1 

in 106 - 109) (Silver 2011).  This can be caused by several mechanisms, such as point 

mutations altering the antibiotic target or bacterial inactivation of the antibiotic 

through modification, such as hydrolysis (Blair et al. 2015). 
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Figure 1.3.  Mechanisms of antibiotic resistance in bacteria. 
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Resistance can also be acquired through the transfer of genetic material.  For 

example, mobile genetic elements, such as transposons or plasmids, can transfer 

resistance genes via horizontal gene exchange to neighbouring bacteria or indeed, the 

whole biofilm population (van Hoek et al. 2011).  Plasmid-mediated colistin resistance 

through mobilised colistin resistance (mcr) genes has been noted in recent years, with 

their ability to be disseminated worldwide through horizontal transfer posing a severe 

global threat to last resort antibiotics (Hussein et al. 2021). 

The main mechanisms of horizontal gene transfer are conjugation, 

transformation, and transduction.  Conjugation requires cell-to-cell contact (for 

example through adhesins or a pilus), that allows the transfer of plasmid DNA from a 

donor to a recipient cell through a formed pore (Graf et al. 2019).  The transfer 

machinery for this to occur is encoded by the conjugative plasmid itself.  

Transformation is the process, whereby a competent cell (a cell that has the ability to 

uptake foreign DNA) takes up naked DNA from the surrounding environment and 

integrates it into their own chromosome or into its cell, in the case of plasmid 

recircularization in the new host (von Wintersdorff et al. 2016). Streptococcus spp. can 

produce a competence stimulating peptide (CSP) encoded by the comCDE operon and 

is released in response to environmental stress and cell density, and aids in inducing 

bacteria competent by binding to receptors (Baig et al. 2021). Streptococcus spp. use 

the CSP as a virulence factor, allowing the formation of MDR persisters and affecting 

the formation of biofilms with mutants producing biofilms with a reduced biomass and 

less structural architecture compared to wild types (Leung et al. 2015; Matsumoto-

Nakano 2018). 
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Phage-mediated transduction is the transfer of DNA by bacteriophage.  

Generalised transduction occurs when DNA has been up taken from a previously 

infected host and packaged in the phage capsid before delivering it to a recipient cell 

through lysis, with homologous recombination facilitating the transfer of resistance 

and virulence genes into the new host genome (Colavecchio et al. 2017).  Specialised 

transduction is more limited and is only able to transfer specific sets of genes (Chiang 

et al. 2019). 

1.5 Biofilms 

 

A biofilm is a natural state that bacteria can exist in which is distinct from their 

free-living planktonic lifestyle.  It can be described as communities of microbes 

attached to a surface and encapsulated in a self-produced extracellular polymeric 

substance (EPS) matrix (Mann and Wozniak 2012).  Biofilms are found in the 

environment on both natural (rivers and streams) and nosocomial surfaces such as on 

domestic appliances, on the teeth as dental plaque, on indwelling medical devices and 

on live tissue (Gattlen et al. 2010).  P. aeruginosa has previously been described as 

the model organism for biofilm formation (Figure 1.4) (Mann and Wozniak 2012).  

The transition of a planktonic cell to a biofilm state involves the expression of 

adhesins, allowing for attachment to a surface and the production of EPS (Fazli et al. 

2014).  During the formation of a biofilm, bacteria can change their phenotypic and 

genotypic characteristics in response to environmental conditions, resulting in 

development of a mature biofilm which can be genetically distinct from its isogenic 

planktonic cells.  Biofilms are often made of heterogeneous species, rarely being 

formed from one species of bacteria (Costerton et al. 1995). Biofilms often form in the 

periodontal pocket leading to inflammation and damage to the surrounding tissue, 
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more than 700 different species of bacteria have been found in the oral cavity (Zijnge 

et al. 2010). In polymicrobial chronic wounds it has been found that S. aureus mainly 

colonises the upper region closer to the surface while P. aeruginosa colonises deeper 

regions (Fazli et al. 2009).  

1.5.1 Stages of biofilm development 

1.5.1.1 Conditioning film 

 

The formation of a conditioning film is considered the first step in biofilm 

formation.  The conditioning film is comprised of organic and inorganic particles.  The 

surface conditions including charge, roughness and hydrophobicity are altered, due to 

the adsorption of molecules onto the substrate which favours bacterial attachment and 

allows the start of biofilm formation (Lorite et al. 2011).  This surface conditioning 

can occur in the bloodstream when a catheter is inserted, or in the saliva on dentures 

with the particles providing nutrients for the microbial cells (Dunne 2002; Garrett et 

al. 2008).  In oral plaque, this is referred to as the acquired pellicle (Marsh et al. 2016). 

1.5.1.2 Attachment and adhesion 

 

When planktonic bacteria are brought into close contact with the target (<1 

nm), they interact with the conditioning film.  This initial attachment is determined by 

weak, non-specific interactions including van der Waals forces and hydrogen bonds.  

This attachment is loose and is reversible by gentle rinsing, although the presence of 

bacterial flagella can greatly improve the chances of successful attachment and 

adhesion, as they allow bacteria to come into close proximity, overcoming repulsive 

forces of both the bacterium and the target surface (Donlan 2001; Dunne 2002).   
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Figure 1.4. Diagrammatic representation of the various stages of biofilm formation on a surface.
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Adhesion is an irreversible attachment step and is mediated through specific 

mechanisms, such as pili, flagella, bacterial surface proteins and ligands, which allow 

the bacteria to firmly anchor to the surface.  It has also been suggested that the 

signalling second messenger molecule, cyclic diguanylate (cyclic di-GMP), has a role 

in bacteria óstickingô to surfaces and transforming from a motile to a sessile state (Pr¿Ç 

2017).  In a biofilm state, higher levels of cyclic di-GMP are observed which leads to 

suppression of flagellar synthesis and increases matrix production (Römling et al. 

2013). 

1.5.1.3 Maturation and microcolony formation 

 

Once firmly bound, bacteria replicate, spreading upwards and outwards 

forming intricate 3-dimensional (3D) ñmushroom likeò clusters, termed 

microcolonies, with a variety of different shapes ranging from ñmushroom likeò to 

ñcorn cobsò with numerous water channels, which allow nutrients to move deep within 

a biofilm (Garrett et al. 2008; Zijnge et al. 2010).  An increase in the synthesis of EPS, 

including extracellular DNA (eDNA), proteins, polysaccharides, and glycolipids 

(which make up the biofilm matrix) is also seen, which acts as a scaffold for biofilm 

formation, keeping cells in close proximity to each other and allowing cell-cell 

interactions (Flemming et al. 2007; Flemming and Wingender 2010).  Extracellular 

polysaccharides make up a majority of bacterial EPS, which are species-specific.  For 

example, P. aeruginosa produces alginate, an exopolysaccharide which is over 

overproduced when the mucA gene is mutated leading to a mucoid phenotype.  Pel and 

Psl are both required for biofilm formation in non-mucoid P. aeruginosa, encoding a 

mannose- and a glucose-rich exopolysaccharide, respectively (Ramsey and Wozniak 

2005; Price et al. 2020). 
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Depending on species composition, the microcolony can be composed of 75-

90% EPS matrix and 10-25% bacterial cells, with the matrix material being densest 

closest to the core (Costerton 1999).  This EPS coating provides protection of cells in 

a biofilm state from disinfectants and antimicrobials (Zhao et al. 2016).  During this 

stage of maturation, other secondary species of bacteria and other planktonic bacteria 

can co-aggregate to the biofilm through interactions between specific adhesions and 

receptors (Kerr et al. 2003). 

1.5.1.4 Dispersal and reversal to planktonic state 

 

Cells can detach from a biofilm by means of sloughing, seeding or erosion 

which are all thought to be passive processes that may occur due to external shear 

forces (Faria et al. 2020).  Sloughing is the rapid detachment of larger parts of the 

biofilm in the later stages of biofilm development, whilst seeding refers to the 

hollowing of microcolonies where cells can escape from the interior, with erosion 

being the continuous detachment of cells from the biofilm (Kaplan 2010).  Cells can 

also escape through desorption early in the formation process, reversing the attachment 

of the bacteria to a surface (Petrova and Sauer 2016).  A sub-population of cells can 

be dispersed from the growing biofilm due to quorum sensing signalling molecules, as 

well as environmental cues, such as temperature and nutrient availability (Guilhen et 

al. 2017).  Interestingly, these dispersed cells can possess distinct phenotypes before 

reverting back to their planktonic state, with genes which are important for motility 

being upregulated, while those characteristic of a sessile biofilm lifestyle become 

downregulated (McDougald et al. 2012).  This allows the cells to become 

disseminated, resulting in their spread to secondary sites, thereby facilitating the 
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establishment of new biofilms in other locations.  This has implications in the spread 

of infection.   

1.5.2 Antibiotic tolerance and resistance of biofilms  

 

Bacteria present in a biofilm can be up to 1000-fold more resistant to individual 

drug treatment and combination therapy, than when growing in a planktonic state 

(Mulcahy et al. 2008).  There are several hypotheses for the resistance mechanisms in 

biofilms.  The first is that the bacterial cells embedded in an EPS act as a physical 

barrier slowing down or leading to incomplete penetration or even sequestration of the 

antibiotic deep within the biofilm (Mah 2012).  The second is that microenvironments 

may arise within the biofilm associated with differences in pH or oxygen depletion 

which may alter the activity of the antibiotic (Stewart 2002).  Lastly, nutrient and 

oxygen limitation may cause the cells to go into a ódormant but culturable stateô, 

described as a hibernation state with decreased metabolic activity (Lambert 2002).  As 

most antibiotics act on actively growing cells, they are ineffective against such cells 

which are not metabolically active, called persister cells (Høiby et al. 2010a).  Multi-

species biofilms also allow survival through interspecies interactions increasing the 

collective tolerance of the biofilm to treatment. For example, P. aeruginosa can inhibit 

the growth of S. aureus, therefore increasing its tolerance against the action of 

vancomycin, while S. aureus promotes aggregation and alters the biofilm structure, 

providing protection against tobramycin (Zhang and Cheng 2022). 

Biofilms can form on indwelling medical devices, such as implants and 

catheters, on teeth as dental plaque, as well as in the lungs of cystic fibrosis (CF) 

sufferers, resulting in persistent chronic infections.  These chronic infections persist 

despite the host immune response and antimicrobial treatments, contributing to both 
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AMR and chronic inflammation (Chen and Wen 2011).  For indwelling medical 

devices, this ultimately may require removal and replacement. However, this is not 

always possible for all cases of persistent infection.  Biofilm resistance increases the 

economic burden on healthcare systems, with AMR infections estimated to prolong 

hospital stays from 6.4 to 12.7 days and could lead to a decrease of up to 3.5% in world 

GDP by 2050 (O'Neill 2014; Ventola 2015). 

1.5.3 Quorum sensing (QS) systems 

 

Quorum sensing is a cell-density detection system present in bacteria and fungi 

that allows for coordinated activity and gene expression of a multicellular group 

through cell-cell communication and detection of signalling molecules (Miller and 

Bassler 2001).  Bacteria release chemical signalling molecules called autoinducers 

(AIs), which accumulate as cell density increases to a ñquorateò threshold 

concentration, which causes a change in gene expression and allows bacteria to act in 

unison (Ng and Bassler 2009).  Gram-positive bacteria use small (<10 amino acids in 

length) extracellular peptides as AIs, while N-acyl homoserine lactones (AHLs) are 

the main group of autoinducers released from Gram-negative bacteria (Waters and 

Bassler 2005). The first quorum sensing molecule discovered in eukaryotes was 

farnesol. In C. albicans, farnesol stops the switch of yeast into their filamentous form. 

The aromatic alcohol, tyrosol, is another quorum sensing molecule (QSM), which 

affects morphogenesis and aids biofilm formation as it promotes germ tube and hyphae 

production (Padder et al. 2018). Other QSM have been identified in fungi, including 

tryptophol and phenylethanol, that similarly affect morphology, induce apoptosis, and 

when in combination with antifungal agents show to increase the efficacy of the drug 

(Wongsuk et al. 2016). 
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1.5.4 Experimental biofilm models 

 

The effectiveness of new therapies is often performed using laboratory 

experiments with planktonic bacteria. While the results can reflect what may happen 

during an acute infection, in many chronic diseases (e.g., CF), where most of the 

bacteria are in a sessile biofilm form, a biofilm model may be more representative of 

antimicrobial therapies, as well as the development and diversity of chronic infections 

(Steenackers et al. 2016). Long-term evolutionary models reproduce many of the 

characteristics seen in CF patients, with cells being exposed to antibiotic treatment 

while allowing the formation, maturation and dispersal of biofilms (Poltak and Cooper 

2011). 

1.6 Fungal infections 

 

The scale of severity in fungal disease can range from common superficial 

infections, such as ringworm and athletesô foot caused by Trichophyton spp., to 

systemic infections, such as candidemia or pneumonia.  Around 25% (~1.7 billion) of 

the world population has been affected by a fungal infection of the skin, hair, or nail.  

However, these are relatively easy to treat and rarely lead to mortalities (Bongomin et 

al. 2017).  Dermatophytes are the main cause of superficial fungal infections, 

colonising keratinous tissue which they encounter, with the infection risk increasing if 

there are breaks in the skin (Havlickova et al. 2008).   

Serious invasive fungal infections (IFIs) can occur in those with 

predispositions, such as cancer, immunosuppression, HIV/AIDS, and neutropenia 

(Aly and Berger 1996; Viscoli et al. 1999; Eggimann et al. 2003).  In recent years, 

there has been an increase in IFIs, such as aspergillosis and candidiasis.  While 
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incidence rates are much lower compared to those of superficial infections, the 

mortality rate is much higher, despite the availability of antifungal treatments.  The 

reasons suggested for this increase in IFIs include the use of broad-spectrum 

antibiotics, immunosuppressants, and the increased use of implanted medical devices 

(Enoch et al. 2006).  Fungal species have also become frequent biofilm colonisers of 

voice prosthesis, reducing the lifespan of the device to around 3-6 months before 

replacement is required (Somogyi-Ganss et al. 2017). 

1.7 Cystic fibrosis 

1.7.1 Background 

 

CF is a rare inherited autosomal recessive genetic disorder characterised by 

mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene on 

chromosome 7, which encodes a chloride ion channel present on the surface of 

secretory epithelial cells (Figure 1.5).  The airway surface liquid (ASL) is a thin fluid 

layer that spans over two layers; the top mucus layer that trap inhaled particles that can 

then be removed and the periciliary layer below that surrounds cilia (Iram et al. 2016). 

The ASL has antimicrobial properties and aids with ciliary function and mucociliary 

clearance. However, in CF patients, the ASL is dehydrated and significantly more 

acidic (Lewis et al. 2019). 

CF affects around 1 in 4000 newborns in the USA and 1 in 3000 in Europe, 

while around 3-4% of the population are carriers of the mutated CFTR gene (Corriveau 

et al. 2018; Martin and Burgel 2020; Scotet et al. 2020b; NHS 2021a).  CF requires 

mutations in both copies of the CFTR gene (i.e., a copy from each parent).  The CFTR 

protein facilitates the transport of chloride and bicarbonate ions, and (with the 

epithelial sodium channel) maintains the balance of salts and water in cells 
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Figure 1.5. Schematic diagram showing a functional CFTR protein in healthy 

individuals and a mutated CFTR in a cystic fibrosis patient.  (ASL, airway surface 

liquid; CFTR, cystic fibrosis transmembrane conductance regulator; ENaC, epithelial 

sodium channel).
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(Tang et al. 2009; Bell et al. 2020).  The CFTR protein was first discovered in 1989 

and is part of the ATP-binding cassette (ABC) transporter family, that uses energy 

from ATP binding and hydrolysis to move ions across the membrane (Kerem et al. 

1989; Liu et al. 2017a).  There are over 2000 mutations known to result in a CF 

phenotype, which result in differing extremes of disease/symptoms.  The mutations 

can be split into six classes depending on their phenotype including: Class I, defective 

protein synthesis resulting in reduced or completely absent CFTR; Class II, defective 

maturation; Class III, defective channel regulation; Class IV, defective conductance; 

Class V, reduced quantity of CFTR and Class VI, reduced CFTR stability (Veit et al. 

2016).  The most common mutation is æF508 (a class II mutation caused by a 

phenylalanine deletion at position 508),  seen in around 90% of CF cases in Europe 

and North America, which causes impaired folding of CFTR and compromised plasma 

membrane expression (Mall and Hartl 2014).  Life expectancy for CF patients has 

increased dramatically over the last 70 years, with the average life expectance now 

being 34 and 38 in the US and the UK respectively, compared to the 1950ôs where 

children were not expected to live past 5 years of age (Cystic Fibrosis Foundation 

2022; McBennett et al. 2022; UK Cystic Fibrosis Registry 2022). 

1.7.2 Diagnosis and treatment 

 

Screening of newborn babies for CF is widely implemented worldwide, with 

the heel prick test occurring 5 days after birth in the UK (NHS 2021b).  If this test 

shows a patient may have cystic fibrosis, the sweat test (chloride concentrations above 

60 mmol/L) and genetic testing can be used to look for symptoms, mutations and to 

confirm diagnosis (De Boeck et al. 2017).  These tests have led to the majority of CF 

cases now being diagnosed before the patient turns one year of age, and can also be 
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used to test older children or adults who did not have the heel prick test as a newborn 

(Cystic Fibrosis Foundation 2022).  

Mutations in the CFTR protein can cause a diverse array of symptoms (ranging 

from malnutrition to infertility) in a wide number of organs, causing severe damage to 

the lungs, the digestive system and other organs in the body (Figure 1.6, Castellani 

and Assael 2017; Naehrig et al. 2017).  The mutated CFTR protein affects the 

consistency of mucus within the CF lung, with epithelial cells unable to regulate Cl- 

secretions (Mall and Galietta 2015). Without this flow of chloride and other anions, 

the movement of water is reduced, leading to accumulation of a hard-to-clear, thick 

mucus, causing airway obstruction and chronic bacterial infection in the lungs, which 

is responsible for morbidity and mortality in up to 95% of CF patients (Stoltz et al. 

2015).  Normal mucus is mostly comprised of water (~90-95%) with 1-5% mucin and 

other materials making up the rest of its composition, however, in CF patients the 

mucin to water ratio is much higher, with mucin levels being 5-10 fold higher (Bansil 

and Turner 2018; Morrison et al. 2019; Okuda et al. 2022). Divalent cations, such as 

Ca2+ and Mg2+, can be found in significantly higher concentrations in the sputum of 

CF patients (102 and 30 mg/L respectively) compared to 45 and 4 mg/L respectively 

in healthy patients.  This discrepancy is thought to arise as a result of tissue damage 

within the lung causing the release of metal ions from immune cells (Smith et al. 2014).  

Magnesium has been shown to be protective against the disruption of established 

biofilms, while the presence of calcium is thought to enhance cellular adhesion leading 

to bacterial biofilms being at least 10-fold thicker (Wang et al. 2019a). 

Early diagnosis allows disease symptoms to be monitored and prophylactic 

measures or treatments to begin sooner (Scotet et al. 2020a).  There is currently no 
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Figure 1.6.  Symptoms of cystic fibrosis and affected organs. 
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cure for CF, although there are treatments available to manage symptoms, preventing 

complications arising and helping to improve quality of life.  Symptoms of CF patients 

with chronic P. aeruginosa can be maintained with inhaled antibiotics (such as colistin, 

tobramycin and aztreonam), aiming to prevent acute pulmonary exacerbations, while 

mucus thinners can help clear excess mucus build up (Taccetti et al. 2021).  Patients 

may also require daily physiotherapy to prevent the build-up of lung mucus.  Other 

treatments include modulators that target the causative dysfunctional CFTR protein; 

correcting CFTR processing and facilitating ion delivery to the cell surface or 

potentiating ion flow through the CFTR protein (De Boeck and Amaral 2016).  

Orkambi® (lumacaftor/ivacaftor), Symkevi® (tezacaftor/ivacaftor) and Kalydeco® 

(ivacaftor), all targeting æF508 mutation are currently available on the NHS.  Kaftrio®, 

a triple therapy composed of two CFTR modulators, elexacaftor and tezacaftor, repairs 

æF508 by increasing availability of the CFTR protein on the cell surface, and ivacaftor 

(a chloride channel opener), has shown promising in vivo efficacy (Aspinall et al. 

2022).   

The microbiome in CF patients is dynamic and can affect the progress of 

disease (Figure 1.7).  Lung infection in patients can occur from infancy, with species 

such as S. aureus (and clinically important methicillin resistant S. aureus) and 

Haemophilus influenzae colonising epithelial surfaces (Goss and Muhlebach 2011).  

As the child grows older, a shift is seen in the colonising species, with P. aeruginosa 

becoming dominant by the time the patient enters early adulthood (Turcios 2020).  The 

CF lung is polymicrobial, with fungi such as Aspergillus fumigatus and C. albicans 

commonly found as co-colonisers with bacteria in up to 57% and 70% of cases 

respectively (King et al. 2016; Haiko et al. 2019). This fungal colonisation is of clinical 

relevance due to its link with a decline in patient lung function and the development  
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Figure 1.7. Bacterial colonisation and prevalence in the cystic fibrosis lung with patient age (Cystic Fibrosis Foundation 2022).
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of pulmonary disease (Liu et al. 2013).  Specific microbe-microbe interactions 

between P. aeruginosa and C. albicans have been noted, with P. aeruginosa producing 

quorum sensing substances, which can modulate the growth of C. albicans (Delhaes 

et al. 2012; Méar et al. 2013). Farnesol produced by Candida can also affect P. 

aeruginosa, inhibiting virulence factors and reducing swarming in P. aeruginosa 

PAO1(Li et al. 2020b). 

In CF patients, increased tolerance of P. aeruginosa to antibiotics occurs due 

to bacterial biofilm development in the CF lung and the high doses of antibiotics used 

daily, with growth and infection facilitated due to the thick CF mucus polymer matrix.  

P. aeruginosa in the CF lung can mutate from a non-mucoid bacterial morphology 

(which predominates in earlier childhood infections) to a mucoid one (more common 

in older patients).  Mucoid P. aeruginosa have the ability to overproduce mucoid 

exopolysaccharide which has distinct roles in the evasion of host defences and in 

protection from antibiotic threats (Hengzhuang et al. 2011; Goltermann and Tolker-

Nielsen 2017). Mucoid, alginate producing P. aeruginosa are responsible for the 

chronic lung infections seen in a high proportion of CF patients and have been linked 

to a poorer long-term clinical prognosis exemplified by declining lung function and 

increased mortality (Høiby et al. 2010b).  Other phenotypes of P. aeruginosa that have 

been recognised in the CF lung are small colony variants (SCVs), which are colonies 

1-3 mm in diameter that can auto aggregate.  SCVs have been linked to the use of 

inhaled antibiotics and contribute to poor lung function, augmenting inflammation and 

displaying strong attachment to surfaces, thereby enhancing biofilm-forming ability 

and persistence in CF patients (Malone 2015; Pestrak et al. 2018).  
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1.8 Alginate oligomers  

 

Alginates are a family of linear polysaccharides which can be harvested from 

brown algae or are produced by bacteria, such as Pseudomonas and Azotobacter 

species as an exopolysaccharide, the main component of their biofilms (Ueno and Oda 

2014).  Alginates consist of 1-4 linked Ŭ-L-guluronic acid (G) and ɓ-D-mannuronic 

acid (M) residues, with the monomers arranged into homopolymeric regions of 

mannuronate residues (M blocks), guluronate residues (G blocks) or alternating 

residues (MG blocks).  Alginate composition varies between algal species, as well as 

tissue type (leaves, stem, etc), growth conditions, plant age, all of which directly 

affects their physical properties (Donati and Paoletti 2009; Fertah 2017).   

The genes involved in alginate synthesis are similar between Pseudomonas and 

Azotobacter, with twelve (out of 13) genes making up the alg operon with one gene 

(algC) present elsewhere on the chromosome (Ertesvåg et al. 2017).  Alginates 

produced by Pseudomonas spp. are characterised by a lack of continuous G residues, 

with alginates initially being synthesised as polymannuronic acid, before being 

modified by acetylation and epimerisation (Remminghorst and Rehm 2006).  

Alginates are commonly used as gelling, stabilising, and thickening agents in the food 

industry, often added to provide extra nutrients, as well as being used in the 

pharmaceutical industry as a wound dressing material (Rashedy et al. 2021). 

1.9 OligoG CF-5/20  

 

OligoG CF-5/20 (OligoG) is an alginate oligosaccharide prepared from the 

stem of the brown seaweed, Laminaria hyperborea, a species known for having a high 

guluronic acid content.  Following purification and fractionation, low molecular 
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weight oligomers are prepared (mean Mn 3200 g/molī1), with >85% of the monomer 

residues being G residues (Figure 1.8).  Charcoal filters were used in the final 

purification step, followed by spray drying to create a dry powder form.  OligoG is 

soluble in water up to around 15%, with an increase in viscosity seen at higher 

concentrations (Khan et al. 2012).  Tailored alginate oligosaccharides can be created 

through epimerisation technology, allowing the engineering of alginates with known 

M:G composition and degree of polymerization (DPn). The repeat G-blocks bind to 

Ca2+ ions forming structures which represent eggs in an egg box. However, M blocks 

cannot form the characteristic gels that G blocks do when binding to divalent cations, 

such as Ca2+ (Lee and Mooney 2012; Borgogna et al. 2013).  

1.9.1 Initial toxicity studies in rodents 

 

Preclinical studies in rats showed that the majority of OligoG (82.6%) was 

eliminated by the gastrointestinal (GI) tract in 24 h of being administered orally.  This 

study showed that both formulations were tolerated, although the dry powder 

formulation demonstrated higher whole lung deposition (38.6% cf. 17.1%), along with 

lower deposition (11.3% cf. 19.9%) in the extra-pulmonary region (i.e., the stomach 

and oropharyngeal), compared to the nebulised solution (Pritchard et al. 2016). 

Furthermore, when labelled with tritium OligoG CF-5/20 showed excretion in faeces 

when administered orally and in the urine when administered intravenously, displaying 

no toxicity. Following inhalation studies using aerosolized OligoG over fourteen days 

before rats were screened for pathological, biochemical, and clinical changes. To 

compare the nebulized formulation with the dry powder formulation, rats were dosed 

with OligoG in dry powder formulation daily for four weeks with 
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Figure 1.8.  Molecular structure of ɓ -L-guluronic acid (G) and ɓ -D-mannuronic acid (M) components making up OligoG CF-5/20.
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histopathology, toxicokinetic, condition, food consumption, urinalysis and body 

weight analysed. 

 1.9.2 Human clinical trials 

 

OligoG CF-5/20 has, to date, completed multiple clinical trials in humans 

(AlgiPharma 2020).  The first in 2009, was a randomised, phase I trial to determine 

the safety, tolerability and efficacy of OligoG as an inhaled nebulised therapy in 26 

healthy individuals over three consecutive days (clinicaltrials.gov identifier: 

NCT00970346).  The study demonstrated that concentrations up to 10% were safe to 

use and working concentrations of 2-10% were, therefore, used in subsequent studies 

investigating the in vitro properties of OligoG (Khan et al. 2012; Tøndervik et al. 2014; 

Pritchard et al. 2017a; Pritchard et al. 2017c).  

A phase IIa human clinical trial followed in 2013 to evaluate dosing with 6% 

OligoG CF-5/20 in water (compared to a saline placebo) over 28 days in patients with 

CF and chronic P. aeruginosa infections.  This study further showed that OligoG was 

safe in humans and was well tolerated after multiple doses (clinicaltrials.gov identifier: 

NCT01465529).  Inhaled OligoG demonstrated no adverse effects or significant 

changes in urinalysis, vital signs, biochemistry, or haematology (Pritchard et al. 

2017c). 

A study used Gamma Scintigraphy to investigate lung deposition of 

radiolabelled OligoG was performed in 2014 (clinicaltrials.gov identifier: 

NCT01991028). The dose administered to patients was 186 mg OligoG over two 

doses, compared to previous studies which used 540 mg/day, and which showed that 

the treatment was well tolerated, with no reported adverse issues.  For this study, 
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OligoG was developed in a dry powder formulation, allowing administration using a 

more practical inhaler instead of a nebuliser.   

Two more recent phase IIb clinical trials in 2017 involved dry powder OligoG 

as an inhalation therapy for CF patients (65 patients), or CF patients with Burkholderia 

spp. colonisation (15 patients) to check efficacy after multiple doses, measured by 

forced expiratory volume in 1 second (FEV1) and efficacy at reducing microbial load 

(clinicaltrials.gov identifier: NCT02157922 or NCT02453789 respectively).  No 

significant improvement in FEV1 was noted, although a decrease in microbial load of 

Burkholderia cepacia was noted after treatment, along with improved quality of life 

scores (van Koningsbruggen-Rietschel et al. 2020; Weiser et al. 2021; Fischer et al. 

2022).   

1.9.3 In vitro  studies  

 

 Previous research investigating the in vitro properties of OligoG CF-5/20 has 

shown it to be effective at significantly inhibiting the growth of multiple Gram-

negative bacterial and fungal species  (Khan et al. 2012). Furthermore, it has been 

shown to inhibit the ability of biofilm formation as well as promoting biofilm 

disruption as a stand-alone treatment with the mechanism of action thought to be due 

to the chelation of calcium ions and the subsequent EPS modification (Powell et al. 

2013; Pritchard et al. 2023). Studies have investigated the effects of OligoG CF-5/20 

as a combination therapy, with potentiation effects seen when combined with 

treatments which are currently limited by either toxicity and growing antimicrobial 

resistance, Khan et al (2012) showed OligoG increased the efficacy of conventional 

antibiotics by up to 512-fold in minimum concentration assays.  
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1.10 Aims 

 

The main objectives of this project were to further investigate the use and 

effectiveness of the alginate oligosaccharide, OligoG CF-5/20, as an antibiofilm 

treatment and to look at potentiation when used in combination with current therapies 

which are limited by the development of multidrug resistance and toxicity.  

Specific aims of the study were: 

¶ To investigate the effect of OligoG CF-5/20 on planktonic and biofilm Candida 

spp. in combination with nystatin, and to further elucidate its antifungal mode 

of action. 

¶ To investigate the effect of OligoG CF-5/20 and tailored OligoM alginate 

oligomers on mucoid and non-mucoid P. aeruginosa biofilms, and compare 

their effects (similarities and differences) on bacterial virulence and quorum 

sensing signalling. 

¶ To characterise colistin resistant (ColR) Escherichia coli mcr strains by 

assessing their stability and fitness in an evolutionary model and examining the 

effect of OligoG CF-5/20 on biofilm disruption.
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Chapter 2 
 

 

Characterising the ability of 

OligoG CF-5/20 to enhance the effect of 

nystatin 
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2.1 Introduction 

2.1.1 Candidal structure and morphology 

 

Fungi, such as Candida, exist as either ñyeast likeò cells or as a filamentous 

hyphal form, which is linked to its virulence (Staniszewska et al. 2012). Pseudo-

hyphae and hyphae are both filamentous forms of Candida that grow in a polarised 

manner.  Hyphae form either from other hyphae or from a mother yeast cell.  This 

occurs when a germ tube protrudes from the yeast cell and elongates from the tip, 

forming hyphae with parallel sided walls along its whole length (Sudbery 2011).  In 

contrast, pseudo-hyphae are the result of incomplete budding.  These cells remain 

elongated and attached to yeast cells or hyphae, and due to this, they have constrictions 

at septal junctions (Thompson et al. 2011).  

Fungal species which are restricted to either yeast or filamentous forms have 

been shown to have attenuated virulence compared to strains which exhibit 

dimorphism (Cheng et al. 2012).  Several environmental cues can induce Candida to 

switch between its dimorphic states.  For example, Candida albicans at low pH (pH 

<6), temperatures < 30°C, and high cell densities tends to favour the yeast form, while 

hyphal growth is induced at pH >7, low cell densities and temperatures > 30°C 

(Sudbery et al. 2004; Mayer et al. 2013).  

The cell wall of C. albicans is composed of an outer and inner layer (Figure 

2.1).  The inner skeletal layer is made of chitin and ɓ-glucan.  This is a glycan made 

of ɓ-(1-3) or ɓ-(1-6) linkages of glucose, which provides a strong scaffold and 

represents the structural component of the cell, which can withstand pressure exerted 

on the wall (Gow et al. 2017).  The outer layer is made up of high levels of mannans, 
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Figure 2.1. Structure of the Candida albicans cell wall.
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linear O- and branched N-linked mannose polymers, making up 40% and 20% of the 

dry weight of the cell wall respectively (Gow et al. 2012).  Cell wall proteins (CWPs) 

have roles in interacting with the environment, adherence and in disguising the cell 

from recognition by phagocytes.  However, many of the proteins in the cell wall are 

not found in humans, making them desirable targets for antifungals and triggers of the 

host immune response (Chaffin 2008; Hall and Gow 2013).  

2.1.2 Candida spp. 

 

Candida colonise most mucosal surfaces, such as the gastrointestinal (GI) tract 

of humans, as well as the skin, and is currently the most common cause of fungal and 

yeast infections worldwide (Brown et al. 2012).  While found as a commensal 

organism, Candida can cause opportunistic infections in those who are 

immunosuppressed or when the mucosal membrane has become compromised.  The 

use of antibiotics can promote the presence of Candida, leading to overgrowth of the 

fungal microflora, while suppressing the growth of the commensal bacterial flora.  This 

can lead to infections, such as vulvovaginal candidiasis (VVC), which is predicted to 

affect 75% of women at least once during their life, with 40-45% experiencing it at 

least twice, with predisposing factors ranging from hormones and pregnancy to 

contraception (Achkar and Fries 2010).  Although Candida spp. are present in the oral 

cavity of up to 60% of the population, most people will experience no adverse effects.  

However, host factors, such as diet, age, denture use, and use of inhaled corticosteroids 

can lead to oral candidiasis (Pankhurst 2009). 
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2.1.3 Candida albicans 

 

In the 1990ôs Candida albicans was responsible for over two thirds of Candida 

infections, but has since declined to around 50%, with other Candida species recently 

becoming more prevalent (Maschmeyer 2006; Cuenca-Estrella et al. 2008).  This may 

partly be due to better identification of different species, as well as the increased use 

of immunosuppressive therapy (Silva et al. 2009).  As already stated, Candida albicans 

is dimorphic, with the ability to switch between filamentous (pseudo)hyphae and 

unicellular budding yeast forms.  Generally, dimorphic fungi exist in the environment 

in their filamentous form, and switch to their yeast form in diseased tissue, where they 

can replicate and become disseminated in the bloodstream.  A reversible ñphenotypic 

switchò is responsible for this change in morphology and the subsequent up-regulation 

of virulence factors, allowing colonisation of new environmental niches and the ability 

to evade the immune system (Sudbery et al. 2004; Luo et al. 2013). Clearly, therefore, 

the hyphal form of growth provides a distinct fitness advantage, facilitating tissue 

damage and invasion, as well as access to the blood stream (Sudbery 2011). This 

switch can be induced by changes in environmental conditions, such as temperature, 

pH, and nutrient availability (e.g., serum addition), as well as the cell density of C. 

albicans, which is regulated via quorum sensing signalling (Molero et al. 1998; 

Sudbery et al. 2004). 

2.1.4 Non-Candida albicans Candida (NCAC) 

 

In the last 20 years, there has been a clear epidemiological shift from C. 

albicans to non-Candida albicans Candida (NCAC) species, such as Candida 

tropicalis, Candida glabrata, Candida krusei and Candida parapsilosis, as the key 

aetiological agents of human disease (Hajjeh et al. 2004; Silva et al. 2012).  This shift 
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may be due to resistance to treatment being more common in NCAC than C. albicans, 

giving these species an advantage when part of a heterogenous infection.  

Compared to the other Candida species, C. glabrata is a haploid, non-

dimorphic yeast, which lacks the ability to form pseudo-hyphae (Fidel et al. 1999).  

Importantly, C. glabrata is intrinsically less susceptible to the azole class of 

antifungals, giving it an evolutionary advantage over another Candida spp.  Molecular 

reasons for decreased azole resistance include increased ergosterol production; drug 

sequestration; mutations leading to decreased affinity to the target enzyme, as well as 

decreased drug accumulation due to an enhanced efflux pump system caused by gene 

upregulation (Sanguinetti et al. 2005; Xiang et al. 2013).  Consequently C. glabrata 

now has a mortality rate much higher (~49%) than those of other NCAC spp. 

(Maschmeyer 2006; Deorukhkar et al. 2014a).  

Candida auris was first isolated in 2009 from the ear canal of a hospitalised 

patient in Tokyo, Japan (Satoh et al. 2009).  Since then, it has become an increasingly 

clinically relevant pathogen due to strains often being multidrug resistant, with some 

resistant to all three main antifungal classes: azoles, echinocandins and polyenes 

(Arendrup and Patterson 2017).  Combined with the previous misidentification of C. 

auris infections, and its ability to cause serious invasive fungal infections (IFIs) 

associated with high mortality, it poses an emerging threat to public health, and has 

already caused severe invasive infections in nosocomial settings across five continents 

(Jeffery-Smith et al. 2018; Cdc 2019; Du et al. 2020).  

Candida dubliniensis was first identified as a novel species in 1995, being 

isolated from a HIV patient with oral candidiasis attending Dublin Dental Hospital 

(Sullivan et al. 1995).  C. dubliniensis is very closely related to and shares similar 
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characteristics to C. albicans, such as the production of germ tubes, often leading to 

its previous misidentification as C. albicans in samples dating back as far as 1957 

(Sullivan et al. 1993; Coleman et al. 1997).  

Although widely distributed around the globe, C. tropicalis is more prevalent 

in countries with tropical climates i.e., increased humidity and temperature (Negri et 

al. 2012).  It possesses many virulence factors which aids invasion into host tissues, 

such as formation of true hyphae (like C. albicans and C. dubliniensis) and the 

production of enzymes, such as proteases (Ann Chai et al. 2010; Deorukhkar et al. 

2014b).  These factors all contribute to the ability of C. tropicalis to form strong 

biofilms and increase the pathogenesis of candidiasis. 

C. parapsilosis (unlike C. albicans and C. tropicalis) is unable to produce true 

hyphae, existing in either a yeast or pseudo-hyphal form (Trofa et al. 2008).  Before 

2005, C. parapsilosis was divided into three sub-groups (I to III) but has since been 

reclassified into three distinct species due to clear genetic differences at the sequence 

level: C. parapsilosis (I), Candida orthopsilosis (II) and Candida metapsilosis (III) 

(Tavanti et al. 2005).  The clinical importance of C. parapsilosis infections has 

increased in recent years due to their ability to form biofilms on indwelling medical 

devices, such as catheters, as well as spreading easily through nosocomial settings 

leaving neonates and those in intensive care units (ICU) vulnerable to infection (Silva 

et al. 2012; Tóth et al. 2019). 

The importance that Candida pose to public health and the need for antifungal 

treatments has been highlighted by the recent World Health Organisation (WHO) list 

of fungal priority pathogens which were categorised into three groups; critical, high 

and medium (WHO 2022b). C. auris and C. albicans were categorised as ócritical 
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threatô pathogens with C. parapsilosis, C. glabrata, and C. tropicalis classed as being 

a high priority. 

2.1.5 Immune evasion 

 

Pathogens and hosts are in a constant ñarms raceò to survive, to evolve and to 

gain a reproductive advantage.  As a result, Candida has evolved a myriad of immune 

evasion strategies to avoid host innate and adaptive immunity.  Host pattern 

recognition receptors (PRR) recognise ónon-hostô ligands (referred to as pathogen 

associated molecular patterns, PAMPs), which triggers the innate immune response 

via cytokine and chemokine production, inflammation, phagocytosis and complement 

activation. There are many PAMPs in the Candida cell wall, such as ɓ-glucan and O-

linked mannan, which are recognised by their respective PRRs, namely Dectin-1 and 

the macrophage mannose receptor, respectively (Netea et al. 2010; Cheng et al. 2012). 

However, Candida has adapted to mask PAMPs from recognition by PRRs, ɓ-glucan 

in the cell wall can be shielded from Dectin-1 by an outer layer of mannoproteins and 

mannan, which has been shown to promote invasion in vivo, as well as an extracellular 

exoglucanase, Xog1, being expressed which has been shown to ñshaveò off ɓ-glucan 

(Gow et al. 2017; Pradhan et al. 2019; Childers et al. 2020). Furthermore, Candida 

cells can escape macrophages (and neutrophils) following phagocytosis.  Hyphae 

formed inside the immune cells can puncture the cell wall from inside, leading to the 

immune escape of Candida (Mayer et al. 2013).  

Once activated, the complement system causes a cascade of proteins to be 

generated which can opsonise pathogens, marking them for phagocytosis.  This also 

increases recognition by the immune system, degranulation of mast cells, as well as 

cytolysis. The pH-regulated antigen 1 (Pra1) is a surface protein found on both forms 
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of C. albicans, which can regulate complement activation through binding to the 

inhibitor C4b-binding protein (C4BP).  However, it is also a ligand recognised by the 

host CR3 receptor, and as such, can trigger phagocytosis (Zipfel et al. 2011; Cheng et 

al. 2012). 

2.1.6 Virulence 

 

C. albicans is a commensal organism found in healthy hosts with the ability to 

become an opportunistic pathogen in a diverse array of situations.  For colonisation to 

occur, the initial event needed is adhesion.  Receptor ligands, such as adhesins and 

invasins, expressed on the surface of Candida play a vital role in primary attachment 

onto biotic and abiotic surfaces.  The agglutinin-like sequence (ALS) gene family was 

first identified in C. albicans, of which eight glycoproteins (ALS1-7 and ALS9) have 

now been described (Hoyer et al. 2008; Hoyer and Cota 2016).  In ALS3 knock-out 

mutants, a reduction in epithelial adhesion was observed alongside a decreased pro-

inflammatory cytokine response (a marker of epithelial activation), demonstrating that 

ALS3 plays a vital role in host interaction and invasion (Murciano et al. 2012).  

The invasion of host cells by Candida spp. occurs via two contrasting 

mechanisms: namely, induced endocytosis and active penetration (Maza et al. 2017).  

An additional function of the ALS3 adhesin is its ability to bind to the host surface 

proteins, E-cadherin and N-cadherin, via its N-terminal region, mimicking the action 

of host cadherins and triggering induced endocytosis (Phan et al. 2007).  Alternatively, 

C. albicans hyphae exert pressure as the tip begins to extend, penetrating epithelial 

cells or allowing growth between them, which is aided by the presence of hydrolytic 

enzymes, thereby facilitating further tissue invasion (Naglik et al. 2011).  On 

connection with the epithelium, hyphae-associated genes including ALS3, pra1, and 
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hwp, have been shown to be upregulated, suggesting they may be pivotal to cell 

penetration (Cheng et al. 2012).  Hydrolytic enzymes are important for multiple stages 

of the infection process, and contribute to both superficial mucosal and systemic 

infections; their presence greatly enhancing the pathogenicity of Candida spp.  

Candida possess several families of hydrolytic enzymes, including phospholipases 

(PLs), which are further broken down into four classes; A-D and secreted aspartyl 

proteinases (SAPs) (Mayer et al. 2013).  PLs can degrade the cell membrane of the 

host, hydrolysing phospholipids into fatty acids and exposing expressed surface 

receptors, which Candida is able to exploit for adhesion (De Bernardis et al. 1999).  

There are currently ten genes in the SAP enzyme family (SAP1-10), which have been 

observed in C. albicans, as well being found in several NCAC species, including C. 

tropicalis and C. parapsilosis, which are thought to express at least four and three SAP 

genes, respectively (Calderone and Fonzi 2001; Silva et al. 2012).  SAPs 1-8 are 

secreted, while SAPs 9-10 remain surface bound (Naglik et al. 2011).  SAP enzymes 

contribute to tissue damage, degrading molecules in the extracellular matrix, such as 

keratin and collagen, while evading immune system components by degrading 

complement and cathepsin D (Naglik et al. 2003). 

2.1.7 Antifungals 

 

The treatment of fungal infections is more complex than bacterial infections, 

due to the eukaryotic nature of fungal cells.  This means that therapeutic targets for 

yeasts are often shared with those in human cells (Campoy and Adrio 2017). There are 

four commonly used classes of antifungals: polyenes, azoles, echinocandins and 

allylamines.  Polyenes, azoles and echinocandins are used intravenously, topically, and 
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orally for infections, while allylamines are mainly used for treating superficial 

infections caused by dermatophytes (Campoy and Adrio 2017).  

Polyenes, azoles, and allylamines all interact with ergosterol, a major 

component found in the cell membrane of fungi, either by interrupting its synthesis or 

by directly interacting with it (Ghannoum and Rice 1999).  Polyenes, such as 

amphotericin B and nystatin (NYS), bind to ergosterol, forming a complex able to form 

pores in the membrane, thereby causing leakage of the cytoplasm contents and fungal 

death (Odds et al. 2003). The polyene, amphotericin B deoxycholate (AmB-D), has 

broad spectrum antifungal activity and has been considered the gold standard for 

severe and systemic IFIs (severe and systemic) (Hahn-Ast et al. 2010).  However due 

to the common occurrence of side-effects, such as nephrotoxicity in 50-90% of cases, 

other antifungals such as azoles and echinocandins with reduced toxicity are often used 

as alternatives (Enoch et al. 2006).   

The polyene, nystatin, is obtained from Streptomyces noursei, and was first 

discovered in 1951 and is the most frequently used treatment for voice prosthesis 

failures caused by Candida spp., and is often prescribed for oral candidiasis (Bauters 

et al. 2002; Ameye et al. 2005; Garcia-Cuesta et al. 2014; Quindós et al. 2019). It has 

additional benefits, including low cost and high efficacy, which is beneficial in low 

economic countries as it can be prescribed to pregnant and breastfeeding mothers and 

itôs been shown that through autooxidation further cell damage can occur (Quindós et 

al. 2019). Allergy and intolerances to nystatin are rare, due to poor absorption through 

the skin and GI tract (Martínez et al. 2007; Scheibler et al. 2017). However, 

amphotericin B has immunomodulatory responses that can lead to increased levels of 
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cytokines, prostaglandins and chemokines, which have shown to be associated with 

toxic side effects (Mesa-Arango et al. 2012; Faustino and Pinheiro 2020).  

Azoles can be divided into two groups namely, triazoles and imidazoles, 

depending on whether they have three or two nitrogenôs in the azole ring, respectively.  

Triazoles, such as fluconazole, have replaced imidazoles and display a broader 

spectrum of antifungal activity against superficial infections and IFIs, being deemed 

safer for use due to their greater affinity for fungal (as opposed to mammalian) 

cytochrome P450 enzymes (Sheehan et al. 1999).  Fluconazole is used for prophylaxis, 

as well as being prescribed for clinical cases of Candida, although it remains 

ineffective against filamentous fungi (Enoch et al. 2006).  Azoles inhibit the 

cytochrome P450-dependent enzyme, 14Ŭ-lanosterol demethylase (CYP51).  This 

results in inhibition of lanosterol to ergosterol conversion, thereby interrupting 

synthesis of the cell membrane (Ami et al. 2008).  

Echinocandins act as inhibitors of the enzyme complex ɓ-1,3-D-glucan 

synthase, preventing the production of ɓ-(1-3) glucan in the cell wall  (Canuto and 

Rodero 2002).  This leads to a weaker cell wall and cell death through lysis (Denning 

2003). They are used for the treatment of invasive infections and for patients with 

neutropenia (Grover 2010). 

2.1.8 Resistance to antifungals  

 

The treatment of fungal infections is becoming increasingly difficult, due to 

the development of resistance to antifungal therapies. Resistance to azoles can occur 

through mutations or overexpression of the ERG11 gene that encodes for the enzyme, 

cytochrome P-450 lanosterol 14Ŭ-demethylase (Eliopoulos et al. 2002).  This can lead 
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to modifications in the quantity of the enzyme produced, the affinity of drug binding, 

as well as access of the drug to the target.  The presence and overexpression of drug 

efflux pumps can also lead to an intracellular reduction of the enzyme (Ghannoum and 

Rice 1999).  Resistance to polyenes such as AmB-D and nystatin are less common 

than azole resistance, partly due to their associated toxicity, although they are often 

used for shorter treatments, suggesting that resistance may emerge from cells which 

possess resistance naturally (Ghannoum and Rice 1999; Lupetti et al. 2002). It is 

suggested that these naturally resistant cells have a lower affinity for polyenes, due to 

them producing modified sterols (Anderson et al. 2014) 

The use of a combination of antifungal therapies can often overcome some of 

the limitations of using individual antifungals and may improve treatment outcomes.  

They can broaden the spectrum of antifungal activity, prevent emergence of resistance 

to antifungals, as well as increase potency, meaning that doses of individual 

antifungals can be reduced, thereby minimising any toxic side effects (Baddley and 

Poppas 2005).
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2.1.9 Aims and objectives 

 

The hypothesis of this study was that OligoG CF-5/20 is a suitable and 

effective alternative treatment for fungal infections, particularly in combination with 

the antifungal nystatin.   

The specific aims of this study were: 

¶ To investigate the effect of OligoG CF-5/20 on planktonic growth of Candida 

spp., using growth curves and minimum inhibitory concentration (MICs) 

assays. 

¶ To examine the effect of OligoG CF-5/20 on biofilm formation and biofilm 

disruption of Candida spp., using confocal laser scanning microscopy (CLSM) 

and COMSTAT image analysis. 

¶ To determine whether cell permeabilisation is the antifungal mode of action 

for OligoG CF-5/20 using sorbitol and ergosterol assays, and transmission 

electron microscopy. 
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2.2 Materials and methods  

2.2.1 Microbial strains and growth media 

 

A total of thirteen Candida strains were selected; eight of which were Candida 

albicans and five non-Candida albicans Candida (NCAC), as shown in Table 2.1.  

However, for several assays, a selected four strains (C. albicans ATCC 90028, C. 

albicans GBJ13/4A, C. parapsilosis W23, and C. auris NCPF 8971), were used due 

to  labour intensive techniques being used, as well as being of great clinical concern 

with them being listed in the ñcriticalò or ñhighò  priority group by the WHO (WHO 

2022b). Strains were stored at -80ÁC using Microbank bead vials (Pro-Lab 

Diagnostics), until required.  The identification of the Candida species used in this 

study was confirmed using MALDI-TOF mass spectrometry.  

For all assays, Candida spp. were grown on Sabouraud Dextrose (SAB; Lab 

M) agar at 37 ÁC and Roswell Park Memorial Institute (RPMI 1640; Sigma-Aldrich), 

buffered with 0.165 mol/L MOPS (3-[N-morpholino] propanesulfonic acid; Sigma-

Aldrich) for overnight (O/N) liquid culture.  Unless otherwise stated, strains were 

grown at 37 ÁC (120 rpm shaking) and adjusted with RPMI 1640 to a standardised cell 

suspension of 5x106 cells/mL, as determined by an OD600 absorbance reading of 0.37 

for all experiments. All RPMI 1640 medium was filter-sterilised and stored at 4 ÁC 

prior to use.  

 The antifungal nystatin (Sigma-Aldrich) was prepared in dimethyl sulfoxide 

(DMSO) at a stock concentration of 5 mg/mL, and aliquots were stored at -20 ÁC until 

required.  When using nystatin within an assay, plates were wrapped in tinfoil to 

prevent exposure to light.  OligoG CF-5/20 was obtained from AlgiPharma AS and 

prepared, purified, and characterised, as previously described (Khan et al. 2012).  
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Table 2.1. Summary of Candida strains used in this study. 

Isolate Isolation Source MALDI -TOF ID Scorea Reference 

C. albicans ATCC 90028 Blood 2.21  

C. albicans GBJ 13/4A Failed tracheoesophageal prosthesis 2.27 (Elving et al. 2000) 

C. albicans SC5314 Clinical specimen (human) 2.24  

C. albicans CCUG 39343 Human faeces 2.3  

C. albicans 480/00 SCC, oral mucosa 2.06 (Bartie et al. 2004) 

C. albicans PB1/93 Normal oral mucosa 1.96 (Bartie et al. 2004) 

C. albicans LR1/93 Normal oral mucosa 1.98 (Bartie et al. 2004) 

C. albicans Ptr/94 CHC, buccal mucosa 2.19 (Bartie et al. 2004) 

C. parapsilosis W23 Clinical specimen (human, oral) 2.09 (Powell et al. 2023) 

C. auris NCPF 8971 Wound swab 1.99  

C. tropicalis 519468 Urinary tract 2.25 (Silva et al. 2009) 

C. glabrata ATCC 2001 Faeces 2.14  

C. dubliniensis 40/01b  PMC, palate 2.03 (Bartie et al. 2004) 

CHC; chronic hyperplastic candidosis, SCC; squamous cell carcinoma, PMC; pseudomembranous candidosis, ATCC; American Type 

Culture Collection, NCPF; The National Collection of Pathogenic Fungi; CCUG; Culture Collection University of Gothenburg. 
aa score value Ó2 indicates species identification; a score value between 1.7 and 1.9 indicates genus identification, and a score value 

<1.7 indicates no identification. b Formally known as C. albicans 40/01.
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Clinical grade silicone sheets of the same material used in the manufacture of Provox 

tracheo-esophageal prostheses were obtained from Atos Medical. 

2.2.2 Minimum inhibitory concentration (MIC) assay 

 

MIC assays for Candida strains were performed, according to the Clinical and 

Laboratory Standards Institute (CLSI, 2008) guidelines.  In a sterile, flat-bottomed 96-

well microtiter plates (100 µL/well), two-fold serial dilutions of nystatin were prepared 

in RPMI-1640 ± OligoG CF-5/20 (0.5, 1, 2, 4, and 6%), with a starting concentration 

of 16 µg/mL.  Five colonies of each Candida strain were taken from a freshly sub-

cultured SAB plate and adjusted in phosphate buffered saline (PBS) to an optical 

density (OD600) between 0.08-0.1 (0.5 McFarland standard ~1x106 colony forming 

units; CFU/mL). The adjusted culture was further diluted 1:50 in PBS and then diluted 

again 1:1 in RPMI-1640 medium.  A 5 µL inoculum of the adjusted cultures was then 

added to each well and plates were incubated statically for 48 h at 37 °C (n=3).  The 

MIC values were determined as the modal value of the lowest concentration, at which 

there was no visible growth. 

2.2.3 Candidal growth curve analysis 

 

To study the effect of antifungals in combination with OligoG CF-5/20 on 

planktonic Candida, growth curves were set up in a sterile flat-bottomed 96-well 

microtiter plate (200 µL/well).  Liquid overnight cultures of C. albicans ATCC 90028, 

GBJ 13/4A, parapsilosis W23 and auris NCPF 8971 were adjusted in RPMI-1640 

medium to 1x106 cells/mL, before being diluted at a ratio of 1:10 in RPMI-1640 ± 

OligoG CF-5/20 (0.5, 1, 2, 4, 6%) ± ½ MIC nystatin of the respective strain (1-2 

µg/mL).  The absorbance measurements were taken hourly at OD600 using a FLUOstar 
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Omega plate reader (BMG Labtech) after shaking the plate at 200 rpm for 3 seconds.  

Each growth curve was performed in triplicate and results presented as mean values 

for 48 h at 37 ÁC.  The minimum significant difference (MSD) was calculated using 

the Tukey-Kramer method, using Minitab 17.2.1 (Minitab Inc, State College, PA, 

USA). 

2.2.4 ATP cell viability assay 

2.2.4.1 Biofilm disruption assay 

  

Adjusted (5x106 cells/mL) overnight cultures (n=3) were added to a sterile 

black walled, flat-bottomed 96-well plate, followed by pre-warmed (37 ÁC) RPMI 

1640, in a 1:10 ratio (200 µL/well) and incubated for 45 mins at 37ÁC, with 20 rpm 

rocking.  After incubation, the resultant biofilms were gently washed with pre-warmed 

RPMI-1640 (x3), before adding a further 200 µL of fresh medium and reincubating 

for 24 h (37 oC, 20 rpm).  Half of the well supernatant was removed and replaced with 

fresh RPMI-1640 ± 4% OligoG CF-5/20 (v/v) ± MIC nystatin for each respective 

strain (v/v;1-4 µg/mL), followed by a further 24 h incubation (37 °C, 20 rpm).  To 

assess biofilm disruption, the BacTiter-GloTM Microbial Cell Viability Assay 

(Promega) was used according to the manufacturerôs instructions for Candida, to 

determine luminescence (600 nm) as a measure of viable bacterial cell number using 

a FLUOstar Omega plate reader. 

2.2.5 Confocal laser scanning microscopy (CLSM) 

2.2.5.1 Biofilm formation assay 

 

Adjusted O/N C. albicans ATCC 90028, GBJ 13/4A, parapsilosis W23 and 

auris NCPF 8971 cultures (5x106 cells/mL) were incubated in a sterile black, glass-
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bottomed 96-well plate (Greiner) for 45 mins at 37 oC with 20 rpm rocking, with 

prewarmed RPMI-1640 medium in a 1:4 ratio.  After incubation, biofilms were gently 

washed with prewarmed RPMI-1640 (x3), all medium was then removed from wells 

before adding fresh RPMI-1640 ± 4% OligoG CF-5/20 ± MIC nystatin (1 µg/mL) and 

the plate was re-incubated for 24 h (37 °C, 20 rpm).  After biofilm formation, all the 

supernatant was gently removed, and biofilms were stained with 7 µl of LIVE/DEAD® 

stain (BacLightTM Bacterial Viability kit; Invitrogen; diluted (1:1) using 2 µL SYTO 

9 and 2 µL propidium iodide in 1 mL phosphate buffered saline (PBS)) for 3 minutes. 

Samples were covered in foil to prevent exposure to light.  A further 43 µL of PBS 

was added to prevent the biofilms from drying-out before imaging by CLSM. The 

green SYTO 9 stain was used to visualise LIVE cells (excitation/emission 480/500 

nm), while red propidium iodide (excitation/emission 490/635 nm) was used to 

visualize dead/dying cells.  

2.2.5.2 Biofilm disruption assay 

 

C. albicans ATCC 90028, GBJ 13/4A, parapsilosis W23 and auris NCPF 8971 

O/N cultures were adjusted to 5x106 cells/mL and incubated, as described above 

(Section 2.2.5.1).  After incubation, all supernatants were gently removed and well 

contents were replaced with 200 µL fresh RPMI-1640 medium and incubated for 24 h 

(37 oC, 20 rpm). After incubation, half of well volume was removed and replaced with 

100 µL of fresh RPMI-1640 ± 4% OligoG CF-5/20 (v/v) ± 2xMIC nystatin (2 µg/mL; 

v/v), and the plate was reincubated for a further 24 h (37 °C, 20 rpm; n=3).  After 24 

h, all the supernatant was gently removed, and biofilms were stained with 7 µL of 

LIVE/DEAD® stain, as described above (Section 2.2.5.1), before imaging by CLSM 

using a Leica TCS SP5 CLSM. 
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2.2.5.3 COMSTAT image analysis 

 

Experiments were performed in triplicate with five Z-stack images taken of 

each sample using a Leica SP5 CLSM on x63 magnification oil lens, resolution of 512 

x 512, zoom x1, line average of 1 and step size of 0.67 µm and step number 50.  Las-

X software was used for exporting images as well as processing data.  CLSM Z-stack 

images were analysed using COMSTAT software for quantification of the 3-D biofilm 

structure (biomass volume, thickness, surface roughness and LIVE/DEAD biomass 

ratio) (Heydorn et al. 2000). 

2.2.6 Sorbitol assay 

 

Sorbitol acts as a cell wall osmotic protective agent, so that in its presence, 

osmotic pressure in the cell is maintained, allowing biosynthesis of the cell wall (Frost 

et al. 1995).  Sorbitol (Sigma-Aldrich) was added and dissolved in RPMI-1640 

medium (to a working concentration of 0.8 M), and the assay was set up similarly to 

the MIC assays (Section 2.2.2), with MIC values compared to a control assay 

(performed without sorbitol).  Plates were set up for C. albicans ATCC 90028, GBJ 

13/4A, parapsilosis W23 and auris NCPF 8971, before being incubated at 37 oC, and 

readings were taken after 1, 2, and 7 days (n=3).  Due to the protective effects of 

sorbitol, an increase in MIC in the presence of added sorbitol was, therefore, taken as 

indicative that the mechanism of action for the test agent was linked to disruption of 

the cell wall.   

2.2.7 Ergosterol assay 

 

This assay was used to determine OligoG CF-5/20 binding to ergosterol present 

in the fungal cell wall. A positive interaction showing binding to exogenous ergosterol 
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present in the medium was denoted by an observed increase in MIC compared to the 

no ergosterol control (Leite et al. 2015). C. albicans ATCC 90028, GBJ 13/4A, 

parapsilosis W23 and auris NCPF 8971 overnight cultures were adjusted and set up 

as performed for the MIC assays (Section 2.2.2).  Candida MICs were repeated in the 

presence and absence of ergosterol (Escalante et al. 2008). Ergosterol (Sigma-Aldrich) 

was dissolved in DMSO (with 1% Tween 80, Sigma-Aldrich, prior to being diluted to 

a final concentration of 400 µg/mL in RPMI-1640). Plates were read after 1, 2, and 7 

days of incubation at 37 oC (n=3).  The antifungal amphotericin B was used as a 

positive control (starting concentration of 128 µg/mL). 

2.2.8 Germ tube assay 

 

Overnight cultures of C. albicans ATCC 90028, GBJ 13/4A, parapsilosis W23 

and auris NCPF 8971 were set up in SAB broth.  Candida cells were then washed (x2) 

with PBS and the resulting pellet was re-suspended in 500 µL of PBS (~5x106 

CFU/mL) (Tøndervik et al. 2014).  Then, 1 mL of donor horse serum (ThermoFisher 

Scientific) ± 4% OligoG CF-5/20 ± 1 µg/mL nystatin was inoculated with 100 µL of 

the washed candidal suspensions, and incubated for 2 h at 37 °C.  After incubation, the 

suspension was washed with 0.9% Sodium Chloride (NaCl) (x3) to remove OligoG 

CF-5/20 and resuspended in 200 µL PBS.  The percentage number of cells with hyphal 

growth was calculated using a Neubauer haemocytometer, under phase contrast 

microscopy.  C. glabrata (ATCC 2001) was used as a negative control, due to its 

inability to form germ tubes. 
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2.2.9 Permeabilisation assay 

 

Adjusted O/N cultures of C. parapsilosis W23 (1x107 cells/mL) was first added 

to a sterile glass-bottomed 96-well plate (Greiner), followed by pre-warmed RPMI-

1640 at a ratio of 1:10 and incubated shaking for 24 h at 20 rpm at 37 oC (200 µL/well). 

After incubation, each well was washed with dH2O, after which 200 µL of RPMI-1640 

± OligoG CF-5/20 (4%) ± nystatin (1 µg/mL) was added to each well and incubated 

for 3 h at 37 oC (n=3).  Samples were then washed and exposed to propidium iodide 

(PI, 1 mg/mL) for 15 min at 37 oC, washed and mounted using Vectashield® (Vector 

Laboratories), prior to examination by Leica TCS SP5 CLSM microscopy.  Fungal 

membrane permeability was assessed through measuring the fluorescence intensity of 

propidium iodide from CLSM Z-stack imaging using IMARIS software. With thanks 

to Dr. Lydia Powell for set up and imaging. 

2.2.10 Transmission electron microscopy (TEM) imaging of the cell wall 

 

An adjusted O/N culture of C. parapsilosis W23 (5x106 cells/mL) were grown 

on ThermanoxTM glass cover slips (ThermoFisher Scientific) in a sterile 6-well 

microtiter plates for 45 mins (37 oC, 20 rpm rocking).  After incubation, biofilms were 

gently washed with prewarmed RPMI-1640 (x3), before removing all medium and 

adding 2 mL of RPMI-1640 ± 4% OligoG CF-5/20 ± nystatin (1 µg/mL).  Plates were 

then reincubated on a rocker for 24 h (37 oC, 20 rpm), after which, the supernatant was 

removed, and cells were fixed with 1% glutaraldehyde for 1 h before replacing the 

fixative with PBS.  

Cells were fixed and imaged by Dr. Christopher Von Ruhland. Fixed cells were 

centrifuged at 100 g for 10 mins, before the pellet was mixed with 4% molten agarose 

in equal volumes and was cooled to room temperature. The blocks were cut into 1 mm 
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cubes and washed in double distilled water (ddH2O) for 10 mins, before being 

processed into resin in a rotary mixer at room temperature by the following steps: post-

fixed for 1 h in 2% (w/v) osmium tetroxide in ddH2O, 10 min wash in ddH2O (x3), 

block stained for 1 h in 2% uranium acetate in ddH2O, 10 min wash in ddH2O (x3), 15 

mins in 50% (v/v) propan-2-ol (IPA) in ddH2O, 15 mins in 70% (v/v) IPA in ddH2O, 

15 mins in 90% (v/v) IPA in ddH2O, 15 mins in IPA (x2), 30 mins in 50% (v/v) hard 

grade TAAB Embedding Resin (TER) in IPA, 1 h in TER (x4). Blocks were 

transferred into truncated polypropylene BEEM capsules, and the capsules filled with 

fresh TER resin. Capsules were placed in a 60 °C oven and curing allowed to proceed 

for 24 h. Semi-thin (0.35 mm thick) sections were cut with glass knives on an Ultracut 

E ultramicrotome (Leica Microsystems), placed on droplets of water on a glass slide 

and dried on a hot plate. Sections were stained with 1% toluidine blue, washed in tap 

water, dried, and mounted with Gurrôs Neutral Mountant. Thin (100 nm thick) sections 

were cut with a diamond knife on an Ultracut E ultramicrotome, collected onto 300 

mesh copper grids and allowed to air dry. Sections were stained with Reynoldôs lead 

citrate for 15 mins, washed in ddH2O for 1 min (x3) and allowed to air dry. Samples 

were examined in a Hitachi HT7800 TEM (Hitachi High Tech Ltd) at 100 kV and 

images captured with Radius software (EMSIS GmbH). 

2.2.11 Statistical analysis 

 

GraphPad Prism® was used for all data analysis.  Any outliers were identified 

and removed by the robust regression and outlier removal (ROUT) method, with the 

Q coefficient set to between 1-10%.  One-way analysis of variance (ANOVA) test was 

used to calculate any significant changes between treatments (n > 2), followed by the 

Tukey multiple comparison test.  For analysis of C. albicans ATCC 90028 (formation 
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assay) mean thickness COMSTAT data and C. albicans GBJ 13/4A (formation assay) 

roughness coefficient COMSTAT data, group wise comparisons were analysed using 

Kruskal-Wallis nonparametric one-way analysis of variance.  C. albicans GBJ 13/4A 

(formation assay) biovolume COMSTAT data was transformed to be normally 

distributed using Y=cos(Y). A P <0.05 was considered significant. 

2.3 Results 

2.3.1 Antifungal effect of nystatin and OligoG CF-5/20 against Candida spp. 

 

The combination treatment of OligoG CF-5/20 with nystatin was shown to 

increase the antimicrobial effect of nystatin against a range of Candida species (Table 

2.2).  The greatest dose-dependent effect was seen for C. dubliniensis 40/01, showing 

a five-fold dilution decrease in MIC value, when nystatin was used in combination 

with 6% OligoG CF-5/20.  In contrast, C. albicans ATCC 90028 and C. parapsilosis 

W23 showed a two-fold change, two strains (C. auris 8971 and C. albicans Ptr/94) 

showed no change, and all other strains showed only a non-significant (one-fold) 

reduction in MIC value between 0% and 6% OligoG CF-5/20. 

2.3.2 Effect of OligoG CF-5/20 on planktonic growth of Candida species 

 

The growth curves of Candida strains revealed that OligoG CF-5/20 (tested at 

0 and 6%), showed a significant dose-dependent inhibition of growth for C. auris 

NCPF 8971 and C. parapsilosis W23 (MSD=0.12 and 0.20 respectively), although this 

was not evident for C. albicans ATCC 90028 or C. albicans GBJ 13/4A (MSD=0.12 

and 0.32 respectively) (Figure 2.2).  Untreated controls showed a 3ï5-h lag phase is 

seen before an exponential phase of 7 h for C. albicans ATCC 90028, 8 h for C. 
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Table 2.2.  Minimum inhibitory concentration (MIC;[ɛg/mL]) of nystatin alone and with increasing concentrations of OligoG CF-5/20 after 48 

h incubation. 

Shaded areas represent decrease in MIC (nystatin potentiation) with increasing OligoG CF-5/20 concentration. 

Candida strains Nystatin MIC (ɛg/mL) at indicated OligoG CF-5/20 concentration (%) 

 0 0.5 1 2 4 6 

C. albicans ATCC 90028 2 2 2 1 1 0.5 

C. albicans GBJ 13/4A 2 2 2 2 1 1 

C. albicans SC5314 1 1 1 1 0.5 0.5 

C. albicans CCUG 39343 2 2 2 1 1 1 

C. albicans 480/00 2 4 4 2 1 1 

C. albicans PB1/93 2 2 4 2 1 1 

C. albicans Lr1/93 1 2 2 1 0.5 0.5 

C. albicans Ptr/94 2 2 2 2 2 2 

C. parapsilosis W23 4 2 2 2 1 1 

C. auris NCPF 8971 2 4 4 4 2 2 

C. tropicalis 519468 2 2 1 1 1 1 

C. glabrata ATCC 2001 4 8 4 4 2 2 

C. dubliniensis 40/01 2 2 2 0.5 0.25 0.063 
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Figure 2.2. Growth curves for C. albicans ATCC 90028, C. albicans GBJ 13/4A, C. parapsilosis W23 and C. auris NCPF 8971 and 

treated with ½ MIC nystatin (1-2 µg/mL) with increasing concentrations of OligoG CF-5/20 (0, 0.5, 1, 2, 4, 6 %) and OligoG CF-5/20 

alone (6%). Minimum significant difference (MSD) for absorbance was calculated in MiniTab using the Tukey-Kramer method (n=3): C. 

albicans ATCC 90028 (MSD=0.12); C. albicans GBJ 13/4A (MSD=0.32); C. parapsilosis W23 (MSD= 0.20); and C. auris NCPF 8971 

(MSD=0.12). 
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albicans GBJ 13/4A, 15 h for C. parapsilosis W23, and 13 h for C. auris NCPF 8971. 

Between 24 h and 48 h, only C. parapsilosis W23 showed significant decreases for all 

treatments, compared to the untreated control.  Over the same period, C. auris NCPF 

8971 demonstrated a significant decrease in growth for 6% OligoG CF-5/20 alone, 4% 

OligoG CF-5/20 and nystatin and 6% OligoG CF-5/20 and nystatin treatments, 

resulting in prolonged lag-phase and reducing overall growth at 48 h. For strains C. 

albicans ATCC 90028 and GBJ 13/4A, the observed decreases in growth were not 

significant.  

2.3.3 Effect of OligoG CF-5/20 in combination with nystatin on cellular viability 

 

ATP viability assays showed that the combination therapy of 4% OligoG CF-

5/20 and nystatin at the MIC value significantly reduced the cellular viability of pre-

established biofilms, compared to untreated controls for twelve of the Candida strains 

tested, including all C. albicans strains and four of the five NCAC strains (C. 

dubliniensis 40/01 being the exception; Figure 2.3). Interestingly, OligoG CF-5/20 

showed to significantly reduce cell viability within an established biofilm for all 

thirteen strains, compared to only eight of the thirteen strains when treated with NYS 

only, with was only significant at reducing 1 out of 5 of the NCAC strains (C. glabrata 

ATCC 2001). Furthermore, comparison of NYS with combination treatment and NYS 

with OligoG CF-5/20 showed significant reductions for all strains (Supplementary 

Table 1).
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Figure 2.3.  ATP cell viability assay for biofilms of thirteen Candida spp. grown for 24 h prior to treatment with ± 4% OligoG CF-5/20 

± nystatin (NYS; at MIC, 1-4 ɛg/mL) for a further 24 h showing mean ± S.D (n=3).  Group wise comparisons were analysed using one-

way ANOVA followed by Tukeyôs post-hoc tests; * P < 0.05 compared to an untreated control. (All P values are shown in Supplementary 

Table 1).
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2.3.4 Confocal laser scanning microscopy and COMSAT analysis of therapies on 

Candida biofilm formation and disruption  

 

CLSM imaging and COMSTAT image analysis following treatment with 

OligoG CF-5/20 and/or nystatin were performed on four Candida strains of clinical 

importance, namely C. albicans ATCC 90028, C. albicans GBJ 13/4A, C. parapsilosis 

W23, and C. auris NCPF 8971 (Figures 2.4 to 2.11). In the biofilm formation assay, 

COMSTAT analysis showed that the combination treatment (4% OligoG CF-5/20 and 

nystatin at MIC value [1 ɛg/mL]) demonstrated a significant reduction in both 

biovolume and the biofilm thickness (Figures 2.5, 2.7, 2.9 and 2.11), in addition to 

significant increases in roughness coefficient and ratio of DEAD cells (red) to LIVE 

(green) cells, compared to the untreated controls and nystatin only treatments for all 

four Candida strains.  The inhibitory effects on strains C. albicans GBJ 13/4A and C. 

parapsilosis W23 were particularly striking, with almost no biofilm formation having 

occurred (Figures 2.7 and 2.9).  Interestingly, OligoG CF-5/20, when used as a stand-

alone treatment was highly effective against C. auris NCPF 8971, demonstrating 

disrupted biofilm formation, with COMSTAT analysis revealing significant reductions 

in biofilm biomass and thickness, as well as an increase in biofilm roughness and ratio 

of DEAD to LIVE cells (Figure 2.11).  

In the biofilm disruption assay, confocal imaging showed that combination 

therapy of 4% OligoG CF-5/20 and 2 ɛg/mL nystatin (two-fold MIC) visibly altered 

the architecture of the biofilms formed by all Candida spp., causing a more porous 

structure to form (Figures 2.4, 2.6, 2.8 and 2.10). However, COMSTAT analysis did 

not show any significant structural alterations in biovolume, when compared to an 

untreated control. OligoG CF-5/20 treatment alone of C. albicans ATCC 90028 did 

show a significant decrease in both biofilm biovolume and mean thickness, with a  
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Figure 2.4. CLSM maximum projection of a Z-stack of C. albicans ATCC 90028 biofilms with LIVE/DEADÈ staining.  For the biofilm 

formation assay, biofilms were grown for 24 h Ñ 4% OligoG CF-5/20 Ñ nystatin at MIC value (1 ɛg/mL) and for the biofilm disruption 

assay. Biofilms were grown for 24 h, before a 24 h treatment Ñ 4% OligoG CF-5/20 Ñ 2-fold MIC nystatin (2 ɛg/mL); scale bar = 30 ɛm.  

Control                            OligoG                               NYS                         OligoG + NYS 
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Figure 2.5. COMSTAT image analysis of C. albicans ATCC 90028 formation and disruption assays (Figure 2.4), showing bio-volume 

(µm3/µm2), roughness coefficient, DEAD/LIVE cell ratio and mean thickness (µm) ± S.D; n=15. Group wise comparisons were analysed 

using one-way ANOVA, followed by Tukeyôs post hoc tests *P<0.05 **P<0.01 ***P<0.001****P<0.0001 denotes significance.  
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Figure 2.6. CLSM Z-stack imaging of C. albicans GBJ 13/4A biofilms with LIVE/DEADÈ staining.  For the biofilm formation assay, 

biofilms were grown for 24 h Ñ 4% OligoG CF-5/20 Ñ nystatin at MIC value (1 ɛg/mL) and for the biofilm disruption assay. Biofilms 

were grown for 24 h, before a 24 h treatment Ñ 4% OligoG CF-5/20 Ñ 2-fold MIC nystatin (2 ɛg/mL); scale bar = 30 ɛm.  

Control                            OligoG                               NYS                         OligoG + NYS 
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Figure 2.7. COMSTAT image analysis of C. albicans GBJ 13/4A formation and disruption assays (Figure 2.6) showing bio-volume 

(µm3/µm2), roughness coefficient, DEAD/LIVE cell ratio and mean thickness (µm) ± S.D; n=15. Group wise comparisons were analysed 

using one-way ANOVA, followed by Tukeyôs post hoc tests *P<0.05 **P<0.01 ***P<0.001****P<0.0001 denotes significance. 
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Figure 2.8. CLSM Z-stack imaging of C. parapsilosis W23 biofilms with LIVE/DEADÈ staining.  For the biofilm formation assay, 

biofilms were grown for 24 h Ñ 4% OligoG CF-5/20 Ñ nystatin at MIC value (1 ɛg/mL) and for the biofilm disruption assay. Biofilms 

were grown for 24 h, before a 24 h treatment Ñ 4% OligoG CF-5/20 Ñ 2-fold MIC nystatin (2 ɛg/mL); scale bar = 30 ɛm. 
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Figure 2.9. COMSTAT image analysis of C. parapsilosis W23 formation and disruption assays (Figure 2.8), showing bio-volume 

(µm3/µm2), roughness coefficient, DEAD/LIVE cell ratio and mean thickness (µm) ± S.D; n=15. Group wise comparisons were analysed 

using one-way ANOVA, followed by Tukeyôs post hoc tests *P<0.05 **P<0.01 ***P<0.001****P<0.0001 denotes significance. 
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Figure 2.10. CLSM Z-stack imaging of C. auris NCPF 8971 biofilms with LIVE/DEADÈ staining.  For the biofilm formation assay, 

biofilms were grown for 24 h Ñ 4% OligoG CF-5/20 Ñ nystatin at MIC value (1 ɛg/mL) and for the biofilm disruption assay. Biofilms 

were grown for 24 h, before a 24 h treatment Ñ 4% OligoG CF-5/20 Ñ 2-fold MIC nystatin (2 ɛg/mL); scale bar = 30 ɛm. 

Control                          OligoG                             NYS                         OligoG + NYS 



   

 

73 

 

 
Figure 2.11. COMSTAT image analysis of C. auris NCPF 8971 formation and disruption assays (Figure 2.10), showing bio-volume 

(µm3/µm2), roughness coefficient, DEAD/LIVE cell ratio and mean thickness (µm) ± S.D; n=15. Group wise comparisons were analysed 

using one-way ANOVA, followed by Tukeyôs post hoc tests *P<0.05 **P<0.01 ***P<0.001****P<0.0001 denotes significance.
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simultaneous significant increase in surface roughness. Combination treatment 

showed a significant decrease in biofilm thickness, while also displaying a significant 

increase in surface roughness (Figure 2.5). Similarly, when treated with the 

combination therapy, C. albicans GBJ 13/4A showed a marked increase in the 

roughness coefficient, DEAD/LIVE cell ratio with a significant reduction in the mean  

biofilm thickness, compared to the untreated control. However this was not significant 

when compared to the nystatin only treatment (Figure 2.7). Interestingly, C. 

parapsilosis W23 showed no significant changes in biofilm disruption compared to 

the untreated control (Figure 2.9). OligoG CF-5/20 showed significant effects on C. 

auris NCPF 8971 biofilm disruption with increased levels of DEAD to LIVE cells, 

indicating that this treatment had anti-biofilm effects (on biofilm formation and 

disruption) when used alone (Figure 2.11).  

2.3.5 Germ tube formation  

 

Light microscopy showed that of five strains tested only two (C. albicans 

ATCC 90028 and C. albicans GBJ13/4A) formed germ tubes, with C. auris NCPF 

8971 and C. parapsilosis W23 not found to form any under the conditions used 

(Figure 2.12).  C. glabrata ATCC 2001 was the negative control for this assay.  For 

the two Candida albicans strains, all treatments were shown to reduce hyphal 

production compared to the untreated control, although this was not significant.  The 

percentage of cells with germ tubes produced in the untreated control was shown to 

vary considerably between these two strains, with the majority of C. albicans ATCC 

90028 producing hyphae, compared to C. albicans GBJ 13/4A, which had very low 

numbers in comparison. 
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Figure 2.12.  Percentage of Candida cells producing hyphae in C. albicans; C. auris NCPF 8971 and C. parapsilosis W23 (data not shown) 

were also tested, but also did not form hyphae. 
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2.3.6 Antifungal mechanism of action of OligoG CF-5/20  

 

The MICs of four Candida strains were performed with and without the 

presence of 0.8 M sorbitol and read at day 1, day 2, and day 7 (Leite et al. 2015), 

(Table 2.3).  At day 7, (except for one reading), no significant changes in MIC were 

observed, regardless of the presence or absence of sorbitol, in this case, suggesting that 

the cell wall was not one of the possible anti-microbial cell targets for nystatin and 

OligoG CF-5/20. To assess if the enhancement of nystatin by OligoG CF-5/20 is due 

to ergosterol binding, MICs were also performed with and without exogenous 

ergosterol (Table 2.4).  In contrast to the sorbitol assay, for three out of four strains 

(apart from C. parapsilosis W23), the ergosterol assay showed a slight increase (two-

fold dilution maximum) in MIC with the addition of ergosterol to the culture medium, 

compared to the no ergosterol control.  A one-fold change was taken to represent 

experimental error and not an actual increase in MIC.  In comparison, the positive 

control, amphotericin B, demonstrated an increase in MIC for 3/4 of the strains from 

<0.065 µg/mL to 16 µg/mL (equivalent to an 8-fold increase), in the presence of 

ergosterol.  Hence, nystatin demonstrated low interaction with ergosterol (binding to 

fungal membrane sterols), although this was far less than that observed for 

amphotericin B (used at a concentration of Ó128 ɛg/mL), which was much higher than 

the concentrations used for nystatin (Ó16 ɛg/mL).  The concentration of OligoG CF-

5/20 used in the assay had a minimal effect on the MICs obtained, similar to those 

observed earlier where many strains showed only a one- or two-fold change in MIC at 

6% OligoG CF-5/20 (Table 2.2). Furthermore, if OligoG CF-5/20 enhanced the 

affinity of nystatin for ergosterol binding, the presence of exogenous ergosterol in 

these assays should minimize changes in the MIC value of the combination treatment, 
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in comparison to nystatin only (plus ergosterol) treatment. However, this was not the 

case, as the MIC of the combination treatment (6% OligoG CF-5/20 plus nystatin) in 

the presence of additional ergosterol demonstrated a decrease (up to three-fold), 

compared to the nystatin-only (plus ergosterol) treatment. This data suggests that a 

secondary mechanism of action, (other than ergosterol binding), contributes to the 

antifungal effect of the combination treatment of OligoG CF-5/20 and nystatin. 

2.3.7 Permeabilisation of Candida spp. cells by OligoG CF-5/20 

 

The fungal membrane permeability assay, unsurprisingly, revealed nystatin 

treatment significantly increased cell permeabilization, when compared to an untreated 

control. A significant difference in cell permeabilisation was evident when comparing 

the combination treatment of OligoG CF-5/20 and nystatin to the untreated control. 

However, no significant difference was seen when comparing the combination 

treatment to the nystatin treatment alone (Figure 2.13 A). These results were mirrored 

in TEM imaging, with reorganisation of the Candida cell membrane observed when 

treated with nystatin only or a combination treatment of OligoG CF-5/20 and nystatin 

(Figure 2.13 B). This structural reorganisation was not evident in untreated, or OligoG 

CF-5/20 treated Candida cells. 
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Table 2.3. MIC values (µg/mL) of the antifungal nystatin at indicated OligoG CF-5/20 concentration in the absence (-) and presence (+) of 

sorbitol (0.8 M) against 4 Candida strains measured after 1- (D1), 2- (D2) and 7-days (D7) incubation. 

Isolate Antifungal MIC (ɛg/mL at indicated OligoG CF-5/20 Concentration (%) 

0 0.5 1 2 4 6 

- + - + - + - + - + - + 

C. parapsilosis 

W23 

D1 1 0.5 1 0.5 1 0.5 0.5 0.5 0.5 0.5 0.5 0.25 

D2 4 2 4 2 4 2 4 2 4 2 2 2 

D7 4 2 4 2 4 2 4 2 4 2 2 2 

C. albicans 

GBJ13/4A 

D1 1 <0.0156 1 <0.0156 1 <0.0156 0.25 <0.0156 0.25 <0.0156 0.125 <0.0156 

D2 2 1 2 2 2 2 2 1 1 1 0.5 0.25 

D7 8 1 2 8 4 4 4 4 4 2 2 2 

C. albicans 

ATCC 90028 

D1 2 1 2 1 2 1 2 0.5 1 0.5 1 0.25 

D2 4 2 4 2 4 2 4 2 2 1 2 1 

D7 4 4 8 4 8 4 8 4 8 4 4 2 

C. auris NCPF 

8971 

D1 2 2 2 2 2 2 2 2 2 2 2 2 

D2 4 4 4 4 4 4 4 2 4 2 2 2 

D7 4 4 8 4 4 4 4 4 4 4 4 4 

Shaded area represents an increase in MIC with sorbitol, compared to the no sorbitol control. 
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Table 2.4.  MIC values (µg/mL) of the antifungal nystatin at indicated OligoG CF-5/20 concentration in the absence (-) and presence (+) of 

ergosterol (400 µg/mL) against 4 Candida strains measured after 1- (D1), 2- (D2) and 7-days (D7) incubation.  

Isolate Antifungal MIC (ɛg/mL) at indicated OligoG CF-5/20 Concentration (%) 

0 0.5 1 2 4 6 Amphotericin B 

- + - + - + - + - + - + - + 

C. parapsilosis W23 D1 1 1 1 1 1 1 0.5 0.5 0.5 0.5 0.5 0.125 <0.0625 <0.0625 

D2 4 4 4 4 4 4 4 4 4 4 2 2 <0.0625 2 

D7 8 16 16 16 16 16 16 16 16 16 8 16 0.5 4 

C. albicans  

GBJ13/4A 

D1 1 4 1 2 1 1 0.25 0.5 0.25 0.5 0.125 0.03125 <0.0625 4 

D2 2 8 2 8 2 8 2 8 0.5 4 0.5 1 <0.0625 16 

D7 8 8 2 8 4 8 4 16 4 8 2 2 <0.0625 16 

C. albicans  

ATCC 90028 

D1 2 8 2 8 2 4 2 2 1 0.5 1 0.5 <0.0625 16 

D2 4 8 4 8 4 8 4 8 2 2 2 2 <0.0625 16 

D7 4 16 8 16 8 16 8 16 8 8 4 8 <0.0625 16 

C. auris  

NCPF 8971 

D1 2 8 2 8 2 8 2 8 2 4 2 4 <0.0625 16 

D2 4 16 4 16 4 16 4 16 4 8 2 4 <0.0625 16 

D7 4 16 8 16 4 16 4 16 4 8 4 8 <0.0625 16 

Shaded area represents a significant increase in MIC with ergosterol, compared to the no ergosterol control.
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Figure 2.13 (A) Fluorescence intensity data derived from PI staining used in the fungal membrane permeability assay of C. parapsilosis W23 

treated ± 4% OligoG CF-5/20 ± 1 µg/mL nystatin (NYS; n=3). (B) TEM imaging of C. parapsilosis W23 treated ± 4% OligoG CF-5/20 ± 1 

µg/mL nystatin: scale bar 100 nm (n=1) *<0.05. Group wise comparisons were analysed using one-way ANOVA, followed by Tukeyôs post 

hoc tests *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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2.4 Discussion 

 

Biofilm-related infections in a clinical setting pose a significant challenge to 

treatment.  With up to 65% of all chronic infections likely to be associated with the 

presence of biofilms and AMR levels continuing to rise, it is perhaps unsurprising that 

current therapies often lead to treatment failure and recurrence of infection (Wolcott 

and Ehrlich 2008).  Serious IFIs have increased in recent years, especially in a clinical 

setting, due to the overuse of antifungals, invasive surgery, and the greater use of 

immunosuppressive drugs and indwelling medical devices (Enoch et al. 2006).  

Patients with underlying health conditions have increased risk of fungal infections 

caused by Candida spp.  They are responsible for around 70-90% of IFIs in healthcare-

associated infections, being ranked as the fourth most common pathogen in 

bloodstream infections in the US (Delaloye and Calandra 2014).  IFIs such as 

candidemia have a mortality rate of around 50% depending on the population and 

Candida species involved (Muñoz et al. 2011).  Hence, there is a critical need for new 

and effective antifungal treatments.  

Treatment of fungal infections has been made more complicated due to the 

emergence of resistance to many of the currently used antifungals.  The increase of 

mucosal infections in patients with a suppressed immune system has been attributed 

to the emergence of azole resistance (Rodrigues et al. 2017).  Resistance to azoles can 

occur through defective ergosterol biosynthesis, most commonly in the essential ERG3 

gene which encodes for sterol ȹ5,6-desaturase (Silva et al. 2012). ERG3 converts 14Ŭ-

methylated sterols into toxic 14Ŭ-methylergosta-8,24(28)-dien-3ɓ,6Ŭ-diol during 

biosynthesis, inactivation of ERG3, therefore, results in suppressed toxicity and 

resistance to azoles as cells bypass the toxic sterol. Furthermore, it confers resistance 
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to polyenes, such as nystatin, as the cells are devoid of ergosterol (Vale-Silva et al. 

2012).   Additionally, mutations in ERG11 or ERG6 can also lead to polyene 

resistance, some of which have been noted in C. glabrata strains (Vandeputte et al. 

2007). ERG11 gene encodes for the main target for azoles, 14Ŭ-lanosterol 

demethylase, this can be mutated to upregulate the gene or mutated to reduce the 

affinity towards azoles (Morio et al. 2012).  Intrinsic and acquired resistance to 

antifungals may be responsible for the observed shift in the more recently recorded 

cause of nosocomial infections moving from C. albicans to NCACs, such as C. 

glabrata and C. tropicalis (Eliopoulos et al. 2002).  

The biofilm matrix restricts the access of antimicrobials into the 3D structures 

of the biofilm extracellular polymeric substance (EPS), with studies showing 

treatments using 20-fold the MIC value being inefficient at clearing C. albicans 

biofilms (Baillie and Douglas 1998).  It has been shown that FKS1, the gene 

responsible for ɓ-1,3 glucan synthase, is needed for resistance to triazole drugs when 

in a biofilm state though not when in a planktonic state, through radio labelling of 

fluconazole it is shown that resistance occurs via sequestration by the EPS (Nett et al. 

2010a).  ɓ-glucan present in the matrix allows the drug to be absorbed, preventing its 

initial target from being reached and allowing cells to evade exposure to high levels of 

antifungal agents; in vitro studies have shown that up to 70% of fluconazole is 

sequestered and retained within the EPS of Candida species including those of C. auris 

(Nett et al. 2010b; Dominguez et al. 2018).  

The growth state of bacterial cells was thought to be important for drug 

resistance.  Planktonic Candida cells have been shown to only exhibit resistance to 

AmB-D at a low growth rate, while those in a biofilm growth state were resistant at all 
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growth rates, implying that both a low growth rate and biofilm state are important for 

resistance (Douglas 2003). However, it has been shown that varying rates of growth 

within a Candida biofilm plays no effect on resistance to Amphotericin B (Baillie and 

Douglas 1998). Other environmental factors, such as temperature, pH, and nutrient 

conditions, influence the biofilm structure and consequently may confer resistance to 

treatments (Pettit et al. 2010; Ramage et al. 2012). 

Biofilms are often polymicrobial.  For C. albicans, polymicrobial biofilms 

displayed higher microbial loads and AMR compared to single species biofilms (Qu 

et al. 2016). Studies have shown that C. albicans acts as a scaffold for S. aureus to 

form microcolonies on the biofilm surface (Harriott and Noverr 2009). This creates 

additional challenges when treating fungal or bacterial biofilms as extracellular matrix 

belonging to Candida can provide cross-resistance to microbial treatments, and due to 

the biological differences between species makes it hard to find relevant compounds 

that can target both pathogens. This highlights the need for the development of new 

(broad-spectrum) antimicrobial pharmaceuticals to treat these conditions (Harriott and 

Noverr 2011).  

OligoG CF-5/20 has previously been shown to reduce the growth of both 

Candida and Aspergillus species in a dose-dependent manner, with cell density in the 

presence of 10% OligoG CF-5/20 being reduced by up to 50% after 48 h (Tøndervik 

et al. 2014).  Furthermore, the authors also showed that OligoG CF-5/20 could 

potentiate antifungal agents, notably causing a decrease in the MIC of both nystatin 

(up to 16-fold) and fluconazole (by up to 8-fold).  In this study, OligoG CF-5/20 was 

shown to slightly potentiate the effect of the polyene antifungal, nystatin, against 
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Candida strains (one-fold dilution), though this effect was most notable against C. 

dubliniensis. 

The antifungal potential of a combination therapy utilising OligoG CF-5/20 

and nystatin against planktonic growth was also demonstrated by the growth curves of 

four Candida strains over the course of 48 h.  A significant dose-dependent effect (at 

10 h) could be seen as the concentration of OligoG CF-5/20 increased.  For all four 

strains, OligoG CF-5/20, when used alone (6%) and in combination, significantly 

reduced fungal growth. Other research has shown that OligoG CF-5/20 treatment 

significantly reduces the growth of Candida, as well as Aspergillus species, at 

concentrations Ó2% (Tøndervik et al. 2014). This positive effect seen against the 

growth of a range of fungal species, including A. fumigatus, a pathogen listed as a 

pathogen of ócriticalô priority, and which was ranked as number one most important 

public health pathogen with azole resistant strains responsible for ~20% of cases, and 

which were responsible for 50% of subsequent mortality (Vermeulen et al. 2013; 

Osherov and Kontoyiannis 2016; Nguyen et al. 2022; WHO 2022b). 

Nystatin has poor solubility in water, poor gastric absorbance when taken 

orally and is too toxic to be delivered intravenously (Semis et al. 2013; Garcia-Cuesta 

et al. 2014).  For oral candidiasis, treatment using liquid nystatin is, therefore, often 

administered via a dropper, allowing it to be applied topically, before being 

expectorated.  OligoG CF-5/20 is safe for oral administration, so could therefore, be 

used in combination with conventional antifungal therapies to overcome resistance, 

while enhancing the antimicrobial activity of currently employed antifungals (Spitzer 

et al. 2011).  
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As well as looking at the effect of OligoG CF-5/20 on planktonic cells, its 

effect on biofilm formation and disruption with/without nystatin was also investigated. 

Previous studies have shown that OligoG CF-5/20 has anti-biofilm effects, when 

combined with fluconazole against C. tropicalis, producing a more porous biofilm 

structure (Tøndervik et al. 2014).  Results suggested that OligoG CF-5/20 when used 

alone as well as in combination with nystatin was effective at disrupting established 

biofilms, compared to the untreated controls when measuring cell viability.  Compared 

to nystatin treatment, OligoG CF-5/20 showed significant effects in all but one of the 

Candida strains tested and in all but two, when treated with combination therapy.  This 

apparent synergy may be due to the ability of OligoG CF-5/20 to break down the 

biofilm EPS network that acts as a barrier to prevent antimicrobial penetration, thereby 

allowing nystatin to penetrate more deeply into the biofilm than when used alone.  

Interestingly, it has been shown that the morphology of C. parapsilosis biofilms varies 

greatly from those of C. albicans strains, being thinner and less complex due to the 

lack of hyphae or extracellular matrix material, perhaps explaining why OligoG CF-

5/20 may be unable to disrupt these biofilms as effectively (Kuhn et al. 2002).  

CLSM imaging and COMSTAT analysis showed how different treatments 

affected the Candida biofilms.  For all Candida strains, biofilm formation in the 

presence of OligoG CF-5/20 alone or both antimicrobials in combination, had a 

significant effect.  This was less evident for the biofilm disruption assay, where the 

greatest effect was noted with C. albicans GBJ 13/4A, which was isolated from a failed 

tracheoesophageal prosthesis. The fact that OligoG CF-5/20 treatment alone was 

efficient at reducing the biofilm biovolume of C. albicans GBJ 13/4A means it could 

potentially treat other biofilm-related candidal infections on silicone-based indwelling 

medical devices, such as voice prosthesis, and in turn extend their lifespan.  Previous 
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research has similarly shown that 2% OligoG CF-5/20 treatment resulted in C. 

tropicalis 519468 biofilms having increased cell and hyphal death, as well as a matrix 

that was less dense and with a more open structure (Tøndervik et al. 2014). This could 

allow treatments to penetrate further into the biofilm architecture reaching regions of 

the biofilm that are depleted of nutrients and oxygen, exposing cells which have 

reduced metabolic activity and greater tolerance to antimicrobial treatment (Dufour et 

al. 2010; Høiby et al. 2010a). 

Sorbitol stabilises the fungal protoplast, acting as a cell wall osmotic protective 

agent (Turecka et al. 2018).  Its presence therefore maintains normal biosynthesis of 

the cell wall in the presence of antifungal agents that target the cell wall.  Ergosterol, 

like cholesterol in mammalian cells, provides cell membrane structure and integrity.  

As there was no significant difference seen in MICs obtained in the presence or 

absence of sorbitol and minimal increases (maximum 2-fold) in the presence of 

ergosterol, the antifungal mode of action of OligoG CF-5/20 does not appear to be 

directly against the fungal cell wall unlike current anti-candidal therapies, such as 

Amphotericin B,  used as a control showing significant increase in MIC values (MIC 

increase for ¾ strains).    

Transmission electron microscopy showed that the Candida cell membrane 

detached from the cell wall, when treated with nystatin in both the presence and 

absence of OligoG CF-5/20 treatment. This was reflected by increasing cell 

permabilisation compared to the untreated control. However, with OligoG CF-5/20 

alone no significant increases in cell permeability or any major structural changes were 

observed. Other studies have shown that the cell membrane has been disrupted after 

exposure to antifungal drugs, such as fluconazole and Amphotericin B deoxycholate 
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(AmB and more recently antifungal peptides with damage to essential organelles, 

ñwrinklingò of the cell wall and the nucleus becoming smaller and more condensed (a 

marker of cell death) being observed (Jia et al. 2019; Ma et al. 2020; Seyedjavadi et 

al. 2020; Silva et al. 2020; Hifney et al. 2022). 

It has been hypothesized that the mechanism of action that OligoG CF-5/20 

uses to modify biofilms is through its ability to chelate calcium ions (Ermund et al. 

2017). Research using ethylenediaminetetraacetic acid (EDTA), a calcium chelating 

agent, has shown to influence C. albicans morphogenesis and growth resulting in cell 

wall collapse (Sen et al. 2000; Ates et al. 2005). EDTA has been shown to display an 

inhibitory effect against biofilm formation with the biofilms formed being composed 

mainly of yeast and pseudohyphae and killing high quantities of C. albicans and C. 

tropicalis biofilm cells (Ramage et al. 2006; Harrison et al. 2007). Furthermore, it has 

been shown to be effective at clearing C. albicans embedded in a biofilm on a catheter 

surface, as well as Staphylococcal species, when used with AmB (Raad et al. 2003; 

2008). When EDTA was used in combination with nystatin and with AmB, synergistic 

effects were evident against numerous Aspergillus species and when in combination 

with fluconazole, was shown to reduce the metabolic activity of cells within a 

disrupted biofilm (Ruhil et al. 2014; Casalinuovo et al. 2017). 

Previous studies have shown that OligoG CF-5/20 can affect hyphal formation 

and invasion.  C. albicans ATCC 90028 exhibited significantly reduced hyphae 

production when treated with 6% and 10% OligoG CF-5/20, while C. tropicalis 

showed significant results with a 0.5% OligoG CF-5/20 treatment (Tøndervik et al. 

2014).  In this study, horse serum was used to stimulate hyphal growth in the germ 

tube assay, a small non-significant decrease in cells with germ tubes was seen when 
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treated with nystatin and OligoG CF-5/20 combination therapy. The strains selected 

for the germ tube assay included C. albicans GBJ 13/4A, which only a minority of the 

population formed germ tubes, compared to the majority of C. albicans ATCC 90028 

forming germ tubes.  

C. glabrata is the second most common cause of candidiasis after C. albicans 

and has become associated with high mortality rate (Seneviratne et al. 2010).  C. 

glabrata is not dimorphic and is only able to form blastoconidia (1-4 ɛm), compared 

to the much bigger (4-6 ɛm) of C. albicans and the other NCAC blastoconidia, leads 

to a biofilm structure that varies greatly from those of the other NCAC species and C. 

albicans, whose biofilms are composed of high levels of hyphal cells (Silva et al. 

2012).  These features perhaps give the hyphal-free C. glabrata, a significant 

advantage over the dimorphic Candida strains (including C. tropicalis, C. albicans and 

C. dubliniensis), which form true hyphae while C. parapsilosis exist as yeast or 

pseudohyphae and C. auris, which rarely form pseudohyphae and do not form germ 

tubes  (Tøndervik et al. 2014; Pritchard et al. 2017a).  Invasion is a key phenotype that 

contributes to the virulence of Candida. The ability of Candida to cause infection is 

mediated through enzymes or through hyphae, research has shown that hyphal 

production, as well as invasion being reduced suggesting that OligoG CF-5/20 could 

contribute to limiting IFIs (Pritchard et al. 2017a). Furthermore, this study showed that 

the production of SAPs 4-6, which are hyphal specific and important for invasion, was 

also reduced, a possible reason for the reduction in hyphal infiltration that was 

observed. 
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2.5 Conclusion 

 

These results have shown that OligoG CF-5/20, when used in combination with 

nystatin, display potentiation against both planktonic and biofilm cells.  In addition to 

potentiating the activity of nystatin, OligoG CF-5/20 when used alone also displayed 

considerable antifungal activity.  The combination therapy was very successful at 

disrupting established biofilms as confirmed by the ATP viability assay, as well as by 

the CLSM imaging and COMSTAT analysis.  Disruption of the biofilm architecture 

may facilitate and improve penetration of antifungal agents into the matrix.  The 

combined use of OligoG CF-5/20 and nystatin demonstrated considerable potential as 

an alternative to single drug treatments, allowing the dosage of nystatin to be 

decreased, and enabling increases in the longevity of treatment via reduced toxicity.
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Chapter 3 
 

 

Comparison and characterisation of the 

antimicrobial effects of OligoG CF-5/20 and 

tailored alginate, OligoM 
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3.1 Introduction  

3.1.1 Pseudomonas aeruginosa 

The Gram-negative bacterium, Pseudomonas aeruginosa, is an opportunistic 

pathogen found ubiquitously in the environment, which can grow and survive in many 

different environmental conditions, growing between 25-42°C, causing disease in 

animals, plants, and humans particularly in immunosuppressed patients (Santajit and 

Indrawattana 2016).  P. aeruginosa can cause life-threatening chronic infections, 

notably in those with chronic obstructive pulmonary disease and cystic fibrosis (CF).  

The importance of P. aeruginosa has been highlighted recently in the WHO list of 

ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella 

pneumoniae, Acinetobacter baumannii, P. aeruginosa, and Enterobacter species); 

designated as top ñpriorityò antibiotic resistant strains (Shrivastava et al. 2018).  The 

ESKAPE pathogens are responsible for almost all nosocomial infections worldwide 

(with P. aeruginosa being responsible for 10%), and pose a significant threat due to 

their resistance to antimicrobial treatment and ability to exacerbate the morbidity, and 

mortality of disease (Rice 2010; Oliveira et al. 2020).  

3.1.2 Quorum sensing 

In P. aeruginosa, the quorum sensing (QS) network consists of four separate 

hierarchical systems; Las, Rhl, PQS, and IQS. Two of the systems are based on synthesis 

and recognition of acyl homoserine lactone (AHLs); LasI/LasR and RhlI/RhlR, which 

work in tandem, controlling virulence factors (Figure 3.1).  The lasI gene product 

produces the autoinducer N-(3-oxododecanoyl)-AHL (3-oxo-C12-AHL) and the rhlI  

gene product produces N-butyryl-AHL (C4-AHL).  Once the autoinducer has reached a 

threshold level, it binds to its respective receptor protein (i.e., LasR or RhlR 
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Figure 3.1.  Schematic of the LasI/LasR, RhlI/RhlR and PQS QS circuits in P. aeruginosa.
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respectively).  This binding causes the activation of virulence factors, such as LasA 

and LasB elastase, as well as proteases, exotoxin A and pyocyanin (Whitehead et al. 

2001).  QS has roles in biofilm development, with mutants which are unable to produce 

autoinducers producing ñthinnerò biofilms, which lack characteristic 3-dimensional 

(3D) microcolonies (Kievit and Iglewski 2000).  The LasR-autoinducer complex acts 

as an autoinduction feedback loop, leading to further activation, while also activating 

expression of the RhlI/RhlR QS circuit (Miller and Bassler 2001; Smith and Iglewski 

2003; Waters and Bassler 2005).   

An additional connected ñthirdò QS system, called the Pseudomonas quinolone 

signal (PQS) system, uses alkyl-4-quinolones (AQs) as signalling molecules, mainly a 

anthranilic acid derivative, 2-heptyl-3-hydroxy-4-quinolone (PQS) and its precursor, 

2-heptyl-4-quinolone (HHQ) (Pesci et al. 1999; McKnight et al. 2000).  PQS was 

discovered in a lasl rhll mutant that did not produce 3-oxo-C12-AHL or C4-AHL, but 

was still able to express the LasR protein.  The latter is linked to lasB transcription, 

suggesting the involvement of a third molecule closely interconnected with LasI/LasR 

and RhlI/RhlR (Pesci et al. 1999; Holden et al. 2000).  In the PQS system, five genes 

in the pqsABCDE operon are responsible for production of HHQ, which is converted 

to PQS by PqsH and PqsL.  Notably, autoinduction can occur when AQs bind to the 

transcription regulator, PqsR (also known as MvfR), amplifying operon expression 

(García-Reyes et al. 2020; Soh et al. 2021).  The importance of the PQS system is seen 

in its involvement in the positive regulation of rhll, which is essential for the 

production of virulence factors, such as pyocyanin and elastase, as well as biofilm 

formation, while RhlR is seen to negatively regulate pqsR (Jack et al. 2018; Li et al. 

2022). 



   

 

94 
 

Finally, the integrated QS (IQS) system, which was discovered more recently, 

where 2-(2-hydroxylphenyl)-thiazole-4-carbaldehyde is secreted (Lee and Zhang 

2015). It was believed that IQS was affected by the LasI/LasR system, so any 

disruption downregulates the activation of ambBCDE and IQS production (Lee et al. 

2013). However, it has been shown recently that ambBCD genes are not involved in 

IQS synthesis (Cornelis 2020). Disruption of IQS causes the PQS and Rhl systems to 

be halted, stopping the production of virulence factors (Rather et al. 2022).  

3.1.3 Bacterial virulence factors  

Virulence factors are expressed in both acute- and chronic infections, making 

them popular targets for antimicrobial treatments.  There are many phenotypic and 

genotypic changes that occur in P. aeruginosa over the course of an infection as it 

develops from acute to chronic. The virulence factors possessed by bacteria contribute 

to the likelihood of them causing infection, and along with host factors and 

environmental conditions, play a significant role in disease outcomes. QS has been 

shown to regulate the production of P. aeruginosa virulence factors that are required for 

invasion of the host, including proteases, elastases, pyocyanin, along with swarming 

motility (Strateva and Mitov 2011).  

3.1.3.1 Bacterial motility 

Three forms of motility have been described in P. aeruginosa, namely: 

swimming, twitching, and swarming (Figure 3.2).  The presence of functional flagella 

allows bacteria to be motile, helping them to: locate nutrients, find favourable niches 

for colonisation, as well as initiating infection through adherence, all showing that 

motility is closely associated with successful biofilm formation (Josenhans and 

Suerbaum 2002).  
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Figure 3.2.  Schematic diagram showing the three types of bacterial motility in P. 

aeruginosa: swimming, swarming and twitching motility. 
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Swimming motility is the movement of an individual bacterium through a 

liquid with low viscosity propelled by rotating flagella.  In contrast, twitching motility 

uses type IV pili retraction and extension for propulsion in a jerky, ñtwitchingò manner 

(Kearns 2010).  Swarming motility is the coordinated multicellular movement of 

bacteria using flagella to move across a semi-solid surface, instead of existing in a 

sessile aggregation.  Motility has been reported to be present to only three bacterial 

families; Firmicutes, Alphaproteobacteria, and Gammaproteobacteria which include 

many Gram-negative pathogens of Proteus, Escherichia, Salmonella, Vibrio genus as 

well as Gram-positive species, including Clostridium and Bacillus genus (Lai et al. 

2009). 

Swarming motility requires ñhyper-flagellationò i.e. multiple flagella randomly 

distributed on the cell surface (known as peritrichous flagellation), and a surfactant (a 

surface-active agent) or polysaccharide secretion to reduce surface tension between 

the bacteria and the substrate (Fraser and Hughes 1999).  The peritrichous flagellum 

bundle together when the flagella motor rotates, pushing the cell forward.  When the 

motor changes direction, the body of the cell ñtumblesò in a random direction, with 

the flagella becoming pushed apart and redirecting the cell , before they reform into a 

polar bundle (Hintsche et al. 2017).  Cell-cell communication and external 

environmental signals can trigger this translocation, with surface contact and the 

physiological status of the cell both contributing to differentiation (Fraser and Hughes 

1999).  Swarming motility shows complex and differing motility patterns for different 

species, with P. aeruginosa producing tendrils which spread out from the point of 

inoculation, whilst Proteus mirabilis creates a ñbullseyeò pattern made up of 

concentric óswarmô rings (Caiazza et al. 2005).  
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3.1.3.2 Additional bacterial factors  

One way of identifying P. aeruginosa is through the many pigments that are 

secreted including pyoverdine (fluorescent yellow green), pyorubrin (red brown), 

pyomelanin (pale brown) and pyocyanin (green blue) (Reyes et al. 1981).  Pyocyanin is 

a water-soluble secondary metabolite belonging to the phenazine family, which are 

heterocyclic compounds containing nitrogen (Jayaseelan et al. 2014).  Synthesis of 

pyocyanin  is a complex process involving gene products from two phzABCDEFG 

operons and phzH, with phzM and phzS, being  important in the final conversion of 

phenazine-1-carboxyclic acid (PCA) to pyocyanin (1-hydroxy-g-methyl phenazine) 

(Mavrodi et al. 2001; Lau et al. 2004).  Pyocyanin production is regulated via QS, with 

all three Las, Rhl and PQS QS systems involved in its transcriptional control.  RhlR and 

PqsR have both been shown to be involved in upregulating pyocyanin synthesis (García-

Reyes et al. 2020).  

Due to high levels of colonisation and infection with Pseudomonas spp., levels 

of pyocyanin production are much higher in people with CF than in non-CF controls, 

displaying antimicrobial effects against both bacteria and fungi (Wilson et al. 1988; 

Fothergill et al. 2007; Kaleli et al. 2007).  Studies have also shown that pyocyanin 

interferes with biofilm formation, with eDNA release (a principal component of biofilm 

extracellular polymeric substances [EPS]), being promoted, and other modifications of 

the immune system being apparent includincludeding, neutrophil apoptosis and 

increased interleukin production (Allen et al. 2005; Das and Manefield 2012).  The 

antimicrobial effect of pyocyanin reflect its redox-active nature, in that it can accept or 

donate electrons to the production of reactive oxygen species (ROS) affecting calcium 

homeostasis and leading to oxidative stress or even death (Hassan and Fridovich 1980; 

Denning et al. 1998). 
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P. aeruginosa produces several extracellular proteases; LasA (encoded by lasA), 

LasB (encoded by lasB), as well as alkaline proteases (encoded by aprA) (Stehling et al. 

2008).  Proteases aid in the breakdown of host tissues and the lysis of cells.  LasB 

encodes for elastase, which has the ability to degrade extracellular matrix and disrupt 

tight junctions, promoting pathogen invasion and establishment. Elastase can also 

degrade components of the immune system, facilitating maintenance of infection 

(Cowell et al. 2003; Kuang et al. 2011; Strateva and Mitov 2011).  The regulation of 

proteases is mediated through all three QS systems: Las, Rhl, and PQS (Jack et al. 2018). 

Rhamnolipids are glycolipid biosurfactants made from two components: a 

hydrophilic rhamnose and a hydrophobic lipid. The rhamnose moity can either be mono- 

or di-(L) rhamnose molecule joined by an Ŭ-1,2-glycosidic bond, while the lipid moiety 

is made up of ɓ-hydroxy fatty acid chains joined by an ester bond (Abdel-Mawgoud et 

al. 2010).  The production of rhamnolipids by Pseudomonas is associated with 

virulence, a reduction in surface tension, stimulation of cytokine release, as well as 

promotion of biofilm formation (Déziel et al. 2003).  rhlA and rhlB genes are linked 

with rhlR and rhlI  as a single operon, while rhlC (also needed for rhamnolipid synthesis) 

makes up a second operon (Soberón-Chávez et al. 2005).  Rhamnolipids are involved in 

biofilm development and their architecture; rhamnolipid-deficient mutants typically 

forming much ñflatterò biofilms than the wild-type (Davey et al. 2003).  Studies have 

shown that rhamnolipids are involved in the creation and maintenance of open water 

channels and the formation of microcolonies within biofilm structures, aiding cell-cell 

interactions and attachment of cells through increasing surface hydrophobicity (Davey 

et al. 2003; Pamp and Tolker-Nielsen 2007; Abdel-Mawgoud et al. 2010).   

Rhamnolipids also facilitate the detachment and dispersal of cells in a biofilm state.  

This occurs through a ñcentral hollowing patternò, with the detachment process 
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commencing inside the biofilm itself, and in parallel with new cells being prevented 

from irreversibly attaching (Schooling et al. 2004; Boles et al. 2005). 

3.1.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Infrared spectroscopy is a technique that creates a unique infrared ñmolecular 

fingerprintò.  A spectrum is created from the infrared radiation that is absorbed by a 

sample, and the radiation that is transmitted through it.  This is typically between 600-

4000 cm-1 (Dutta 2017).  Using the attenuated total reflection (ATR), infrared light is 

passed through a diamond crystal and internally reflected, before being partially 

absorbed by the sample (Kazarian and Chan 2006).  An advantage of using FTIR is that 

the data of all wavelengths is collected in one pass, as opposed to samples being 

irradiated by individual wavelengths.  This means that data can be collected much faster 

than is the case with dispersive techniques (Bruker 2022). The spectrum provides 

information about which molecules are present, as well as quantitative analysis of their 

concentrations. FTIR can be used to analyse biological samples detecting changes in the 

functional groups, allowing a comparison between a treatment group and untreated 

controls and between healthy- and diseased samples (Lewis et al. 2010; Su and Lee 

2020). However, FTIR only shows which functional groups are present, not the exact 

structure of the compounds which are present. Additionally, FTIR is limited as some 

vibrations are assigned to multiple chemical groups.  

3.1.5 Properties of alginates 

The conformation of the mannuronic residues in homopolymeric mannuronic 

alginates (polyM) is dependent on ɓ-1,4-glycosidic bonds that give a 4C1 conformation, 

which is more extended in comparison to homopolymeric guluronic (polyG) guluronic 

alginates, which are linked by Ŭ-1,4-glycosidic bonds in a helical 1C4 conformation 
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(Xing et al. 2020). PolyG residues show an ñegg boxò structure due to the selectivity for 

divalent cations, which increases with the concentration of guluronate acid residues. 

PolyM lacks this selectivity and instead form ñbelt chainsò connected with hydrogen 

bonds. This composition of polyG compared to polyM (100% M residues) affects the 

mechanical properties, as the G units contribute to chains which are more brittle and 

rigid, while M units chains are more flexible and soft (Ashikin et al. 2010). Alginates, 

however, can vary in in length (degree of polymerization, DPn), composition (G- or M- 

residues), and secondary structure (alternating G:M residues or homogenous block 

structures), (Lee and Mooney 2012).  

Low molecular weight alginate oligosaccharides still have many of the 

properties of the high molecular weight polymer alginates, such as exhibiting affinity 

for mono- and divalent-ions, but do not form a gel in the presence of divalent cations 

(Xing et al. 2020). Advantages of having a low molecular weight is that the viscosity of 

solutions, when containing high concentrations, remains without much significant 

increase (Rye et al. 2018). Alginate oligosaccharides have shown antioxidant, immune 

regulation, anti-bacterial and anti-inflammatory activities. For example, polyG 

oligosaccharides (DPn ranging from 3 to 6) induce increased bacterial phagocytosis by 

macrophages, suggesting that alginates could be used to improve host immunity against 

infection (Xu et al. 2014). Mannuronate oligosaccharides have a diverse bioactivity with 

a wide range of clinical application. Mannuronate oligosaccharides made by alginate 

lyases have shown to inhibit anchorage-independent colony formation of melanoma 

cells, suggesting that they could have anti-cancer roles (Belik et al. 2020). Further 

applications of mannuronate oligosaccharides have been proposed in the treatment of 

Alzheimerôs disease and obesity (Kim 2018; Bi et al. 2021).  
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P. aeruginosa biofilms contain M-rich high Mw alginate polymers and Ca2+ 

cross-linking is known to play an important role in biofilm stability and antibiotic 

resistance.  Therefore, the ability of guluronate oligosaccharides to scavenge calcium 

has been proposed as mechanism of action in their demonstrated antimicrobial and 

antibiofilm activity (Aslam et al. 2008). This study investigates the implication of 

monomer composition and distribution (M:G ratio) in these activities. 

3.1.6 Effect of alginate oligosaccharide composition on Pseudomonal cell 

membrane binding  

Molecular dynamics (MD) simulations have recently shown that the hydrogen 

bonding between M-block oligomers (DP 6) and Gram-negative lipopolysaccharide 

(LPS-DPPE) lipid layer do not extend as far into the Gram-negative bacterial membrane 

as those observed with G-block (Ŭ-L-guluronic acid) structures. Instead, the G-block 

alginates showed a strong interaction (within nanoseconds) with the LPS bilayer via 

hydrogen bonding and aided by attractive forces between the G residues and Ca2+ ions, 

allowing the large negative charge of both the oligomer and LPS to be overcome 

(Pritchard et al. 2023) 

To compare structure activity relationship (SAR) of the antimicrobial properties 

of alginate oligomers in vitro, OligoM, made up of homopolymeric regions of M (ɓ-D-

mannuronic acid) blocks synthesised with a similar degree of polymerization (DPn) to 

that of OligoG CF-5/20 (DPn = average 19), was prepared (Figure 3.3). Isothermal 

titration calorimetry (ITC) was conducted to measure the amount of heat released or 

absorbed by OligoG CF-5/20 and OligoM dilutions in the presence of Ca2+, as well as 

their interactions with pseudomonas LPS (Saboury 2006; Wang et al. 2020c). ITC 
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Figure 3.3. Structure of OligoG CF-5/20 and OligoM.
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established that that no binding occurred between M-block oligomers and LPS at low 

calcium concentrations (1 mM) and only weakly at higher concentrations (2.5 mM). 

While interactions with Ca2+ between OligoG CF-5/20 and LPS were shown to occur 

in a dose-dependent manner (Pritchard et al. 2017c). 

3.1.7 Aims and objectives 

The objective of this study was to investigate the SAR of alginate 

oligosaccharide (of comparable DPn and molecular weight distribution), to determine 

the role of calcium binding in their previously reported antimicrobial and antibiofilm 

effects. 

The specific aims of this study were: 

¶ To investigate the effect of OligoG CF-5/20 and OligoM on planktonic growth 

of P. aeruginosa using growth curves and determine their effects on biofilm 

formation. 

¶ To investigate the effect of both alginate oligomers on P. aeruginosa virulence 

factor production, swarming motility, and QS signalling. 

¶ To characterise changes in cell-binding between P. aeruginosa treated with 

OligoG CF-5/20 or OligoM, after exposure to hydrodynamic shear using 

Fourier Transform Infrared (FTIR) spectroscopy. 
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3.2 Materials and methods 

3.2.1 Microbial strains and materials 

Pseudomonas aeruginosa strains (mucoid NH57388A isolated from a CF patient 

and non-mucoid PAO1, ATCC 15692), were grown on 5% horse blood agar (BA) plates 

(blood agar base No.2; horse blood, TCS Biosciences Ltd).  Unless stated, all liquid 

cultures of P. aeruginosa NH57388A and PAO1 were set up in Mueller-Hinton (MH; 

Sigma Aldrich) broth or Tryptone Soy Broth (TSB) respectively, at 37 °C with 120 rpm 

shaking overnight before being adjusted to an optical density OD600 of 0.08-0.1 (0.5 

McFarland standard; ~108 CFU/mL).  Chromobacterium violaceum (Bergonzini ATCC 

31532) and C. violaceum CV026 (NCTC 13278, mini-Tn5 mutant of C. violaceum 

ATCC 31532), were grown on Luria-Bertani (LB) agar (10 g/L tryptone, 5 g/L yeast 

extract, 5 g/L NaCl, 15 g/L agar, Sigma Aldrich), supplemented with 50 ɛg/mL 

kanamycin for C. violaceum CV026 and liquid overnight cultures were set up in TSB 

broth at 30 °C, with 200 rpm shaking.  All growth media was obtained from LabM, 

unless otherwise stated. 

OligoG CF-5/20 (DPn 19) was produced, as previously described (Section 1.8). 

OligoM was derived from Pseudomonas fluorescence AlgG mutant, which lacks the 

alginate modifying enzyme, mannuronan C-5-epimerase (Gimmestad et al. 2003; 

Aarstad et al. 2012). Alginates were deacetylated using a mild alkaline treatment and 

depolymerized using a two-step acid hydrolysis (Holtan et al. 2006). The alginate 

fractions were analysed by High-Performance Anion-Exchange Chromatography, with 

pulsed amperometric detection (HPAEC-PAD; Dionex ICS-5000, Sunnyvale, CA; 

Figure 3.4) (Ballance et al. 2005).  Metal ion concentrations were determined by ICP 
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Figure 3.4 Characterization of OligoG CF-5/20 and OligoM with High Performance Anion-Exchange Chromatography with pulsed 

amperometric detection (HPAEC-PAD).
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analysis (Inductively Coupled Plasma Atomic Emission Spectroscopy, ICP-AES), to 

determine concentrations of trace elements in the various preparations.  

3.2.2 Bacterial growth curve analysis 

Adjusted overnight cultures of P. aeruginosa NH57388A were diluted in a ratio 

of 1 to 10 in MH broth ± OligoG CF-5/20 (0.5, 2, 6%) or OligoM (0.5, 2, 6%).  Growth 

curves were performed in triplicate in sterile, flat-bottomed 96-well microtiter plates 

(100 µl/well) and the results presented as mean values.  Absorbance measurements were 

measured hourly at OD600 over 48 h at 37 °C using a FLUOstar Omega plate reader.  

The minimum significant difference (MSD) was calculated using the Tukey-Kramer, 

method using Minitab 17.2.1 (Minitab Inc, State College, PA, USA). 

3.2.3 Small-scale swarming motility assay 

Due to limited availability of OligoM, a small-scale assay was adapted from Jack 

et al, 2018. Swarming motility was assessed on 0.5% Basal Medium 2 (BM2) agar (62 

mM potassium phosphate buffer [pH 7], 2 mM MgSO4, 10 ɛM FeSO4, 0.4% [w/v] 

glucose, 0.5% [w/v] casamino acids and 0.5% [w/v] agar) ± 0.5, 2, and 6% OligoG CF-

5/20 or OligoM (Marr et al. 2007). Agar was freshly prepared before use and cooled to 

50 °C before addition of the alginate oligomer.  Then, 3 mL of BM2 agar (± oligomer) 

was measured into the wells of a sterile flat-bottomed 6-well microtiter plate and left to 

dry in a laminar flow cabinet for 30 mins prior to use.  After adjusting P. aeruginosa 

PAO1 overnight cultures, the inoculum was diluted 1 to 10 in MH broth and 0.5 ɛL 

inoculum was pipetted onto the surface of the dried agar (n=3).  Plates were sealed in 

parafilm and then incubated for 16 h at 37 °C.  Bacterial swarming in each well was 

then photographed and the length of dendritic arms, surface area, perimeter, and shape 

were analysed, using ImageJ software. 
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3.2.4 Confocal laser scanning microscopy (CLSM) 

3.2.4.1 Biofilm formation assay  

Biofilm imaging was performed with the kind assistance of Dr Lydia Powell. 

Overnight P. aeruginosa NH57388A cultures (adjusted to 106 cfu/mL) were incubated 

in a sterile glass-bottomed 96-well plate (Whatman) and grown for 24 h (37 °C; 120 

rpm) ,with MH broth ± 0.5, 2, or 6% OligoG CF-5/20 or OligoM.  Following incubation, 

the supernatant was removed and the biofilm stained with 6% (v/v in PBS) 

LIVE/DEAD® (BacLightTM Bacterial Viability Kit, Invitrogen) for 10 min and Z-stack 

CLSM images taken (Leica TCS SP5).  CLSM images were analysed using COMSTAT 

image analysis (Heydorn et al. 2000).  

3.2.5 Small-scale quorum sensing assay 

3.2.5.1 Effect of the alginate oligomers on quorum sensing inhibition  

A small-scale QS assay measuring violacein pigment production using C. 

violaceum ATCC 31532 and C. violaceum CV026 (unable to produce AHLs and 

therefore cannot produce violacein pigment without an external AHL source), was 

adapted from Manner and Fallarero (2018).  Chromobacterium spp. cultures (ATCC 

31532 and CV026) were adjusted in LB broth to OD600 0.7 (~1x109 cfu/mL).  In a sterile 

flat-bottomed 96-well microtiter plate (200 ɛL/well) adjusted culture ± oligomer (0.5, 

2, and 6%) was added with 0.5 ɛM N-(ɓ-ketocaproyl)-L-homoserine lactone (Sigma 

Aldrich; C6-AHL dissolved in dimethyl sulfoxide, DMSO), to induce pigment 

production and incubated at 30 °C, 200 rpm shaking for 48 h in the dark.  Furanone 

(Sigma-Aldrich; dissolved in DMSO), a QS inhibitor (inhibiting the production of 

violacein) was used as a positive control (prepared to a final concentration of 1 mg/mL). 

A DMSO equivalent was also included as a control.   
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To quantify violacein pigment, plates were centrifuged (Heraeus Labofuge 400R 

centrifuge; ThermoFisher Scientific) at 2,000 g for 10 mins.  The supernatant was then 

removed before adding 200 ɛL 96% ethanol (v/v) to dissolve the violacein before 

recentrifugation as above.  The purple pigmented supernatant (100 ɛL/well) was 

transferred to a new sterile flat-bottomed 96-well microtiter plate and the absorbance 

(OD595) was read using a FLUOstar Omega plate reader.  The percentage inhibition of 

violacein production was calculated as follows: 

Percentage Inhibition (%) =            (untreated control OD595 ï sample OD595) 

                                             (untreated control OD595 ï media control OD595)  

Treatments were classified as highly active QS inhibitors, if the inhibition 

percentage was Ó90%, moderately active if inhibited by 40-89%, with <40% being 

classed as inactive (Manner and Fallarero 2018).  

3.2.5.2 Effect of the alginate oligomers on cell viability (resazurin control assay) 

In parallel with the QS assay, identical duplicate C. violaceum ATCC 31532 and 

CV026 plates were set up, with equivalent DMSO concentrations replacing C6-AHL 

(described in Section 3.2.4.1), to measure the effect of oligomer on cell viability.  After 

48 h incubation, the 96-well microtiter plates were centrifuged (Heraeus Labofuge 400R 

centrifuge; Thermo Fisher Scientific) at 2,000 g for 10 mins and all the supernatant 

removed.  Resazurin (Sigma Aldrich; 20 ɛM prepared in PBS) was added and the plates 

(200 ɛL/well) were incubated in the dark for 30 mins at room temperature, before the 

fluorescence (ɚex 560 and ɚem 590) was read using a FLUOstar Omega plate reader.  

Bactericidal activity of the oligomers was calculated as inhibition percentage of viability 

as follows: 

x 100% 
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Inhibition percentage (%) =                (untreated control ï sample)  

                              (untreated control ï media control) 

Compounds with inhibition percentages >40% were classified as bactericidal 

and excluded as possible QS inhibitors in line with the previous study (Manner and 

Fallarero 2018).  

3.2.6 Virulence factor assays  

3.2.6.1 Effect of the alginate oligomers on pyocyanin production 

Overnight cultures of P. aeruginosa PAO1 were adjusted to OD600 1.0 with MH 

broth.  Cultures (n=3) were diluted in a ratio of 1 to 100 in 1 mL MH broth ± 0.5, 2, 6% 

OligoG CF-5/20 or OligoM, and incubated for 24 h (37 °C, 125 rpm) in sterile universals 

with the lids left loose to allow for maximum oxygenation.  The cells were centrifuged 

(Heraeus Fresco 21; ThermoFisher Scientific; 10,000 g, 4 °C, 10 mins) and pyocyanin 

extracted from the supernatant using chloroform (Sigma Aldrich; 3:2; volume per 

volume [v/v]).  Samples were vortexed for 1 min and then centrifuged (10,000 g, 4 °C, 

10 mins), before being re-extracted with 0.2 M hydrochloric acid (HCl; Sigma Aldrich; 

2:1; v/v).  The top aqueous (pink) layer was then transferred to sterile Eppendorfs and 

the absorbance read at 520 nm, using a Beckman Coulter DU 800 Spectrophotometer. 

0.2 M HCl was used as the blank and MH broth as a negative control. 

3.2.6.2 Effect of the alginate oligomers on protease production 

Cultures were adjusted and prepared as described (Section 3.2.6.1).  Cell-free 

supernatant (200 ɛL) was incubated in a 1:1 ratio with 2% azocasein solution (Sigma 

Aldrich; prepared in 100 mM sodium phosphate [pH 7]) at 37 °C for 1 h.  To stop the 

reaction, 10% trichloroacetic acid (ThermoFisher Scientific) was added, and the mixture 

x 100% 
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was centrifuged (8,000 g, 5 mins) to remove the azocasein.  The absorbance (OD400) 

was measured using a Shimadzu UV-1900i Spectrophotometer. 

3.2.6.3 Effect of the alginate oligomers on elastase production 

Cultures were adjusted and prepared, as described (Section 3.2.6.1).  Elastin-

congo red solution (Sigma Aldrich; 5 mg/mL prepared in 0.1 M Tris-HCl, pH 8; 1 mM 

CaCl2) was incubated with cell-free supernatant (in a 1:3 ratio) and incubated for 16 h 

(37 °C, 200 rpm).  After incubation, the mixture was centrifuged (3,000 g, 10 mins) and 

the absorbance (OD490) measured using a Shimadzu UV-1900i Spectrophotometer. 

3.2.6.4 Effect of the alginate oligomers on rhamnolipid production 

Cultures were adjusted and prepared, as described in (Section 3.2.6.1).  Cell-

free supernatant was mixed with ethyl acetate in a 1:1 ratio and vortexed for 10 s, before 

centrifugation (10,000 g, 4 °C, 5 mins).  The top layer of ethyl acetate was transferred 

to a new tube and this process was repeated three times.  The upper layer was then left 

to evaporate overnight, and the precipitate reconstituted in 100 ɛL deionized water 

(dH2O).  To this precipitate, 900 ɛL of orcinol reagent (0.19% orcinol in 53% sulphuric 

acid, H2SO4) was added and the resulting mixture was incubated at 80 °C for 30 mins.  

Once cooled to room temperature, the absorbance (OD421) was read using a Shimadzu 

UV-1900i Spectrophotometer.  

3.2.7 FTIR analysis of alginate oligomer interaction with pseudomonal cell surface 

membrane  

Overnight cultures of P. aeruginosa (PAO1) (n=6) were centrifuged 

(Pendragon ALC PK120R) at 3,000 g for 20 mins and washed (x2) in dH2O  Cultures 

were standardised to an optical density OD600 of 1, before being recentrifuged at 3,000 

g for 20 mins and resuspended in 66.6 µL dH2O ± 0.5% OligoG CF-5/20 or OligoM.  
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Samples were left at room temperature for 20 mins, before being subjected to 

hydrodynamic shear, (centrifugation at 5,000 g for 6 mins), to remove excess alginate 

oligomer.  The supernatant was removed, and the pellet resuspended in dH2O prior to 

centrifugation (5,000 g, 6 mins) and resuspended in dH2O. Then, 15 ɛL of sample was 

pipetted onto the attenuated total reflectance (ATR) sampling module of a Nicolet 380 

Fourier Transform IR Instrument (ThermoFisher Scientific) and allowed to fully air dry 

prior to recording the IR spectra.  Wavelength scans were taken between 525-4000 cm-

1 at a resolution of 4 cm-1 and 64 scans taken to create a mean.  Each sample was run in 

triplicate.   

Data processing and analysis were performed using the R statistical 

environment. Wavenumbers from 1850 to 950 cm-1 were pre-processed using two-point 

liner subtraction baseline correction methods and then normalized using vector 

normalization.  Wilcox-Rank-Sum was used to determine wavenumbers that were 

significantly different (P <0.05) between the OligoG and OligoM spectra, to compensate 

for multiple testing, Bonferroni correction was applied.  These selected wavenumbers 

were put forward into hierarchical cluster analysis (HCA) and a dendrogram produced. 

With thanks Dr. Georgina Menzies for data analysis. 

3.2.8 ATP cell viability assay 

Biofilm formation was analysed in the presence of a ñdual treatmentò of 

azithromycin and alginate oligomer therapy, using a Beckman Coulter Biomek NXP 

Robotic System.  Overnight cultures of P. aeruginosa (PAO1) in TSB were adjusted to 

an OD600 of 0.005 in MH broth (LabM), before adding 30 µL of inoculum to the wells 

of a sterile black walled flat-bottomed 96-well plate (ThermoFisher Scientific), 

containing 150 µl MHB with 0, 2 or 6% OligoG or OligoM and a gradient of 
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azithromycin (Sigma-Aldrich; 10 mg/mL stock in ethanol), ranging from 0-512 µg/mL. 

Plates were incubated for 19 h at 37 oC (n=4).  The supernatant was removed, and the 

biofilms washed (x4) with 100 µL PBS.  PBS (100 µL) was then added to each well 

before addition of 100 µl of Bac-Titer-GloÊ Microbial Cell Viability Assay (Promega) 

reagent.  Plates were incubated at room temperature in the dark for 5 min, mixed briefly 

and luminescence measured on a Molecular Devices SpectraMax Paradigm Multi-Mode 

Detection Platform. The minimum significant difference (MSD) was calculated using 

the Tukey-Kramer method using Minitab 17.2.1 (Minitab Inc, State college, PA, USA). 

With thanks to Dr Anne Tøndervik for plate set up. 

3.2.9 Statistical analysis 

GraphPad Prism® was used for all statistical analysis, with one-way analysis of 

variance (ANOVA) test used to calculate any significant changes between treatments (n 

>2), followed by a Dunnettôs multiple comparison test.  P values <0.05 were considered 

significant.  MiniTab was used for calculation of the MSD and ImageJ software was 

used for analysis of swarming motility. 
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3.3 Results 

3.3.1 Effect of oligomers on viability of mucoid Pseudomonas aeruginosa 

Growth curves of the mucoid P. aeruginosa strain, NH57388A, showed that 

both OligoG CF-5/20 and OligoM had a comparable dose-dependent effect on 

planktonic growth (Figure 3.5).  The MSD showed that at 6%, both alginate oligomers 

had a significant effect on growth in the exponential phase (16-40 h), compared to the 

untreated control.  These effects were not significant at Ò2%. The effect of oligomers 

on biofilm formation of the mucoid Pseudomonas strain in CLSM imaging mirrored 

that observed in planktonic systems: OligoG CF-5/20 and OligoM showed a reduction 

in biofilm formation in a dose-dependent manner (Figure 3.6).  Furthermore, 

COMSTAT analysis demonstrated that at 2 and 6%, both oligomers had significant 

effects on biofilm biovolume, mean thickness and surface roughness, compared to the 

untreated control (Figure 3.7).  No significant effect was seen at 0.5% for either 

oligomer.   

3.3.2 Effect of alginate oligomers on Pseudomonas swarming motility  

Swarming motility plates (after 16 h) and the calculated surface area of the 

swarm on the surface of the agar are seen in Figure 3.8.  The small scale of the assay (3 

mL vs 20 mL of agar) made reproducibility between replicates a problem, as can be seen 

in Figures 3.8A and B and the resultant large standard deviation in Figure 3.8C.  No 

significant differences were seen in motility in the presence of 0.5 and 2% oligomers, 

reflecting the poor reproducibility between replicates (Figure 3.8C). Both oligomers 

were shown to affect the swarm surface area of P. aeruginosa, with 6% showing the 

greatest effect (inhibiting growth and swarming motility) although this was not 

significant (p >0.05; Figure 3.8C).  
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Figure 3.5. Growth curves of P. aeruginosa NH57388A, treated with OligoG CF-5/20 

or OligoM (0, 0.5, 2, 6%) for 48 h.  Minimum significant difference (MSD) for 

absorbance was calculated in MiniTab, using the Tukey-Kramer method (MSD=0.11; 

n=3). 
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Figure 3.6. Biofilm formation assay showing CLSM Z-stack imaging of P. aeruginosa NH57388A biofilms with LIVE/DEAD® staining.  For 

the assay, biofilms were grown for 24 h ± OligoG CF-5/20 or OligoM (0.5, 2, 6%); scale bar = 30 ɛm. 
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Figure 3.7. COMSTAT image analysis of P. aeruginosa NH57388A formation assay, treated with OligoG CF-5/20 or OligoM (0.5, 2 or 6%) 

(Figure 3.6), showing bio-volume (µm3/µm2), mean thickness (µm) and roughness coefficient ± S.D; n=3 biologicals; n=5 technicals, Group 

wise comparisons were analysed using one-way ANOVA, followed by Dunnettôs post hoc tests; *P <0.05; **P <0.01; ***P <0.001; ****P 

<0.0001 denotes significance.
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Figure 3.8. Effect of the alginate oligomers on P. aeruginosa PAO1 swarming motility 

on BM2 agar (A) ± OligoG CF-5/20 (0.5, 2 or 6%); (B) ± OligoM (0.5, 2 or 6%), after 

16 h incubation and; (C) surface area (cm2) of swarm ± SD (n=3). Group-wise 

comparisons were analysed using one-way ANOVA, followed by Dunnettôs post hoc 

tests; *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001 denotes significance.
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3.3.3 Effect of alginate oligomers on P. aeruginosa quorum sensing inhibition  

Violacein pigment production by C. violaceum ATCC 31532 in the QS assays 

was shown to be reduced by both OligoG CF-5/20 and OligoM in a dose-dependent 

manner, with Ó2% oligomer showing a significant reduction in pigment; with a non-

significant reduction observed when treated with 0.5% OligoM (Figure 3.9).  C. 

violaceum CV026 behaved similarly when treated with the oligomers and in the 

presence of exogenous C6-AHL, which is required for the strain to produce the pigment 

violacein (Figure 3.10).  Similarly with this strain, a significant dose-dependent 

reduction in pigment production was also seen when treated with OligoG CF-5/20 and 

OligoM for 48 h.  Neither of the oligomers showed highly active QS inhibition against 

both strains, although 6% OligoG CF-5/20 was close demonstrating high percentage 

inhibition against C. violaceum CV026 (93.6%) and moderate activity against C. 

violaceum ATCC 31532 (88%).  Moderate inhibition against both strains was observed 

for 2 and 6% OligoM and 2% OligoG CF-5/20 (Figure 3.11), whilst both oligomers at 

0.5% failed to display any activity (Ò 40% against both strains). 

Furanone (a QS inhibitor) was used as a positive control in the QS assay.  A cut-

off for QS inhibition was set at Ó 90% inhibition for both C. violaceum strains in the 

QSI assay and Ò 40% inhibition in the cell viability assa,y as previously defined (Manner 

and Fallarero 2018).  Furanone at 1 mg/mL displayed strong QS inhibition, with Ó 90% 

inhibition against C. violaceum ATCC 31532 (99.2%) and against C. violaceum CV026 

(94.3%). The viability inhibition assay showed that, at 1 mg/mL, cell viability was 

unaffected with inhibition Ò 40% against both Chromobacterium strains (12.3% 

inhibition against C. violaceum CV026 and 23.8% against ATCC 31532). 
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Figure 3.9. Effect of alginate oligomers on violacein pigment production by C. violaceum ATCC 31532 after 48 h treatment with OligoG CF-5/20 or 

OligoM (0.5, 2 and 6%).  After 48 h incubation, the violacein pigment was dissolved in 96% (v/v) ethanol (EtOH), before absorbance was measured at 

OD595; n=3; Group wise comparisons were analysed using one-way ANOVA, followed by Dunnettôs post hoc tests; *P <0.05; **P <0.01; ***P <0.001; 

****P  <0.0001 denotes significance. 

 
















































































































































































