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Chapter 1: Motivation and Literature Review



Motivation

The discovery of antibiotics has provided an arsenal of measures to combat infections and diseases
(Hutchings et al. 2019). Furthermore, the evolution of antibacterial compounds has produced various
antifungal compounds with the ability to treat an array of fungal infections (Espinel-Ingroff 1997). The
incorporation of antimicrobial compounds into industrialised sectors has contributed to the global health
sector, agricultural practices and developing countries (Goel 2015; Lamichhane et al. 2018; Hutchings
et al. 2019). However, the establishment of antimicrobial resistance (AMR) has proved a formidable
opponent to currently available and established antimicrobial substances. A review published in The
Lancet (2022) reported that 4.95 million deaths were associated with antimicrobial-resistant bacterial
infections and 1.27 million deaths were directly attributed to AMR. Interestingly, lower respiratory
infections (LRIs) accounted for more than 1.5 million deaths related to AMR. From their review, six
pathogens were identified as the leading causative agents responsible for 3.57 million AMR-associated
deaths. These six pathogens have been identified as Escherichia coli, Staphylococcus aureus,
Klebsiella pneumoniae, Streptococcus pneumoniae, Acinetobacter baumannii and Pseudomonas

aeruginosa (Antimicrobial Resistance Collaborators 2022).

Since the discovery of antimicrobials, there has been a rapid decline in antimicrobial production, with
newly discovered substances being reserved for last-resort prescription and use (Prescott 2014). This
decline has been exacerbated by a lack of financial return. When considering that the purpose of The
Global Fund is to invest in programmes that work toward ending infectious diseases that pose a threat
to humankind, it is evident that investment is urgently required (The Lancet 2022). Antimicrobial
resistance develops through various mechanisms (Mcdermott et al. 2003) and is prevalent in a wide
range of settings (Prescott 2014). Settings such as hospitals have been identified as particularly
susceptible to contamination by opportunistic pathogens such as Pseudomonas aeruginosa and
Candida albicans (Smith and Hunter 2008; Fattouh et al. 2021). Pseudomonas aeruginosa is a
ubiquitous bacterium frequently isolated from indwelling medical apparatus, such as catheters
(Azevedo et al. 2017). Similarly, Candida albicans is a commensal yeast frequently isolated from
indwelling devices (Lynch and Robertson 2008). These pathogens display various virulence factors,

ranging from metabolic plasticity to biofilm formation (Strateva and Mitov 2011; Mayer et al. 2013).

In addition to the review published by The Lancet, the World Health Organization (WHO) has published
a list of critically important pathogens that require immediate research and development of novel
antimicrobial substances. To complement the list, a review by Rice (2008) identified six bacterial
pathogens of immediate interest which displayed antimicrobial resistance properties to various classes
of antibiotics. These six pathogens are Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter species. These
pathogens form the coined term ESKAPE pathogens (Rice 2008). Notably, some of the pathogens
described in 2008 are mentioned in the review published by The Lancet in 2022. This is indicative of
their pathogenic fitness and ability to circumvent antimicrobial action. Additionally, the WHO recently
published a list of critically important fungal pathogens that require immediate research. The yeast

Candida albicans was noted as one of the four pathogens in the critical priority group (2022).



The ability of pathogens such as Pseudomonas aeruginosa and Candida albicans to produce biofilms
not only contributes to their virulence (Botto et al. 1998; Jabra-Rizk et al. 2004) but has also been
identified as a noteworthy antimicrobial resistance mechanism contributing to consistent and recurring
infections (Jabra-Rizk et al. 2004). Biofilms also display enhanced resistance to various host defence
mechanisms, including pH changes and immune responses (Wilkins et al. 2014). This biofilm-related
resistance is facilitated via slow substance penetration, differential chemical microenvironments,
adaptive stress response pathways and the establishment of tolerant persister cells that allow for further
propagation and dispersal (van Acker et al. 2014). The resistance mechanisms displayed by biofilms

are exacerbated in the case of a polymicrobial biofilm (Patel 2005; Desai et al. 2014).

The characteristics displayed in mixed-species biofilms are a result of cell-to-cell contact and the
production and secretion of metabolites and intermediates (Desai et al. 2014). Metabolites produced in
mixed-species biofilms include quorum-sensing molecules (QSM). For example, P. aeruginosa
produces homoserine lactone (HSL) which inhibits C. albicans hyphal formation through the inhibition
of the Ras-adenylate cyclase pathway (Davis-Hanna et al. 2008; Hall et al. 2011; Desai et al. 2014).
Similarly, C. albicans produces a quorum-sensing molecule, farnesol, which inhibits P. aeruginosa
virulence factors by interacting with P. aeruginosa quorum sensing (Cugini et al. 2007; Desai et al.
2014). The interaction and association between these pathogens is highlighted by their characteristic
antagonistic and bidirectional relationship as observed in cystic fibrosis patients (Reece et al. 2021).
Pseudomonas aeruginosa inhibits C. albicans growth, hyphal development, as well as biofilm formation.
Candida albicans inhibits P. aeruginosa virulence-metabolites and proteins such as pyocyanin and
haemolysin (Brand et al. 2008; Reece et al. 2021).

The interactions between these pathogens further illustrate the importance of treating infections in a
polymicrobial manner and considering novel antimicrobial therapies. Approaches to novel antimicrobial
therapies include redesigning antimicrobial compounds and revising currently available substances and
established mechanisms of action to address a polymicrobial infection (Dharmaprakash et al. 2015).
Other avenues of interest include searching for new target genes and considering rational drug design

to develop novel antimicrobial compounds (Nicola et al. 2019).

The use of amphiphilic macromolecules provides an opportunity to develop novel excipients with the
potential for classes of antimicrobial compounds (Lombardo et al. 2015). Amphiphiles consist of a
hydrophilic and lipophilic component enabling self-assembly into a wide variety of structures that can
mimic biological systems. Hiscock et al. (2016a) have developed a novel tetrabutylammonium (TBA)
sulfonate-urea salt capable of producing hydrogen-bonded nanostructures. This class of novel
compounds, deemed supramolecular self-associating amphiphiles (Figure 1), has shown antimicrobial
efficacy against planktonic cells of clinically relevant strains of antimicrobial-resistant pathogens, such
as the Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) and Gram-negative
Escherichia coli (Tyuleva et al. 2019; White et al. 2020b).
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Figure 1. Supramolecular self-associating amphiphile (SSA) backbone structure. The structure of the relevant
countercation has been omitted for clarity (Blackholly et al. 2016; Hiscock et al. 2016a)

It is thus important to consider and evaluate the efficacy of this potential class of compounds against
other relevant pathogens, such as P. aeruginosa and C. albicans, as this could give invaluable insight
into the development of novel antimicrobial compounds. In addition, given the enhanced drug resistance
of microbial biofilms, the ability of supramolecular self-associating amphiphiles to affect the biofilms of

these pathogens is also important to consider.

Introduction

The ability of naturally occurring substances to inhibit bacterial growth has proven to be one of
mankind’s cornerstone discoveries (Fleming 1929; Whitehead 1933). The potential of these substances
was highlighted when Alexander Fleming noticed the inhibition and lysis of Staphylococcus colonies
when cultured in the presence of ascomycetous fungus of the genus Penicillium (Fleming 1929). The
ability of Penicillium to inhibit bacterial growth was attributed to the production of a substance termed
penicillin (Fleming 1929). A characteristic property of antibacterial substances is their selective action;
some substances are effective against either Gram-negative or Gram-positive bacteria and in some
instances, both (Waksman 1944).

When considering that these substances differ in chemical composition, it is evident that the selective
action of antibacterial substances directly relates to their mechanism of action. Additionally, the
qualitative characteristic of varying concentrations directly influences the substance’s efficacy. It is
established that higher concentrations of antibacterial substances result in exaggerated inhibition
(Waksman 1944). From these findings, the use and application of antibiotic substances have enabled
the treatment of various bacterial infections and revolutionised the healthcare industry (Espinel-Ingroff
2003; Tomson and Vlad 2014).

The discovery and application of antibacterial substances promoted the search for antifungal
substances (Espinel-Ingroff 1997). The efforts of Elizabeth Hazen and Rachel Brown lead to the
discovery of an antifungal substance produced by soil actinomycetes. The substance termed fungicidin
or nystatin indicated fungistatic and fungicidal activity (Hazen and Brown 1951). From these findings,
other cultures were screened for antifungal substances and inhibitory potential. In 1953, Steinberg and
co-workers identified and isolated the antifungal substances amphotericin A and B from a

Streptomycete culture (Steinberg et al. 1953, Dutcher 1968). A report by Milton Sloane supported the



efficacy of antifungal substances when used in the treatment of candidiasis; proving the use of nystatin
to be effective (Sloane 1955).

The use of these substances greatly contribute to the management of fungal infections arising from
antibacterial treatment (Hazen and Brown 1951; Kull et al. 1961; Scardavi 1966; Hartshorn 1969). Since
the discovery and use of antimicrobial substances, organisms have adapted to their inhibitory effects
(Kasuya 1964). Antimicrobial resistance may be innate, acquired, or induced by adaptive mutations
(Gopal Rao 1998). Innate antimicrobial resistance mechanisms are based on the biochemical
composition of organisms. The most common innate resistance mechanisms include the reduced
permeability of the outer membrane and efflux pumps that actively remove antimicrobial substances
from the intercellular space (Rouveix 2007; Reygaert 2018). Innate resistance can also be described
as the inability of antimicrobial substances to bind to host cells; either through lack of enzymatic function
or absence of the appropriate binding site (Hancock and Speert 2000; Mcdermott et al. 2003;
Hollenbeck and Rice 2012).

In addition to intrinsic resistance mechanisms, microbes can acquire resistance through genetic
material (Marsit et al. 2015; Alexander et al. 2016) by horizontal evolution (Tenover 2006; Fitzpatrick
2012; Reygaert 2018). The exchange of genetic material occurs through conjugation, transduction and
transformation (Murray et al. 2003; Tenover 2006). In addition, genetic material can be adopted through
the use of resistance plasmids, transposons and integrons (Kasuya 1964; van der Bliek and Borst 1989;
Kruse and Sorum 1994; Mglbak 2004). Adaptive resistance mechanisms are implemented either
transiently or permanently by microbes in response to extracellular environmental signals and
conditions (Arzanlou et al. 2017). Transient adaptive responses include the overexpression of efflux
pumps, and porin channel- and biofilm formation (Patel 2005; Christaki et al. 2020). In comparison,
permanent adaptive resistance is attributed to genetic expression modulations and these modulations

facilitate hypermutability (Hamad et al. 2022).

In addition to extracellular environmental signals and conditions, prolonged exposure to antimicrobial
substances also exerts selective pressure and leads to the survival of resistant organisms. Furthermore,
selective pressure may also confer cross-resistance to a range of other antimicrobial compounds (van
der Bliek and Borst 1989; Pastan and Gottesman 1991; Gopal Rao 1998). Therefore, the establishment
of resistant organisms has significantly impacted the success of treating infections and diseases (Cars
and Nordberg 2005; Okeke et al. 2005).

Antimicrobial substances

Antimicrobial substances are classified based on their chemical composition and mechanisms of action
(Hartshorn 1969). A mechanism of action utilised by antibiotic substances includes the inhibition of
protein synthesis (Hashmi 2020). Aminoglycosides, such as streptomycin (Figure 2), contain an amino-
sugar substructure which facilitates high affinity binding to the A-site on the 16S ribosomal RNA of the
308 ribosome (Kotra et al. 2000). The binding interaction induces a conformation change in the A-site
and results in codon mistranslation. This results in incorrect polypeptide synthesis, ultimately damaging
the cell membrane (Krause et al. 2016).

10



Figure 2. Structure of streptomycin

Another mechanism of action utilised by antibiotic substances includes the inhibition of cell wall
synthesis. pB-lactam antibiotics, such as penicillin (Figure 3), contain a core B-lactam ring which binds
to penicillin-binding proteins. The binding prevents the transpeptidation of peptidoglycan strands
(Hashmi 2020). The inefficient transpeptidation of peptidoglycan strands results in incomplete cell wall

synthesis and, therefore, constitutes the bactericidal activity of B-lactams (Zhanel et al. 2005).
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Figure 3. Structure of penicillin

Quinolones, such as ciprofloxacin (Figure 4), can inhibit bacterial DNA synthesis (Jia and Zhao 2021)
by targeting the bacterial topoisomerase Il, IV and gyrase enzymes (Aldred et al. 2014). The mechanism
of action is based on the binding ability of the compound to the DNA-enzyme complex, which prevents
successful DNA ligation. As a result, permanent chromosomal breaks are induced and stress response
mechanisms, such as DNA repair and SOS signals, are triggered. The inability of the organism to repair
these chromosomal breaks and the cumulative effect of the enzymatic-activity loss facilitates cell death
(Aldred et al. 2014; Hashmi 2020). Similar to DNA synthesis inhibition, the ability of antibacterial
substances to hinder RNA synthesis is an important antibacterial mechanism (McClure and Cech 1978).

11
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Figure 4. Structure of ciprofloxacin

The rifamycin class contains the antibacterial substance rifampicin (Figure 5) (Goldstein 2014). The
mechanism of action of this class is based on the high binding affinity of the compound to the DNA-
dependent RNA polymerase enzyme (Campbell et al. 2001). Rifampicin causes steric hindrance by
binding to the B-subunit and effectively inhibits elongation and transcription, which ultimately disrupts
and prevents bacterial RNA synthesis (McClure and Cech 1978; Campbell et al. 2001).

Figure 5. Structure of rifampicin

Similar to antibacterial substances, antifungals are also classified based on their mechanism of action.
Two established antifungal classes have a mechanism of action directed toward the fungal cell
membrane (Ghannoum and Rice 1999). The first of these classes is the azole class, which contains
drugs such as fluconazole (Figure 6) and ketoconazole (Shafiei et al. 2020). The general structure of
azoles is a five-membered aromatic ring with two heteroatoms, of which one is always nitrogen (Shafiei
et al. 2020). Azoles affect the fungal cell membrane by inhibiting the fungal cytochrome P450 14a-
demethylase; an enzyme responsible for the demethylation of methyl sterol intermediates, to produce

ergosterol (Ghannoum and Rice 1999; Chapman et al. 2008).

12
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Figure 6. Structure of fluconazole

The second antifungal class, the polyenes, which also targets the fungal cell membrane (Ghannoum
and Rice 1999), consists of a hydrophilic head and hydrophobic tail. The characteristic polyene
hydrophilic head contains a mycosamine group and polyol chain that accommodates various hydroxyl
groups (Carolus et al. 2020). Polyenes can selectively bind to the fungal membrane (Chapman et al.
2008). The selective interaction has several methods of action, however, the best studied is the ability
of polyenes to bind to ergosterol, resulting in pore formation and generation of reactive oxygen species
(ROS) (Ruiz-Baca et al. 2021). An example of a drug from this class is the well-known amphotericin B
(Figure 7) (Carolus et al. 2020; Ruiz-Baca et al. 2021).

Figure 7. Structure of amphotericin B

A novel antifungal class that targets a fungal component not found in the host, is the echinocandins,
which target fungal cell wall biosynthesis. Caspofungin (Figure 8) is an example of this class of
antifungal (Houst et al. 2020). Echinocandins are natural or synthetic amphiphilic cyclic lipopeptides
that contain an N-linked acyl side-chain, which is required to anchor the compound to the membrane
(Denning 2003; Szymanski et al. 2022). Echinocandins affect the fungal cell wall by acting as inhibitors
to the synthesis of a-1,3-B-glucan, a polysaccharide and important component of the fungal cell wall
(Nivoix et al. 2020).

13



Figure 8. Structure of caspofungin

Antifungal pyrimidine analogues have a characteristic pyrimidine-related structural backbone
(Ghannoum and Rice 1999; Sanglard 2016). This class of synthetic antifungals contain the substance
flucytosine (5-FC) (Figure 9) (Viviani 1995). Members of this class do not indicate any intrinsic antifungal
capabilities. When the antifungal is assimilated by susceptible cells (by cytosine permease) and
converted into 5-fluorouracil (by cytosine deaminase) the substance can affect fungal RNA and DNA

synthesis (Ghannoum and Rice 1999).

NH,

N

|
N/gO
H

Figure 9. Structure of flucytosine

There are two distinct mechanisms of action of flucytosine. The first mechanism is the conversion of 5-
fluorouracil (5-FU) from 5-fluorouridine monophosphate (FUMP) and 5-fluorouridine diphosphate
(FUDP) into 5-fluorouridine triphosphate (FUTP) by the cytosine deaminase (Vermes et al. 2000). The
incorporation of FUTP into fungal RNA replaces uridylic acid. This substitution alters the relevant amino
acid pool and subsequent aminoacylation of tRNA, thereby affecting RNA synthesis and inhibiting
protein synthesis (Waldorf and Polak 1983; Vermes et al. 2000; Loyse et al. 2013).

The second mechanism is the conversion of 5-fluorouracil to 5-fluorodeoxyuridine monophosphate
(FAUMP) by the uridine monophosphate pyrophosphorylase (Vermes et al. 2000). FAUMP acts as an
inhibitor of thymidylate synthetase (a crucial source of the nucleoside thymidine) which results in the
inhibition of DNA synthesis (Vermes et al. 2000) (Figure 10). Although the substance cannot effectively
inhibit fungal pathogens, when used in combination with other classes of antifungals, increased

inhibitory potential is observed (Sanglard 2016).

14
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Figure 10. The intracellular pathways and mechanisms of action of flucytosine. Flucytosine is assimilated into the
fungal cell and converted into 5-fluorouracil. 5-fluorouracil is converted into 5-fluorouridine triphosphate and alters
the aminoacylation of tRNA. This results in the inhibition of protein synthesis. Alternatively, 5-fluorouracil is
converted into 5-fluorodeoxyuridine monophosphate. The 5-fluorodeoxyuridine monophosphate is an inhibitor of
thymidylate synthetase which prevents DNA synthesis (Waldorf and Polak 1983; Loyse et al. 2013)

Antimicrobial resistance and Pseudomonas aeruginosa

From these findings, it is logical to consider the application of antibacterial and antifungal substances
in other sectors. As the use of antimicrobial substances became more apparent and the efficacy thereof
improved, these substances have been introduced to different industrialised sectors such as agricultural
and veterinary practices (Gopal Rao 1998). As a result, antimicrobials are used to prevent, control and

treat various diseases in crops and livestock (Anderson et al. 2003).

Mass-medication events are used instead of individual treatment procedures or natural preventative
protocols, to ensure the feasibility of the antimicrobial application. However, most uses are
nontherapeutic promoters of enhanced growth and improved feed efficiency as producers administer
antimicrobials to promote commodity production. The antimicrobials used in these practices are
identical or similar to those administered to humans and when considering the resistant properties of
organisms, it is obvious that nontherapeutic uses are controversial and irresponsible (Anderson et al.
2003). The extensive application and misuse of antimicrobial substances in different industrialised
sectors have established antimicrobial-resistant organisms in the food chain (Vidaver 2002; Anderson
et al. 2003).

Moreover, in clinical settings, such as hospitals where patients are treated for severe diseases, the
selective pressure exerted on pathogenic organisms is intensified (Wenzel et al. 1976). The resultant
cross-resistance in pathogenic organisms has facilitated the establishment of organisms resistant to
more than one class of antimicrobial compound (van der Bliek and Borst 1989). The prevalence of multi-
drug resistant pathogens has significantly contributed to global mortalities, decreased therapeutic

success, prolonged illness and hospitalisation, and related medical costs (Tanwar et al. 2014).

A group of bacteria coined the ESKAPE pathogens are of immediate concern as they are responsible

for the largest percentage of nosocomial infections. Furthermore, the ESKAPE pathogens represent
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the most noticeable and extensive multi-drug resistant characteristics (Alekshun and Levy 2007; Rice
2008; Boucher et al. 2009; Rice 2010). The ability of ESKAPE pathogens to readily colonise
immunocompromised individuals is of clinical importance, and this is presented in the example of
Pseudomonas aeruginosa (Bodro et al. 2013; Pendleton et al. 2013). Pseudomonas aeruginosa is a
Gram-negative bacterium associated with nosocomial infections, bacteraemia, and diseases such as
cystic fibrosis (Hancock 1998; Hancock and Speert 2000). Pseudomonas aeruginosa virulence factors
include surface structures, secreted substances and cell-to-cell interactions (Liao et al. 2022). Surface
structures contributing to P. aeruginosa pathogenicity include pili, flagella and outer membrane
components and are used for bacterial adhesion, motility and biofilm formation (de Kievit et al. 2001;
Liao et al. 2022). Secreted substances such as exopolysaccharides, siderophores and toxins further
contribute to the organisms’ pathogenicity. Exopolysaccharides are used in biofilm formation, whereas

siderophores and toxins act as chelating agents and virulence factors, respectively.

Cell-to-cell interactions include biofilms which further promote and contribute to the efficacy of the
pathogen (Soong et al. 2008; Hall et al. 2016; Rocha et al. 2019). To complement the virulence factors
mentioned, P. aeruginosa displays various forms of intrinsic, acquired and genetic resistance to
antimicrobial substances (Pai et al. 2001). Similar to the other ESKAPE pathogens, P. aeruginosa
utilizes structural modifications, the upregulation of efflux pumps, and biofilm formation to circumvent
antimicrobial action (Moore and Flaws 2011). Biofilms produced by P. aeruginosa facilitates the capacity
to interact and coexist with other organisms in complex communities, which is normally detrimental to
the host (Cendra and Torrents 2021).

Antifungal resistance and Candida albicans

In addition to the ESKAPE pathogens, other organisms, such as the yeast Candida albicans, are able
to successfully colonise immunocompromised individuals (Uppuluri et al. 2009b; Kim and Sudbery
2011; Shor and Perlin 2015). In a recent report published by the World Health Organisation (WHO,
2022), C. albicans has been identified as one of the top four fungal pathogens in the critical priority
grouping. Infections caused by C. albicans range from superficial conditions of thrush (McCullough et
al. 1996) to systemic and life-threatening conditions of fungemia (Rex et al. 1995). Okoye et al. (2022)
reported that C. albicans was the most frequently isolated yeast contributing 32.6% to candidemia in

Africa.

Various virulence factors contribute to the success of C. albicans in colonising different environments.
Candida albicans is a polymorphic yeast, meaning the yeast can switch between various morphological
forms in response to environmental conditions, that also display different phenotypes (Timpel et al.
2000; Lan et al. 2002; Yang 2003; Mayer et al. 2013; Soll 2014). The ability of C. albicans to transition
between yeast and hyphal forms greatly contributes to its’ virulence. The morphological transitions of
C. albicans are induced by host environmental signals. These signals are interpreted through signalling
cascades such as the cAMP-dependent protein kinase A pathway, the CEK7 mitogen-activated protein
kinase pathway, and the RIM101-dependent pathway (Csank et al. 1998; Klengel et al. 2005; Hall et al.
2011).
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Other genomic virulence factors that contribute to the pathogenesis of C. albicans include alterations
to the fungal cell membrane. One such example is the GH72 family of enzymes involved in the formation
of the fungal cell membrane. The GH72 enzymes contribute to the formation of -1,3-glucan, a major
constituent of the fungal cell membrane. The PHR gene family is responsible for encoding the GH72
enzymes (Calderon et al. 2010; Popolo et al. 2017) and C. albicans utilizes the expression of PHR1 to
facilitate the adaption to alkaline environments by modifying cell morphology (Saporito-Irwin et al. 1995;
Yang 2003). Similarly, the expression of PHR2 facilitates adaptation to acidic environments through
morphogenesis (Muhlschlegel and Fonzi 1997; Yang 2003). To complement membrane adaptability, C.
albicans mutates drug target-site genes to reduce the antimicrobial binding affinity. In addition, C.
albicans overexpresses the gene responsible for encoding 14-a-demethylase, ERG711 (Song et al.
2004). The expression of this gene contributes towards ergosterol synthesis and overexpression results
in increased drug target sites, which requires a higher azole concentration to facilitate inhibition (Ruiz-
Baca et al. 2021).

When considering the genomic plasticity of C. albicans it is no surprise that antimicrobial resistance has
been established in this opportunistic pathogen (Hawser and Douglas 1995). Candida albicans also
displays acquired antimicrobial resistance through the overexpression of membrane proteins (Odds
2004; Bhattacharya et al. 2020). Membrane proteins facilitate processes such as regulating drug- efflux,
modification and detoxification (Bhattacharya et al. 2020). There are two main efflux protein families,
namely, adenosine triphosphate binding cassette (ABC) and major facilitator superfamily (MFS)
transporters (Marger and Saier 1993; Cannon et al. 2009). Candida drug resistance 1 and 2 (CDR1 and
CDR?2) and MDR1 genes encode for the respective transporter proteins (Jha and Kumar 2019). The
upregulation of these three genes significantly contribute to C. albicans pathogenesis (Revie et al.
2018).

Further acquired modifications include ergosterol biosynthetic pathways. The ERG3 gene encodes for
a A-5,6-desaturase and confers azole and polyene resistance by facilitating the accumulation of
alternative sterols to compensate for the depletion of ergosterol (Revie et al. 2018). Additionally, C.
albicans is known to produce biofilms which act as both a virulence factor and mechanism of resistance
to antimicrobial substances (Baillie and Douglas 1999). The complex heterogenous structure produced
by C. albicans acts as a virulence factor by establishing a niche environment for fungal propagation
(Jabra-Rizk et al. 2004). When considering the nature of a biofilm, it is evident that resistance to
antimicrobial substances is facilitated through slow penetration and permeation events (Ramage et al.
2005).

Microbial biofilms

Pathogenic planktonic cells differ from biofilm cells in various ways (Bester et al. 2005; Brown et al.
2016). Planktonic cells are exposed to diverse environmental conditions and rely on intrinsic resistance
mechanisms to successfully propagate and colonise an environment (Hawser and Douglas 1995). A
resistance mechanism of interest is the ability of pathogens to establish and maintain biofilms (la
Tourette Prosser et al. 1987). A biofilm is an interactive microcolony of sessile cells encapsulated in a

polymeric substance on biotic or abiotic surfaces (Hoyle and Costerton 1991). Biofilm formation can
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be summarised as a four-step process (Figure 11). Briefly, planktonic cells actively adhere to a surface
through motility, chemotaxis or passive diffusion (Hoyle and Costerton 1991). Thereafter, cells
reproduce and are dispersed into the surrounding environment. The dispersal of cells allows for further
colonisation which results in subsequent and chronic secondary infections (Hoyle and Costerton 1991;
Stewart and Costerton 2001).

REVERSIBLE IRREVERSIBLE BIOFILM BIOFILM
ATTACHEMENT ATTACHEMENT MATURATION DISPERSION

Figure 11. lllustration of the process of biofilm formation. The first step in biofilm formation is the adhesion of motile
planktonic cells to a surface of interest. The cells adapt to regulate the production of adhesion proteins and cell-
surface structures to ensure irreversible attachment. Once successfully attached, cells produce an exopolymeric-
rich extracellular matrix. The cellular community matures into a complex and population-dense structure. Finally,
motile cells are released from the tertiary structure in response to inducing conditions and allowed to colonise distal
sites (Maunders and Welch 2017)

Sessile cells produce an extracellular biofilm matrix (EBM) which, depending on the environment and
organism (Jain et al. 2007; de Cremer et al. 2015), consists mainly of polysaccharides, proteins, and
extracellular DNA (eDNA) (la Tourette Prosser et al. 1987). eDNA is produced by the microbe (or
acquired from the host) and acts as a scaffold-support component that facilitates and maintains cellular
attachment and intercellular interactions (Goodman and Bakaletz 2022). Furthermore, eDNA is used to
store important atoms such as carbon and fixed nitrogen (Guo et al. 2021). Polysaccharides contribute
to the structural integrity of biofilms by providing protection against unfavourable environmental
conditions and facilitating antimicrobial resistance. Furthermore, polysaccharides also play an important
role in cell-to-cell binding (Karygianni et al. 2020). Similar to polysaccharides, proteins in the EBM
contribute to adhesion, mechanosensing and host immunity evasion (Karygianni et al. 2020; Tan et al.
2020). The microenvironments established within the EBM result in gradients of nutrients, oxygen,
secreted factors and even waste products (Xu et al. 1998). This may benefit biofiim cells by
concentrating nutrients and shielding cells from antimicrobial substances (Costerton et al. 1981; la

Tourette Prosser et al. 1987; Goodman and Bakaletz 2022). Therefore, when considering the extensive
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and impressive characteristics of biofilms, it is evident that the EBM is a key component to its success
(Davies et al. 1998).

When comparing the phenotypes of planktonic and biofilm cells, it is evident that differential profiles are
observed concerning protein expression and growth rates (Aaron et al. 2002; Bester et al. 2005). A
study by Seyer and co-workers evaluated the outer membrane protein (OMP) patterns of planktonic
and sessile P. aeruginosa cells and noted variable OMP patterns in adherent cells (Seyer et al. 2005).
Furthermore, Mikkelsen and co-workers showed that the protein profiles of exponentially growing
planktonic cells closely resembled those of biofilm cells (Mikkelsen et al. 2007). When referring to the
growth kinetics of planktonic and sessile cells, it is established that there is an apparent difference
between the two types of cells. Planktonic cells display a higher growth rate compared to sessile cells,
whereas sessile cells display a delayed lag phase (Rollet et al. 2009). The up-regulation of genes
involved in various cellular processes such as metabolism, signalling and adherence also exhibited

apparent differences between the cell types (Planchon et al. 2009; Booth et al. 2011).

Biofilm-production by Pseudomonas aeruginosa

The ESKAPE pathogen, Pseudomonas aeruginosa, is frequently isolated from hospitalised patients
diagnosed with recalcitrant infections (Sherrard et al. 2014). The nutritional versatility of P. aeruginosa
allows this opportunistic pathogen to comfortably colonise clinical environments (Frimmersdorf et al.
2010; Perez et al. 2011). Pseudomonas aeruginosa displays various virulence factors, controlled by
multiple mechanisms, which contribute to its pathogenicity (Hancock and Speert 2000). The virulence
factor relevant to this study is its formidable ability to form biofilms (Figure 12) (Jesaitis et al. 2003; Arai
2011).

Pseudomonas aeruginosa biofilms adhere to the generalised process of formation. Planktonic P.
aeruginosa cells propel to an appropriate surface using flagella, followed by irreversible attachment
(Ozer et al. 2021). Once attachment is established, P. aeruginosa secretes exopolymeric substances
to function as a structural scaffold and to promote colony formation. The formation of mature colonies
results in planktonic dispersal for further propagation (Ma et al. 2009). It is noteworthy to mention that
several reports speculated the importance of flagella in establishing and supporting biofilm formation
(Barken et al. 2008; Belas 2014). Ozer and co-workers indicated that flagella are present throughout
the entire life cycle of a biofilm. Moreover, those flagellated cells are continuously dispersed from a
biofilm; supporting the notion that dispersal facilitates secondary and recalcitrant infections.
Interestingly, it was proven that only the middle and lower regions of biofiim cells continuously

synthesized flagella.
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Figure 12. Scanning electron micrograph of Pseudomonas aeruginosa PAO1 biofilm. The scale bar represents 5
um (Woodworth et al. 2008)

The process of biofilm formation in P. aeruginosa is under the regulation of cell-density-dependent
autoinducers (Ais). P. aeruginosa uses quorum sensing in dense populations to regulate gene
expression and colony behaviour (Qin et al. 2022). There are two types of systems used by P.
aeruginosa, namely, N-acyl homoserine lactone (AHL) signal molecules (Figure 13) and 4-quinolones
(4Qs) (Figure 14) (Bjarnsholt and Givskov 2007). As the microbial population increases, Ais accumulate
until an intracellular threshold concentration is reached, resulting in the activation of transcriptional
regulators (Smith and Iglewski 2003). There are two interrelated AHL-dependent systems used by P.
aeruginosa, the las and rhl systems (Smith and Iglewski 2003). The /as system consists of a
transcriptional activator (LasR) and Al synthase (Lasl) directing the synthesis of the N-(3-
oxododecanoyl) homoserine lactone (30-C12-HSL) signalling molecule. Similarly, the rhl system
consists of a transcriptional factor (Rh1R) and Al synthase (Rh1L) directing the synthesis of the N-
butyryl homoserine lactone (C4-HSL) signalling molecule (Kievit et al. 2002). These signalling systems
are used to regulate various functions such as bioluminescence, the production of virulence factors, the
production of exopolysaccharides and biofilm development (Pearson et al. 1997; Boyer and Wisniewski-
Dyé 2009).
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Figure 13. Structure of N-acyl homoserine lactone
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Figure 14. Structure of 4-quinolone

The EBM of P. aeruginosa consists mainly of three different exopolysaccharides; Pel, Psl and alginate
(Ma et al. 2009). The Pel (encoded by the pel locus) and Psl (encoded by the polysaccharide synthesis
locus) exopolysaccharides are composed of various substrates and include galactose, glucose,
mannose, rhamnose and trace amounts of xylose (Colvin et al. 2012; Jennings et al. 2015). Both Pel
and Psl contribute to bacterial adhesion and maintenance of the biofilm tertiary structure, however, the
extent of synthesis and function of each is strain-specific. For example, P. aeruginosa PAO1 relies
primarily on Psl for cell adhesion and biofilm structure maintenance (Colvin et al. 2012). Alginate is a
capsular polysaccharide that contributes to biofilm development and architecture (Stapper et al. 2004).
Although alginate is present in the EBM, studies have shown that it does not specifically contribute to

antimicrobial resistance (Mathee et al. 1999; Wozniak et al. 2003; Matsukawa and Greenberg 2004).

eDNA released by P. aeruginosa has various roles such as providing nutrients to surrounding cells,
disseminating genes to competent cells, and contributing to biofilm matrix architecture (Jakubovics et
al. 2013). The characteristic high molecular weight and viscous properties of DNA provide protection
and support to biofilm cells, and can further promote adhesion to hydrophobic substrates (Jakubovics
et al. 2013; Devaraj et al. 2019; Goodman and Bakaletz 2022). The mentioned constituents found in P.
aeruginosa biofilms contribute to the success of persistent and chronic infections arising from
colonisation (Hancock 1998; Mah et al. 2003; Ma et al. 2009).

Biofilm-production by Candida albicans

It has been established that similar to bacteria, fungal pathogens are known to establish daunting
biofilms (Douglas 2003). The ability of fungal pathogens to infect and colonise clinically-related
environments such as hospitals, and more importantly, indwelling medical devices are a great concern
to the global public health sector (Karygianni et al. 2020). Candida albicans has proven to utilise biofilm
formation (Figure 15) as a formidable virulence factor and mechanism of antimicrobial resistance
(Hawser and Douglas 1995). Similar to other pathogens, C. albicans’ biofilm formation progresses
through various stages, with adhesion and filamentation playing essential roles in the success of the
biofilm (Uppuluri et al. 2010). Candida albicans follows the generalised scheme of biofilm formation;
cells adhere to a suitable surface, followed by cell proliferation, hyphal development, and the production
of an exopolymeric substance to facilitate the completion of the tertiary complex structure (Chandra et
al. 2001).
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Notably, C. albicans utilizes various cellular forms in a biofilm, including oval yeast cells, pseudohyphae,
and tubular hyphal forms (Desai and Mitchell 2015; Pierce et al. 2017). As with any other biofilm life
cycle, dispersal is essential to further propagation. For C. albicans, the hyphal layer in the biofilm
produces yeast cells which are continuously dispersed to colonise distal sites and restart the entire
process (Uppuluri et al. 2009).

Figure 15. Scanning electron micrograph of Candida albicans biofilm (Lopez-Ribot 2005). The scale bar represents
10 uym

Several determinants are involved in the orchestration of biofilm formation and development. Various
quorum-sensing molecules have been identified to play a role in C. albicans biofilms. These molecules
include, tyrosine, farnesol (Figure 16), and their derivatives such as tryptophol, tyrosol (Figure 17), and
farnesoic acid, respectively (Lingappa et al. 1969; Oh et al. 2001; Hornby et al. 2001; Chen et al. 2004).
The auto-signalling tyrosine-derivative molecule produced by C. albicans, tyrosol, is released by C.
albicans cells to diminish the lag phase normally seen in culture conditions. Furthermore, tyrosol
accelerates and promotes germ tube- and hyphal formation thereby contributing to biofilm
establishment (Chen et al. 2004; Alem et al. 2006). In comparison, another derivative, tryptophol,

inhibits filamentation and promotes yeast cell dispersion (Ramage et al. 2002; Wongsuk et al. 2016).

/ / AN

Figure 16. Structure of farnesol
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Figure 17. Structure of tyrosol

Candida albicans also utilizes farnesol as a QSM to facilitate biofilm formation and establishment.
Farnesol successively blocks the morphological transition of C. albicans from yeasts to hyphae at high
cell density (Alem et al. 2006). Furthermore, farnesol and its derivative farnesoic acid facilitate the
dispersal of yeast cells by inhibiting germ tube and hyphae formation (Navarathna et al. 2005; Lindsay
et al. 2012; Dixon and Hall 2015). The regulation of C. albicans morphology in biofilms contributes to
population diversification and structure formation within the community (Davis-Hanna et al. 2008). In
addition, a complex molecular pathway controls various stages of the biofilm lifecycle (Sebaa et al.
2019).

The regulation of adhesins, produced by hyphal layers, are regulated by the TEC1 cascade. TEC1 is a
transcription factor responsible for the expression of the biofilm and cell wall regulator 1 (BCR1) gene,
which produces the Ber1p protein (Staib et al. 2004; Nobile and Mitchell 2005). The Ber1p C2H2 zinc
finger protein is not only required for cell wall protein expression but acts as a master regulator for other
adherence proteins (Nobile et al. 2006). Adherence proteins are dependent and include the agglutinin-
like sequence (ALS) gene family (Naglik et al. 2006; Nobile et al. 2006). ALS proteins facilitate cellular
adhesion and biofilm formation through the complementary action of Als1, Als3 and hyphal wall protein
1 (Hwp1) (Hoyer 2001; Nobile and Mitchell 2005; Nobile et al. 2008).

Itis established that quorum-sensing molecules used by C. albicans directly influence various metabolic
pathways involved in successful biofilm formation. For example, farnesol regulates hyphal growth by
inhibiting the Ras-cyclic AMP (cAMP)-protein kinase A (PKA) cascade (Padder et al. 2018). Briefly, the
Ras1-dependent activation of cAMP production, by adenylate cyclase (Cyr1), and the resultant
activation of PKA is to facilitate hyphal growth (Lindsay et al. 2012). Hyphal growth is facilitated by the
activation of transcription factors (by PKA) and the decrease of transcriptional repressors (such as Nrg1
and Tup1) (Cao et al. 2005; Kebaara et al. 2008; Lindsay et al. 2012).

In addition to the role of QSMs and their related molecular pathways, C. albicans produces an
extracellular matrix (EXM) which significantly contributes to the success of biofilms (Roemer et al. 2003;
Lopez-Ribot 2014). Candida albicans’ EXM consists mainly of proteins, polysaccharides, lipids, and
nucleic acids (Nobile and Mitchell 2006; Desai and Mitchell 2015). Proteins in the EXM of C. albicans
,include ALS and Hwp1, facilitate cell-to-cell binding and fungal-bacterial interactions. Furthermore,
functionally classified enzymes contribute to metabolic activity, translation processes, protein folding,
replication, and the repair of proteins related to the biofilm (Karygianni et al. 2020). Polysaccharides
utilised in C. albicans biofilms include a-mannans and B-glucans, specifically, a-1,6 mannan, 3-1,3

glucan, and B-1,6 glucan (Karygianni et al. 2020). Both groups of polysaccharides contribute to the
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scaffolding and integrity of the biofilm structure, cellular protection, and antifungal resistance (Nett and
Andes 2020). Furthermore, these polysaccharides exist in a multicomponent interaction referred to as
the mannan-glucan complex (MGCx), which contributes to biofilm matrix biogenesis and pathogenicity
(Nobile et al. 2009; Mitchell et al. 2015).

Other macromolecules identified in the C. albicans biofilm EXM are lipids and nucleic acids. The lipids
of interest to C. albicans are eicosanoids, neutral and polar glycerolipids and sphingolipids (Karygianni
et al. 2020). Notably, the role of these lipids remains largely unexplored (Martins et al. 2010; Lattif et al.
2011; Zarnowski et al. 2014). Lastly, the nucleic acid constituent of C. albicans biofilms appears to be
comprised of non-coding DNA (Kasai et al. 2006) plays a dominant role in biofilm integrity and
maintenance (Martins et al. 2010; Mathé and van Dijck 2013).

Polymicrobial biofilm interactions

There is a high level of intra— and interspecies interactions coinciding with opportunistic infections
(Jabra-Rizk 2011). Notably, infections are rarely homogeneous but are rather presented as mixed
kingdom, with polymicrobial biofilms (Figure 18) consisting of bacteria, fungi, and viruses
(Mazaheritehrani et al. 2014; van Dyck et al. 2021). The formation and complexity of polymicrobial
biofilm communities occur through a sequential attachment process known as coaggregation (Peters
et al. 2012). Coaggregation occurs in two different ways. Several organisms can aggregate, and induce
phenotypic changes, which promotes further coaggregation and biofilm formation through intercellular
communication. Alternately, secondary colonisers can bind to specific molecules in the mature biofilm
structure and induce another coaggregation cascade (Flemming and Wingender 2010; Peters et al.
2012). These complex microbial environments may be synergistic, through the colonisation of one
organism which promotes and enables a secondary infection by a different pathogen. Similarly, these
interactions may be antagonistic in which the colonisation of a pathogen inhibits the growth of another
(Nadell et al. 2009). Commensal interactions, where one organism benefits from an interactive
association without affecting another, may be observed when antibiotic-resistant pathogens protect
antibiotic-sensitive organisms from inhibitory action (O’Connell et al. 2006).

Figure 16. Scanning electron micrograph of Pseudomonas aeruginosa PAO1 and Candida albicans SC5314
polymicrobial biofilm (Fourie et al. 2021). The scale bar represents 10 ym
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When considering the metabolic and genomic variances presented in a polymicrobial biofilm, it is
evident that the relationship between constituents is far more complex than what is understood. In the
case of P. aeruginosa and C. albicans being co-cultivated in a polymicrobial setting, both pathogens
display ambiguous characteristics depending on cultivation and environmental conditions (Peters et al.
2012; O’Brien et al. 2022). To elaborate on these ambiguous characteristics, patients diagnosed with

cystic fibrosis are used as an example.

The autosomal disease, cystic fibrosis, is caused by mutations in the gene encoding for cystic fibrosis
transmembrane conductance regulators. The disease is characterised by bacterial colonisation and
infection which ultimately results in respiratory failure (Mathee et al. 1999). The bacterial pathogen
responsible for most morbidities and mortalities is P. aeruginosa (Koch and Hgiby 1993; Mathee et al.
1999). Although C. albicans is a commensal organism isolated from the human gastrointestinal tract, it
is not often associated with pulmonary colonisation and isolation (Brook et al. 1992; Burns et al. 1999;
Harriott and Noverr 2011). However, several reports have established the colonisation and infection of
C. albicans in patients diagnosed with cystic fibrosis (Hughes and Kim 1973; Welch et al. 1987;
Rodrigues et al. 2017; Reece et al. 2021). A study by Hogan and Kolter (2002) showed that P.
aeruginosa cells adhered to C. albicans filaments and rarely adhered to C. albicans yeast cells. The
study revealed that P. aeruginosa lysed and killed the filaments it was attached to, indicating an

antagonistic relationship between the pathogens when co-inhabited in a polymicrobial biofilm.

Pseudomonas aeruginosa interacts with C. albicans by attaching to the hyphal form of the yeast through
type IV pili and bacterial lipopolysaccharides (Hogan et al. 2004; Bandara et al. 2010; Bandara et al.
2013). Once attached, P. aeruginosa produces nitrogen-containing heterocyclic compounds known as
phenazines (Figure 19). Phenazines serve as signals to regulate gene expression, contribute to biofilm
formation, and enhance pathogenic fitness (Pierson and Pierson 2010; Harriott and Noverr 2011).
Phenazines produced by P. aeruginosa include phenazine-1-carboxamide, phenazine-1-carboxylate,
pyocyanin, and 5-methyl-phenazinium-1-carboxylate (Kerr 1994; Kerr et al. 1999; Pierson and Pierson
2010; Morales et al. 2010).

These bacterially produced molecules display antifungal characteristics by inhibiting yeast to hyphal
transitions, inducing hyphal cell lysis, and generating reactive oxygen species (Kerr et al. 1999; Brand
et al. 2008; Morales et al. 2010). Interestingly, the co-cultivation of P. aeruginosa and C. albicans results
in a positive feedback loop. Ethanol produced by the yeast promotes P. aeruginosa biofilm production,
which results in the production of phenazines, which results in the production of more ethanol (Fourie
and Pohl 2019).
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Figure 17. Structure of phenazine

Other interactions of interest to this antagonistic relationship include the production, secretion, and
exchange of quorum-sensing molecules. The production of 3-oxododecanoyl-L-homoserine lactone (3-
oxo-HSL) by P. aeruginosa is required for adhesion to C. albicans hyphae, and not only inhibits the
morphological transition of yeast cells to hyphal cells, but ,reverts hyphal cells to yeast form (Hogan et
al. 2004; Ovchinnikova et al. 2012; Fourie and Pohl 2019). In addition to HSL molecules, P. aeruginosa
also produces quinolone molecules which influence C. albicans fitness (Lépine et al. 2003; Reen et al.
2011). The molecule 2-heptyl-3-hydroxyl-4-quinolone modulates bacterial swarming and contributes to
the production of phenazines (Pesci et al. 1999). Furthermore, this quinolone molecule inhibits C.

albicans biofilm formation (McAlester et al. 2008; Reen et al. 2011).

The interaction between P. aeruginosa and C. albicans has been described as bidirectional; as C.
albicans produces QSM in response to the presence of the bacteria (Ramage et al. 2005; Purschke et
al. 2012). Similar to the bacterial quorum sensing molecule HSL, C. albicans produces farnesol to
control fungal growth. Farnesol controls fungal growth by inhibiting the germination of blastospores,
which results in fungal dispersal, and the propagation of new communities (Hornby et al. 2001; Ramage
et al. 2002; Lindsay et al. 2012). Farnesol is also a fungal virulence factor and inhibits the production of
bacterial phenazines and quinolones (Cugini et al. 2007; Abdel-Rhman et al. 2015; Rodrigues and
Cernakova 2020; Reece et al. 2021). When considering the influence of these QSM, it is evident that
the interaction between these pathogens is bidirectional and directly influences their related virulence

mechanisms (Reece et al. 2021).

The intricate interactions and microenvironments of a polymicrobial biofilm present various advantages
to establishing and promoting antimicrobial resistance. These advantages are enabled through an
enlarged gene pool, passive resistance mechanisms, complimentary metabolic capabilities, and
quorum sensing advances (Wolcott et al. 2013; Costa-Orlandi et al. 2017). A formidable resistance
mechanism presented in a polymicrobial biofilm is an enlarged gene pool (Heidari et al. 2022; Bridier
and Briandet 2022; Thaarup et al. 2022). Pathogens in a biofilm respond genetically to their

environment, resulting in differential phenotypes (Rodrigues et al. 2019; Nikolaev et al. 2022).

Biofilms present the opportunity for microorganisms to access complimentary metabolic opportunities.
The proximity of members in a biofilm allows a combination of resources to support the growth of all
constituents (Dixon and Hall 2015). The acquisition of substrates for metabolic processes and the
dispersion of relevant end products contribute to the success of a polymicrobial biofilm and its

antimicrobial resistance properties (Fischbach and Sonnenburg 2011).
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In addition to metabolic advances, the presence of quorum-sensing metabolites in a biofilm further
contributes to the success of the complex community (Tait et al. 2009). Quorum-sensing molecules
such as alcohol derivates and peptides contribute to the success and antimicrobial resistance of a
biofilm by inducing resistance to oxidative stress and promoting the production of virulence factors (Lee
et al. 2007; Hall et al. 2011; Albuquerque et al. 2013). The intricate relationship observed between
consortium members is also indicative of differential gene expression and cellular response systems
(Tuttle et al. 2011; Elias and Banin 2012). A study by Purschke et al. (2012) evaluated the secretome
of mono — and polymicrobial biofilms of P. aeruginosa and C. albicans, respectively. Their study isolated
131 individual proteins in a polymicrobial biofilm, only 39 were assigned to the yeast, whereas 92
proteins belonged to P. aeruginosa. Both organisms indicated a larger diversity of proteins; with 73

proteins being assigned to the yeast, and 154 proteins being assigned to the bacteria.

Furthermore, studies by Bandara et al. (2020) proved that the production of the bacterial QSM 3-oxo-
HSL induces fungal resistance to the antimicrobial compound fluconazole. Antifungal resistance is
achieved by the QSM preventing changes to the ergosterol biosynthesis pathway, promoting drug efflux
activity, and maintaining fungal cell membrane activity (Bandara et al. 2020). When considering the
complex interactions between these pathogens, it may be suggested that the relationship between them
is not unilaterally antagonistic, and recalcitrant properties may be promoted to benefit the consortium
(Peters et al. 2012; Orazi and O’'Toole 2020; Bisht et al. 2020).

Antimicrobial alternatives

As indicated above, microorganisms naturally live in dynamic structured communities, known as
biofilms, which provide various advantageous strategies and opportunities for microbial propagation
and growth (Neglo et al. 2022). It is established that mono — and polymicrobial biofilms pose a significant
threat to the global public health and is of immediate clinical importance. Although many antimicrobial
agents are being used to treat biofilms and their related infections, the inappropriate application of
conventional therapeutic strategies may contribute to pathogenic and biofilm resistance mechanisms
(Rumbaugh 2014).

A standard approach used to treat biofilms, and biofilm-related infections is the combination of two or
more currently available antimicrobials (Brook 2002). This approach is referred to as combination
therapy (Aaron et al. 2002). However, the establishment of multidrug — and extensively drug-resistant
pathogens threaten the efficacy of this approach. Moreover, the risk of selecting resistant characteristics
in opportunistic pathogens poses a different problem altogether (Dharmaprakash et al. 2015). Pre- and
probiotics have been suggested to circumvent the challenges presented by combination therapy
(Dobrogosz et al. 2010; Hancock et al. 2010). Interestingly, Wang and co-workers have assessed
probiotic substances using whole genome sequencing (WGS) and have urged caution. The commercial
production of these substances poses various risk factors, such as incorrect and inconsistent strain
information, which may contribute to the fitness of opportunistic pathogens through downstream

metabolic interactions (Wang et al. 2021).
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When referring to the biofilms formed by P. aeruginosa and C. albicans, a possible treatment to address
indwelling medical apparatus-related biofilm infections is the antimicrobial lock therapy (ALT). The
principle of this approach is that the relevant medical device is internally and externally coated with
doses of 100 — to 1000-fold the minimum inhibitory concentration (MIC) of an appropriate antimicrobial
substance. This ‘locks’ the device for a certain time to retard biofilm formation (Carratala 2002). This
approach has promising results. This treatment is pathogen-specific and complete biofilm inhibition has
not yet been achieved. Furthermore, this treatment is not sensitive enough to address polymicrobial

biofilms or infections (Tournu and van Dijck 2012).

When considering the phenotypic plasticity and fluidity of a biofilm, it is evident that various mechanisms
interact and work together (Smith 2005). Additionally, it is important to consider the nature of
antimicrobial action when attempting to eradicate biofilms and their related infections. Approaching
infections in the same manner as growing cultures of individual cells has proved inadequate (Masterton
2005; Leite et al. 2014). Furthermore, this approach contributes to antimicrobial resistance and the
recalcitrant nature of opportunistic pathogens (Gilbert et al. 2002; Hall-Stoodley and Stoodley 2009).
Current antibiofilm approaches have focused on biofilm formation, the biofilm-related EXM, and relevant
virulence factors (Roy et al. 2018; Paluch et al. 2020; Jiang et al. 2020).

The intimate and complex nature of biofilm formation alludes to a possible antibiofilm strategy (Tan et
al. 2020). Biofilm formation relies on coaggregation and the integrity of the resultant tertiary structure.
Therefore, a potential strategy may be to compromise the multicellular structure of a biofilm to avail
target sites and susceptible cells to antimicrobial action (Goodman and Bakaletz 2022). Possible
therapies to achieve this include enzyme-substrate analogues to interfere with intra— and intercellular
communication, enzymatic reactions to prevent biofilm matrix formation, and enzymatic degradation of
the biofilm matrix (Yasuda et al. 1993; Parsek and Greenberg 2000; Stewart and Costerton 2001; Peng
et al. 2016). For example, antibiofilm therapies may target stages of biofilm growth such as the initial
stage of biofilm formation attachment. The attachment of sessile cells may be addressed by targeting
cell surface proteins such as adhesins to disrupt the interactions between the host and pathogens (Jiang
et al. 2020). However, many organisms display the ability to utilise multiple receptor-ligand interactions

to facilitate host binding (Karygianni et al. 2020).

A sequential approach would suggest that the next target be the production of the EXM. However, the
process of EXM production and secretion is multifaceted and relies on both signalling — and non-
signalling mechanisms (Peng et al. 2016; Jiang et al. 2020). Therefore, it is suggested that targeting
the components of the EXM, and their related synthetic pathways may provide better results (Mitchell
et al. 2016; Drago$ and Kovacs 2017). Whitchurch et al. (2002) established that deoxyribonucleases
(DNases) are effective in inhibiting biofilm formation by degrading the eDNA component of the biofilm
matrix. Interestingly, DNases were mainly effective against immature biofiims of up to 24 hours
(Whitchurch et al. 2002; Tetz et al. 2009).

At this juncture, it is important to consider antimicrobial substances in terms of polymicrobial biofilms as
even a single species biofilm consists of a heterogeneous population. Microorganisms in a biofilm exist
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in different phenotypic states due to various gradients found in the biofilm environment. Additionally,
genes responsible for related stress response mechanisms are differentially regulated in these
gradients. Therefore, the genes expressed in these phenotypes may not directly contribute to biofilm
fitness but are expressed in response to a gradient environment (Dharmaprakash et al. 2015). As a
result, elements and regulatory pathways persistently involved in both planktonic and biofilm cells might
be worth pursuing as a potential antibiofilm target (Jiang et al. 2020). Elements and regulatory pathways
of interest include quorum sensing systems and regulatory pathways and natural by-products (Tournu
and van Dijck 2012; Sambanthamoorthy et al. 2014; Dharmaprakash et al. 2015). It is noteworthy to
mention that the exact role of QSMs in polymicrobial biofilms and their related resistance is unclear,
however, the use of quorum sensing inhibitors (QSI) has been investigated as a potential antibiofilm
strategy. Quorum-sensing can be addressed by targeting ligand-receptor pathways, inhibiting receptor
synthesis and inhibiting ligand-receptor binding (Raffa et al. 2005; Rumbaugh 2014).

Natural by-products produced by constituents of a polymicrobial biofilm include biosurfactants (BS)
which are biological compounds with the ability to reduce surface tension in liquids. These complex
biological compounds include lipopeptides, phospholipids and polysaccharide-proteins
(Sambanthamoorthy et al. 2014). These biological compounds can interfere with biofilm formation by
modifying adhesive properties and interfering with cell-to-cell communication (Rumbaugh 2014;
Sambanthamoorthy et al. 2014). Furthermore, a characteristic of surfactants is the ability to self-
assemble into aggregates to achieve the separation of hydrophobic moieties from water. This self-
assembly occurs above a concentration known as the critical micelle concentration (CMC) (Blanco et
al. 2005).

Naturally derived antimicrobial peptides (AMPs) are a diverse group of protein-antimicrobials forming
part of the innate immune system (Boman 1995). AMPs demonstrate antimicrobial activity by targeting
microbial membranes and are promising antimicrobial candidates (Hancock and Sahl 2006). AMPs
demonstrate the ability to bind surface active agents (surfactants), which results in the formation of a
protein-surfactant complex. In this complex, the hydrophobic moieties of the relevant surfactant react
with the nonpolar amino acids of the protein and prevent unwanted solvent contact (Faustino et al.
2009a). Chemical recombination techniques may be used to modify these proteins and act as a starting

point for designing novel antimicrobial substances or classes (Li 2011; Rai et al. 2016).

The use of molecules containing both a lipophilic and hydrophilic group (amphiphiles) provides a unique
opportunity to design novel materials for advanced antimicrobial nanotechnology applications.
Conventional amphiphiles consist of a long saturated or unsaturated hydrocarbon chain as the lipophilic
component. Whereas the hydrophilic component is either ionic or non-ionic, the zwitterion amphiphiles
have a headgroup with both a positive and negative charge. Amphiphiles can self-assemble into highly
ordered structures and can mimic biological systems and, therefore, presents a desirable avenue for
novel antimicrobial design (Lombardo et al. 2015; Blackholly et al. 2016).
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Brahmachari and co-workers (2010) developed antimicrobial amphiphiles to elaborate on the potential
application of these supramolecular materials. The design of hydrogelators containing a hydrophobic
alkyl chain coupled to a quaternary pyridinium molecule facilitated the formation of complex amphiphilic
supramolecular aggregates with inherent antibacterial activity. The hydrogelators produced indicated
promising antibacterial activity against Gram-positive and negative bacteria (Haldar et al. 2005;
Brahmachari et al. 2010). Additionally, Debnath and co-workers reported a novel class of antibacterial
hydrogelators based on N-fluorenyl-9-methoxycarbonyl (Fmoc) amino acid functionalised cationic
amphiphiles. This novel class of positively charged hydrogelators was designed by the incorporation of
a pyridinium moiety, known for its membrane permeation and antibacterial properties. Similar to the
hydrogelator molecules produced by Brahmachari and co-workers, this novel class also indicated
antibacterial activity against Gram-positive and negative bacteria (Haldar et al. 2005; Debnath et al.
2010).

Faustino and co-workers designed a novel molecule based on the formation of hydrogen bond donor
(HBD):anion complexes to act as surfactants (Faustino et al. 2009a). The modification of these
complexes results in the formation of anion-spacer-urea-based molecules with both a hydrophobic and
hydrophilic group. It was concluded that these complexes did not indicate the potential to be developed
as antimicrobial agents. To complement their work, Pittelkow et al. (2004) evaluated the characteristics
of similar urea-based molecules in a host-guest system and alluded to a potential novel antimicrobial
therapy (Faustino et al. 2009b). Furthermore, Hiscock and co-workers developed a novel
tetrabutylammonium (TBA) sulfonate-urea salt (Figure 20) with the ability to produce hydrogen-bonded
nanostructures (Blackholly et al. 2016; Hiscock et al. 2016a; Hiscock et al. 2016b). The molecular self-
assembly and resultant nanostructure formation rely on non-covalent intermolecular interactions such
as hydrogen bonding. The integration of these self-association events and supramolecular complex
formations has established novel programmable supramolecular frameworks and nanostructures
(White et al. 2017).

Hydrophobic [HBD/HBA HBA
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Figure 18. Schematic of the general structure of sulfonate-urea amphiphilic salts. The hydrophobic group of the
amphiphile, represented by the phenyl ring, presents three different binding sites for moiety modifications. The urea
(or thiourea in the case of a sulphur substitution) moiety represents the hydrogen bond donor or acceptor group.
The sulfonate moiety also presents an opportunity for structure modification and acts as the hydrophilic group in
the amphiphilic compound. The structure of the relevant countercation has been omitted for clarity (Blackholly et
al. 2016; Hiscock et al. 2016a)
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From the work done by Hiscock et al. (2016), a novel class of antimicrobial compounds has been
established by modifying an anion-spacer-urea molecule in a stepwise fashion. This class of
compounds is known as supramolecular self-associating amphiphiles (SSAs) (Tyuleva et al. 2019).
SSAs display potential antibiotic action by selectively binding their anionic component to phospholipids
(PE and PG) derived from bacterial membranes (Allen et al. 2020; Medina-Carmona et al. 2020; Boles
et al. 2022). This class of compounds has shown promising inhibitory efficacy against planktonic
clinically relevant MRSA USA300 and E. coli DH10B (Tyuleva et al. 2019; Ng et al. 2020; White et al.
2021). Furthermore, it has shown the ability to act as antimicrobial drug delivery systems and enhance
antimicrobial activity (White et al. 2020a; White et al. 2020b; Boles et al. 2021; Dora et al. 2021; Ellaby
et al. 2022).

Conclusions

Antimicrobial substances have revolutionised the healthcare industry and have significantly contributed
to the global population’s health by facilitating the management of disease and infection. Antimicrobial
substances are classified based on their mechanism of action and generally target the microbial
membrane. Notably, classical antimicrobial substances are identified and developed based on their
ability to inhibit planktonic and monomicrobial cultures. Since the application (and abuse) of
antimicrobials, drug-resistant pathogens have utilised innate, acquired and induced microbial resistance
mechanisms to inhibit antimicrobial efficacy. Some of the formidable resistance mechanisms utilised by
pathogenic microorganisms include various genotypic and phenotypic aspects; such as being resistant
to more than one mechanism of action utilised and the ability to form a complex structured community
known as a biofilm. Biofilms are cells encapsulated in an extracellular polymeric substance known as
an EXM. In addition to the EXM, continuous intra — and intercellular communication systems provide
additional resistance mechanisms to the biofilm community. Additionally, the co-inhabitation of
pathogenic organisms (known as a polymicrobial biofilm) presents further obstacles to addressing

opportunistic pathogens and their related recalcitrant infections.

A potential novel antimicrobial class referred to as SSAs, has been developed by Professor Jennifer
Hiscock and her team from the University of Kent. The step-wise modification in the synthesis of these
SSAs has produced a library of over ninety compounds. Notably, these compounds have displayed
antibacterial activity by inhibiting planktonic clinically-relevant MRSA and E. coli. This warrants further

investigation to further elucidate the scope of SSA application.

Aims of the project

This project aims to determine the efficacy of novel SSA compounds against P. aeruginosa and C.
albicans mono- and polymicrobial biofilms in vitro, to evaluate the efficacy of these compounds as
therapeutic enhancers when in combination with other antimicrobials of interest. Furthermore, this study
aims to investigate the efficacy of SSAs against C. albicans in vivo by using Caenorhabditis elegans as
the model organism. Finally, this study aims to investigate the potential membrane interaction between

SSAs and fungal membranes using a novel lipid assay.
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Chapter 2: Efficacy of supramolecular self-associating

amphiphiles against mono— and polymicrobial biofilms
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Abstract

In 2019, 4.95 million deaths were directly associated with bacterial antimicrobial resistance (AMR). The
repurposing and development of antimicrobial compounds are of immediate interest in the combat of
AMR. A novel library of over ninety supramolecular self-associating amphiphilic (SSA) compounds,
synthesised by the research group of Professor Jennifer Hiscock, has displayed antimicrobial efficacy
against planktonic cells of clinically relevant bacteria, such as methicillin-resistant Staphylococcus
aureus and Escherichia coli, providing an alternative source to be explored for antimicrobial drugs.
However, the efficacy of this library was yet to be determined against biofilms of pathogens, such as
Pseudomonas aeruginosa and Candida albicans. Therefore, this study evaluated the efficiency of SSA
compounds against the biofilm formation by these pathogens in a mono— and polymicrobial
environment. The compounds were screened for biofilm formation inhibition, through optical density
measurements. Thereafter, metabolic activity assays were used to determine the biofilm inhibition and
eradication potential of the best performing compounds. The morphological effects of the compounds
were evaluated through scanning electron microscopy and confocal laser scanning microscopy.
Compounds of interest were then evaluated as adjuvants to improve the antibacterial and antifungal
activity of colistin and fluconazole, respectively. Moreover, the scope of application was studied by
employing SSAs in Caenorhabditis elegans infection models. This study identified novel supramolecular
amphiphilic compounds that have potential anti-biofilm activity. Furthermore, this study established
potential adjuvant activity and, although the SSAs were ineffective in treating infection in C. elegans,
this work does lay the foundation for developing novel antimicrobial compounds based on structural

combinations and structure-activity relationships.

Keywords
Antibiofilm, biofilms, Caenorhabditis elegans, Candida albicans, colistin, fluconazole, polymicrobial, Pseudomonas
aeruginosa, structure-activity relationship
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Introduction

Candida albicans is a polymorphic commensal yeast, native to the human microbiota (McCullough et
al. 1996). In immunocompromised individuals, C. albicans is an opportunistic pathogen capable of
causing cutaneous to deadly invasive systemic infections (Bhattacharya et al. 2020). C. albicans-related
candidemia has been identified as the leading cause of hospital-acquired infections (HAI) and
bloodstream infections (BSI) (Pfaller and Diekema 2007; Magill et al. 2014; Sharma and Chakrabarti
2023). In 2022, the World Health Organisation (WHQ) declared C. albicans as one of the top four fungal
pathogens in the critical priority group. The ability of C. albicans to form biofilms contributes to the
success and recalcitrant nature of this pathogen (Hawser and Douglas 1995). C. albicans biofilms are
known to facilitate antimicrobial resistance in related infections (Ramage et al. 2005; Ruiz-Baca et al.
2021). An important feature of a C. albicans biofilm is the presence of an extracellular polymeric
substance (EPS) or extracellular biofilm matrix (EBM). The EBM consists of a complex structured
network of glycoproteins, carbohydrates, lipids and nucleic acids and directly contributes to pathogenic

potential and fithess by providing antimicrobial protection (Martins et al. 2010; Gulati and Nobile 2016).

Candida albicans is rarely identified and isolated alone as C. albicans and Pseudomonas aeruginosa
are the two most commonly co-occurring opportunistic pathogens that colonize the human microbiome.
P. aeruginosa is an opportunistic pathogen often isolated from the lungs of patients diagnosed with
cystic fibrosis (CF). Once chronically infected, P. aeruginosa infections are extremely difficult to
eradicate and treat, resulting in extreme rates of morbidity and mortality (Hancock and Speert 2000;
Rocha et al. 2019; Jurado-Martin et al. 2021). In 2017, P. aeruginosa was declared as one of the top
bacterial pathogens in the critical priority group (Tacconelli et al. 2018; Asokan et al. 2019). Moreover,
P. aeruginosa has been grouped with pathogens displaying multi-drug and extensively drug-resistant
properties (Rice 2008; Boucher et al. 2009; Pendleton et al. 2013). Similar to C. albicans and other
ESKAPE pathogens, P. aeruginosa utilizes various virulence factors to facilitate pathogenic potential

and fitness (Kunz Coyne et al. 2022).

A virulence factor of interest is the ability to form biofilms. Notably, the sophisticated process of biofilm
formation relies upon various quorum-sensing molecules to establish a mature and formidable biofilm.
Furthermore, the co-inhabitation of these pathogens produces interkingdom biofilms (Phuengmaung et
al. 2022). The interaction between C. albicans and P. aeruginosa has been described in great depth
(Ovchinnikova et al. 2012; Bandara et al. 2013; Fourie 2016; Fourie and Pohl 2019; Fourie et al. 2021;
van Dyck et al. 2021). In a polymicrobial biofilm, the related pathogenic constituents display complex
interactions that facilitate enhanced antimicrobial resistance properties and promote chronic infections
(Timpel et al. 2000; Rodrigues et al. 2019; Khan et al. 2021).

The ability of microbes to circumvent antimicrobial substances has been observed since their discovery.
After almost nine decades of widespread antimicrobial use, pathogens from all kingdoms have become
increasingly resistant to antimicrobial application (Landecker 2016; Browne et al. 2020). In 2019,
predictive statistical models estimated that approximately 4.95 million recorded deaths were directly
related to AMR. Importantly, the ESKAPE pathogens alone contributed approximately 100 000 deaths
to these statistics (Vos et al. 2020; Antimicrobial Resistance Collaborators 2022; Murray et al. 2022).
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Antimicrobial resistance develops through various mechanisms such as membrane permeability
alterations, promoted efflux pumps, drug target-site modifications, the establishment of alternative
metabolic pathways to circumvent antimicrobial action and the establishment of biofilm formation
(Mcdermott et al. 2003; Liwa and Jaka 2015; Aminov 2017; Wicaksono et al. 2021). Thus, alternative
strategies are required to address the global threat of polymicrobial biofilms (Gow et al. 2022).

Alternative antimicrobial strategies include the use of naturally derived antimicrobial peptides (AMPs).
These molecules display amphiphilic (both hydrophobic and hydrophilic components) characteristics
(Lombardo et al. 2015). Based on this principle, Faustino et al. (2009) designed novel anion-spacer-
urea-based molecules with amphiphilic and potential surfactant properties. From their work, Hiscock et
al. (2016) developed a novel class of compounds with the ability to self-assemble into higher order
structures known as supramolecular self-associating amphiphiles (SSAs). The basic structure of these
compounds (Figure 1) is a lipophilic phenyl ring attached to a central ureido or thioureido group, which
is attached to a carboxylate or sulfonate (White et al. 2020b). These salts are synthesized in a stepwise-
modification fashion to form aggregates that can permeate the cell membrane through lipid interactions
(Medina-Carmona et al. 2020; Boles et al. 2021) and have proven antibiotic action against planktonic
cells of clinically relevant bacterial pathogens such as methicillin-resistant Staphylococcus aureus
USA300 and Escherichia coli DH10pB (Allen et al. 2020; Ng et al. 2020; White et al. 2021).

Figure 19. Supramolecular self-associating amphiphile (SSA) backbone structure. Where R = any group, X =
oxygen or sulphur, A" = carboxylate or sulfonate, and Z* = counter cation (Blackholly et al. 2016; Hiscock et al.
2016a)

This novel class of compounds requires further study to better understand their scope of application
and efficacy against biofilm-forming organisms, as well as to establish a structure-activity relationship
and improve SSA design. Therefore, this study aims to evaluate the efficacy of SSAs against P.
aeruginosa and C. albicans mono- and polymicrobial biofilms in vitro. Furthermore, this study aims to
determine the application of SSAs as therapeutic enhancers in combination with currently available and
marketed antimicrobials. Lastly, this study aims to investigate the application of SSAs against C.

albicans infections in vivo by using Caenorhabditis elegans.

Materials and methods

Supramolecular self-associating amphiphile stock solution
The self-associating amphiphiles (SSAs) used in this study are grouped according to their structural

similarities (Table 1). All SSA stock solutions were prepared in 25% ethanol in milli-Q water to obtain a
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final concentration of 25.6 mM (Tyuleva et al. 2019). The compounds were solubilized with sonication
in three cycles (005-power, high frequency) (Scientech Ultrasonic Cleaner) at 50 °C for 50 minutes. The

solutions were stored at room temperature until required for use.

Compounds in group 1 (SSA 1, 3, 8 and 30) contain trifluoro phenyl rings, attached to a central ureido
group and a sulfonate or carbamoyl glycinate moiety, while compounds in group 2 (SSA 5, 6, 16 and
33) contain a central thiourea group instead of the ureido moiety. Compounds in group 3 (SSA 38, 39
and 60) differ from the other SSAs in that they have a benzothiazole group attached to the phenyl ring.
The counter cation of these SSAs is generally tetrabutylammonium (TBA), however, SSA 8 utilizes a
pyridine molecule and SSA 16 a tetramethylammonium (TMA) molecule as their respective counter
cations.

Table 1. Supramolecular self-associating amphiphile compounds, grouped according to their chemical similarities,
used in this study
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Strain maintenance and culture conditions

The reference strains Pseudomonas aeruginosa PAO1 and Candida albicans SC5314 were used in
this study. The strains were stored at -80 °C in nutrient broth (NB) (1 g.L"" meat extract, 2 g.L" yeast
extract, 5 g.L"' peptone, 8 g.L-! sodium chloride) supplemented with 25% or 15% (v/v) glycerol. Before
each assay, the P. aeruginosa and C. albicans strains were cultivated from the frozen stocks onto
nutrient agar (NA) (1 g.L”" malt extract, 2 g.L-' yeast extract, 5 g.L"" peptone, 8 g.L! sodium chloride, 20
g.L"agar) and yeast malt extract (YM) agar (3 g.L™* malt extract, 3 g.L"! yeast extract, 5 g.L"" peptone,
10 g.L" glucose). For every experiment, a fresh (pre-inoculum) culture of P. aeruginosa PAO1 was
prepared by transferring a single colony from the plates into 10 mL NB and incubating at 37 °C with
shaking at 150 rpm for 24 hours. Similarly, a fresh (pre-inoculum) culture of C. albicans SC5314 was
prepared in 5 mL yeast nitrogen base (YNB) broth media (6.7 g.L"' yeast nitrogen base, 10 g.L™
glucose) and incubated at 30 °C for 24 hours. For all assays, filter-sterilized (0.22 ym nitrocellulose
filter, ABLUO®, GVS, United States of America) RPMI-1640 medium with L-glutamine and sodium
bicarbonate (Sigma-Aldrich®, United Kingdom) at pH 7.0, was used.

In vitro mono— and polymicrobial biofilm formation

Biofilms were developed as described previously (Stepanovic et al. 2000; O’'Toole 2011; Fourie et al.
2017). A schematic diagram explaining the process of biofilm formation is depicted in Figure 2. Briefly,
after incubation, the prepared pre-inoculum was centrifuged (5000 rpm, 4°C, 5 minutes) (F-35-6-30
rotor, Centrifuge 5430R, Eppendorf®, United States of America) for three cycles. After each cycle, the
supernatant was discarded and the pellet washed with 10 mL phosphate-buffered saline (PBS) (0.2 g.L
" potassium chloride, 0.2 g.L' potassium dihydrogen phosphate, 1.15 g.L"' di-sodium hydrogen
phosphate, 8 g.L™" sodium chloride) (Oxoid, United Kingdom) at pH 7.3. After the final cycle, the pellet

was resuspended in 10 mL PBS and standardised to an ODsgs of 0.5 for P. aeruginosa and 1 x 10°

62



cells.mL" (after counting with a hemacytometer) for C. albicans. The standardised cell suspensions
were dispensed into 96-well flat-bottom culture plates (Greiner Bio-One, Germany) (250 pL total volume
per well) together with a two-fold dilution series of each SSA to achieve a final concentration range of
0.08 — 2.56 mM. Cell-free solvent controls and negative controls were included with the final and
maintained ethanol concentration as 2.5 %. The microtiter plates were incubated for 48 hours at 37 °C.
To cultivate polymicrobial biofilms of P. aeruginosa and C. albicans, the methods described for the
monomicrobial models were used. However, when standardising the cell solutions for the inoculation
of a 96-well culture plate, P. aeruginosa and C. albicans were adjusted to ODsgs of 0.1 and 2.0 x 10°
cells.mL", respectively, and equal volumes of each culture was added. Unless otherwise stated, all

experiments were performed in technical triplicates and biological duplicates.
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Figure 20. Schematic diagram outlining the process of mono- and polymicrobial biofilm formation for Pseudomonas
aeruginosa PAO1 and Candida albicans SC5314
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Preliminary SSA antibiofilm screening

In order to evaluate potential antibiofilm activity, P. aeruginosa PAO1 and C. albicans SC5314 mono—
and polymicrobial biofiims were cultivated as described. Before incubation, an initial OD (at a
wavelength of 595 nm) (EZ Read 800 Research, Biochrom, England) was measured to establish a
baseline. After 48-hour incubation at 37 °C, the OD of each well was again measured and compared to
the initial reading to determine biofilm formation and the percentage inhibition relative to the negative
control was calculated. Furthermore, when considering the antimicrobial potential of quaternary
ammonium compounds, the effect of TBA chloride (0.08 — 2.56 mM) was evaluated in mono- and

polymicrobial biofilms.

Metabolic activity assay of biofilms

Pseudomonas aeruginosa PAO1 and C. albicans SC5314 mono— and polymicrobial biofiims were
cultivated as described above in the presence of selected SSAs. After incubation, an indirect and semi-
quantitative measure of biofilm formation was calculated using a 2,3-bis(2-methoxy-4-nitro-5-sulfo-
phenyl-)-2H-tetrazolium-5-carboxanilide (XTT) colourimetric reduction assay (Mosmann 1983; Braga et
al. 2008; Wilson et al. 2017). Briefly, 1 g.L" of XTT salt (Sigma-Aldrich®, United Kingdom) was dissolved
in PBS, filter-sterilised through a 0.22 ym nitrocellulose filter (ABLUO®, GVS, United States of America),
aliquoted and stored at -20 °C. Before each XTT assay, an aliquot of XTT stock was thawed and
menadione (Sigma-Aldrich®, United Kingdom) (from 10 mM in acetone) was added to a final
concentration of 1 mM. The supernatant from the 96-well plates was discarded, the wells washed twice
with 200 pL PBS and 50 yL of XTT-menadione solution was introduced to each well. The plates were
incubated for 3 hours at 37 °C in the dark and the absorbance was measured at 492 nm, using a

microtitre plate reader (EZ Read 800 Research, Biochrom, England).

Scanning electron microscopy (SEM)

Mono— and polymicrobial biofilm models were prepared in a flat bottom 6-well plate (Greiner Bio-One,
Germany) in 2 mL of RPMI-1640 medium containing selected SSAs and a sterile polymer disc (Isopore,
Merck, Germany). After incubation, the polymer disc was aseptically removed and placed in primary
fixative, 3 % (v/v) glutardialdehyde (Merck, Germany) in phosphate buffer (pH 7.0), overnight. The
biofilms were washed twice with PBS and fixed with a secondary fixative, 1 % (v/v) osmium tetroxide
(Merck, Germany), for 2 hours at room temperature, followed by a second wash step. The biofilms were
dehydrated in an ethanol series (50 % for 20 min, 70 % for 20 min, 95 % for 20 min, 100 % for 1 hour)
and air-dried in a desiccator. The biofilms were then subjected to critical point drying (Samdri®-795
Critical Point Dryer, Tousimis, United States of America) and coated with gold, using a scanning
electron microscopy coating system (EM ACEG00, Leica, Austria) for 30 minutes. The biofilms were
examined using a JSM-7800F Extreme-resolution Analytical Field Emission Scanning Electron

Microscope (ZEISS, Germany).

Preformed biofilm inhibition
The efficacy of the SSAs against mature biofilms was also evaluated using a modified microtitre biofilm

eradication assay. C. albicans SC5314 biofilms were cultivated as previously described for 48 hours at
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37 °C in the wells of a 96-well plate (Greiner Bio-One, Germany). After mature biofilm formation,
selected SSAs (final concentration of 2.56 mM) were added to the biofilms, incubated for 10, 20, 60 and

120 minutes, and ODs¢s measured (Haney et al. 2018).

Antimicrobial adjuvant activity of SSAs

In order to determine the adjuvant activity of the SSAs, it was first necessary to determine the BMIC of
the antimicrobials, colistin (Sigma-Aldrich®, Merck, Germany) and fluconazole (Sigma-Aldrich®, Merck,
Germany) (Matuschek et al. 2018; Bibi et al. 2021). For this, biofilms were prepared as previously
described, and exposed to a concentration range of each antimicrobial. The range for colistin and
fluconazole was 512 — 0.25 ug.mL™". The MBICs of each of the antimicrobials were determined by

measuring the optical density at 595 nm and determining the relevant percentage inhibition.

This MBIC was used in combination with selected SSAs in a modified double-dose response
(checkerboard) experiment (Figure 3) to determine if combination therapy is more effective against
biofilm formation (Hsieh et al. 1993; Bellio et al. 2021). Biofilms were prepared as described with a serial
2-fold dilution of each selected SSA and, colistin or fluconazole. The final concentrations were 0.64 —
5.12 mM for the SSA candidates, 1 — 8 ug.mL"" for colistin and 0.0625 — 0.5 ug.mL™" for fluconazole.
Cell free and negative controls were included. The test plates were incubated at 37 °C for 48 hours and

evaluated using optical density (ODsgs) and XTT assays.

Caenorhabditis elegans propagation

Caenorhabditis elegans glp-4; sek-1 hermaphrodites, obtained from the Caenorhabditis elegans
Genetics Centre at the University of Minnesota, were maintained on Nematode Growth Medium (NGM)
(2.5 g.L" peptone, 3 g.L"" sodium chloride and 17 g.L" agar) supplemented with 1 mL 5 mg.mL"’
cholesterol, 1 mL 246.5 mg.mL"' magnesium sulfate, 1 mL 147 mg.mL"" calcium chloride and 298.43
mg.mL"" potassium phosphate buffer and spotted with Escherichia coli OP50, at 15 °C. After incubation,
C. elegans glp-4; sek-1 nematodes were transferred from stock plates to freshly prepared NGM plates
seeded with E. coli OP50. These plates were stored at 15 °C and monitored daily for 6 days (Breger et
al. 2007; Peleg et al. 2008; Pukkila-Worley et al. 2009; Porta-de-la-Riva et al. 2012).

E. coli OP50 was stored as aliquots at -80 °C and thawed on ice to inoculate onto Luria-Bertani (LB) (5
g.L" yeast extract, 10 g.L"! sodium chloride, 10 g.L"" tryptone, 15 g.L" agar) for 24 hours at 37 °C. After
24-hour incubation, a single colony of E. coli OP50 was inoculated in LB broth and incubated for 24
hours at 37 °C. A lawn of E. coli OP50 was then inoculated on fresh NGM agar plates and incubated
for 24 hours at 37 °C before they were used for C. elegans propagation.

Caenorhabditis elegans synchronization

Gravid nematode adults were washed off NGM plates using M9 buffer (0.25 g.L"' magnesium sulfate,
3 g.L" monopotassium phosphate, 5 g.L" sodium chloride, 6 g.L"' disodium phosphate) and centrifuged
(F-35-6-30 rotor, Centrifuge 5430R, Eppendorf®, United States of America) for 2 minutes at 1500 rpm
at room temperature. The supernatant was removed, and the washing step was repeated four times.
After washing, 5 mL bleaching solution (250 yL 10 M sodium hydroxide, 1 mL bleach, 3.75 mL dH20)

was added to the pellet and manually slowly shaken for four minutes. The solution was then centrifuged
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for 30 seconds at 1100 rpm at room temperature and the pellet (containing embryos) was washed three
times with 10 mL M9 buffer. Finally, the embryos were resuspended in 2 mL M9 buffer and incubated
for 24 hours at 25 °C. After incubation, the embryos were plated onto fresh NGM agar plates (seeded
with an E. coli OP50 lawn) and incubated at 25 °C until L4 nematodes were observed (Breger et al.
2007; Peleg et al. 2008; Pukkila-Worley et al. 2009; Porta-de-la-Riva et al. 2012).

Toxicity assay

Sixty synchronized L4 nematodes per replicate were inoculated in a 6-well plate, containing M9 buffer
and the selected SSA compound (2.56 and 1.28 mM) and incubated at 25 °C. The nematodes were
examined daily to measure mortality until all nematodes died. If nematodes were unresponsive to
manual disturbance or were immobile, they were scored dead and removed from the liquid media. A
negative control without SSA was included. This experiment was performed in triplicate (Breger et al.
2007; Peleg et al. 2008; Pukkila-Worley et al. 2009; Porta-de-la-Riva et al. 2012).

Liquid medium pathogenesis assay

Candida albicans SC5314 was inoculated onto Yeast Extract Peptone Dextrose (YPD) (10 g.L"" yeast
extract, 20 g.L' peptone, 24 g.L"' agar) agar plates and incubated for 24 hours at 30 °C. After
incubation, a single colony of C. albicans SC5314 was inoculated into YPD broth and incubated for 24
hours at 30 °C and standardized to an ODsgs of 0.8. The standardised cell solution (100 pL) was
inoculated onto a Brain Heart Infusion (BHI) (2 g.L" dextrose, 2.5 g.L"! disodium phosphate, 7.8 g.L™
brain extract, 9.7 g.L" heart extract, 15 g.L™" agar), to cultivate a C. albicans SC5314 lawn, which was
incubated for 24 hours at 37 °C.

Synchronised washed L4 nematodes were placed in the centre of the BHI-C. albicans plates and
incubated for 4 hours at 25 °C. The infected nematodes were washed with 5 mL M9 buffer and
transferred to a sterile 15 mL tube and washed four times by centrifugation (6 000 rpm for 5 minutes at
4 °C) (F-35-6-30 rotor, Centrifuge 5430R, Eppendorf®, United States of America) with 5 mL M9 buffer.
The resultant nematode pellet was transferred to a sterile Petri dish containing M9 buffer. From the
Petri dish, 60 L4 nematodes were isolated and transferred to 2 mL liquid media (90 yL kanamycin 50
mg.mL™", 382 uL BHI, 1528 uL M9 buffer) supplemented with the respective SSA at a concentration of
1.28 or 2.56 mM in a 6-well plate. A negative control without SSA was included. The plate was incubated
at 25 °C and monitored daily to determine mortality rates as described above. This was done in triplicate
(Breger et al. 2007; Peleg et al. 2008; Pukkila-Worley et al. 2009; Porta-de-la-Riva et al. 2012).

Statistical analyses

For all obtained values regarding biofilm formation an average and standard deviation were calculated.
Moreover, data were analysed using a student f-test to establish statistically significant differences
between data sets. A p-value of < 0.05 was considered significant. The antimicrobial adjuvant activity
of SSAs could only be performed once. Caenorhabditis elegans survival was assessed using the
Kaplan-Meier method. Differences in the data were determined using the log-rank test using OASIS 2
and statistical analysis was performed using two-way ANOVA with Bonferroni corrections (Han et al.
2016).
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Results and Discussion

SSA antibiofilm screening

The use of amphiphilic supramolecular materials presents an opportunity to design novel antimicrobial
compounds (Brahmachari et al. 2010; Lombardo et al. 2015). Hiscock et al. (2016) established a novel
library of over 90 anion-spacer-urea molecules with potential antimicrobial activity against planktonic
bacteria. To evaluate the efficacy of this novel class of compounds against biofilms, it is first necessary
to determine which SSAs display the most promising antibiofilm activity. This was achieved by
measuring optical density (Stepanovi¢ et al. 2000; Hou et al. 2019). Figure 3 depicts the ODsgs5 values
of the different biofilms. A horizontal line value (HLV) was calculated using average values of the
negative control from all experiments. Measurements below the baseline are indicative of potential

antibiofilm activity.
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Figure 21. Optical density measurements of biofilms after 48-hour incubation at 37 °C. A horizontal line displays
the average negative control for the biofilm models. A) Pseudomonas aeruginosa with a horizontal line value of
0.189. B) Candida albicans with a horizontal line value of 0.391. C) Polymicrobial biofilm with a horizontal line value
of 0.243. Values are the mean of nine repetitions and the standard deviations are indicated by the error bars

68



Most SSAs displayed some level of inhibition against P. aeruginosa (Fig. 3.A) and C. albicans (Fig 3.B)
mono-microbial biofilm formation. Notably, SSA 38 presented challenges with solubility and displayed
poor inhibitory action. Interestingly, the majority of the SSAs from group 1, except for SSA 30, were
not effective at inhibiting polymicrobial biofilm formation. However, the other two groups were able to
inhibit formation of polymicrobial biofilms (Fig 3.C). By evaluating the performance of all these SSAs
across the dilution range, a generalised minimum biofilm inhibitory concentration (MBIC) for the SSAs
was selected as 2.56 mM. This is in the range of published MICsos for a variety of SSAs (White et al.
2021; Rutkauskaite et al. 2023). It should be noted that this generalised MBIC is reflective of the
performance of the tested SSAs as a whole and does not necessarily represent the MIC for each
individual compound. Table 2 presents the SSAs with the highest percentage inhibition values at MBIC
selected for further investigation.

Table 2. Percentage biofilm-formation inhibition of the selected compounds, at the generalised minimum biofilm

inhibition concentration of 2.56 mM. Percentage inhibition values were calculated by comparing optical density
measurements to a standardised negative control. Standard deviation is indicated in parenthesis

% Inhibition of biofilm formation

SSA P. aeruginosa C. albicans Polymicrobial biofilm
30 26 (+/- 4.36) 69 (+/- 8.10) 18 (+/- 4.32)
24 (+/- 3.68) 46 (+/- 5.89) 46 (+/- 4.53)
18 (+/- 17.10) 84 (+/- 3.14) 25 (+/- 6.60)
33 35 (+/- 4.69) 64 (+/- 3.23) 28 (+/- 2.14)
39 21 (+/- 12.10) 82 (+/- 5.73) 42 (+/- 11.09)

From Table 2, SSA 30 (group 1) was more inhibitory against biofilm formation of C. albicans (69 %)
than against P. aeruginosa (26 %). However, when employed against a polymicrobial biofilm, the
compound displayed only ~18 % inhibition. The decrease in inhibitory potential is unsurprising as
polymicrobial biofilms display formidable antimicrobial resistance mechanisms (Orazi and O’Toole
2020) and can show altered responses to antimicrobial substances (O’Brien et al., 2022). SSAs from
group 2 also displayed higher activity against C. albicans than P. aeruginosa. This selectivity is
especially evident for SSA 6, which displayed the highest inhibition of ~84 % against C. albicans biofilm
formation, but was less effective than SSA 5 in inhibiting polymicrobial biofilm formation at only ~25 %.
In group 3, SSA 39 not only displayed a very high percentage inhibition of C. albicans biofilm formation
(82 %), but also significantly inhibited polymicrobial biofilm formation (42 %) with activity against P.

aeruginosa biofilms comparable to the other SSAs.

In line with these observations, the modification of the hydrophilic group to a carbamoyl glycinate in
group 1 (as seen in SSA 30) improved action against both P. aeruginosa and C. albicans. From group
2, for the SSAs with a sulphonate hydrophilic group the length of the alkane chain corresponds to
increased activity and selectivity towards C. albicans biofilms. Notably, the carbamothioyl glycinate
moiety of SSA 33 also displays improved action against the bacteria. These observations complement
Allen et al. (2020), who observed the incorporation of a carboxylate rather than a sulfonate group

promoted inhibitory action against Gram-negative bacteria. From group 3, the addition of a
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benzothiazole moiety to the general structure cause solubility problems (SSA 38). However, the
strategic addition of this moiety (such as in SSA 39) promotes antimicrobial action when combined with
a sulphonate group, preferentially against C. albicans. When considering the structural modifications of
SSA 60 and observations made by Allen and co-workers, the addition of a carboxylate did not improve
inhibitory function in the biofilm models.

Metabolic activity antibiofilm assay

Since optical density measurements, as applied to the screening of SSAs, measured both planktonic
and biofilm cells in the wells, the specific activity against only biofilms cells was assayed using the XTT
assay, which employs washing steps to remove non-adherent cells. Moreover, the metabolic activity
assay is of interest as it determines the influence of the SSA candidates on the viability of the biofilm
cells. The XTT assay utilizes the conversion of XTT salt into formazan in the presence of metabolically
active cells. The primary mechanism of conversion relies on mitochondrial succinoxidase — and
cytochrome P450 systems. The ability of cells to convert XTT to the formazan product indicates a direct
relationship between colourimetric signal strength and cell viability (Hawser 1996; da Silva et al. 2008;
Dhale et al. 2014).

Figure 4 display the metabolic inhibitory action of the SSA candidates, against the biofilm models at a
concentration range of 0.16 — 2.56 mM. From group 1, SSA 30 shows a dose-dependent response
against P. aeruginosa and polymicrobial biofilms, with decreasing action as the compound
concentration increases (Figures 4.A and 4.C). In contrast, the opposite is observed for the C. albicans
biofilm (Figure 4.B). The decrease in inhibitory action, with increasing concentration, alludes to a

selective interaction between the SSA candidate and the respective biofilm membranes.

From group 2, SSA 33 displays a similar response profile to SSA 30, which may be attributed to the
similarity in structural composition (i.e. carbon skeleton and carboxylate). The only difference between
SSA 30 and 33 is a sulphur substitution of the carbonyl carbon from the central urea moiety, which did
not impact the antimicrobial activity. Notably, both these substances indicate poor inhibitory action in a
polymicrobial biofilm at 2.56 mM (Figure 4.C). Furthermore, SSA 5 and 6 share similar response profiles

in most biofilm models, with the exception of SSA 6 employed against C. albicans biofilms at 2.56 mM.

From group 3, SSA 39 maintains promising metabolic inhibitory action against the biofilms at most of
the concentrations. It is also noteworthy to consider the poor inhibitory action of SSA 39 against
polymicrobial biofilms at lower concentrations, in comparison to the high performing inhibition at 2.56
mM (Figure 4.C). It is interesting to note that SSA 39 forms hydrogel structures, which may warrant

further investigation into the inhibition observed (White et al. 2020a).

The contribution of both the anion and counter cation to the observed inhibitory action is significant as
the counter cation used in the synthesis of the SSA candidates is the quaternary ammonium compound,
TBA, which has inherent antimicrobial characteristics (Kull et al. 1961; Caratzoulas et al. 2006; Obtak
et al. 2013; Jennings et al. 2016; Marinescu and Popa 2022).
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For P. aeruginosa, the contribution of the anion to the inhibition is generally more evident at lower
concentrations (Figure 4.A), with the anions of SSA 6, 33 and 39 contributing mostly to the overall
inhibition. The inhibitory contribution of the anion of SSA 39 remains significant in all concentrations
employed. Against C. albicans biofilms, most SSA anions (with the exception of the SSA 5 anion) have
an increased contribution as the concentration increases (Figure 4.B), indicating their relatively
important role in the inhibition observed. For the polymicrobial biofilm (Figure 4.C) a mixed response
between those of P. aeruginosa and C. albicans is seen. Generally, the anionic component of the SSAs
contribute significantly to the observed inhibitory action. SSA 39, however, shows a dependency to the
TBA cation at lower concentrations. Importantly, the complex interaction between the species may also
contribute to the overall inhibition seen for the polymicrobial biofilms. For instance, the production of P.
aeruginosa metabolites such as quorum-sensing molecules alters the fungal cell wall, inhibits fungal
hyphal cells and ultimately compromises the pathogen’s fitness (Fourie et al. 2016; Phuengmaung et
al. 2022). Similarly, the production of farnesol quorum-sensing molecules by C. albicans inhibits P.
aeruginosa virulence factor production and inhibits its pathogenic potential (Cugini et al. 2007). In line
with the antagonistic relationship between the pathogens, the compromised fithess of biofilm cells may

facilitate the improved inhibitory action observed, especially for SSA 39.

Influence of SSAs on the morphology of biofilms cells

Figure 5 depicts scanning electron micrographs of P. aeruginosa and C. albicans mono- and
polymicrobial control biofilms incubated for 48 hours. Importantly, a C. albicans monomicrobial biofilm,
with smooth yeast, pseudohyphae and hyphae morphologies, is visible. However, only C. albicans yeast
cells with very short hyphae are visible, confirming that P. aeruginosa inhibits hyphal formation in vitro
(Sudbery et al. 2004; McAlester et al. 2008; Lindsay et al. 2012; Fourie and Pohl 2019; Lewis et al.
2019).

Figure 5. Scanning electron microscopy micrograph of biofilm controls cultivated for 48 hours at 37 °C. A) P.
aeruginosa monomicrobial biofilm; B) C. albicans monomicrobial biofilm; C) polymicrobial biofilm

Figure 6 shows the effect of the selected SSA from group 1 (SSA 30) on the biofilm morphology. SEM
analysis shows no observable difference in the monomicrobial biofilms (Figures 6.A and 6.B), a few

fungal vesicle-like structures are observed in the polymicrobial biofilm (Figure 6.C).
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Figure 6. Scanning electron micrograph of biofilms cultivated in the presence of 2.56 mM supramolecular self-
associating amphiphile 30 at 37 °C for 48 hours. A) P. aeruginosa biofilm; B) C. albicans biofilm C) polymicrobial
biofilm and arrow indicates the presence of vesicle-like surface structures

It was found that the compounds in group 2 display promising antibiofilm capabilities (Table 2).
Morphological differences may be expected in the relevant biofilms. In the P. aeruginosa biofilm
exposed to SSA 5, (Figure 7.A) an excess of extracellular material, possibly EXM, can be observed.
Furthermore, Figure 7.B displays abnormalities on the fungal cell surfaces, which are reminiscent of
vesicles (Rizzo et al. 2020a; Liebana-Jordan et al. 2021; Zarnowski et al. 2021). These two micrographs
may therefore indicate that SSA 5 could cause increased secretion of substances by both P. aeruginosa
and C. albicans. As expected, SSA 6 produced very similar results to SSA 5. Some extracellular
material is visible in the P. aeruginosa biofilm (Figure 7.D) and the vesicle-like structures are visible on
the hyphae of the C. albicans biofilm (Figure 7.E).

The extracellular matrix of a biofilm can be described as a complex organ continuously interacting with
and responding to its immediate environment (Chaudhuri et al. 2020). The production of extracellular
material is directly correlated to the success of biofilm cells. The EXM of a biofilm imparts spatial context
for intercellular signalling events and thereby determines cellular behaviour, proliferation, migration and,
ultimately, its survival (Kim et al. 2011). To facilitate the multifaceted interactions between the EXM and
biofilm cells, the EXM is constantly undergoing modifications whereby components are overproduced,
degraded or modified in response to external stimuli (Yue 2014). In line with this, Yu et al. (2021)
observed that self-induced cell lysis promotes biofilm formation in response to external pressures. Their
work showed that the presence of additional extracellular DNA contributed to biofilm formation and
provided additional protection to antibiofilm substances. When referring to the presence of excess
cellular material, as observed in Figures 7.A and 7.D, it may be argued that the P. aeruginosa biofilm
cells overproduced EXM-materials as a response to cellular stress induced by SSA 5 and 6,
respectively (Yu et al. 2018; Martins et al. 2021).

The presence of extracellular vesicles (EVs) in fungi was identified and described as ‘protoplasts’ by
Gibson and Peberdy in 1972. From this initial finding, various publications have explored the structure

and composition of EVs (Gibson and Peberdy 1972; Rizzo et al. 2021). EVs have gained a significant
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interest in recent years, due to their contribution to virulence-associated mechanisms. It is important to
note that studies on fungal EVs are hindered by the limited understanding of their related biogenesis,
composition and cargo specificity profiles (Rizzo et al. 2021). However, literature does indicate a
complex interaction between EVs and related pathogens (Albuquerque et al. 2008; Gehrmann et al.
2011; Vallejo et al. 2012; Peres da Silva et al. 2015; Leone et al. 2018; Ikeda et al. 2018; Zhao et al.
2019; Rizzo et al. 2020b). C. albicans EVs play roles in cellular organisation, carbohydrate and lipid
metabolisms, response to environmental stress and related pathogenesis. Furthermore, Bitencourt et
al. (2022) explored the involvement of fungal vesicles in intracellular communication, which resulted in
a yeast-to-hypha transition response, prompted after EV production (Bitencourt et al. 2022). Our
findings presented in Figures 7.B, 7.E and 7.H support these results with the possible production of
fungal EVs in response to cellular stress induced by the SSAs in group 2 (Vargas et al. 2015; Zamith-
Miranda et al. 2018; Bielska and May 2019).

Figure 7.C displays a polymicrobial biofilm exposed to SSA 5, with completely inhibited hyphal growth.
This may be due to the combined effects of the SSA and P. aeruginosa as discussed above. Notably,
yeast cells here also display possible cell surface modifications with rough surfaces, in comparison to
the smooth surface in the control. Figure 7.F shows the morphological effect of SSA 6 on polymicrobial
biofilms, where it is evident that filamentation of C. albicans is also considerably inhibited. Similar results
are also seen for SSA 33 (Figure 7.G-l). These findings may suggest that group 2 SSAs display

selective morphological inhibitory action in a polymicrobial biofilm.
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Figure 7. Scanning electron micrographs of mono- and polymicrobial biofilms cultivated at 37 °C for 48 hours in
the presence of supramolecular self-associating amphiphile candidates 5 (A-C), 6 (D-F) and 33 (G-I) at 2.56 mM.
Arrows indicate the presence of vesicle-like surface structures

Although the group 3 SSA, SSA 39, did not cause any significant morphological changes in the P.
aeruginosa (Figure 8.A) or polymicrobial biofilms (Figure 8.C), an interesting effect was observed on

the morphology of C. albicans biofilm cells (Figure 8.B). From this micrograph, it is evident that
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pseudohyphae and hyphae are significantly inhibited, compared to the control and other SSA
experimental groups. This unique morphological inhibitory action complements the observed metabolic

inhibition and warrants further investigation.

Figure 8. Scanning electron micrographs of mono- and polymicrobial biofilms under different magnifications
cultivated for 48 hours at 37 °C. A) P. aeruginosa biofilm; B) C. albicans biofilm and C) polymicrobial biofilm
incubated with 2.56 mM of compound 39

To evaluate the ability of SSA 39 to inhibit C. albicans filamentation during fungal biofilm formation, a
sub-MBIC concentration of 1.28 mM was employed in the same manner as described above. Figure 9
indicates the dose dependent effect of SSA 39 on filamentation in C. albicans, with the sub-MBIC still

allowing for hyphal formation.
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Figure 9. Scanning electron micrographs of C. albicans biofilms under different magnifications cultivated at 37 °C
for 48 hours. A) Control (untreated) biofilm; B) biofilms cultivated in 1.28 mM of compound 39 and C) biofilms
cultivated in 2.56 mM of compound 39

Eradication of preformed biofilms
The complex tertiary composition of a biofilm EXM avails various antimicrobial defence mechanisms

through physical, electrostatic and microenvironment considerations (Bridier et al. 2010; Martin et al.

78



2021; Bridier and Briandet 2022). These formidable resistance and defence mechanisms are employed
at the attachment phase of biofilm formation and increase as the biofilm matures (Patel 2005). In line
with this, a decrease in antibiofilm activity is expected. Figure 10 shows the optical density
measurements of P. aeruginosa and C. albicans mono- and polymicrobial biofilms exposed to the SSAs
for different incubation times. Similar to the screening procedure, negative control optical density
measurements were used to calculate a HLV for each respective biofilm model. Optical density
measurements below the HLV indicate potential inhibitory action. From this, the selected SSAs were
not able to eradicate preformed biofilms of P. aeruginosa (Figure 10.A) or polymicrobial biofilms (Figure
10.C), with very large standard deviations observed. However, some eradication of C. albicans mature
biofilms was seen for all the SSAs, except SSA 39 (Figure 10.B). Interestingly, this activity was not
dependent on contact time.
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XTT assay was performed on C. albicans preformed biofilms to determine the metabolic inhibitory action
of the SSAs (Figure 11). The most significant and reproducible results were seen after 2 hours contact
time, with SSA 5 and 6 from group 2. This confirms the ability of these SSAs to penetrate the EXM and
affect the C. albicans cells within a mature biofilm. Although SSA 39 could inhibit C. albicans biofilm
formation, it was less effective at eradicating mature biofilms, possibly indicating that this SSA cannot

penetrate mature C. albicans EXM effectively.
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Figure 11. Metabolic activity assay percentage inhibition employed at a concentration of 2.56 mM against
preformed C. albicans biofilm cultivated for 48 hours at 37 °C. Values are the mean of six repetitions and the
standard deviations are indicated by the error bars

SSAs as antimicrobial potentiators

Determination of the minimum biofilm inhibitory concentrations of colistin and fluconazole
The combined use of antimicrobial compounds presents various benefits, broadening the antimicrobial
spectrum, providing synergistic interactions may result in improved inhibitory activity (Grassi et al. 2017;
Hawas et al. 2022). Also, in the case of polymicrobial infections, the combined use of antibacterials and
antifungals can compromise the complex interkingdom tertiary structure (Baronia and Ahmed 2014;
Pletz et al. 2017). The use of drug delivery systems such as amphiphilic compounds displayed improved
antimicrobial action against biofilms (Smith 2005; Samimi et al. 2018; Vinothini and Rajan 2018;
Albayaty et al. 2021; Mota Fernandes et al. 2021). The amphiphilic self-aggregating nature of SSAs
have been applied as next-generation drug delivery vehicles (Lu et al. 2018; White et al. 2020b). To
determine if the addition of SSAs to standard antimicrobials, colistin and fluconazole, can potentiate the
action of these drugs against biofilms, it was needed to first determine the MICs of the two drugs against

the various biofilms.

Figure 12 displays the percentage inhibition measurements of biofilms cultivated in the presence of
colistin. A distinct and obvious minimum biofilm inhibitory concentration where approximately 50 % of
the sample is inhibited (MBICso) is observed and identified as 2 ug.mL"" for P. aeruginosa (Figure 12.A).

These data support current knowledge of colistin reference minimum inhibitory concentrations (MICs)
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for Gram-negative bacteria and correlate to EUCAST breakpoints in colistin MICs, where a colistin MIC
of < 2 ug.mL"" represents susceptible isolates and a MIC of > 2 ug.mL"" represents resistant isolates
(Hengzhuang et al. 2011; Matuschek et al. 2018). These results are supported by the metabolic activity
assay (Figure 12.A) with 84 % inhibition at 2 ug.mL™". To be able to determine the ability of SSAs to
potentiate the activity of colistin against polymicrobial biofilms, the inhibition of C. albicans biofilms also
needed to be evaluated. Figure 12.B shows an apparent 53% inhibition in biomass. However, the
inhibition data of metabolic activity is less reproducible (Figure 12.B), with consistent inhibition only
observed at >256 ug.ml™'. This could be due to the selective antibacterial nature of colistin. Although
the exact mechanism of action for colistin is unknown, it is speculated that the substance shares a
mechanism of action with polymyxin B due to their structural similarity. Notably, polymyxin B has been
shown to have antifungal activity when used in combination with fluconazole (Zhai et al. 2010). Colistin
binds to the anionic phosphate groups of lipid A moieties of lipopolysaccharides (LPS) of Gram-negative
bacteria. Thereafter, colistin competitively displaces Mg?* and Ca?* cations from the membrane lipids,
resulting in membrane destabilisation (Andrade et al. 2020; El-Sayed Ahmed et al. 2020). The

hypothesised mechanism of action for colistin may explain the large standard errors observed.

When looking at the effect of colistin against polymicrobial biofilms, an inhibitory profile similar to that
of P. aeruginosa is produced with an MBICso of 2 ug.mL™" (Figure 12.C). At this concentration, colistin
displays 62% inhibitory action against the polymicrobial biofilm, which may suggest that colistin targets
the bacterial constituent in these biofilms. The efficacy of colistin against the metabolic activity in the
polymicrobial biofilm is corroborated by the XTT assay (Figure 12.C), with 2 ug.mL™" colistin causing
78% biofilm metabolic inhibitory action. However, the complex interaction between P. aeruginosa and
C. albicans also needs to be remembered as this may have unknown consequences for colistin action.
Furthermore, a study by O’Brien et al. (2022) proved that modulations in a P. aeruginosa-C. albicans
polymicrobial environment caused heritable resistance against colistin and that polymicrobial cultivation

increased the frequency of colistin-resistant isolates.
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Fluconazole is known to display inhibitory action in a concentration range of 0.25 — 256 ug.mL™' (Nagy
et al. 2018); thus, the same concentration range was used to determine the MIC of fluconazole in this
study (Figure 13). As expected, fluconazole was unable to successfully inhibit bacterial biofilm formation
as measured by biomass and metabolic activity and against C. albicans, fluconazole had a MICso of
0.25 yg.mL™" (with 65 % inhibition of biomass and 67 % inhibition of metabolic activity). This
concentration correlates with known MIC breakpoints (European Committee of Antimicrobial
Susceptibility Testing 2022).

Figure 13.C shows the percentage inhibition for fluconazole when employed against a polymicrobial
biofilm model. Interestingly, the data does not display the successful inhibition of biomass, but does
show a reduction in metabolic activity of the biofilm. The observed lack of biomass inhibition may be
attributed to the presence of P. aeruginosa and the complex interaction it shares with C. albicans.
Furthermore, research has suggested that the presence of a P. aeruginosa quorum-sensing molecule,
N-(3-Oxododecanoyl)-L-homoserine lactone, contributes to C. albicans fluconazole resistance by
circumventing changes in sterol biosynthesis, promoting drug efflux action and ultimately maintaining

the cell membrane’s integrity (Bandara et al. 2020).
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Biofilm inhibition by a combination of SSAs and antimicrobial drugs

To determine the efficacy of SSAs as potentiating agents, an adapted checkerboard assay was
employed against P. aeruginosa and C. albicans mono- and polymicrobial biofilms, using the XTT assay
for metabolic activity. Table 3 shows the percentage inhibition of metabolic activity for the selected
compounds against P. aeruginosa biofilm formation. SSA 30 and 5 improve the antimicrobial action of
colistin when used in combination, as seen by the decrease in MBIC. SSA 30 displays the most
promising combinational activity at ~91%. The other SSAs show a decrease in maximum inhibitory
action, compared to colistin alone. However, it is important to remember the inhibition observed is at a
lower concentration for both colistin and the SSAs.

Table 3. Percentage inhibition of metabolic activity of SSAs, colistin and a combination against P. aeruginosa
biofilms. Standard deviations are indicated in parenthesis

SSA Colistin SSA + Colistin
MBIC (mM) Inhibition (%) MBIC (ug.mL™) Inhibition (%) MBIC Inhibition (%)
(mM/ug.mL")
SSA 30 2.56 25 (+/- 12.14) 2 84 (+/- 4.24) 0.64/1 91
SSA 5 2.56 43 (+/- 3.47) 2 84 (+/-4.24) 1.28/1 86
SSA 6 2.56 42 (+/-5.31) 2 84 (+/-4.24) 0.64/1 78
SSA 33 2.56 39 (+/- 8.24) 2 84 (+/-4.24) 0.64/1 66
SSA 39 2.56 46 (+/- 26.62) 2 84 (+/-4.24) 0.64/1 60

The combination of colistin and SSAs increases the antibiofilm activity against C. albicans (Table 4).
SSA 6 shows a ~100% metabolic inhibitory action at sub-MBIC concentrations and SSA 39 displays
~94% inhibitory action at a sub-MBIC of 0.64 mM. These data suggest a complementary action between

the SSA and colistin against C. albicans biofilms.
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Table 4. Percentage inhibition of metabolic activity of SSAs, colistin and a combination against C. albicans biofilms.
Standard deviations are indicated in parenthesis

SSA Colistin SSA + Colistin
MBIC
MBIC (mM) Inhibition (%) MBIC (ug.mL™) Inhibition (%) Inhibition (%)
(mM/ug.mL"")
SSA 30 2.56 22 (+/- 49.29) 4 19 (+/- 35.16) 2.56/1 94
SSA 5 2.56 55 (+/- 20.29) 4 19 (+/- 35.16) 1.28/1 47
SSA 6 2.56 95 (+/- 2.07) 4 19 (+/- 35.16) 1.28/1 100
SSA 33 2.56 56 (+/- 13.86) 4 19 (+/- 35.16) 2.56/1 67
SSA 39 2.56 76 (+/- 10.40) 4 19 (+/- 35.16) 0.64/1 94

In polymicrobial biofilms (Table 5), SSAs from groups 1 and 2 display a decrease in inhibitory action,
relative to colistin alone, respectively. However, SSA 39 showed increased inhibitory activity (~83%) at
a sub-MBIC concentration for both the SSA and colistin.

Table 5. Percentage inhibition of metabolic activity of SSAs, colistin and a combination against polymicrobial
biofilms. Standard deviations are indicated in parenthesis

SSA Colistin SSA + Colistin
MBIC (mM) Inhibition (%) MBIC (ug.mL™) Inhibition (%) MBIC Inhibition (%)
(mM/pg.mL™")
SSA 30 2.56 25 (+/- 8.35) 2 78 (+/- 3.62) 2.56/1 58
SSA S5 2.56 76 (+/- 2.50) 2 78 (+/- 3.62) 2.56/2 54
SSA 6 2.56 78 (+/- 4.88) 2 78 (+/- 3.62) 2.56/2 68
SSA 33 2.56 18 (+/- 6.46) 2 78 (+/- 3.62) 2.56/1 32
SSA 39 2.56 90 (+/-1.12) 2 78 (+/- 3.62) 1.28/1 83
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Fluconazole is known as the first line of defence against fungal infections and disease (Charlier et al.
2006) and is not inhibitory against P. aeruginosa. Furthermore, the combination of fluconazole and
SSAs generally did not increase the inhibition beyond that seen for the SSAs alone (Table 6). For SSA
30, the SSA 30-fluconazole combination (at 2.56 mM/ 0.25 ug.mL™) increased inhibitory action,
compared to the SSA alone. In contrast, even at twice the MBIC concentration combination, SSA 33
display no inhibition against P. aeruginosa, possibly due to an unfavourable interaction between the
two compounds.

Table 6. Percentage inhibition of metabolic activity of SSAs, fluconazole and a combination against P. aeruginosa
biofilms. Standard deviations are indicated in parenthesis

SSA Fluconazole SSA + Fluconazole
MBIC (mM) Inhibition (%) MBIC Inhibition (%) MBIC Inhibition (%)
(ug.mL"") (mM/ug.mL™")
SSA 30 2.56 25 (+/- 12.14) 0.25 0 (+/- 9.50) 2.56/0.25 63
SSA 5 2.56 43 (+/- 3.47) 0.25 0 (+/- 9.50) 2.56/0.125 45
SSA 6 2.56 42 (+/- 5.31) 0.25 0 (+/- 9.50) 2.56/0.125 42
SSA 33 2.56 39 (+/- 8.24) 0.25 0 (+/- 9.50) 5.12/0.50 0
SSA 39 2.56 46 (+/- 26.62) 0.25 0 (+/- 9.50) 1.28/0.125 43

Table 7 displays an increase in inhibitory concentration for the combination of most SSAs with
fluconazole against C. albicans biofilms. SSA 30 is able to lower the BMIC of fluconazole to 0.0625
ug.mL', while increasing the percentage inhibition to ~75 %. Although SSA 6, 33 and 39 can reduce
the BMIC of fluconazole to the same level with an increase in percentage inhibition, this was only seen
at high concentration of the SSAs (5.12 mM).
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Table 7. Percentage inhibition of metabolic activity of SSAs, fluconazole and a combination against C. albicans
biofilms. Standard deviations are indicated in parenthesis

SSA Fluconazole SSA + Fluconazole
MBIC (mM) Inhibition (%) MBIC Inhibition (%) MBIC Inhibition (%)
(ug.mL"") (mM/pg.mL™")
SSA 30 2.56 22 (+/- 49.29) 0.25 68 (+/- 3.98) 2.56/0.0625 75
SSA5 2.56 55 (+/- 20.29) 0.25 68 (+/- 3.98) 0.64/0.0625 57
SSA 6 2.56 95 (+/- 2.07) 0.25 68 (+/- 3.98) 2.56/0.0625 87
SSA 33 2.56 56 (+/- 13.86) 0.25 68 (+/- 3.98) 5.12/0.0625 96
SSA 39 2.56 76 (+/- 10.40) 0.25 68 (+/- 3.98) 5.12/0.0625 84

For polymicrobial biofilms, most of the SSAs could also reduce the BMIC of fluconazole and significantly
increase the percentage inhibition (Table 8). However, the concentration of SSA needed generally is
2.56 or 5.12 mM.

Table 8. Percentage inhibition of metabolic activity of SSAs, fluconazole and a combination against polymicrobial
biofilms. Standard deviations are indicated in parenthesis

SSA Fluconazole SSA + Fluconazole
MBIC (mM) Inhibition (%) MBIC Inhibition (%) MBIC Inhibition (%)
(ug.mL"") (mM/pg.mL™")
SSA 30 2.56 25 (+/- 8.35) 0.25 74 (+/-2.32) 2.56/0.125 69
SSA5 2.56 76 (+/- 2.50) 0.25 74 (+/-2.32) 5.12/0.125 92
SSA 6 2.56 78 (+/- 4.88) 0.25 74 (+/- 2.32) 5.12/0.0625 79
SSA 33 2.56 18 (+/- 6.46) 0.25 74 (+/- 2.32) 0.64/0.125 58
SSA 39 2.56 90 (+/- 1.12) 0.25 74 (+/- 2.32) 5.12/0.250 95

The application of SSAs to improve antimicrobial inhibitory action presents the opportunity to investigate
alternative treatment options and strategies against opportunistic pathogens, such as P. aeruginosa
and C. albicans, and their related biofilms (White et al. 2020b; Boles et al. 2021; Dora et al. 2021). In
combination with the last resort antibacterial agent, colistin, SSAs may be potentiating agents. From
these data, SSA 30 shows an inhibitory action against P. aeruginosa biofilms. Whereas SSA 39
suggests the most potential against C. albicans and polymicrobial biofilms, with the lowest MBIC
concentrations required for the most inhibitory action. In contrast, when used in combination with
fluconazole, the SSAs generally did not improve the antimicrobial inhibitory action against P. aeruginosa
biofilms. SSA 30, however, showed potential combined action at a MBIC fluconazole concentration of
0.25 ug.mL™.
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For both the C. albicans and polymicrobial biofilms, the SSAs required a double MBIC concentration to
improve fluconazole inhibitory action with two exceptions being observed. SSA 5 displayed potential
inhibitory action at sub-MBIC concentrations of both the SSA and fluconazole. SSA 33 displayed similar
results against the polymicrobial biofilm but only inhibited biofilm formation at 58%. From these results,
it may be speculated that the SSAs display possible potentiating abilities. However, further investigation
is required to establish the reproducibility of the data and to determine the scope of combinational-

application.

Caenorhabditis elegans toxicity and infection assays

The use of the model organism Caenorhabditis elegans as an experimental system provides various
advantages to evaluating the efficacy of antimicrobials. The small hermaphroditic nematode utilizes
simple cultivation and maintenance conditions and rapid reproduction times produce invariant lineages.
The organism displays a sophisticated innate immune system in its epithelial cells, which act as the
primary line of defence against pathogens and infection. In addition, through the response systems, C.
elegans facilitates the understanding of vertebrate innate immune response systems in a host-pathogen
interaction (Kurz and Ewbank 2000; Markaki and Tavernarakis 2010).

Based on the promising effects of SSA 39 in the various in vitro experiments, this compound was
selected for use in in vivo studies to determine the toxicity of the compound in an animal model (Porta-
de-la-Riva et al. 2012). Moreover, SSA 39 displayed selective C. albicans inhibitory action and was

employed in a C. elegans infection assay.

Figure 14 and Table 9 display the toxicity screening, (assessed using the Kaplan-Meier method) and
log-rank test results (using OASIS 2 with appropriate statistical analyses). From these results, it is
evident that control nematodes maintain a high survival percentage. Fluconazole (at a final
concentration of 0.25 ug.mL™") killed ~30% of the nematodes over the incubation period. However, at
final concentrations of 1.28 mM and 2.56 mM, C. elegans responded negatively in a dose-dependent
manner to SSA 39. From these data, it is evident that at concentrations with antimicrobial potential,
SSA 39 is toxic to C. elegans.
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Figure 14. Caenorhabditis elegans Kaplan-Meier graph is indicative of nematode percentage survival. A control
group (nematodes incubated after being fed E. coli OP50) was used for substance toxicity comparison

Table 9. Caenorhabditis elegans toxicity assay data. The median lifespan of each test group (with standard error)
is indicated with days to reach 50 % mortality. Bonferroni values are included for the log-rank test of comparative
differences in survival

Median
Standard Days to reach  Log-rank test p-value
Conditions lifespan . .
error (S.E) 50 % survival (Bonferroni p-value)
(Days)
E. coli OP50 6.20 0.34 7 0
Fluconazole 4.42 0.30 5 0.0267 *
SSA 39 [1.28 mM] 3.77 0.24 4 < 0.0007 *
SSA 39 [2.56 mM] 1.72 0.15 1 <0.05*

Asterisk (*) indicate a significant difference from the experimental models compared to the E. coli OP50 control
group.

From personal communication, the Hiscock group has shown that an E. coli OP50 seeded agar plate
(0.10 mM SSA 39) reports limited toxicity against L4 nematodes (unpublished data, 2023). Furthermore,
current literature shows that SSA 39 at a final concentration of 1.25 yM, is not toxic to normal human
dermal fibroblasts when used in combination with the anticancer substance, cisplatin (Dora et al. 2021).
In addition, preliminary toxicity studies investigating adamantane-appended SSAs (related to group 1
and 3 compounds) showed that the substances were not toxic against human erythrocytes, and a
concentration of > 5 mM was required to induce 10 % haemolysis. Also, preferential action against
MRSA bacterial cells over human erythrocytes was displayed at the final concentration. Furthermore,
Rutkauskaite et al. investigated the toxicity of these adamantane-appended compounds against the

Galleria mellonella moth larvae model at a concentration of 5 mM. In this study, a group 3-related
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adamantane-appended substance was acutely toxic, displaying a 60 % death rate within 24 hours, with

the remainder of larvae surviving the five-day experiment (Rutkauskaite et al. 2023).

Although the SSA was toxic to the nematodes, the ability of SSA 39 to inhibit infection by C. albicans
was determined. From Figure 15, it is evident that C. elegans’ survival was significantly reduced when
infected with C. albicans SC5314. It is known that C. albicans accumulates in the nematode intestinal
lumen (Pukkila-Worley et al. 2009). Fungal cells are ingested and survive the mechanical pharynx
crushing, resulting in intestinal and anal swelling and finally, death (Elkabti et al. 2018). When
considering the effect of fluconazole on C. albicans, it is expected that an increase in nematode survival
would be observed. Fluconazole increase the days to reach 50% mortality by one day. This contrasts
with the case where C. elegans is exposed to C. albicans infection and SSA 39. At the highest SSA
concentration, the combination decreased the median lifespan, and the time to reach 50% mortality.
This shows that the toxicity of the SSA enhances the mortality due to infection. At a concentration of
1.28 mM, a slight decrease in lifespan is seen, without a decrease in time to reach 50% mortality (Table
10).
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Figure 15. Caenorhabditis elegans Kaplan-Meier graph of nematode infection assay percentage survival.
Nematodes infected with C. albicans indicated an expected decrease in the percentage of survival
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Table 10. Caenorhabditis elegans infection assay statistical analyses. The median lifespan of each test group (with
standard error) is indicated with days to reach 50 % mortality. Bonferroni P-values are included for the log-rank
test of comparative differences in survival

Median
Standard Days to reach  Log-rank test p-value
Conditions lifespan . .
error (S.E) 50 % survival (Bonferroni p-value)
(Days)
E. coli OP50 6.20 0.34 4 0
C. albicans SC5314 3.02 0.21 2 <0.05*
Fluconazole 3.72 0.33 3 <0.05~
SSA 39 [1.28 mM] 2.25 0.11 2 0.0324 *
SSA 39 [2.56 mM] 1.53 0.12 1 <0.05*

Asterisk (*) indicate a significant difference from the experimental models compared to the E. coli OP50 control
group.

Conclusions

This study evaluated the potential action of novel SSA compounds against mono- and polymicrobial
biofilms formed by the opportunistic pathogens P. aeruginosa and C. albicans. From this study it can
be concluded that SSAs indeed have antibiofilm activity and that the specificity towards either P.
aeruginosa or C. albicans may be influenced by the specific structures of the different SSAs. Structure-
activity relationship (SAR) is an important tool in the design of novel antimicrobial substances. By
analysing the SAR of antimicrobial substances, critical structural features may be identified to facilitate
novel antimicrobial compound design with improved activity (King et al. 1996; Woo et al. 2002).
Furthermore, structure-activity relationship (SAR) modulations may be extrapolated in terms of the
anionic and cationic inhibitory effects. The data presented alludes to preferential interactions between
the SSAs and different microbial membranes. A degree of specificity is observed between bacterial and
fungal membranes based on structural composition of the SSAs employed. In addition, the ability of the
different SSAs to inhibit specific monomicrobial biofilms, does not necessarily predict their ability to
inhibit polymicrobial biofilms of the two species. This is expected from the complex nature of the
polymicrobial interactions. It can also be concluded that certain groups of SSAs may be more successful
in penetrating the EXM and inhibiting mature C. albicans biofilms. Interestingly, SSA 39, which was
able to inhibit biofilm formation in C. albicans, was less effective against pre-formed biofilms. This

phenomenon needs further study.

The tested SSAs also displayed varying abilities to act as antimicrobial potentiating agents for colistin
and fluconazole. This feature should also be investigated further, especially regarding the mechanism
of interaction between the different compounds and how these combinations interact with the different
cells. Unfortunately, the selected SSA (SSA 39) was found to be toxic to C. elegans at the
concentrations tested and did not protect the nematodes from infection by C. albicans. It is proposed
that lower concentrations should be evaluated in future, as well as the effects of combination treatment.
This data provides additional information regarding structural characteristics influencing antimicrobial

activity in order to supplement the design and evolution of the novel library of compounds.

93



References

Albayaty YN, Thomas N, Ramirez-Garcia PD, Davis TP, Quinn JF, Whittaker MR, Prestidge CA (2021)
Polymeric micelles with anti-virulence activity against Candida albicans in a single- and dual-species
biofilm. Drug Deliv Transl Res 11(4):1586-1597. https://doi.org/10.1007/s13346-021-00943-4

Albuquerque PC, Nakayasu ES, Rodrigues ML, Frases S, Casadevall A, Zancope-Oliveira RM, Almeida
IC, Nosanchuk JD (2008) Vesicular transport in histoplasma capsulatum: an effective mechanism for
trans-cell wall transfer of proteins and lipids in ascomycetes. Cell Microbiol 10:1695-1710.
https://doi.org/10.1111/j.1462-5822.2008.01160.x

Allen N, White LJ, Boles JE, Williams GT, Chu DF, Ellaby RJ, Shepherd HJ, Ng KKL, Blackholly LR,
Wilson B, Mulvihill DP, Hiscock JR (2020) Towards the prediction of antimicrobial efficacy for hydrogen
bonded, self-associating amphiphiles. ChemMedChem 15:1-14.
https://doi.org/10.1002/cmdc.202000533

Aminov R (2017) History of antimicrobial drug discovery: Major classes and health impact. Biochem
Pharmacol 133:4-19. https://doi.org/10.1016/j.bcp.2016.10.001

Andrade FF, Silva D, Rodrigues A, Pina-Vaz C (2020) Colistin update on its mechanism of action and
resistance, present and future challenges. Microorganisms 8:1-12.
https://doi.org/10.3390/microorganisms8111716

Antimicrobial Resistance Collaborators (2022) Global burden of bacterial antimicrobial resistance in
2019: a systematic analysis. Lancet 399:629—655. https://doi.org/10.1016/S0140-6736(21)02724-0

Asokan G v, Ramadhan T, Ahmed E, Sanad H (2019) WHO global priority pathogens list: a bibliometric
analysis of medline-PubMed for Knowledge mobilization to infection prevention and control practices in
Bahrain. Oman Med J 34:184—-193. https://doi.org/10.5001/0m;.2019.37

Bandara HMHN, K Cheung BP, Watt RM, Jin LJ, Samaranayake LP (2013) Pseudomonas aeruginosa
lipopolysaccharide inhibits Candida albicans hyphae formation and alters gene expression during
biofilm development. Mol Oral Microbiol 28:54—69. https://doi.org/10.1111/omi.12006

Bandara HMHN, Wood DLA, Vanwonterghem |, Hugenholtz P, Cheung BPK, Samaranayake LP (2020)
Fluconazole resistance in Candida albicans is induced by Pseudomonas aeruginosa quorum sensing.
Sci Rep 10:1-10. https://doi.org/10.1038/s41598-020-64761-3

Baronia A, Ahmed A (2014) Current concepts in combination antibiotic therapy for critically ill patients.
Indian Journal of Critical Care Medicine 18:310-314. https://doi.org/10.4103/0972-5229.132495

Bellio P, Fagnani L, Nazzicone L, Celenza G (2021) New and simplified method for drug combination
studies by checkerboard assay. MethodsX 8:101543. https://doi.org/10.1016/j.mex.2021.101543

Bhattacharya S, Sae-Tia S, Fries BC (2020) Candidiasis and mechanisms of antifungal resistance.
Antibiotics 9:1-19. https://doi.org/10.3390/antibiotics9060312

94



Bibi M, Murphy S, Benhamou RI, Rosenberg A, Ulman A, Bicanic T, Fridman M, Berman J (2021)
Combining colistin and fluconazole synergistically increases fungal membrane permeability and
antifungal cidality. ACS Infect Dis 7:377-389. https://doi.org/10.1021/acsinfecdis.0c00721

Bielska E, May RC (2019) Extracellular vesicles of human pathogenic fungi. Curr Opin Microbiol 52:90—
99. https://doi.org/10.1016/j.mib.2019.05.007

Bitencourt TA, Hatanaka O, Pessoni AM, Freitas MS, Trentin G, Santos P, Rossi A, Martinez-Rossi
NM, Alves LL, Casadevall A, Rodrigues ML, Almeida F (2022) Fungal extracellular vesicles are involved

in intraspecies intracellular communication. mBio 13:€0327221. https://doi.org/10.1128/mbio.03272-21

Boles JE, Ellaby RJ, Shepherd HJ, Hiscock JR (2021) Supramolecular self-associating amphiphiles
(SSAs) as enhancers of antimicrobial agents towards Escherichia coli (E. coli). RSC Adv 11:9550—
9556. https://doi.org/10.1039/d1ra00998b

Boucher HW, Talbot GH, Bradley JS, Edwards JE, Gilbert D, Rice LB, Scheld M, Spellberg B, Bartlett
J (2009) Bad bugs, no drugs: no ESKAPE! An update from the Infectious Diseases Society of America.
Clin Infect Dis 48:1-12. https://doi.org/10.1086/595011

Braga PC, Culici M, Alfieri M, Dal Sasso M (2008) Thymol inhibits Candida albicans biofilm formation
and mature biofilm. Int J Antimicrob Agents 31:472-477.
https://doi.org/10.1016/j.ijantimicag.2007.12.013

Brahmachari S, Debnath S, Dutta S, Das PK (2010) Pyridinium based amphiphilic hydrogelators as
potential antibacterial agents. Beilstein J Org Chem 6:859-868. https://doi.org/10.3762/bjoc.6.101

Breger J, Fuchs BB, Aperis G, Moy TI, Ausubel FM, Mylonakis E (2007) Antifungal chemical compounds
identified using a C. elegans pathogenicity assay. PLoS Pathog 3:168-178.
https://doi.org/10.1371/journal.ppat.0030018

Bridier A, Briandet R (2022) Microbial biofilms: structural plasticity and emerging properties.
Microorganisms 10(1):138. https://doi.org/10.3390/microorganisms10010138

Bridier A, Dubois-Brissonnet F, Boubetra A, Thomas V, Briandet R (2010) The biofilm architecture of
sixty opportunistic pathogens deciphered using a high throughput CLSM method. J Microbiol Methods
82:64—70. https://doi.org/10.1016/j.mimet.2010.04.006

Browne K, Chakraborty S, Chen R, Willcox MD, Black DS, Walsh WR, Kumar N (2020) A new era of
antibiotics: the clinical potential of antimicrobial peptides. Int J Mol Sci 21:1-23.
https://doi.org/10.3390/ijms21197047

Caratzoulas S, Vlachos DG, Tsapatsis M (2006) On the role of tetramethylammonium cation and effects
of solvent dynamics on the stability of the cage-like silicates SisQ15°- and SisO20% in aqueous solution.
A molecular dynamics study. J Am Chem Soc 128:596—606. https://doi.org/10.1021/ja0561136

95



Charlier C, Hart E, Lefort A, Ribaud P, Dromer F, Denning DW, Lortholary O (2006) Fluconazole for the
management of invasive candidiasis: where do we stand after 15 years? J Antimicrob Chemother
57:384—-410. https://doi.org/10.1093/jac/dki473

Chaudhuri O, Cooper-White J, Janmey PA, Mooney DJ, Shenoy VB (2020) Effects of extracellular
matrix viscoelasticity on cellular behaviour. Nature 584:535-546. https://doi.org/10.1038/s41586-020-
2612-2

Cugini C, Calfee MW, Farrow JM, Morales DK, Pesci EC, Hogan DA (2007) Farnesol, a common
sesquiterpene, inhibits PQS production in Pseudomonas aeruginosa. Mol Microbiol 65:896-906.
https://doi.org/10.1111/j.1365-2958.2007.05840.x

da Silva WJ, Seneviratne J, Parahitiyawa N, Rosa EAR, Samaranayake LP, del Bel Cury AA (2008)
Improvement of XTT assay performance for studies involving Candida albicans biofilms. Braz Dent J
19:364—-369. https://doi.org/10.1590/s0103-64402008000400014

Dhale RP, Ghorpade M v, Dharmadhikari CA (2014) Comparison of various methods used to detect
biofilm production of Candida species. J Clin Diagn Res 8:DC18-c20.
https://doi.org/10.7860/JCDR/2014/10445.5147

Dora NO, Blackburn E, Boles JE, Williams GT, White LJ, Turner SEG, Hothersall JD, Askwith T, Doolan
JA, Mulvihill DP, Garrett MD, Hiscock JR (2021) Supramolecular self-associating amphiphiles (SSAs)
as nanoscale enhancers of cisplatin anticancer activity. RSC Adv 11:14213-14217.
https://doi.org/10.1039/d1ra02281d

Elkabti AB, Issi L, Rao RP (2018) Caenorhabditis elegans as a model host to monitor the Candida
infection processes. J Fungi (Basel) 4. https://doi.org/10.3390/jof4040123

El-Sayed Ahmed MAE-G, Zhong L-L, Shen C, Yang Y, Doi Y, Tian G-B (2020) Colistin and its role in
the era of antibiotic resistance: an extended review (2000-2019). Emerg Microbes Infect 9:868—885.
https://doi.org/10.1080/22221751.2020.1754133

European Committee of Antimicrobial Susceptibility Testing (2022) Overview of antifungal ECOFFs and
clinical breakpoints for yeasts, moulds and dermatophytes. In: Clinical breakpoints for fungi (Candida

and Aspergillus species). http://www.eucast.org.

Fourie R (2016) In vitro arachidonic acid metabolism by polymicrobial biofilms of Candida albicans and
Pseudomonas aeruginosa. http://hdl.handle.net/11660/3854

Fourie R, Cason ED, Albertyn J, Pohl CH (2021) Transcriptional response of Candida albicans to
Pseudomonas aeruginosa in a polymicrobial biofilm. G3 (Bethesda) 11.
https://doi.org/10.1093/g3journal/jkab042

Fourie R, Ells R, Kemp G, Sebolai OM, Albertyn J, Pohl CH (2017) Pseudomonas aeruginosa produces

aspirin insensitive eicosanoids and contributes to the eicosanoid profile of polymicrobial biofilms with

96



Candida albicans. Prostaglandins Leukot Essent Fatty Acids 117:36—46.
https://doi.org/10.1016/j.plefa.2017.01.008

Fourie R, Ells R, Swart CW, Sebolai OM, Albertyn J, Pohl CH (2016) Candida albicans and
Pseudomonas aeruginosa interaction, with focus on the role of eicosanoids. Front Physiol 7:64.
https://doi.org/10.3389/fphys.2016.00064

Fourie R, Pohl C (2019) Beyond Antagonism: the interaction between Candida species and
Pseudomonas aeruginosa. J Fungi (Basel) 5:1-18. https://doi.org/10.3390/jof5020034

Gehrmann U, Qazi KR, Johansson C, Hultenby K, Karlsson M, Lundeberg L, Gabrielsson S, Scheynius
A (2011) Nanovesicles from Malassezia sympodialis and host exosomes induce cytokine responses--
novel mechanisms for host-microbe interactions in atopic eczema. PLoS One 6:€21480.
https://doi.org/10.1371/journal.pone.0021480

Gibson RK, Peberdy JF (1972) Fine structure of protoplasts of Aspergillus nidulans. J Gen Microbiol
72:529-538. https://doi.org/10.1099/00221287-72-3-529

Gow NAR, Johnson C, Berman J, Coste AT, Cuomo CA, Perlin DS, Bicanic T, Harrison TS, Wiederhold
N, Bromley M, Chiller T, Edgar K (2022) The importance of antimicrobial resistance in medical
mycology. Nat Commun 13:5352. https://doi.org/10.1038/s41467-022-32249-5

Grassi L, Maisetta G, Esin S, Batoni G (2017) Combination strategies to enhance the efficacy of
antimicrobial peptides against bacterial biofilms. Front Microbiol 8:2409.
https://doi.org/10.3389/fmicb.2017.02409

Gulati M, Nobile CJ (2016) Candida albicans biofilms: development, regulation, and molecular
mechanisms. Microbes Infect 18(5):310-321. https://doi.org/10.1016/j.micinf.2016.01.002

Han SK, Lee D, Lee H, Kim D, Son HG, Yang J-S, Lee S-J v, Kim S (2016) OASIS 2: online application
for survival analysis 2 with features for the analysis of maximal lifespan and healthspan in aging
research. Oncotarget 7:56147-56152. https://doi.org/10.18632/oncotarget.11269

Hancock REW, Speert DP (2000) Antibiotic resistance in Pseudomonas aeruginosa: mechanisms and
impact on treatment. Drug Resist Updat 3:247-255. https://doi.org/10.1054/drup.2000.0152

Haney EF, Trimble MJ, Cheng JT, Vallé Q, Hancock REW (2018) Critical assessment of methods to
quantify biofilm growth and evaluate antibiofilm activity of host defence peptides. Biomolecules 8(2):29.
https://doi.org/10.3390/biom8020029

Hawas S, Verderosa AD, Totsika M (2022) Combination therapies for biofilm inhibition and eradication:
a comparative review of laboratory and preclinical studies. Front Cell Infect Microbiol 12:850030.
https://doi.org/10.3389/fcimb.2022.850030

Hawser S (1996) Comparisons of the susceptibilities of planktonic and adherent Candida albicans to
antifungal agents: a modified XTT tetrazolium assay using synchronised C. albicans cells. J Med Vet
Mycol 34:149-152

97



Hawser SP, Douglas LJ (1995) Resistance of Candida albicans biofilms to antifungal agents in vitro.
Antimicrob Agents Chemother 39:2128—-2131. https://doi.org/10.1128/AAC.39.9.2128

Hengzhuang W, Wu H, Ciofu O, Song Z, Hgiby N (2011) Pharmacokinetics/pharmacodynamics of
colistin and imipenem on mucoid and nonmucoid Pseudomonas aeruginosa biofilms. Antimicrob Agents
Chemother 55:4469—-4474. https://doi.org/10.1128/AAC.00126-11

Hou J, Wang C, Rozenbaum RT, Gusnaniar N, de Jong ED, Woudstra W, Geertsema-Doornbusch Gl,
Atema-Smit J, Sjollema J, Ren Y, Busscher HJ, van der Mei HC (2019) Bacterial density and biofilm
structure determined by optical coherence tomography. Sci Rep 9:9794.
https://doi.org/10.1038/s41598-019-46196-7

Hsieh MH, Yu CM, Yu VL, Chow JW (1993) Synergy assessed by checkerboard. A critical analysis.
Diagn Microbiol Infect Dis 16:343—-349. https://doi.org/10.1016/0732-8893(93)90087-n

Ikeda MAK, de Almeida JRF, Jannuzzi GP, Cronemberger-Andrade A, Torrecilhas ACT, Moretti NS, da
Cunha JPC, de Almeida SR, Ferreira KS (2018) Extracellular vesicles from Sporothrix brasiliensis are
an important virulence factor that induce an increase in fungal burden in experimental sporotrichosis.
Front Microbiol 9:2286. https://doi.org/10.3389/fmicb.2018.02286

Jennings MC, Minbiole KPC, Wuest WM (2016) Quaternary ammonium compounds: an antimicrobial
mainstay and platform for innovation to address bacterial resistance. ACS Infect Dis 1:288-303.
https://doi.org/10.1021/acsinfecdis.5b00047

Jurado-Martin I, Sainz-Mejias M, McClean S (2021) Pseudomonas aeruginosa: an audacious pathogen
with an adaptable arsenal of \virulence factors. Int J Mol Sci 22:1-37.
https://doi.org/10.3390%2Fijms22063128

Khan F, Bamunuarachchi NI, Pham DTN, Tabassum N, Khan MSA, Kim Y-M (2021) Mixed biofilms of
pathogenic Candida-bacteria: regulation mechanisms and treatment strategies. Crit Rev Microbiol
47:699-727. https://doi.org/10.1080/1040841X.2021.1921696

Kim S-H, Turnbull J, Guimond S (2011) Extracellular matrix and cell signalling: the dynamic cooperation
of integrin, proteoglycan and growth factor receptor. J Endocrinol 209:139-151.
https://doi.org/10.1530/JOE-10-0377

King RD, Muggleton SH, Srinivasan A, Sternberg MJ (1996) Structure-activity relationships derived by
machine learning: the use of atoms and their bond connectivities to predict mutagenicity by inductive
logic programming. Proc Natl Acad Sci U S A 93:438—442. https://doi.org/10.1073/pnas.93.1.438

Kull FC, Eisman PC, Sylwestrowicz HD, Mayer RL (1961) Mixtures of quaternary ammonium
compounds and long-chain fatty acids as antifungal agents. Appl Microbiol 9:538-541.
https://doi.org/10.1128/am.9.6.538-541.1961

98



Kunz Coyne AJ, el Ghali A, Holger D, Rebold N, Rybak MJ (2022) Therapeutic strategies for emerging
multidrug-resistant Pseudomonas aeruginosa. Infect Dis Ther 11(2):661-682.
https://doi.org/10.1007/s40121-022-00591-2

Kurz CL, Ewbank JJ (2000) Caenorhabditis elegans for the study of host—pathogen interactions. Trends
Microbiol 8:142—144. https://doi.org/10.1016/S0966-842X(99)01691-1

Landecker H (2016) Antibiotic resistance and the biology of history. Body Soc 22:19-52.
https://doi.org/10.1177/1357034X14561341

Leone F, Bellani L, Muccifora S, Giorgetti L, Bongioanni P, Simili M, Maserti B, del Carratore R (2018)
Analysis of extracellular vesicles produced in the biofilm by the dimorphic yeast Pichia fermentans. J
Cell Physiol 233:2759-2767. https://doi.org/10.1002/jcp.25885

Lewis KA, Baker AE, Chen Al, Harty CE, Kuchma SL, O’Toole GA, Hogan DA (2019) Ethanol decreases
Pseudomonas aeruginosa flagellar motility through the regulation of flagellar stators. J Bacteriol
201(18): e00285-19. https://doi.org/10.1128%2FJB.00285-19

Liebana-Jordan M, Brotons B, Falcon-Perez JM, Gonzalez E (2021) Extracellular vesicles in the fungi
kingdom. Int J Mol Sci 22. https://doi.org/10.3390/ijms22137221

Lindsay AK, Deveau A, Piispanen AE, Hogan DA (2012) Farnesol and cyclic AMP signaling effects on
the hypha-to-yeast transition in Candida albicans. Eukaryot Cell 11:1219-1225.
https://doi.org/10.1128/EC.00144-12

Liwa AC, Jaka H (2015) Antimicrobial resistance: mechanisms of action of antimicrobial agents.
http://dx.doi.org/10.1007/978-0-

Lombardo D, Kiselev MA, Magazu S, Calandra P (2015) Amphiphiles self-assembly: basic concepts
and future perspectives of supramolecular approaches. Adv Condens Matter Phys 2015.
https://doi.org/10.1155/2015/151683

Lu Y, Yue Z, Xie J, Wang W, Zhu H, Zhang E, Cao Z (2018) Micelles with ultralow critical micelle
concentration as carriers for drug delivery. Nat Biomed Eng 2:318-325. https://doi.org/10.1038/s41551-
018-0234-x

Magill SS, Edwards JR, Bamberg W, Beldavs ZG, Dumyati G, Kainer MA, Lynfield R, Maloney M,
McAllister-Hollod L, Nadle J, Ray SM, Thompson DL, Wilson LE, Fridkin SK (2014) Multistate point-
prevalence survey of health care—associated infections. N Engl J Med 370:1198-1208.
https://doi.org/10.1056/NEJMoa1306801

Marinescu M, Popa C-V (2022) Pyridine compounds with antimicrobial and antiviral Activities. Int J Mol
Sci 23. https://doi.org/10.3390/ijms23105659

Markaki M, Tavernarakis N (2010) Modelling human diseases in Caenorhabditis elegans. Biotechnol J
5:1261-1276. https://doi.org/10.1002/biot.201000183

99



Martin |, Waters V, Grasemann H (2021) Approaches to targeting bacterial biofilms in cystic fibrosis
airways. Int J Mol Sci 22:1-15. https://doi.org/10.3390/ijms22042155

Martins M, Uppuluri P, Thomas DP, Cleary IA, Henriques M, Lopez-Ribot JL, Oliveira R (2010)
Presence of extracellular DNA in the Candida albicans biofilm matrix and its contribution to biofilms.
Mycopathologia 169:323-331. https://doi.org/10.1007/s11046-009-9264-y

Martins SG, Zilhdo R, Thorsteinsdottir S, Carlos AR (2021) Linking oxidative stress and DNA damage
to changes in the expression of extracellular matrix components. Front Genet 12:673002.
https://doi.org/10.3389/fgene.2021.673002

Matuschek E, Ahman J, Webster C, Kahimeter G (2018a) Antimicrobial susceptibility testing of colistin
— evaluation of seven commercial MIC products against standard broth microdilution for Escherichia
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter spp. Clin Microbiol Infect
24:865-870. https://doi.org/10.1016/j.cmi.2017.11.020

McAlester G, O'Gara F, Morrissey JP (2008) Signal-mediated interactions between Pseudomonas
aeruginosa and Candida albicans. J Med Microbiol 57:563-569. https://doi.org/10.1099/jmm.0.47705-
0

McCullough MJ, Ross BC, Reade PC (1996) Candida albicans: a review of its history, taxonomy,
epidemiology, virulence attributes, and methods of strain differentiation. Int J Oral Maxillofac Surg
25:136-144. https://doi.org/10.1016/S0901-5027(96)80060-9

Mcdermott PF, Walker RD, White DG (2003) Antimicrobials: modes of action and mechanisms of
resistance. The discovery of potent, relatively nontoxic antimicrobial therapeutic agents is perhaps the
foremost medical advance of. Int J Toxicol 22:135-143. https://doi.org/10.1080/10915810390198410

Medina-Carmona E, Varela L, Hendry AC, Thompson GS, White LJ, Boles JE, Hiscock JR, Ortega-
Roldan JL (2020) A quantitative assay to study the lipid selectivity of membrane-associated systems
using solution NMR. ChemComm 56:11665—-11668. https://doi.org/10.1039/d0cc03612a

Mosmann T (1983) Rapid colorimetric assay for cellular growth and survival: application to proliferation
and cytotoxicity assays. J Immunol Methods 65:55—-63. https://doi.org/10.1016/0022-1759(83)90303-4

Mota Fernandes C, Dasilva D, Haranahalli K, McCarthy JB, Mallamo J, Ojima |, del Poeta M (2021)
The future of antifungal drug therapy: novel compounds and targets. Antimicrob Agents Chemother
65:1-13. https://doi.org/10.1128/AAC.01719-20

Murray CJ, Ikuta KS, Sharara F, Swetschinski L, Robles Aguilar G, Gray A, Han C, Bisignano C, Rao
P, Wool E, Johnson SC, Browne AJ, Chipeta MG, Fell F, Hackett S, Haines-Woodhouse G, Kashef
Hamadani BH, Kumaran EAP, McManigal B, Agarwal R, Akech S, Albertson S, Amuasi J, Andrews J,
Aravkin A, Ashley E, Bailey F, Baker S, Basnyat B, Bekker A, Bender R, Bethou A, Bielicki J,
Boonkasidecha S, Bukosia J, Carvalheiro C, Castafieda-Orjuela C, Chansamouth V, Chaurasia S,
Chiurchiu S, Chowdhury F, Cook AJ, Cooper B, Cressey TR, Criollo-Mora E, Cunningham M, Darboe
S, Day NPJ, de Luca M, Dokova K, Dramowski A, Dunachie SJ, Eckmanns T, Eibach D, Emami A,

100



Feasey N, Fisher-Pearson N, Forrest K, Garrett D, Gastmeier P, Giref AZ, Greer RC, Gupta V, Haller
S, Haselbeck A, Hay SI, Holm M, Hopkins S, Iregbu KC, Jacobs J, Jarovsky D, Javanmardi F, Khorana
M, Kissoon N, Kobeissi E, Kostyanev T, Krapp F, Krumkamp R, Kumar A, Kyu HH, Lim C,
Limmathurotsakul D, Loftus MJ, Lunn M, Ma J, Mturi N, Munera-Huertas T, Musicha P, Mussi-Pinhata
MM, Nakamura T, Nanavati R, Nangia S, Newton P, Ngoun C, Novotney A, Nwakanma D, Obiero CW,
Olivas-Martinez A, Olliaro P, Ooko E, Ortiz-Brizuela E, Peleg AY, Perrone C, Plakkal N, Ponce-de-Leon
A, Raad M, Ramdin T, Riddell A, Roberts T, Robotham JV, Roca A, Rudd KE, Russell N, Schnall J,
Scott JAG, Shivamallappa M, Sifuentes-Osornio J, Steenkeste N, Stewardson AJ, Stoeva T, Tasak N,
Thaiprakong A, Thwaites G, Turner C, Turner P, van Doorn HR, Velaphi S, Vongpradith A, Vu H, Walsh
T, Waner S, Wangrangsimakul T, Wozniak T, Zheng P, Sartorius B, Lopez AD, Stergachis A, Moore C,
Dolecek C, Naghavi M (2022) Global burden of bacterial antimicrobial resistance in 2019: a systematic
analysis. The Lancet 399:629-655. https://doi.org/10.1016/S0140-6736(21)02724-0

Nagy F, Bozé A, Toéth Z, Dardcezi L, Majoros L, Kovacs R (2018) In vitro antifungal susceptibility patterns
of planktonic and sessile Candida kefyr clinical isolates. Med Mycol 56:493-500.
https://doi.org/10.1093/mmy/myx062

Ng KKL, Dimitrovski M, Boles JE, Ellaby RJ, White LJ, Hiscock JR (2020) Towards the use of (pseudo)
nucleobase substituted amphiphiles as DNA nucleotide mimics and antimicrobial agents. Supramol
Chem 32:414-424. https://doi.org/10.1080/10610278.2020.1755038

Obtgk E, Piecuch A, Krasowska A, Luczynski J (2013) Antifungal activity of gemini quaternary
ammonium salts. Microbiol Res 168:630—638. https://doi.org/10.1016/j.micres.2013.06.001

Orazi G, O’'Toole GA (2020) “It takes a village”: Mechanisms underlying antimicrobial recalcitrance of
polymicrobial biofilms. J Bacteriol 202:1-18. https://doi.org/10.1128/JB.00530-19

O'Toole GA (2011) Microtiter dish biofilm formation assay. J Vis Exp 30(47):2437.
https://doi.org/10.3791/2437

Ovchinnikova ES, Krom BP, van der Mei HC, Busscher HJ (2012) Force microscopic and
thermodynamic analysis of the adhesion between Pseudomonas aeruginosa and Candida albicans.
Soft Matter 8:6454. https://doi.org/10.1039/c2sm25100k

Patel R (2005) Biofilms and antimicrobial resistance. Clin Orthop Relat Res 437:41-47.
https://doi.org/10.1097/01.blo.0000175714.68624.74

Peleg AY, Tampakakis E, Fuchs BB, Eliopoulos GM, Moellering RC, Mylonakis E (2008) Prokaryote—
eukaryote interactions identified by using Caenorhabditis elegans. Proc Natl Acad Sci 105:14585—
14590. https://doi.org/10.1073/pnas.0805048105

Pendleton JN, Gorman SP, Gilmore BF (2013) Clinical relevance of the ESKAPE pathogens. Expert
Rev Anti Infect Ther 11:297-308. https://doi.org/10.1586/eri.13.12

101



Peres da Silva R, Puccia R, Rodrigues ML, Oliveira DL, Joffe LS, César G v, Nimrichter L, Goldenberg
S, Alves LR (2015) Extracellular vesicle-mediated export of fungal RNA. Sci Rep 5:7763.
https://doi.org/10.1038/srep07763

Pfaller MA, Diekema DJ (2007) Epidemiology of invasive candidiasis: a persistent public health
problem. Clin Microbiol Rev 20:133-163. https://doi.org/10.1128/CMR.00029-06

Phuengmaung P, Mekjaroen J, Saisorn W, Chatsuwan T, Somparn P, Leelahavanichkul A (2022) Rapid
synergistic biofilm production of Pseudomonas and Candida on the pulmonary cell surface and in mice,
a possible cause of chronic mixed organismal lung lesions. Int J Mol Sci 23:9202.
https://doi.org/10.3390/ijms23169202

Pletz MW, Hagel S, Forstner C (2017) Who benefits from antimicrobial combination therapy? Lancet
Infect Dis 17:677—678. https://doi.org/10.1016/S1473-3099(17)30233-5

Porta-de-la-Riva M, Fontrodona L, Villanueva A, Cerén J (2012) Basic Caenorhabditis elegans
methods: synchronization and observation. J Vis Exp 10:e4019. https://doi.org/10.3791/4019

Pukkila-Worley R, Peleg AY, Tampakakis E, Mylonakis E (2009) Candida albicans hyphal formation
and virulence assessed using a Caenorhabditis elegans infection model. Eukaryot Cell 8:1750—-1758.
https://doi.org/10.1128/EC.00163-09

Ramage G, Saville SP, Thomas DP, Lépez-Ribot JL (2005) Candida biofilms: an update. Eukaryot Cell
4:633-638. https://doi.org/10.1128/EC.4.4.633-638.2005

Rice LB (2008) Federal funding for the study of antimicrobial resistance in nosocomial pathogens: no
ESKAPE. J Infect Dis 197:1079-1081. https://doi.org/10.1086/533452

Rizzo J, Chaze T, Miranda K, Roberson RW, Gorgette O, Nimrichter L, Matondo M, Latgé J-P, Beauvais
A, Rodrigues ML (2020a) Characterization of extracellular vesicles produced by Aspergillus fumigatus
protoplasts. mSphere 5. https://doi.org/10.1128/mSphere.00476-20

Rizzo J, Rodrigues ML, Janbon G (2020b) Extracellular vesicles in fungi: past, present, and future
perspectives. Front Cell Infect Microbiol 10:346. https://doi.org/10.3389/fcimb.2020.00346

Rizzo J, Taheraly A, Janbon G (2021) Structure, composition and biological properties of fungal

extracellular vesicles. microLife 2. https://doi.org/10.1093/femsml/ugab009

Rocha AJ, de Oliveira Barsottini MR, Rocha RR, Laurindo MV, de Moraes FLL, da Rocha SL (2019)
Pseudomonas aeruginosa: virulence factors and antibiotic resistance genes. Braz Arch Biol Technol
62:1-15. https://doi.org/10.1590/1678-4324-2019180503

Rodrigues ME, Gomes F, Rodrigues CF (2019) Candida spp./bacteria mixed biofilms. J Fungi (Basel)
6:1-29. https://doi.org/10.3390/jof6010005

102



Ruiz-Baca E, Isela Arredondo-Sanchez R, Corral-Pérez K, Lépez-Rodriguez A, Meneses-Morales |, M.
Ayala-Garcia V, Lilia Martinez-Rocha A (2021) Molecular mechanisms of resistance to antifungals in
Candida albicans. In: Advances in Candida albicans. https://doi.10.5772/intechopen.96346

Rutkauskaite A, White LJ, Boles JE, Hilton KLF, Clifford M, Patenall B, Streather BR, Mulvihill DP,
Henry SA, Shepherd M, Sutton JM, Hind CK, Hiscock JR (2023) Adamantane appended antimicrobial
supramolecular self-associating amphiphiles. Supramol Chem 1-10.
https://doi.org/10.1080/10610278.2022.2161902

Samimi S, Maghsoudnia N, Eftekhari RB, Dorkoosh F (2018) Lipid-based nanoparticles for drug delivery
systems. In: Characterization and Biology of Nanomaterials for Drug Delivery: Nanoscience and
Nanotechnology in Drug Delivery. Elsevier, pp 47-76. http://dx.doi.org/10.1016/C2017-0-00272-0

Sharma M, Chakrabarti A (2023) Candidiasis and other emerging yeasts. Curr Fungal Infect Rep
17(1):15-24. hitps://doi.org/10.1007/s12281-023-00455-3

Smith AW (2005) Biofilms and antibiotic therapy: is there a role for combating bacterial resistance by
the wuse of novel drug delivery systems? Adv Drug Deliv Rev 57:1539-5350.
https://doi.org/10.1016/j.addr.2005.04.007

Stepanovic S, Vukovic D, Dakic |, Savic B, Svabic-Vlahovic M (2000) A modified microtiter-plate test
for quantification of Staphylococcal biofilm formation. J Microbiol Methods 40:175-179.
https://doi.org/10.1016/s0167-7012(00)00122-6

Sudbery P, Gow N, Berman J (2004) The distinct morphogenic states of Candida albicans. Trends
Microbiol 12:317-324. https://doi.org/10.1016/j.tim.2004.05.008

Tacconelli E, Carrara E, Savoldi A, Harbarth S, Mendelson M, Monnet DL, Pulcini C, Kahimeter G,
Kluytmans J, Carmeli Y, Ouellette M, Outterson K, Patel J, Cavaleri M, Cox EM, Houchens CR, Grayson
ML, Hansen P, Singh N, Theuretzbacher U, Magrini N, WHO Pathogens Priority List Working Group
(2018) Discovery, research, and development of new antibiotics: the WHO priority list of antibiotic-
resistant bacteria and tuberculosis. Lancet Infect Dis 18:318-327. https://doi.org/10.1016/S1473-
3099(17)30753-3

Timpel C, Zink S, Strahl-Bolsinger S, Schréppel K, Ernst J (2000) Morphogenesis, adhesive properties,
and antifungal resistance depend on the Pmt6 protein mannosyltransferase in the fungal pathogen
Candida albicans. J Bacteriol 182:3063—-3071. https://doi.org/10.1128/JB.182.11.3063-3071.2000

Tyuleva SN, Allen N, White LJ, Pépés A, Shepherd HJ, Saines PJ, Ellaby RJ, Mulvihill DP, Hiscock JR
(2019) A symbiotic supramolecular approach to the design of novel amphiphiles with antibacterial
properties against MSRA. ChemComm 55:95-98. https://doi.org/10.1039/C8CC08485H

Vallejo MC, Nakayasu ES, Longo LVG, Ganiko L, Lopes FG, Matsuo AL, Almeida IC, Puccia R (2012)
Lipidomic analysis of extracellular vesicles from the pathogenic phase of Paracoccidioides brasiliensis.
PLoS One 7:€39463. https://doi.org/10.1371/journal.pone.0039463

103



van Dyck K, Pinto RM, Pully D, van Dijck P (2021) Microbial interkingdom biofilms and the quest for
novel therapeutic strategies. Microorganisms 9:1-22. https://doi.org/10.3390/microorganisms9020412

Vargas G, Rocha JDB, Oliveira DL, Albuquerque PC, Frases S, Santos SS, Nosanchuk JD, Gomes
AMO, Medeiros LCAS, Miranda K, Sobreira TJP, Nakayasu ES, Arigi EA, Casadevall A, Guimaraes
AJ, Rodrigues ML, Freire-de-Lima CG, Almeida IC, Nimrichter L (2015) Compositional and
immunobiological analyses of extracellular vesicles released by Candida albicans. Cell Microbiol
17:389—-407. https://doi.org/10.1111/cmi.12374

Vinothini K, Rajan M (2018) Mechanism for the nano-based drug delivery system. In: Characterization
and Biology of Nanomaterials for Drug Delivery: Nanoscience and Nanotechnology in Drug Delivery.
Elsevier, pp 219-263. http://dx.doi.org/10.1016/B978-0-12-814031-4.00009-X

Vos T, Lim SS, Abbafati C, Abbas KM, Abbasi M, Abbasifard M, Abbasi-Kangevari M, Abbastabar H,
Abd-Allah F, Abdelalim A, Abdollahi M, Abdollahpour I, Abolhassani H, Aboyans V, Abrams EM, Abreu
LG, Abrigo MRM, Abu-Raddad LJ, Abushouk Al, Acebedo A, Ackerman IN, Adabi M, Adamu AA,
Adebayo OM, Adekanmbi V, Adelson JD, Adetokunboh OO, Adham D, Afshari M, Afshin A, Agardh EE,
Agarwal G, Agesa KM, Aghaali M, Aghamir SMK, Agrawal A, Ahmad T, Ahmadi A, Ahmadi M,
Ahmadieh H, Ahmadpour E, Akalu TY, Akinyemi RO, Akinyemiju T, Akombi B, Al-Aly Z, Alam K, Alam
N, Alam S, Alam T, Alanzi TM, Albertson SB, Alcalde-Rabanal JE, Alema NM, Ali M, Ali S, Alicandro
G, Alijanzadeh M, Alinia C, Alipour V, Aljunid SM, Alla F, Allebeck P, Almasi-Hashiani A, Alonso J, Al-
Raddadi RM, Altirkawi KA, Alvis-Guzman N, Alvis-Zakzuk NJ, Amini S, Amini-Rarani M, Aminorroaya
A, Amiri F, Amit AML, Amugsi DA, Amul GGH, Anderlini D, Andrei CL, Andrei T, Anjomshoa M, Ansari
F, Ansari |, Ansari-Moghaddam A, Antonio CAT, Antony CM, Antriyandarti E, Anvari D, Anwer R,
Arabloo J, Arab-Zozani M, Aravkin AY, Ariani F, Amlév J, Aryal KK, Arzani A, Asadi-Aliabadi M, Asadi-
Pooya AA, Asghari B, Ashbaugh C, Atnafu DD, Atre SR, Ausloos F, Ausloos M, Ayala Quintanilla BP,
Ayano G, Ayanore MA, Aynalem YA, Azari S, Azarian G, Azene ZN, Babaee E, Badawi A, Bagherzadeh
M, Bakhshaei MH, Bakhtiari A, Balakrishnan S, Balalla S, Balassyano S, Banach M, Banik PC, Bannick
MS, Bante AB, Baraki AG, Barboza MA, Barker-Collo SL, Barthelemy CM, Barua L, Barzegar A, Basu
S, Baune BT, Bayati M, Bazmandegan G, Bedi N, Beghi E, Béjot Y, Bello AK, Bender RG, Bennett DA,
Bennitt FB, Bensenor IM, Benziger CP, Berhe K, Bernabe E, Bertolacci GJ, Bhageerathy R, Bhala N,
Bhandari D, Bhardwaj P, Bhattacharyya K, Bhutta ZA, Bibi S, Biehl MH, Bikbov B, bin Sayeed MS,
Biondi A, Birihane BM, Bisanzio D, Bisignano C, Biswas RK, Bohlouli S, Bohluli M, Bolla SRR, Boloor
A, Boon-Dooley AS, Borges G, Borzi AM, Bourne R, Brady OJ, Brauer M, Brayne C, Breitborde NJK,
Brenner H, Briant PS, Briggs AM, Briko NI, Britton GB, Bryazka D, Buchbinder R, Bumgarner BR, Busse
R, Butt ZA, Caetano dos Santos FL, Camera LLA, Campos-Nonato IR, Car J, Cardenas R, Carreras G,
Carrero JJ, Carvalho F, Castaldelli-Maia JM, Castafieda-Orjuela CA, Castelpietra G, Castle CD, Castro
F, Catala-Lopez F, Causey K, Cederroth CR, Cercy KM, Cerin E, Chandan JS, Chang AR, Charlson
FJ, Chattu VK, Chaturvedi S, Chimed-Ochir O, Chin KL, Cho DY, Christensen H, Chu D-T, Chung MT,
Cicuttini FM, Ciobanu LG, Cirillo M, Collins EL, Compton K, Conti S, Cortesi PA, Costa VM, Cousin E,
Cowden RG, Cowie BC, Cromwell EA, Cross DH, Crowe CS, Cruz JA, Cunningham M, Dahlawi SMA,
Damiani G, Dandona L, Dandona R, Darwesh AM, Daryani A, Das JK, das Gupta R, das Neves J,

104



Davila-Cervantes CA, Davletov K, de Leo D, Dean FE, DeCleene NK, Deen A, Degenhardt L, Dellavalle
RP, Demeke FM, Demsie DG, Denova-Gutiérrez E, Dereje ND, Dervenis N, Desai R, Desalew A,
Dessie GA, Dharmaratne SD, Dhungana GP, Dianatinasab M, Diaz D, Dibaji Forooshani ZS, Dingels
Z v, Dirac MA, Dijalalinia S, Do HT, Dokova K, Dorostkar F, Doshi CP, Doshmangir L, Douiri A, Doxey
MC, Driscoll TR, Dunachie SJ, Duncan BB, Duraes AR, Eagan AW, Ebrahimi Kalan M, Edvardsson D,
Ehrlich JR, el Nahas N, el Sayed |, el Tantawi M, Elbarazi |, Elgendy IY, Elhabashy HR, El-Jaafary SlI,
Elyazar IR, Emamian MH, Emmons-Bell S, Erskine HE, Eshrati B, Eskandarieh S, Esmaeilnejad S,
Esmaeilzadeh F, Esteghamati A, Estep K, Etemadi A, Etisso AE, Farahmand M, Faraj A, Fareed M,
Faridnia R, Farinha CS e S, Farioli A, Faro A, Faruque M, Farzadfar F, Fattahi N, Fazlzadeh M, Feigin
VL, Feldman R, Fereshtehnejad S-M, Fernandes E, Ferrari AJ, Ferreira ML, Filip I, Fischer F, Fisher
JL, Fitzgerald R, Flohr C, Flor LS, Foigt NA, Folayan MO, Force LM, Fornari C, Foroutan M, Fox JT,
Freitas M, Fu W, Fukumoto T, Furtado JM, Gad MM, Gakidou E, Galles NC, Gallus S, Gamkrelidze A,
Garcia-Basteiro AL, Gardner WM, Geberemariyam BS, Gebrehiwot AM, Gebremedhin KB,
Gebreslassie AAAA, Gershberg Hayoon A, Gething PW, Ghadimi M, Ghadiri K, Ghafourifard M, Ghajar
A, Ghamari F, Ghashghaee A, Ghiasvand H, Ghith N, Gholamian A, Gilani SA, Gill PS, Gitimoghaddam
M, Giussani G, Goli S, Gomez RS, Gopalani SV, Gorini G, Gorman TM, Gottlich HC, Goudarzi H,
Goulart AC, Goulart BNG, Grada A, Grivha M, Grosso G, Gubari MIM, Gugnani HC, Guimaraes ALS,
Guimaraes RA, Guled RA, Guo G, Guo Y, Gupta R, Haagsma JA, Haddock B, Hafezi-Nejad N, Hafiz
A, Hagins H, Haile LM, Hall BJ, Halvaei |, Hamadeh RR, Hamagharib Abdullah K, Hamilton EB, Han C,
Han H, Hankey GJ, Haro JM, Harvey JD, Hasaballah Al, Hasanzadeh A, Hashemian M, Hassanipour
S, Hassankhani H, Havmoeller RJ, Hay RJ, Hay SI, Hayat K, Heidari B, Heidari G, Heidari-Soureshjani
R, Hendrie D, Henrikson HJ, Henry NJ, Herteliu C, Heydarpour F, Hird TR, Hoek HW, Hole MK, Holla
R, Hoogar P, Hosgood HD, Hosseinzadeh M, Hostiuc M, Hostiuc S, Househ M, Hoy DG, Hsairi M,
Hsieh VC, Hu G, Huda TM, Hugo FN, Huynh CK, Hwang B-F, lannucci VC, Ibitoye SE, lkuta KS,
llesanmi OS, llic IM, llic MD, Inbaraj LR, Ippolito H, Irvani SSN, Islam MM, Islam M, Islam SMS, Islami
F, Iso H, Ivers RQ, Iwu CCD, lyamu 1O, Jaafari J, Jacobsen KH, Jadidi-Niaragh F, Jafari H, Jafarinia
M, Jahagirdar D, Jahani MA, Jahanmehr N, Jakovljevic M, Jalali A, Jalilian F, James SL, Janjani H,
Janodia MD, Jayatilleke AU, Jeemon P, Jenabi E, Jha RP, Jha V, Ji JS, Jia P, John O, John-Akinola
YO, Johnson CO, Johnson SC, Jonas JB, Joo T, Joshi A, Jozwiak JJ, Jirisson M, Kabir A, Kabir Z,
Kalani H, Kalani R, Kalankesh LR, Kalhor R, Kamiab Z, Kanchan T, Karami Matin B, Karch A, Karim
MA, Karimi SE, Kassa GM, Kassebaum NJ, Katikireddi SV, Kawakami N, Kayode GA, Keddie SH,
Keller C, Kereselidze M, Khafaie MA, Khalid N, Khan M, Khatab K, Khater MM, Khatib MN,
Khayamzadeh M, Khodayari MT, Khundkar R, Kianipour N, Kieling C, Kim D, Kim Y-E, Kim YJ, Kimokoti
RW, Kisa A, Kisa S, Kissimova-Skarbek K, Kivimaki M, Kneib CJ, Knudsen AKS, Kocarnik JM, Kolola
T, Kopec JA, Kosen S, Koul PA, Koyanagi A, Kravchenko MA, Krishan K, Krohn KJ, Kuate Defo B,
Kucuk Bicer B, Kumar GA, Kumar M, Kumar P, Kumar V, Kumaresh G, Kurmi OP, Kusuma D, Kyu HH,
la Vecchia C, Lacey B, Lal DK, Lalloo R, Lam JO, Lami FH, Landires I, Lang JJ, Lansingh VC, Larson
SL, Larsson AO, Lasrado S, Lassi ZS, Lau KM-M, Lavados PM, Lazarus J v, Ledesma JR, Lee PH,
Lee SWH, LeGrand KE, Leigh J, Leonardi M, Lescinsky H, Leung J, Levi M, Lewington S, Li S, Lim L-
L, Lin C, Lin R-T, Linehan C, Linn S, Liu H-C, Liu S, Liu Z, Looker KJ, Lopez AD, Lopukhov PD,

105



Lorkowski S, Lotufo PA, Lucas TCD, Lugo A, Lunevicius R, Lyons RA, Ma J, MacLachlan JH, Maddison
ER, Maddison R, Madotto F, Mahasha PW, Mai HT, Majeed A, Maled V, Maleki S, Malekzadeh R, Malta
DC, Mamun AA, Manafi A, Manafi N, Manguerra H, Mansouri B, Mansournia MA, Mantilla Herrera AM,
Maravilla JC, Marks A, Martins-Melo FR, Martopullo |, Masoumi SZ, Massano J, Massenburg BB,
Mathur MR, Maulik PK, McAlinden C, McGrath JJ, McKee M, Mehndiratta MM, Mehri F, Mehta KM,
Meitei WB, Memiah PTN, Mendoza W, Menezes RG, Mengesha EW, Mengesha MB, Mereke A,
Meretoja A, Meretoja TJ, Mestrovic T, Miazgowski B, Miazgowski T, Michalek IM, Mihretie KM, Miller
TR, Mills EJ, Mirica A, Mirrakhimov EM, Mirzaei H, Mirzaei M, Mirzaei-Alavijeh M, Misganaw AT, Mithra
P, Moazen B, Moghadaszadeh M, Mohamadi E, Mohammad DK, Mohammad Y, Mohammad Gholi
Mezerji N, Mohammadian-Hafshejani A, Mohammadifard N, Mohammadpourhodki R, Mohammed S,
Mokdad AH, Molokhia M, Momen NC, Monasta L, Mondello S, Mooney MD, Moosazadeh M, Moradi G,
Moradi M, Moradi-Lakeh M, Moradzadeh R, Moraga P, Morales L, Morawska L, Moreno Velasquez |,
Morgado-da-Costa J, Morrison SD, Mosser JF, Mouodi S, Mousavi SM, Mousavi Khaneghah A, Mueller
UO, Munro SB, Muriithi MK, Musa Kl, Muthupandian S, Naderi M, Nagarajan AJ, Nagel G,
Naghshtabrizi B, Nair S, Nandi AK, Nangia V, Nansseu JR, Nayak VC, Nazari J, Negoi |, Negoi RI,
Netsere HBN, Ngunijiri JW, Nguyen CT, Nguyen J, Nguyen M, Nguyen M, Nichols E, Nigatu D, Nigatu
YT, Nikbakhsh R, Nixon MR, Nnaji CA, Nomura S, Norrving B, Noubiap JJ, Nowak C, Nunez-Samudio
V, Otoiu A, Oancea B, Odell CM, Ogbo FA, Oh I-H, Okunga EW, Oladnabi M, Olagunju AT, Olusanya
BO, Olusanya JO, Oluwasanu MM, Omar Bali A, Omer MO, Ong KL, Onwujekwe OE, Orji AU, Orpana
HM, Ortiz A, Ostroff SM, Otstavnov N, Otstavnov SS, @verland S, Owolabi MO, P A M, Padubidri JR,
Pakhare AP, Palladino R, Pana A, Panda-Jonas S, Pandey A, Park E-K, Parmar PGK, Pasupula DK,
Patel SK, Paternina-Caicedo AJ, Pathak A, Pathak M, Patten SB, Patton GC, Paudel D, Pazoki Toroudi
H, Peden AE, Pennini A, Pepito VCF, Peprah EK, Pereira A, Pereira DM, Perico N, Pham HQ, Phillips
MR, Pigott DM, Pilgrim T, Pilz TM, Pirsaheb M, Plana-Ripoll O, Plass D, Pokhrel KN, Polibin R v,
Polinder S, Polkinghorne KR, Postma MJ, Pourjafar H, Pourmalek F, Pourmirza Kalhori R, Pourshams
A, Poznanska A, Prada SlI, Prakash V, Pribadi DRA, Pupillo E, Quazi Syed Z, Rabiee M, Rabiee N,
Radfar A, Rafiee A, Rafiei A, Raggi A, Rahimi-Movaghar A, Rahman MA, Rajabpour-Sanati A, Rajati
F, Ramezanzadeh K, Ranabhat CL, Rao PC, Rao SJ, Rasella D, Rastogi P, Rathi P, Rawaf DL, Rawaf
S, Rawal L, Razo C, Redford SB, Reiner RC, Reinig N, Reitsma MB, Remuzzi G, Renjith V, Renzaho
AMN, Resnikoff S, Rezaei N, Rezai M sadegh, Rezapour A, Rhinehart P-A, Riahi SM, Ribeiro ALP,
Ribeiro DC, Ribeiro D, Rickard J, Roberts NLS, Roberts S, Robinson SR, Roever L, Rolfe S, Ronfani
L, Roshandel G, Roth GA, Rubagotti E, Rumisha SF, Sabour S, Sachdev PS, Saddik B, Sadeghi E,
Sadeghi M, Saeidi S, Safi S, Safiri S, Sagar R, Sahebkar A, Sahraian MA, Sajadi SM, Salahshoor MR,
Salamati P, Salehi Zahabi S, Salem H, Salem MRR, Salimzadeh H, Salomon JA, Salz |, Samad Z,
Samy AM, Sanabria J, Santomauro DF, Santos IS, Santos JV, Santric-Milicevic MM, Saraswathy SYI,
Sarmiento-Suarez R, Sarrafzadegan N, Sartorius B, Sarveazad A, Sathian B, Sathish T, Sattin D,
Sbarra AN, Schaeffer LE, Schiavolin S, Schmidt MI, Schutte AE, Schwebel DC, Schwendicke F,
Senbeta AM, Senthilkumaran S, Sepanlou SG, Shackelford KA, Shadid J, Shahabi S, Shaheen AA,
Shaikh MA, Shalash AS, Shams-Beyranvand M, Shamsizadeh M, Shannawaz M, Sharafi K, Sharara
F, Sheena BS, Sheikhtaheri A, Shetty RS, Shibuya K, Shiferaw WS, Shigematsu M, Shin J il, Shiri R,

106



Shirkoohi R, Shrime MG, Shuval K, Siabani S, Sigfusdottir ID, Sigurvinsdottir R, Silva JP, Simpson KE,
Singh A, Singh JA, Skiadaresi E, Skou STS, Skryabin VY, Sobngwi E, Sokhan A, Soltani S, Sorensen
RJD, Soriano JB, Sorrie MB, Soyiri IN, Sreeramareddy CT, Stanaway JD, Stark BA, Stefan SC, Stein
C, Steiner C, Steiner TJ, Stokes MA, Stovner LJ, Stubbs JL, Sudaryanto A, Sufiyan MB, Sulo G, Sultan
I, Sykes BL, Sylte DO, Szécska M, Tabarés-Seisdedos R, Tabb KM, Tadakamadla SK, Taherkhani A,
Tajdini M, Takahashi K, Taveira N, Teagle WL, Teame H, Tehrani-Banihashemi A, Teklehaimanot BF,
Terrason S, Tessema ZT, Thankappan KR, Thomson AM, Tohidinik HR, Tonelli M, Topor-Madry R,
Torre AE, Touvier M, Tovani-Palone MRR, Tran BX, Travillian R, Troeger CE, Truelsen TC, Tsai AC,
Tsatsakis A, Tudor Car L, Tyrovolas S, Uddin R, Ullah S, Undurraga EA, Unnikrishnan B, Vacante M,
Vakilian A, Valdez PR, Varughese S, Vasankari TJ, Vasseghian Y, Venketasubramanian N, Violante
FS, Vlassov V, Vollset SE, Vongpradith A, Vukovic A, Vukovic R, Waheed Y, Walters MK, Wang J,
Wang Y, Wang Y-P, Ward JL, Watson A, Wei J, Weintraub RG, Weiss DJ, Weiss J, Westerman R,
Whisnant JL, Whiteford HA, Wiangkham T, Wiens KE, Wijeratne T, Wilner LB, Wilson S, Wojtyniak B,
Wolfe CDA, Wool EE, Wu A-M, Wulf Hanson S, Wunrow HY, Xu G, Xu R, Yadgir S, Yahyazadeh Jabbari
SH, Yamagishi K, Yaminfirooz M, Yano Y, Yaya S, Yazdi-Feyzabadi V, Yearwood JA, Yeheyis TY,
Yeshitila YG, Yip P, Yonemoto N, Yoon S-J, Yoosefi Lebni J, Younis MZ, Younker TP, Yousefi Z,
Yousefifard M, Yousefinezhadi T, Yousuf AY, Yu C, Yusefzadeh H, Zahirian Moghadam T, Zaki L,
Zaman S bin, Zamani M, Zamanian M, Zandian H, Zangeneh A, Zastrozhin MS, Zewdie KA, Zhang Y,
Zhang Z-J, Zhao JT, Zhao Y, Zheng P, Zhou M, Ziapour A, Zimsen SRM, Naghavi M, Murray CJL
(2020) Global burden of 369 diseases and injuries in 204 countries and territories, 1990-2019: a
systematic analysis for the Global Burden of Disease Study 2019. The Lancet 396:1204-1222.
https://doi.org/10.1016/S0140-6736(20)30925-9

White LJ, Boles JE, Allen N, Alesbrook LS, Sutton JM, Hind CK, Hilton KLF, Blackholly LR, Ellaby RJ,
Williams GT, Mulvihill DP, Hiscock JR (2020a) Controllable hydrogen bonded self-association for the
formation of  multifunctional  antimicrobial materials. J Mater Chem B  1-10.
https://doi.org/10.1039/d0tb00875¢

White LJ, Boles JE, Clifford M, Patenall BL, Hilton KHLF, Ng KKL, Ellaby RJ, Hind CK, Mulvihill DP,
Hiscock JR (2021) Di-anionic self-associating supramolecular amphiphiles (SSAs) as antimicrobial
agents against MRSA and Escherichia coli. ChemComm (Camb) 57:11839-11842.
https://doi.org/10.1039/d1cc05455d

White LJ, Boles JE, Hilton KLF, Ellaby RJ, Hiscock JR (2020b) Towards the application of
supramolecular self-associating amphiphiles as next-generation delivery vehicles. Molecules 25:1-16.
https://doi.org/10.3390/molecules25184126

Wicaksono WA, Kusstatscher P, Erschen S, Reisenhofer-Graber T, Grube M, Cernava T, Berg G (2021)
Antimicrobial-specific response from resistance gene carriers studied in a natural, highly diverse
microbiome. Microbiome 9:1-14. https://doi.org/10.1186/s40168-020-00982-y

Wilson C, Lukowicz R, Merchant S, Valquier-Flynn H, Caballero J, Sandoval J, Okuom M, Huber C,
Durham Brooks T, Wilson E, Clement B, Wentworth CD, Holmes AE (2017) Quantitative and qualitative

107



assessment methods for biofilm growth: A Mini-review. Res Rev J Eng Technol 6.
http://www.rroij.com/open-access/quantitative-and-qualitative-assessment-methods-for-biofilm-

growth-a-minireview-.pdf.

Woo Y-T, Lai D, McLain JL, Manibusan MK, Dellarco V (2002) Use of mechanism-based structure-
activity relationships analysis in carcinogenic potential ranking for drinking water disinfection by-
products. Environ Health Perspect 110 Suppl 1:75-87. https://doi.org/10.1289/ehp.02110s175

Yu W, Hallinen KM, Wood KB (2018) Interplay between antibiotic efficacy and drug-induced lysis
underlies enhanced biofilm formation at sub-inhibitory drug concentrations. Antimicrob Agents
Chemother 62. https://doi.org/10.1128/AAC.01603-17

Yue B (2014) Biology of the extracellular matrix: an overview. J Glaucoma 23:520-3.
https://doi.org/10.1097/1JG.0000000000000108

Zamith-Miranda D, Nimrichter L, Rodrigues ML, Nosanchuk JD (2018) Fungal extracellular vesicles:
modulating host-pathogen interactions by both the fungus and the host. Microbes Infect 20:501-504.
https://doi.org/10.1016/j.micinf.2018.01.011

Zarnowski R, Noll A, Chevrette MG, Sanchez H, Jones R, Anhalt H, Fossen J, Jaromin A, Currie C,
Nett JE, Mitchell A, Andes DR (2021) Coordination of fungal biofilm development by extracellular vesicle
cargo. Nat Commun 12:6235. https://doi.org/10.1038/s41467-021-26525-z

Zhai B, Zhou H, Yang L, Zhang J, Jung K, Giam C-Z, Xiang X, Lin X (2010) Polymyxin B, in combination
with fluconazole, exerts a potent fungicidal effect. J Antimicrob Chemother 65(5): 931-938. https://doi.
10.1093/jac/dkq046

Zhao K, Bleackley M, Chisanga D, Gangoda L, Fonseka P, Liem M, Kalra H, al Saffar H, Keerthikumar
S, Ang C-§, Adda CG, Jiang L, Yap K, Poon IK, Lock P, Bulone V, Anderson M, Mathivanan S (2019)
Extracellular vesicles secreted by Saccharomyces cerevisiae are involved in cell wall remodelling.
Commun Biol 2:305. https://doi.org/10.1038/s42003-019-0538-8

World Health Organization (2022) WHO fungal priority pathogens list to guide research, development
and public health action

108



Chapter 3: Elucidating membrane interactions of

supramolecular self-associating amphiphiles
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Abstract

Multidrug-resistant pathogens have established effective mechanisms to combat currently available and
marketed drugs. The need for novel antimicrobial therapeutic strategies is of immediate interest to
global public health. To this end, a novel library of supramolecular self-associating amphiphiles (SSAs)
has displayed potential antimicrobial activity against clinically relevant pathogens. This library of
compounds has a hypothesized antimicrobial mechanism of action through interaction with bacterially
derived phospholipids. In addition, some have been shown to be inhibitory to fungal biofilm formation.
However, further elucidation is required to determine if this is also relevant against fungal pathogens.
The fluorescent property of SSA 39 allowed the microscopic investigation of the interaction between
this SSA and Candida albicans SC5314 biofilms, using confocal scanning laser microscopy and
indicated a potential membrane interaction. This study also used a novel phospholipid nanodisc
coordination assay to study the interaction between SSA 39 and phospholipids isolated from Candida
albicans NCPF3645 and Candida auris WT1912. To do this, membrane phospholipids were isolated to
synthesize a mimetic membrane system (nanodiscs) belted with styrene-maleic acid (SMA). After
synthesis and purification, phospholipid nanodiscs were characterised and their size was determined
by dynamic light scattering (DLS) techniques through measuring the Brownian motion of molecules in
solution. The interaction between the phospholipid nanodiscs and SSA 39 was evaluated, using a
solution-state 'H nuclear magnetic resonance (NMR) spectroscopy titration technique. The titration
results validated the observed SSA-membrane interaction and contribute to the identification of a

hypothesized mechanism of action employed by this library of compounds.

Keywords
Candida albicans, Candida auris, antibiofilm, phospholipids, nanodisc, membrane mimetic systems

110



Introduction

The establishment of antimicrobial resistance (AMR) and the growing threat of multidrug-resistant
pathogens is of immediate interest to the health of the global public (Domalaon et al. 2019).
Antimicrobial resistance has developed through various mechanisms, which include changes in the
permeability of cell membranes, upregulation of efflux pumps, acquisition of alternative metabolic
pathways to circumvent drug inhibition and mutations to target sites (Mcdermott et al. 2003). Some
pathogens have developed resistance mechanisms to more than three antimicrobial categories, known
as multidrug resistance (MDR) (Basak et al. 2016). Approaches to addressing AMR and MDR include
revisiting infection-prevention and control strategies, revising drug policies, repurposing currently

available antimicrobials and the development of novel drugs (Tanwar et al. 2014).

A current antimicrobial mechanism of action is to compromise the integrity of the cell membrane.
Antibacterial classes such as B-lactams (penicillin) and polymyxin (colistin) interact with the bacterial
cell wall resulting in the disruption of the tertiary structure. p-lactam antibacterials, bind to penicillin-
binding proteins thereby preventing the transpeptidation of peptidoglycan strands, which in turn
prevents cell wall synthesis (Yotsuji et al. 1988; Lam et al. 2020; Moges et al. 2021). Polymyxin
antibacterials interact with the bacterial cell membrane by binding to the anionic phosphate groups of
lipid A moieties (of lipopolysaccharides in the bacterial cell wall) which results in cation displacement
and membrane disruption (Petrosillo et al. 2008; Aghazadeh et al. 2016; Yousfi et al. 2019; Andrade et
al. 2020). Similarly, the antifungal class azole (fluconazole) and polyenes (amphotericin B) interact with
the fungal cell membrane, resulting in fungal inhibitory action. Azoles inhibit the fungal cytochrome P450
14a-demethylase enzyme, which prevents ergosterol biosynthesis, and in turn, disrupts the fungal cell
membrane (Hargrove et al. 2017; Nishimoto et al. 2020; Ahmadi et al. 2022). Polyenes selectively bind
to ergosterol in the fungal cell membrane and induce pore formation, compromising the fungal
membrane (Dutcher 1968; Carolus et al. 2020; Schwarz et al. 2022).

Novel antimicrobial drug development strategies utilise targets such as quorum-sensing molecules, cell
division machinery and virulence factors (Belete 2019). When considering the mechanisms of action
employed by currently available antimicrobial substances, it is evident that microbial phospholipid
membranes are promising targets for fighting antimicrobial resistance (Mingeot-Leclercq and Décout
2016). Microbial membranes are formed from amphiphilic lipids, which generally consist of
glycerophospholipids (GPLs). GPLs are composed of a glycerol backbone, two fatty acids, a phosphate
moiety and a variable headgroup (Figure 1) (Sohlenkamp and Geiger 2016).
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Figure 23. Basic structural backbone of a glycerophospholipid where; R1 = hydrophilic residue substitution and Rz
and R3 = hydrophobic fatty acid residue substitutions

It is established that there is no standard blueprint for microbial membrane compositions. The
composition of a microbial membrane is directly related to the culture conditions, life cycle phase and
environmental factors, however, some general features are found in specific groups of microbes.
Bacteria, such as Pseudomonas aeruginosa, contain three main GPLs namely
phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and phosphatidylcholine (PC) (Figure 2)
(Comerci et al. 2006; Tashiro et al. 2011; Sohlenkamp and Geiger 2016).

In comparison, fungal membranes differ significantly from bacterial membranes not only in GPL
composition but also in the presence of membrane sterols (de Kroon et al. 2013; Sant et al. 2016). The
main phospholipids of C. albicans are PC, PE, phosphatidylinositol (Pl) and phosphatidylserine (PS),
PG (Figure 2), phosphatidic acid (PA), lysoPC, lysoPE and lysoPG (Khandelwal et al. 2018). It is
noteworthy that the ratio of these GLPs also differs between organisms (Perczyk et al. 2020; Shahi et
al. 2020). After PC, PE has generally been identified as the second most abundant GPL in the C.
albicans phospholipid membrane (Mahto et al. 2014; Khandelwal et al. 2016). PE provides a structural
advantage to the fungal membrane by forming membrane curvatures which are important for functions

such as facilitating opposing membrane-fusion events (Siegel and Epand 1997; Siegel 1999).

GLPs may provide specific targets for the development of novel antimicrobial compounds, which are
aimed at disrupting the phospholipid membrane (Hitchcock et al. 1987). To do this, stable phospholipid
bilayer models are needed to determine the biologically relevant interactions between GLPs and the
potential drugs in situ. This bilayer facilitates the formation of distinct hydrophilic and lipophilic sections,
which results in amphiphilic behaviour (Faustino et al. 2009; Rai et al. 2016; Pinheiro and Faustino
2017).
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Figure 2. Structure of phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG),
phosphatidylinositol (Pl) and phosphatidylserine (PS)

Thus, the ability of amphiphiles to self-assemble into superstructures presents the opportunity to design
novel compounds with the inherent ability to interact with microbial phospholipid membranes, and
potentially employ antimicrobial action (Debnath et al. 2010; Hill et al. 2014; Blackholly et al. 2016).
Faustino et al. (2009) developed hydrogen bond donor (HBD)-anion compounds with amphiphilic
characteristics to function as surfactants. From their findings, these original constructs were modified

to produce anion-spacer-urea-based molecules (Pittelkow et al. 2009). Hiscock et al. (2016) refined

113



these molecules and established a novel class of sulfonate-urea compounds (Figure 4) with the ability
to self-assemble into hydrogen-bonded nanostructures. This class of molecules deemed
supramolecular self-associating amphiphiles (SSAs), are synthesized by modifying the basic anion-

spacer-urea molecule and counter cation in a stepwise fashion.

R>

R
L X

R, NJJ\N/\A_
H H .
Z

Figure 4. General supramolecular self-associating amphiphile structure where, R1,2 = possible moiety modification
sites, X = oxygen or sulphur and A = possible moiety modification site. The structure of the relevant sodium,
potassium, pyridinium or tetraalkylammonium counter cation (*Z) has been omitted for clarity (Blackholly et al.
2016; Hiscock et al. 2016a; Hiscock et al. 2016b)

Furthermore, these compounds were shown to have an antibacterial response against clinical
Staphylococcus aureus and Escherichia coli strains (Tyuleva et al. 2019; Ng et al. 2020). Furthermore,
from Chapter 2, SSAs indicated potential application as antifungal substances. Townshend et al. (2020)
hypothesized that the potential mechanism of action is based on a selective interaction with
phospholipids commonly found in the bacterial membrane, which is facilitated through a complimentary
SSA-head group interaction. They hypothesized that the interaction was based on the amphiphilic
nature of the SSAs combined with the hydrogen bond donating and accepting groups within the SSA-
phospholipid nanodisc molecular scaffold (Figure 5) (Boles et al. 2022).

Bayburt et al. (2002) devised nanoparticulate phospholipid bilayer discs (nanodiscs) that were
assembled from phospholipids and stabilised by an amphipathic protein (membrane scaffold protein)
or polymer belt, such as styrene-maleic acid (SMA) (Hall et al. 2018). These bilayer discs can be used
to study membranes and membrane proteins by mimicking biological systems in a controlled
environment (Bayburt et al. 2002; Nath et al. 2007; Ravula et al. 2018). Thus, nanodiscs present the
opportunity to elucidate the interaction between potential antimicrobial SSAs and membrane systems
(Denisov and Sligar 2016; Townshend et al. 2020). This property was used by Boles et al. (2022) to

investigate the membrane coordination, permeation, and lysis properties of selected SSAs.
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Figure 5. lllustration of 1) a representative structure of the anionic SSA component. 2) the hydrogen-bonded self-
associative events observed for the anionic component in a solid state. 3) hypothesized hydrogen bonding
interactions of the anionic component with different phospholipid headgroups (Townshend et al. 2020)

In Chapter 2, SSA 39 displayed the potential to inhibit biofilm formation, with a degree of specificity
toward Candida albicans SC5314, by inhibiting pseudohyphae and hyphae formation. Thus, it was of
interest to evaluate the application of the nanodiscs, composed of fungal-membrane phospholipids, to
investigate the potential interaction between SSA 39 and fungal membranes. This interaction is
significant as it presents a novel opportunity to understand the scope of nanodisc technology as well as
SSA-membrane interactions. Therefore, this study aims to investigate the application of fungal
phospholipid nanodiscs, and to understand membrane lipid coordination events with the novel class of

antifungal compounds.

Materials and methods

Supramolecular self-associating amphiphile stock solution

The SSA used in this study was SSA 39, which has a tetrabutylammonium (TBA) counter cation (Figure
6). The SSA stock solution was prepared in an EtOH:H20 (1:19) solution as per Boles et al. (2022) to
obtain a concentration of 5 mM and was stored at 4 °C. SSA 39 contains a hydrogen bond
donating/accepting urea functionality, linked with a methyl spacer to a sulfonate functionality this
hydrophilic functionality. It also acts as the hydrogen bond donating group which is known to coordinate
with the urea group creating a hydrogen-bonded complex. On the opposite side of the urea functionality,
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there is a hydrophobic methyl-substituted benzothiazole group, which is also planar in nature and

capable of undergoing pi-pi stacking interactions.
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Figure 6. SSA 39, TBA = tetrabutylammonium

Evaluating SSA-membrane interaction using confocal laser scanning

microscopy (CLSM)

Strain maintenance and culture conditions

Candida albicans SC5314 was stored at -80 °C in a nutrient broth (NB) (1 g.L™' meat extract, 2 g.L"’
yeast extract, 5 g.L"' peptone, 8 g.L! sodium chloride) supplemented with 15 % (v/v) glycerol. Before
use, C. albicans SC5314 was cultivated from the frozen stocks onto yeast malt extract (YM) agar (3
g.L"" malt extract, 3 g.L' yeast extract, 5 g.L' peptone, 10 g.L"" glucose, 16 g.L™' agar) and then
maintained on YM agar plates and stored at 4 °C. For the relevant experiment, a fresh (pre-inoculum)
culture of C. albicans SC5314 was prepared by transferring a single colony from the plates into 5 mL
yeast nitrogen base (YNB) broth media (10 g.L™" glucose, 16 g.L™" yeast nitrogen base) and incubating
aerobically at 30 °C for 24 hours. For all experimental procedures, filter-sterilized (0.22 um nitrocellulose
filter, ABLUO®, GVS, United States of America) RPMI-1640 medium with L-glutamine and sodium
bicarbonate (Sigma-Aldrich®, United Kingdom) at pH 7.0 was used. Unless otherwise stated, all
washing steps were performed either with sterile milli-Q water or phosphate-buffered saline (PBS) (0.2
g.L" potassium chloride, 0.2 g.L"" potassium dihydrogen phosphate, 1.15 g.L"! di-sodium hydrogen
phosphate, 8 g.L"' sodium chloride) (Oxoid, United Kingdom) at pH 7.3 (+ 0.2 at 25 °C).

Biofilm formation and microscopy

Biofilms were developed as described previously, with minor modifications (Stepanovic et al. 2000;
O’'Toole 2011; Fourie et al. 2017). Candida albicans SC5314 was cultivated on YM agar for 24 hours
at 30 °C. A single colony of C. albicans SC5314 was inoculated into a test tube containing 10 mL of
YNB broth (3 g.L' malt extract, 3 g.L"" yeast extract, 5 g.L™! peptone, 10 g.L"" glucose) and incubated
for 24 hours at 30 °C. After incubation, the cells were harvested by centrifugation at 5000 rpm (F-35-6-
30 rotor, Centrifuge 5430R, Eppendorf®, United States of America) for 5 minutes at 4 °C. The
supernatant was discarded, and the pellet washed three times with 10 mL of phosphate-buffered saline

(PBS) (0.2 g.L™" potassium chloride, 0.2 g.L" potassium dihydrogen phosphate, 1.15 g.L! di-sodium
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hydrogen phosphate, 8 g.L' sodium chloride) (Oxoid, United Kingdom) solution. The cells were

enumerated with a haemocytometer and standardised to 1 x 10° cells.mL"".

The standardised cell solution was dispensed onto a sterile glass coverslip in a 6-well plate (Greiner
Bio-One, Germany) containing filter-sterilized (0.22 ym nitrocellulose filter, ABLUO®, GVS, United
States of America) RPMI-1640 medium (with L-glutamine and sodium bicarbonate (pH 7.0)) (Sigma-
Aldrich®, United Kingdom) and SSA 39 at a final concentration of 2.56 mM. The plate was incubated for
48 hours at 37 °C to promote biofilm formation. After incubation, the glass coverslip disc was fixed to a
microscope slide and the biofilms were examined using a ZEISS LSM 900 with AiryScan 2 laser
scanning microscope (ZEISS, Germany) at an excitation/emission wavelength of 365/461 nm (using

the DAPI filter setting). This was possible due to the inherent fluorescent properties of SSA 39.

Evaluating phospholipid membrane interactions

(performed in collaboration with Ms Kira Hilton - University of Kent, Dr Charlie Hind - UK Health
and Security Agency and Ms Mahnoor Hassan - King’s College London)

Strains used and culture conditions

Candida albicans NCPF3645 and Candida auris WT1912 were used in this study due to the availability
at the University of Kent in the following phospholipid nanodisc studies. C. albicans NCPF3645 and C.
auris WT1912 are from the same genus as C. albicans SC5314 and considering the potential similarity
in membrane composition, was of interest to examine in this study. Pre-inoculums were cultivated on
yeast peptone dextrose (YPD) (10 g.L"" yeast extract, 15 g.L"! agar, 20 g.L"! peptone) agar plates at 37
°C for 24 hours. After incubation, a single colony was suspended in 3 mL YPD broth and incubated at
37 °C with shaking at 180 rpm for 24 hours. These cultures acted as inoculums for 500 mL YPD broth
in a 2 L Erlen-Meyer flask, which was incubated at 30 °C with shaking at 180 rpm for 24 hours. Cells
were harvested by centrifugation (7 500 rpm for 10 minutes at 4 °C) and most of the supernatant was
decanted. A small volume of supernatant (~ 2 mL) was retained and the pellet was resuspended by
vortexing. The cell solution was aliquoted into 15 mL conical tubes, boiled at 98 °C for 25 minutes and
sonicated in a water bath at 60 °C for 30 minutes to facilitate cell lysis. Finally, the samples were ‘snap-
frozen’ using liquid nitrogen and placed at -80 °C for lyophilisation of the biomass. Samples were stored
at -80 °C until use. To determine whether cell lysis was successful, the lysate was plated onto a YM
agar plate and incubated at 37 °C for 24 hours. If no growth was observed, cell lysis was considered

successful.

Isolation of membrane fraction

Lyophilised C. albicans NCPF3645 and C. auris WT 1912 samples were thawed over ice and transferred
to a glass beaker and resuspended in 20 mL lysis buffer (50 mM sodium phosphate monobasic
(Fluorochem, United Kingdom), 300 mM sodium chloride (Thermo Fischer Scientific, United Kingdom))
at pH 8. While maintaining the beaker on ice, the samples were sonicated (Soniprep 150, MSE, United
Kingdom) at 85 % power for 10 minutes. The samples were transferred to sterile centrifuge tubes and
centrifuged (Ja-25.50 rotor, Avanti™ J-30 I, Beckman Coulter, United States of America) at 10 000 rpm
at 4 °C for 15 minutes. The pellet was discarded, and the supernatant was transferred to sterile
ultracentrifuge tubes. The supernatant was subjected to ultracentrifugation (70-Ti rotor, Optima™ LE-
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80K Ultracentrifuge, Beckman Coulter, United States of America) at 40 000 rpm at 4 °C for 60 minutes.
The supernatant produced was discarded and the pellet, containing the membrane fraction, was
resuspended in 1 mL phosphate buffer [50 mM sodium phosphate monobasic (Fluorochem, United
Kingdom), 300 mM sodium chloride (Thermo Fischer Scientific, United Kingdom)] (Bligh and Dyer 1959;
Hara and Radin 1978; Chen et al. 1981; Araujo et al. 2013).

Phospholipid Folch extraction

To extract the phospholipids from the membrane fraction pellets, the Folch extraction method was
utilised with a 2:1 chloroform:methanol (CHCIz:MeOH) solution (Folch et al. 1957). The extraction
mixture (membrane pellet and solvents) was incubated at room temperature for 60 minutes on a
magnetic stirrer until dissolved. This was followed by a wash step with H.0 and the phases were allowed
to separate at room temperature. The lower organic phase, containing the phospholipids, was collected
and dried using a rotary evaporator at 40 °C (Rotavapor R-114, Buchi, Switzerland). The phospholipids
were stored at -20 °C in the dark to prevent light-sensitive oxidation (Yavlovich et al. 2010).

Phospholipid nanodisc synthesis

The isolated phospholipids were resuspended in a 3:1 CHCIl3:MeOH solution and transferred to a 50
mL round bottom flask. The isolated phospholipids solution was dried using a rotary evaporator
(Rotavapor R-114, Buchi, Switzerland) at 40 °C to remove excess MeOH. The solution was then dried
under a nitrogen stream overnight. After overnight drying, 1 mL of phosphate at pH 7.4 was added. The
solution was sonicated (40 kHz, Bransonic 1210R-MTH Ultrasonic Cleaner, Emerson Electric, United
States of America) at room temperature for 60 minutes. After sonication, styrene-maleic anhydride
(SMA) (provided by Dr Jose Luis Ortega-Roldan from the University of Kent) was added in a 5:1 SMA
to lipid ratio and incubated at 37 °C for 60 minutes. The solution was dialysed overnight, using a 10 K
Da membrane (SnakeSkin™ Dialysis Tubing 10 K MWCO 16 mm, Thermo Fischer Scientific, United
States of America) in 5 L phosphate buffer at pH 7.4, to remove excess SMA. The phospholipid-SMA
solution was then concentrated to 0.5 mL using a 10 K Da concentrator through centrifugation at 4 000
rom (A-4-81 rotor, Centrifuge 5810R, Eppendorf®, United States of America) at 4 °C for 5 minutes.
Thereafter, gel filtration chromatography and a size exclusion column (SEC) (Superdex™ 200 Increase
10/300 GL, AKTA purifier, Amersham Pharmacia Biotech, United Kingdom) with the same phosphate
buffer (pH 7.4) were used to verify and monitor the presence of SMA at an absorbance of 260 nm.

Furthermore, the SEC was used to remove any remaining free SMA from the solution.

Phospholipid nanodisc quantification

NanoDrop Spectrophotometer

To quantify the phospholipid nanodisc concentration after gel filtration, ultraviolet-visible (UV-Vis)
spectroscopy was carried out using a NanoDrop spectrophotometer (NanoDrop™ One C, Thermo
Fischer Scientific, United States of America) at a wavelength of 260 nm. Calibration was performed with
phosphate buffer at pH 7.4. Each measurement was repeated three times to establish an average value.
After quantification, the solution was aliquoted into 0.5 mL portions and stored at -20 °C until needed.

To determine the nanodisc concentration the following formula was used:
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[SMA] = (Aze0 — 0.0279)/0.0083

DLS analysis

Photo correlation spectroscopy (PCS) was performed to quantify the size and size distribution of the
nanodiscs in the sample (Stetefeld et al. 2016). The average number weighted particle size distribution
of phospholipid nanodiscs was measured using a particle size analyser (Litesizer® 500 BM10, Anton
Paar, Austria) and data were processed using KalliopeTM Professional software. A series of 10 runs
were recorded at 20 °C, allowing 10 minutes for sample equilibration before the first measurement.
Notably, transmission electron microscopy (TEM) analysis may be used to confirm the presence of

phospholipid nanodiscs in the sample.

Phospholipid nanodisc 'H NMR adhesion assay

To evaluate membrane coordination activity, phospholipid nanodiscs (in a concentration range of 3.13
— 0.21 pM) were titrated against SSA 39 (0.05 mM) in sodium phosphate buffer at pH 7.4. The
phospholipid solution was supplemented with 112 pL deuterium oxide (D20) (5 %) (Cambridge Isotope
Laboratories Incorporated, United States of America) and 28 L 4,4-dimethyl 4-silapentane-1-sulfonic
acid (DSS) (0.01 mM) (Thermo Fischer Scientific, United Kingdom) as internal standard.

Proton NMR, with a Carr-Purcell-Meiboom-Gill pulse sequence (CPMG) filter, spectra with a Watergate
sequence were determined with a Bruker Avance Ill 600 Hz spectrometer equipped with a TCIP
cryoprobe at 298 K. Furthermore, P1 pulses were 9 us at 7.9 W. Pre-saturation was applied between
acquisitions for 100 ms at 280 mW and acquisition was carried out at 0.851 s. A 1D 'H NMR, with a
CPMG filter (300 ms with delays between 180 ° pulses for 1 ms) (Carr and Purcell 1954; Meiboom and
Gill 1958) modified with a 3-9-19 Watergate sequence (to suppress the water signal), was obtained for
each experimental data point. The CPMG filter was used to suppress NMR resonances of molecular
species in the sample with long correlation times, which in this experimental procedure correlated to
SSAs coordinated to phospholipid nanodiscs. This facilitated a higher quality NMR spectrum for SSAs
interacting with phospholipid nanodiscs. All spectra were automatically phased, then baseline corrected
using a polynomial function and calibrated to the centre of a sodium trimethylsilyl propanesulphonate
(DSS) peak. The water signal was suppressed in MestreNova software using a convolution method in
those experiments with poor water suppression.

Results and Discussion

SSA 39 interacts with C. albicans cell surfaces

In Chapter 2, it was established that the novel antimicrobial library of SSAs had potential antibiofilm
activity in mono- and polymicrobial biofilm models, with some being more active against the fungal
constituent in these models. Interestingly, although SSA 39 could inhibit C. albicans biofilm formation,
it was less effective at eradicating mature biofilms, indicating that this SSA cannot penetrate mature C.
albicans EXM effectively. From the scanning electron microscopy (SEM), SSA 39 was of specific
interest as it could inhibit filamentation at 2.56 mM. Since SSA 39 is inherently fluorescent, due to the

presence of the benzothiazole moiety attached to the phenyl ring, it could be used to evaluate the
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interaction of this compound with Candida albicans SC5314 biofilms (Figure 7). As expected, only yeast
cells were present (Figure 7.1), while some degree of filamentation can still be seen (Figure 7.3). The
fluorescence micrographs indicate that SSA 39 can interact with the fungal cell surface at both
concentrations (indicated by the blue fluorescence in Figures 7.2 and 7.4). It is also observed that the
compound has successfully penetrated a yeast cell and pseudohyphae. Interestingly, a potential
interaction between SSA 39 and the extracellular matrix of C. albicans is observed (Figure 7.4), which

may contribute to the resistance of mature biofilms to these compounds as seen in Chapter 2.

Figure 7. Interaction of SSA 39 with Candida albicans SC5314. Light micrograph 1) indicates a biofilm formed in
the presence of SSA 39 at 2.56 mM. Micrograph 2) indicates the blue fluorescence of SSA 39 on the yeast cell
surfaces. Light micrograph 3) indicates a biofilm cultivated in the presence of 1.28 mM SSA 39. Micrograph 4)
indicates blue fluorescence of SSA 39 on the yeast cell surfaces, germ tube and interacting with the extracellular
material

Interaction of SSA 39 with fungal phospholipid nanodiscs

Microscopy analysis suggested a possible SSA-fungal membrane interaction. Therefore, it is of interest
to determine whether the use of a novel fungal phospholipid nanodisc can be applied to elucidate the
potential SSA-fungal membrane interaction observed. To verify the presence and successful synthesis
of phospholipid nanodiscs, the use of DLS analysis was employed to measure the size distribution of

particles in the solution. It is established that the size of nanodiscs varies depending on the application
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and composition of phospholipids used. The most used phospholipid nanodiscs are approximately 10
nm in diameter. However, recent studies have indicated the engineering of nanodiscs up to a size of 90
nm (Hagn et al. 2013; Padmanabha Das et al. 2020).

DLS analysis evaluates the high-frequency fluctuations in scattered light to quantify the Brownian
motion of individual particles in solution, which facilitates the measurement of particle size and particle
size distribution within a sample (Babick 2019). Figure 8 shows the hydrodynamic diameter distribution
obtained from DLS analysis of the respective phospholipid nanodiscs synthesized. Figure 8.1 displays
the phospholipid nanodisc produced from C. albicans NCPF3645. From the data, it is evident that an
approximate phospholipid nanodisc particle size of 9 nm is produced. This is in line with other studies
on phospholipid nanodiscs synthesized using the GPL, PC (Boles et al. 2022). Figure 8.2 indicates the
phospholipid nanodisc synthesized using C. auris WT1912. Interestingly, the average particle size
distribution profile shows two distinct peaks at 21 nm and 84 nm. The species corresponding to the
peak at 84 nm is likely to be due to a complex aggregation process between the GPLs and nanodiscs
in solution. It is noteworthy to mention that phospholipidome analysis has indicated variable and
distinctive phospholipid compositions between different Candida species (Singh et al. 2010; Zamith-
Miranda et al. 2019). In line with these findings, a comparative lipidomic investigation between Candida
albicans and Candida auris extracellular vesicles indicated a differential lipid profile between the
organisms. C. albicans indicated higher levels of abundance in glycerophospholipids. Whereas C. auris
indicated higher expression levels of PC and PE (Zamith-Miranda et al. 2021). These data may allude
to a different phospholipid nanodisc size of C. auris compared to that of C. albicans. Furthermore,
complex interactions (based on the amphiphilic nature of GPLs) may be present between the
phospholipids in the solution, which include the self-association of secondary phospholipid structures

(Ritchie et al. 2009; Hagn et al. 2013). This may explain the differences in nanodisc sizes produced.
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Figure 8. The average number weighted particle size distribution of 1) Candida albicans NCPF3645 and 2) Candida
auris WT1912 nanodiscs (44 uM) in phosphate buffer at pH 7.4, calculated from 10 dynamic light scattering runs
at 20 °C

Proton nuclear magnetic resonance (NMR) spectroscopy is an analytical tool used to study the
molecular structure and composition of organic and inorganic compounds in a sample. NMR is based
on the magnetic properties of atomic nuclei, whereas proton NMR focuses specifically on the atomic
protons (Lindon et al. 1999). In NMR spectroscopy, a sample is subjected to a strong magnetic field to
which the nuclei protons align. When the magnetic field is altered by a radiofrequency pulse, the protons
absorb energy and transition to a higher energy field. This process is referred to as spin-spin coupling
or residual coupling. As the protons return to their native state, a unique radiofrequency signal is
produced that can be detected and analysed. This unique radiofrequency signal enables the
determination of the molecular structure and composition of the sample (Bharti and Roy 2012; Blimich
2016). NMR spectroscopy has a wide range of applications such as structural analysis of organic

compounds and identification and quantification of unknown compounds.
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When considering the proximity of nuclei protons in a sample, the produced coupling signals can be
broadened and obscured by interactions between spins of similar nuclei (Sun et al. 2013; Hatzakis
2019). The Carr-Purcell-Meiboom-Gill pulse sequence nuclear magnetic resonance (CPMG NMR)
technique is a powerful tool used to characterise conformational exchange processes in biomolecules
under a millisecond timescale. CPMG NMR was developed to overcome inconsistencies in
homonuclear decoupling to obtain higher-quality NMR spectra. CPMG NMR is based on different
relaxation times of NMR environments that are affected by rates of diffusion which, in turn, is affected
by the size of molecules in a sample (Carr and Purcell 1954; Meiboom and Gill 1958; Vallurupalli et al.
2009). From these different relaxation times, the NMR signals of larger molecules in solution are
removed. From the coordination of the SSA and phospholipid nanodisc, a large complex formation will
be observed. Additionally, D20 has a distinct magnetic coupling response in NMR analysis. Therefore,
D20 is used as a solvent (instead of H20) to produce distinct NMR signals for each hydrogen site in the
molecule, known as NMR locking. Also, DSS is used as an internal standard to standardise the NMR
spectra obtained. The produced phospholipid nanodiscs were then titrated against the SSA-D.O-DSS

solution while maintaining the SSA concentration (Mclntosh 2013; Donaldson et al. 2016).

By integrating the NMR resonance profiles of the SSA anion and counter cation (TBA) to their
corresponding SSA concentration (after standardisation to the DSS internal standard), the absolute
relative area under the respective spectra can be plotted to evaluate SSA-phospholipid coordination. In
line with these techniques, the capability of SSA 39 to coordinate with the appropriate phospholipid
membrane was investigated. Also, the percentage coordination between SSA 39 and the respective
phospholipid nanodisc can be calculated as a function against phospholipid nanodisc concentration. It
is noteworthy to mention that the SSA concentration is kept constant at 5 mM throughout the
experimental procedures. The C. albicans NCPF3645 'H NMR CPMG titration (Figure 9) indicates the
integrated resonance profile of the anionic and cationic components of SSA 39. From the data, a
relatively uniform absolute relative area is observed for the TBA counter cation, whereas a decline is
observed for the anionic component of SSA 39. These data show the ability of the anionic component

to interact or coordinate with the phospholipid nanodiscs, but not the TBA counter cation.
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Figure 9. Graph illustrating the integrated '"H NMR CPMG resonance profile of SSA 39 (5 mM) when titrated with
C. albicans NCPF3645 phospholipid nanodiscs

When considering the absolute relative area data presented in Figure 9, it is expected that the anionic
component of SSA 39 will have a high percentage coordination with the C. albicans NCPF3645
nanodisc at a high concentration. Figure 10 supports these expectations and indicates a gradual
increase in percentage compound coordination at higher concentrations of phospholipid nanodiscs. At
a concentration of 3.13 uM, a percentage interaction of 74% is observed. Notably, a high percentage
compound coordination of 85% is observed at a concentration of 2.71 uM. These data suggest that a
strong interaction and coordination event is observed between SSA 39, and the phospholipids
presented in the nanodisc structure.
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Figure 10. Graph illustrating the percentage interaction of the anionic component of SSA 39 (5 mM) with the C.
albicans NCPF3645 phospholipid nanodisc structure

As shown above, different phospholipid profiles are observed between organisms and often also
between different strains of the same organism (Benamara et al. 2011; de Kroon et al. 2013). Therefore,
it is important to evaluate the potential interaction between SSA 39 and the phospholipid nanodiscs
synthesised with C. auris WT1912.
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The C. auris WT1912 "H NMR CPMG titration (Figure 11) indicates the integrated resonance profile of
the anionic and cationic components of SSA 39. From the data, it can be seen that a decrease in the
absolute relative area is observed for both the TBA counter cation and the anionic component of SSA
39 with increasing concentration of nanodiscs. This does suggest a complex interaction between the
TBA counter cation as well as the anion of SSA 39 with the phospholipid nanodisc.
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Figure 11. Graph illustrating the integrated '"H NMR CPMG resonance profile of SSA 39 (5 mM) when titrated with
C. auris WT1912 phospholipid nanodiscs

Furthermore, Figure 12 indicates the percentage interaction data for the anionic component of SSA 39
and the phospholipid nanodiscs, synthesized with C. auris WT1912. From these data, an 83%
interaction is between the anionic component of SSA 39 and the nanodiscs, at a concentration of 3.13
MM.
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Figure 12. Graph illustrating the percentage interaction of the anionic component of SSA 39 (5 mM) with the C.
auris WT1912 phospholipid nanodisc structure.

Based on these findings, it may be argued that there is an interaction between SSA 39 and the related
phospholipid nanodiscs. Based on previous studies (White et al. 2020; Boles et al. 2022), several SSA-
phospholipid headgroup complexation events, facilitated through a combination of multiple hydrogen

bond formations and/or electrostatic interactions, may be hypothesized. For all the phospholipids, these
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interactions can occur as a result of hydrogen bond formations and favourable electrostatic and covalent
events between the central urea group (from the SSA) and the oxygen of the phosphate moiety (of the
phospholipid) (Figure 13). In addition, this also occurs between the sulphonate and the tertiary
ammonium. Similarly, an additional bond may form between the sulfonate moiety and the glycerol of
PG and the inositol of PI.

For PC, a potential interaction may be facilitated between the sulfonate moiety (from the SSA) and the
tertiary ammonium group (from PI) (White et al. 2020). This bond formation may result in a stronger
interaction between the SSA and PC. However, sterically-hindered formations may be observed

between these groups and result in weaker complexation events.
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Figure 13. Diagram
phosphatidylethanolamine, phosphatidylglycerol, phosphatidylinositol and phosphatidylserine and SSA 39 (White

et al. 2020)
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Conclusions

In Chapter 2, SSA 39 displayed promising activity against Candia albicans SC5314 biofilms. This study
evaluated the interaction between SSA 39 and fungal membranes using both CLSM and a synthetic
membrane system, nanodiscs. CLSM analysis indicated compound localisation at the surface of yeast
cells as well as the ability of the compound to penetrate yeast and pseudohyphae. From these findings,
phospholipid nanodiscs were synthesized using Candida albicans NCPF3645 and Candida auris
WT1912. This novel technique indicated the potential to suspend fungal membrane phospholipids in a
synthetic system for interaction studies. Moreover, the use of a novel phospholipid nanodisc '"NMR
CPMG adhesion assay indicated the potential percentage coordination activity between the anionic
component of SSA 39 and the phospholipid nanodiscs. Based on these results, as well as studies by
White et al. (2020) and Boles et al. (2022), we hypothesize potential SSA-phospholipid headgroup
complexation events for the fungal GLPs, Pl and PS. Future research should focus on elucidating the
fungal membrane phospholipid composition of clinically relevant opportunistic pathogens and

determining the selectivity of the SSA library against relevant phospholipid combinations.

The misuse of currently available antimicrobial compounds has established a niche of opportunistic
pathogens with multi-drug resistant mechanisms such as biofilm formation. Alternative measures are of
immediate interest to circumvent antimicrobial resistance. To do so, alternative strategies include drug
repurposing and designing novel compounds aimed at biofilm formation. The application of synthetic
membrane systems facilitate the study of microbial membrane components in a stable and controlled
environment. This technology provides the opportunity to optimise antimicrobial drug target sites and

design novel antimicrobial compounds.
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Introduction

Pseudomonas aeruginosa and Candida albicans are two opportunistic pathogens that can cause a
variety of infections in humans, particularly in individuals with weakened immune systems or other
underlying medical conditions. While both microorganisms are typically harmless in healthy individuals,
they can cause significant infections in immunocompromised individuals. One of the most concerning
aspects of P. aeruginosa and C. albicans is their ability to develop antimicrobial resistance. P.
aeruginosa can develop resistance to a wide range of antibiotics, while C. albicans can develop
resistance to antifungal drugs (Pendleton et al. 2013; Trejo-Hernandez et al. 2014; de Oliveira et al.
2020; Talapko et al. 2021). Both pathogens are also known for their ability to form biofilms, which can
contribute to the persistence of infections over time. Furthermore, P. aeruginosa and C. albicans can
form polymicrobial biofilms when they coexist in the same environment, and are commonly found
together in biofilms associated with various infections, including ventilator-associated pneumonia, cystic
fibrosis, and catheter-associated infections. The interaction between these species is complex and not
yet fully understood. It has been suggested that the two microorganisms can form antagonistic
relationships, but other studies have suggested that their interaction can also be mutualistic, leading to
increased virulence and the production of harmful metabolites (McAlester et al. 2008; Ovchinnikova et
al. 2012; Bandara et al. 2013; Fourie et al. 2016; Phuengmaung et al. 2020).

The interaction between P. aeruginosa and C. albicans has important clinical implications, particularly
in the context of biofilm-associated infections. Biofilms are notoriously difficult to treat with conventional
antibiotics, and the presence of multiple microorganisms in a biofilm can further complicate treatment.
Therefore, understanding the nature of the interaction between these microorganisms and developing
novel strategies to disrupt their interactions may have significant therapeutic implications (Koch and
Hgiby 1993; Aaron et al. 2002; Francolini and Donelli 2010; Sherrard et al. 2014; Floyd et al. 2017,
Granchelli et al. 2018; Reece et al. 2021).

The emergence of antimicrobial resistance is a growing concern in public health, and the development
of novel antimicrobial therapies and strategies is essential to combat this problem (Coates et al. 2011;
Belete 2019). Traditional antibiotics have been the cornerstone of antimicrobial therapy for decades,
but the widespread use and misuse of these drugs have contributed to the emergence and spread of
antimicrobial resistance. Therefore, there is a need to explore new avenues for antimicrobial therapy,
including the development of alternative agents that target microbial pathogens in new ways. One
promising area of research for the development of novel antimicrobial therapies is the use of natural or
synthetic molecules that disrupt the integrity of the microbial cell membrane (Raffa et al. 2005; Haldar
et al. 2005; Smith 2005; Abusrewil et al. 2020). Amphiphilic molecules have attracted attention due to
their ability to self-assemble into ordered structures and interaction with biological membranes. These
structures have the potential to act as novel antimicrobial agents by disrupting the lipid bilayer of
microbial cells, leading to cell death. The use of amphiphilic molecules as antimicrobial agents has
several advantages, including their broad-spectrum activity against various microorganisms, their

potential for use in combination therapies, and their ability to overcome antimicrobial resistance (Baktir
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et al. 2012; Mayer and Kronstad 2017; Tyuleva et al. 2019; White et al. 2020b; Mota Fernandes et al.
2021).

Supramolecular self-associating amphiphiles (SSAs) are a promising novel class of amphiphilic
molecules that have gained attention as potential antimicrobial alternatives. These amphiphilic
molecules can self-assemble into complex structures, which are hypothesized to disrupt bacterial
membranes (Hiscock et al. 2016; Gumbs et al. 2018; Luo et al. 2021; Yang et al. 2022a; Yang et al.
2022b). The advantage of using SSAs as antimicrobial agents lies in their potential to overcome the
limitations of conventional antibiotics. Additionally, SSAs can be designed to have low toxicity, making
them a promising avenue for the development of new antimicrobial agents. The development of novel
antimicrobial therapies and strategies that incorporate SSAs has the potential to contribute significantly
to the fight against antimicrobial resistance and the treatment of infectious diseases (Townshend et al.
2020; Ng et al. 2020; Ellaby et al. 2022; Rutkauskaite et al. 2023). In this study, we evaluated the
efficacy and application of novel SSAs when employed against the opportunistic pathogens P.

aeruginosa and C. albicans.

Supramolecular self-associating amphiphiles can be effective against mono-
and polymicrobial biofilms

In alignment with current knowledge proving the antibacterial action of SSAs against planktonic cells of
Gram-positive and Gram-negative bacteria (White et al. 2021), our studies proved that SSAs do display
antibiofilm activity against biofilms of Gram-negative bacteria and significantly, Candida albicans.
Additionally, the investigation of SSAs employed against mature biofilms showed the ability of most
compounds to penetrate the protective extracellular matrix (EXM) and affect C. albicans cell within the
complex structure. When considering the presence of GLPs in the extracellular matrix, it may be argued
that the SSAs interact selectively with EXM components resulting in disassembly (Kim et al. 2011; Yue
2014; Mitchell et al. 2016; Boles et al. 2022; Doolan et al. 2022). Our studies further deduced selective
inhibitory action based on structural characteristics through structure-activity relationship investigations.
One of the structural findings relates to the importance of the counter cation for the overall antimicrobial
activity. This coincides with Allen et al. (2020), who established that the presence of the SSA counter
anion results in selectively increased antimicrobial activity against planktonic methicillin-resistant

Staphylococcus aureus and Escherichia coli.

Furthermore, the outer membrane glycerophospholipid composition of P. aeruginosa PAO1 mostly
contains phosphatidylethanolamine and phosphatidylglycerol, which facilitates a negative net surface
charge (van Meer and de Kroon 2011). In contrast, the outer membrane GPL composition of C. albicans
SC5314 mostly contains phosphatidylcholine and phosphatidylethanolamine, which facilitates a neutral
net surface charge (Singh et al. 2010; Zamith-Miranda et al. 2019). The distinct difference in GPL
composition and surface charge directly relates to the selective inhibitory action from structural
differences observed in the SSAs. Moreover, it is established that differential membrane profiles are
observed in different microbial lifecycle phases and environments such as mature biofilms encapsulated
in an extracellular matrix (Kohlwein et al. 1996; Lattif et al. 2011; de Kroon et al. 2013; Hilton et al.
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2021). The lipophilic and hydrophilic components of the SSAs may infer additional influence on the

complex interaction observed between the SSA anion, cation and relevant microbial membrane.

In line with the complex interactions previously mentioned, the tested SSAs displayed interesting results
as potentiating agents for the drugs colistin and fluconazole. These data suggest an improved and
beneficial interaction between select SSAs and the antibacterial substance. However, this feature
should be investigated in greater detail to substantiate any findings. It is proposed to investigate the
relationship between the SSAs and both substances to determine the nature of the interaction (Kuhn et
al. 2003; Petrosillo et al. 2008; Meletiadis et al. 2010; Grassi et al. 2017; Torres et al. 2018; Bellio et al.
2021). Furthermore, it is of interest to investigate the membrane influence inferred by the SSA-drug
complex challenged against the respective mono- and polymicrobial biofilm models. With reference to
the toxicity and infection studies performed, although lower concentrations of the selected SSA (SSA
39) was found to be non-toxic in cell culture models (Boles et al. 2021; Dora et al. 2021; White et al.
2021), the concentrations used in this study was toxic to Caenorhabditis elegans and could not protect

C. elegans from C. albicans infection.

Supramolecular self-associating amphiphiles interact with Candida membranes

From the in vitro findings discussed in Chapter 2, SSA 39 was selected to elucidate SSA-membrane
interactions. The molecular structure of SSA 39 facilitates intrinsic fluorescent properties that may be
exploited to observe relevant SSA-membrane interactions (Allen et al. 2020; White et al. 2020a). White
et al. (2020) used a combination of fluorescence and transmitted light microscopy imaging techniques
to show that SSA 39 is present at a Gram-positive and Gram-negative cell surface as a spherical
aggregate. From their investigation, it is speculated that the SSA coats the bacterial surface, and

disrupts susceptible cell membranes, which results in internalisation.

The current study investigated membrane interactions of SSA 39 with yeast (C. albicans) membranes,
and found that this SSA also interacts with the yeast cell surface as well as the extracellular matrix of
the biofilm. To investigate the observed SSA localisation and elucidate potential SSA-membrane
interactions, a technique known as nanodisc technology was employed. Nanodiscs are synthetic
membrane systems composed of relevant components (in this case GPLs) and a polymer belt (in this
case styrene maleic anhydride or SMA) to imitate the phospholipid bilayer environment of cells. From
its composition, nuclear magnetic resonance (NMR) titration assays may be performed to deduce
membrane component interactions with compounds, such as SSAs (Scheidt and Huster 2008; Denisov
and Sligar 2016; Ravula et al. 2018; Medina-Carmona et al. 2020; Padmanabha Das et al. 2020).

To our knowledge, our study is the first to synthesize phospholipid nanodiscs from glycerophospholipids
extracted from C. albicans NCPF3645 and C. auris WT1912 biofilm cells. The synthesized phospholipid
nanodiscs were utilised in a novel phospholipid nanodisc '"H NMR CPMG adhesion assay to establish
SSA-membrane coordination events (Vallurupalli et al. 2009). From these data, we hypothesize novel
interactions and bond formations between SSA 39 and fungal GLPs, phosphatidylinositol and
phosphatidylserine. The hypothesized interaction between SSA 39 and GPLs (White et al. 2020a), and

the presence of GPLs in the extracellular matrix of biofilms (Kim et al. 2011; Yue 2014; Mitchell et al.
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2016; Boles et al. 2022; Doolan et al. 2022) may explain this phenomenon. It is interesting to note that
although SSA 39 was able to inhibit C. albicans biofilm formation, it was less effective against mature
biofilms. This, may in part, be explained by the ability of the GLPs in the EXM to sequester the SSA

and prevent interaction with the cell membrane.

Future considerations

In line with the combined efforts of an interdisciplinary consortium chaired by Professor Jennifer
Hiscock, our study evaluated supramolecular self-associating amphiphiles as novel anti-biofilm
compounds. The novelty of this project elucidated crucial structure-activity relationship information to
evolve the novel library of molecules synthesized by the Hiscock group. From the study, future
considerations are important to evaluate the efficacy and feasibility of these compounds accurately and
thoroughly in a clinical setting. Proposed considerations include evaluating the efficacy of other SSAs
in combination and investigating the effect of these combinations as potentiating agents for currently
marketed antimicrobials of interest. Furthermore, it is proposed that future research should attempt
additional toxicity — and co-infection studies at lower concentrations and in combination with other
substances (such as colistin or fluconazole) when challenging animal model infections to elaborate the
scope of SSA technology application.

Above all, an important aspect of drug development is understanding the mechanism(s) of actions of
the novel antimicrobial compounds and their specific targets. Although evidence points to the interaction
between SSAs and cell membranes, factors such as the specificity of the interaction between SSAs
and GLPs and other membrane constituents (such as sterols) needs to be further elucidated. One
avenue that may be pursued is determining the phospholipid membrane composition of clinically
relevant pathogens in different biofilm stages and investigating the selectivity of the SSA library against
phospholipid combinations. The investigation of protein-protein interactions may supplement current
findings and provide insight into the hypothesized SSA-GPLs coordination events. To do so, the use of
pull-down assays are of interest to confirm our hypothesised novel SSA interactions (Louche et al.
2017).

Transcriptome profiling is a powerful tool used to elucidate the genetic regulation and expression
patterns of cells. This technology offers invaluable insight to the biological processes involved in cellular
and metabolic maintenance (Rani and Sharma 2017; Chong et al. 2018). To complement transcriptomic
investigation, interactome studies will facilitate the analysis of interactions, and the consequences of
those interactions, between and among proteins and other molecules within a cell (Parrish et al. 2006;
Luck et al. 2017). Furthermore, novel imaging nanotechnology called Auger-architectomics, which is
based in principle on Auger electron optics linked to scanning electron microscopy (SEM), is used to
study drug bio-sensors in nano-detail (Swart et al. 2014). Nano-scanning Auger microscopy (NanoSAM)
technology will enable the analysis of cellular elemental compositions and profiles to expose the effect
and fate of SSAs on cells (Swart et al. 2010; Swart et al. 2012). In line with these techniques, a thorough
and detailed cellular architecture may be composed to unambiguously report the SSA mechanism of

action.
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Summary

Antimicrobial resistance (AMR) has become a significant problem, leading to millions of deaths related
to AMR-associated infections. Hospitals, which are susceptible to opportunistic pathogens such as
Pseudomonas aeruginosa and Candida albicans, are vulnerable to contamination. Biofilms, which are
a noteworthy antimicrobial resistance mechanism, contribute to consistent and recurring infections and
display enhanced resistance to various host defence mechanisms. The World Health Organization
(WHO) has identified a list of critically important bacterial and fungal pathogens (including P. aeruginosa
and C. albicans) that require immediate research and subsequent development of novel antimicrobial
substances.

Supramolecular self-associating amphiphiles (SSAs) are a promising class of amphiphilic molecules
that have gained attention as potential antimicrobial alternatives. This study evaluated the efficacy of
SSAs against mono- and polymicrobial biofilms formed by P. aeruginosa and C. albicans and proved
that SSAs do indeed have antibiofilm capabilities. However, these capabilities indicated a degree of
specificity between biofilm models. From the compounds screened, five showed promising inhibitory
action. It is interesting to report, SSA 39, which was able to inhibit biofilm formation, was less effective
against pre-formed biofilms. SSA 39 was found to interact with C. albicans SC5314 biofilms and fungal
membranes, alluding to a potential membrane interaction. The tested SSAs also displayed a varying
ability to act as antimicrobial potentiating agents for colistin and fluconazole. Unfortunately, the selected
SSA (SSA 39) was found to be toxic to Caenorhabditis elegans and did not protect the nematodes from
infection by C. albicans.

The use of synthetic membrane systems (known as nanodiscs) provides a stable and controlled
environment to study microbial membrane components, and may facilitate the design of novel
antimicrobial compounds with optimized drug target sites. In line with this, a novel phospholipid
nanodisc '"H NMR CPMG adhesion assay was used to hypothesize potential interactions between

glycerophospholipids isolated from fungal membranes.

From this study, it is evident that alternative strategies such as drug repurposing and novel compound
design are necessary to combat antimicrobial resistance and prevent the growth of multidrug-resistant
pathogens. Furthermore, this study contributes by highlighting the need to develop novel strategies to
treat biofilm-associated infections, given that biofilm environments can enhance antimicrobial
resistance mechanisms. Future considerations should focus on investigating the fungal membrane
phospholipid composition of clinically relevant opportunistic pathogens, as well as determining the
selectivity of the SSA library against relevant phospholipid combinations. Finally, it is of importance to
elucidate the fungal mechanism(s) of actions utilised by SSAs and to report the complete fungal cellular
response profile. To do so, transcriptomic investigation, Nano-scanning Auger microscopy (NanoSAM)

technology and establishing resultant interactome maps will be used.
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