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Abstract

Chronic wound infections, driven by resilient polymicrobial biofilms and escalating
antimicrobial resistance (AMR), present a critical therapeutic challenge that requires
alternative interventions. This thesis investigates innovative strategies to combat
biofilm-associated infections, primarily focusing on cold atmospheric plasma (CAP)
and repurposed compounds as alternatives to conventional therapies. Using in vitro
models mimicking chronic wound microenvironments, including mono- and triadic-
species biofilms of Staphylococcus aureus, Pseudomonas aeruginosa, Candida

albicans, the study evaluates three key themes relating to antimicrobial testing.

CAP monotherapy (chapter 3) demonstrated time- and strain-dependent antimicrobial
efficacy, with >3-logio reductions in biofilm viability linked to hydrogen peroxide
(H-0,) and reactive species generation. S. aureus exhibited strain-specific tolerance,
while CAP disrupted polymicrobial community dynamics and induced oxidative
damage visible via scanning electron microscopy (SEM). Dual therapies (chapter 4)
combining CAP with repurposed agents (e.g., KHS 101 hydrochloride) or antiseptics
H,O,, and povidone-iodine (PVP-l) overcame biofilm tolerance, achieving synergistic
eradication (>3-logio CFE reductions) in recalcitrant S. aureus-containing models with
the novel dual intervention: KHS+CAP emerged as a lead strategy, destabilising
biofilm matrices and enhancing oxidative stress. H,0,-antibiotic combinations
(chapter 5) showed that H,0, potentiated flucloxacillin and gentamicin against early-
stage S. aureus biofilms, particularly in strain Newman. Synergy depended on
treatment sequence, suggesting that such an intervention, if used clinically, would

require careful consideration.

Key findings from this thesis have shown that such alternative therapies could be
utilised for biofilm treatment in chronic wound management. In particular, the broad-
spectrum activity of CAP and synergy with a repurposed agent (KHS) offers a potential
replacement for antibiotic interventions during the care of such patients, which was
demonstrated here using in vitro model systems. Alternatively, H,0,-mediated
antibiotic re-sensitisation offers another pathway to mitigate AMR. Ultimately, multi-
modal approaches rather than single-agent treatments, particularly those that

“break” antimicrobial tolerance provide the most promising alternatives.
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Chapter 1: General introduction

1.1 Introduction

Wounds and their associated infections can greatly diminish patients’ quality of
life and pose a growing challenge to healthcare systems globally. In the United
Kingdom (UK), for example, it was estimated that the National Health Service
(NHS) treated approximately 2.2 million wounds—including diabetic foot ulcers
(DFUs), burns, and venous leg ulcers (VLUs) during the 2012/2013 period (Guest
et al., 2015). By 2018, this figure had risen to about 3.8 million cases (Guest,
Fuller and Vowden, 2020). Data from the National Diabetes Foot Care Audit (NDFA)
between 2015 and 2018 indicated that one in three individuals with severe ulcers
required hospitalisation for foot-related conditions within six months of their
initial specialist assessment (NHS England, 2019). Furthermore, nearly half of
these patients still had unresolved foot ulcers 12 weeks after their first evaluation
by a specialist (NHS England, 2019). According to the NDFA, from 2018 to 2023,
more than 40% of DFUs were classified as severe, and between 2.6% and 3.2% of
these severe cases resulted in amputation within six months following the initial

expert assessment (NHS England, 2023).

All wounds can be classified as either acute or chronic, depending on the severity
and nature by which they heal. Acute wounds typically exhibit clear signs of
healing within approximately four weeks, progressing through the standard phases
of wound repair, while complete closure may take up to twelve weeks. However,
a notable number of wounds do not heal within this expected timeframe or
sequence, and these are classified as chronic wounds (Frykberg and Banks, 2015,
Morton and Phillips, 2016). Research has indicated that chronic wounds represent
a considerable portion of all wounds in the UK, with around 30% remaining
unhealed for extended periods, leading to significant financial implications for the
NHS (Guest et al., 2015, Guest, Fuller and Vowden, 2020). The likelihood of
wounds becoming chronic is heightened by underlying health issues and
comorbidities such as diabetes, obesity, impaired mobility, and vascular disorders
(Beyene, Derryberry and Barbul, 2020, Guo and DiPietro, 2010, Sen, 2019).

A wound is defined as a break or injury to the skin’s epithelial layer, often
extending to the tissues beneath. Such injuries can result from a variety of causes,

including physical trauma, surgical procedures, or burns. Once a wound occurs,
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the body initiates a healing process that generally progresses through four distinct
stages: bleeding and haemostasis, inflammation, proliferation, and remodelling
(Figure 1.1) (Yang et al., 2021a, Demidova-Rice, Hamblin and Herman, 2012).
Throughout these stages, the injured skin undergoes a series of changes, and the
local wound environment becomes conducive to tissue repair (Demidova-Rice,
Hamblin and Herman, 2012, Shaw and Martin, 2009, Wilkinson and Hardman, 2020,
Yang et al., 2021a). The initial haemostasis phase involves the formation of a
blood clot to control bleeding. This is followed by the inflammatory phase, during
which various immune cells are recruited to the site of injury (Shaw and Martin,
2009, Wilgus, Roy and McDaniel, 2013, Caballero-Sanchez, Alonso-Alonso and
Nagy, 2024). These immune cells secrete a range of factors and signalling
molecules, such as cytokines, matrix metalloproteinases, and growth factors,
which facilitate the migration and proliferation of fibroblasts, angiogenesis,
collagen production, and the development of new extracellular matrix (ECM).
These processes also support re-epithelialisation and the eventual remodelling of
the wound area (Demidova-Rice, Hamblin and Herman, 2012, Martin and Nunan,
2015, Yang et al., 2021a, Kandhwal et al., 2022). In addition, these phases
overlap, they are tightly coordinated, ultimately resulting in wound closure and

tissue restoration.
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Figure 1.1: Wound healing progresses through four interconnected yet distinct phases. (1)
Haemostasis, during which a blood clot forms to control bleeding; (2) Inflammation, marked by the
activation of immune cells that release various factors and signalling molecules, facilitating the
recruitment of fibroblasts; (3) Proliferation, where fibroblasts proliferate, collagen is produced, and
new tissue is generated; and (4) Remodelling, in which the newly formed tissue undergoes
maturation and strengthening, ultimately restoring tissue integrity. Diagram was created in
BioRender.

The healing timeframe for wounds is affected by various external elements,
including the cause of the injury, as well as its depth and size. Internal factors
also play a role, including the presence of comorbidities like diabetes, kidney
disease, venous insufficiency, and immune system disorders (Beyene, Derryberry
and Barbul, 2020). Chronic wounds are often marked by an extended inflammatory
and proliferative phase, where elevated levels of cytokines, biochemical agents,
and immune cells persist, hindering the normal healing process (Barrientos et al.,
2008, Guo and DiPietro, 2010, Landén, Li and Stahle, 2016, Versey et al., 2021).
For example, ongoing inflammation can increase the concentration of matrix
metalloproteinases in the wound environment, which break down the ECM in the
wound bed (Sabino and auf dem Keller, 2015, Caley, Martins and O'Toole, 2015,
Kandhwal et al., 2022). This loss of ECM is especially evident in DFUs (Sutcliffe et
al., 2017), further restricting cell movement and preventing wound closure.

Additionally, the wound microenvironment becomes even more complex when
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prolonged inflammation is combined with the presence of various microorganisms;

arising from biofilm formation in the favourable conditions of the wound bed.

1.2 Wound infections

Both acute and chronic wounds are vulnerable to infection due to the inevitable
presence of microorganisms on the skin, and through transient spread from
human-to-human and environment-human. During the normal healing process,
immune cells such as neutrophils are crucial for engulfing and eliminating
pathogens, thereby reducing the risk of infection (Raziyeva et al., 2021, Zhu et
al., 2021), but can become ineffective when overwhelmed with microbial
colonisation. Wounds are typically colonised by a variety of commensal and
pathogenic microbes. When healing is delayed, the risk of infection increases, as
the extended timeframe allows pathogens more opportunity to multiply, making
infections a frequent complication. A variety of pathogens present within the
wound microbiome can be responsible for these infections as discussed above,
which in turn can hinder both treatment effectiveness and the healing process.
Traditionally, wounds containing more than approximately 10° colony forming
units (CFU) per gram of tissue have been classified as infected according to earlier
studies, and this threshold can differ depending on the specific pathogens involved
and the criteria used in different research (Hurlow and Bowler, 2022b, Caldwell,
2020).

Clinically, infected wounds present with local signs such as purulence (pus),
erythema, warmth, oedema, pain, malodour, friable or bleeding granulation
tissue, and tissue breakdown, progressing in severe cases to systemic illness;
diagnostically, inflammatory markers like C-reactive protein (CRP) with
erythrocyte sedimentation rate, white blood cell count, and procalcitonin support
assessment, while elevated wound protease activity, predominantly host matrix
metalloproteinases (MMPs)/neutrophil elastase, has been linked to hard-to-heal
infected wounds, whereas direct bacterial protease testing is not yet routine in
clinical practice (Healy and Freedman, 2006, Durand et al., 2022, Burnet et al.,
2022, Sharma et al., 2022, Senneville et al., 2024).

Pressure injuries, VLUs, DFUs, arterial ulcers, and mixed arterial-venous ulcers

can be characterised by established classifications that link cause, depth,
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duration, and tissue involvement to management. The National Pressure Injury
Advisory Panel/National Pressure Ulcer Advisory Panel staging system defines
pressure injuries from superficial epithelial damage to deep tissue involvement
and unstageable lesions, aligning stage with progressive tissue loss over time
(Edsberg et al., 2016). VLUs are categorised within Clinical-Etiology-Anatomy-
Pathophysiology (category 6) indicating active ulceration, and duplex ultrasound
is used to confirm reflux or obstruction to guide compression and venous
interventions (Hess, 2020). DFUs are commonly graded by the Wagner-Meggitt
scale (depth/ischemia scale from 0-5) and complemented by Wound-Ischemia-foot
Infection to integrate perfusion and infection status, stratifying amputation risk
and prioritizing revascularization where needed (Shah et al., 2022, Liu et al.,
2024a). Arterial ulcers due to peripheral artery disease require vascular
assessment with the ankle-brachial index and imaging because tissue hypoxia
drives chronicity and mandates perfusion restoration for healing (Wang et al.,
2023b). Mixed arterial-venous disease combines venous hypertension with arterial
insufficiency, necessitating integrated work-ups and staged treatment to address

both components and prevent stalled healing trajectories (Alagha et al., 2024).

In the UK, the standard approach to managing wound infections generally relies
on antibiotic therapy, which may be supplemented with antimicrobial dressings or
topical agents (Lipsky et al., 2016, Edwards-Jones, 2020). Chronic wounds,
however, frequently experience repeated infections, often necessitating several
courses of antibiotics and prolonged treatment durations (Eriksson et al., 2022,
Leaper, Assadian and Edmiston, 2015). This pattern of antibiotic use can promote
the emergence of multidrug-resistant bacteria within the wound microbiome.
Furthermore, infections in wounds are commonly associated with the
development of biofilms—structured bacterial communities that are notably
resistant to antibiotic treatment (Percival, McCarty and Lipsky, 2015, Wu, Cheng
and Cheng, 2019).

The National Institute for Health and Care Excellence (NICE) antimicrobial
prescribing guidelines offer evidence-based advice to help health professionals
and patients manage common infections and reduce antimicrobial resistance.
NICE's antimicrobial prescribing guidelines specifically include recommendations

for managing leg ulcer infection (NICE guideline 152), providing structured
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guidance for clinicians managing chronic wound infections (Chaplin, 2020). Recent
audits have revealed significant challenges in compliance with NICE guidance. A
study of antibiotic prescribing in acute wound management found that only 42.8%
of cases met NICE criteria for antibiotic indication, while documentation
deficiencies were prevalent, with only 61.9% of prescriptions featuring complete
wound assessments. This highlights the gap between established guidelines and
clinical practice implementation (Al-khatib, Corn and Ozidu, 2024). The NICE
guidelines for the prevention of surgical site infection emphasize the importance
of appropriate antimicrobial use, recommending that clinicians only apply an
antiseptic or antibiotic to the incised wound before closure as part of a clinical
research trial. The guidelines also suggest considering gentamicin-collagen
implants used in cardiac surgery and sutures, rather than staples to close the skin

to reduce surgical site infection risk (Leaper et al., 2019).

The International Wound Infection Institute (IWIl) 2022 Wound Infection in Clinical
Practice consensus document provides multidisciplinary healthcare providers with
effective guidance and support on terminology, paradigms related to biofilm,
identification of wound infection, wound cleansing, debridement and
antimicrobial stewardship. The document incorporates wound infection
management strategies within the IWIlI's Wound Infection Continuum (IWII-WIC)
and management plan (Swanson et al., 2022). The IWIl consensus emphasizes that
accurate and timely identification of wound infection is critical to achieving
clinical and cost-effective management, and promotion of healing. The guidelines
specifically address biofilm paradigms and antimicrobial stewardship, recognizing
the challenges posed by biofilm-associated infections in chronic wounds (Swanson
et al., 2022).

The UK has implemented comprehensive antimicrobial stewardship programs with
specific focus on wound infection management. Updated good practice
recommendations for outpatient parenteral antimicrobial therapy in adults and
children in the UK provide guidance for managing severe wound infections
requiring intravenous antibiotics (Chapman et al., 2019). Analysis of antimicrobial
prescribing guidance across NHS trusts shows that most guidelines included sepsis
management (98.3%) and antimicrobial stewardship (94.1%), though only 9.2%

included all key general guideline sections. This variability in guideline
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implementation across different healthcare settings may contribute to
inconsistent wound infection management practices (Ashfield et al., 2023). For
complex wound infections, particularly those involving multidrug-resistant
organisms, the UK has developed specialized guidance. The updated guidelines
from the UK for treatment of methicillin-resistant Staphylococcus aureus (MRSA)
were developed following a review of the published literature (2007-2018)
pertaining to the treatment of infections caused by MRSA, taking into account
changes in the UK epidemiology of MRSA, ongoing national surveillance data and
the efficacy of novel anti-staphylococcal agents licensed for use in the UK (Brown
et al., 2021). The British Orthopaedic Association released updated guidelines in
2020 for the management of open fractures, recommending a two-phase approach
with initial intravenous antibiotics followed by treatment for 24 hours after wound
excision. These guidelines recognize the particular challenges posed by
contaminated wounds with high infection risk (Bangash, Muddassir and Barlow,
2023).

Chronic wounds represent a significant healthcare challenge characterised by
persistent infection and impaired healing processes. Recent research has
established that the microbiology of chronic wounds is remarkably complex,
involving diverse bacterial and fungal communities that contribute significantly to
wound chronicity and treatment resistance (Diban et al., 2023). Unlike acute
wounds, chronic wounds remain in a persistent inflammatory state partly due to
the complex microbial ecosystem that develops within them (Hurlow and Bowler,
2022a). Studies have revolutionised our understanding of chronic wound
microbiology, revealing that rather than being caused by individual pathogens,
these wounds harbour intricate polymicrobial communities that work
synergistically to impede healing (Ancira et al., 2025). The European Society of
Clinical Microbiology and Infectious Diseases (ESCMID) has explicitly stated that
"biofilms cause chronic infections” with chronic wounds being cited as a prime
example of biofilm infection (Wolcott, 2017). This fundamental shift in
understanding has established that chronic venous ulcers, pressure injuries, and
DFUs harbour sophisticated polymicrobial communities that cooperatively impede
healing through complex intercellular signalling networks and shared protective
mechanisms (Hurlow and Bowler, 2022a, Wolcott, 2017). For the microbial

community, the key benefits of impeding healing are sustained access to
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nutrients, community-level tolerance to host defences and drugs, cooperative
metabolism and spatial organization that enhance persistence, accelerated
adaptation via gene exchange and phenotypic shifts, and efficient dispersal to
maintain colonization across the wound landscape (Percival, Thomas and Williams,
2010, Pouget et al., 2022b, Zhao et al., 2013, Khalid et al., 2023, Omar et al.,
2017).

1.2.1 Biofilm formation in chronic wounds

In the 1670s, Antonie van Leeuwenhoek recorded microscopic “animalcules” from
dental plaque, widely regarded as the first description of oral biofilms and a
foundational observation for oral microbiology and biofilm science (He and Shi,
2009). Contemporary reviews of oral biofilms explicitly trace their origins to
Leeuwenhoek’s plaque observations, noting his descriptions of sessile consortia
that disperse when perturbed, consistent with modern biofilm behaviour
(Sandulescu and Sandulescu, 2023). In the 1940s, Zobell (1943) demonstrated that
bacteria attach to and thrive on solid surfaces in dilute environments, showing
enhanced activity associated with surfaces and distinguishing benthic
(surface-associated) from planktonic lifestyles. Historical retrospectives
emphasize early demonstrations of reversible and irreversible attachment,
microcolony formation, and the role of conditioning films on submerged surfaces,
which anticipated core stages of biofilm development recognized today (O'Toole,
2016). From the 1970s through the 1990s, the work of J. William Costerton and
collaborators popularized the term “biofilm” and firmly established the
importance of adherent, matrix-embedded communities as the prevailing
microbial lifestyle in nature and a driver of persistent infections (McLean, Lam
and Graham, 2012). This shift catalysed medical microbiology’s embrace of
biofilms as central to chronic device- and tissue-associated infections, paving the
way for modern in vitro and in vivo models and clinical diagnostics targeting
biofilm phenotypes (Lebeaux et al., 2013). Modern ideologies portray biofilms as
structured, matrix-encased communities with emergent properties (e.g.,
tolerance, heterogeneity), a conceptualization now commonly applied to chronic
wound infections where biofilms underpin persistence and treatment failure
(Watnick and Kolter, 2000). Focused reviews on wounds integrate this history with

clinical evidence, detailing how polymicrobial biofilms in wound beds resist
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antibiotics and immune clearance, thereby sustaining chronic inflammation and

non-healing states (Omar et al., 2017).

Today, biofilms are understood to be intricate assemblies of one or more microbial
species that adhere to one another and/or surfaces (Rather, Gupta and Mandal,
2021, Flemming et al., 2016), and they are now considered a universal feature in
most microbial infections. These three-dimensional structures consist primarily of
an extracellular polymeric substance (EPS) matrix, which encases the microbial
cells and offers them protection. Biofilms are often made up of multiple microbial
species, enabling nutrient sharing, horizontal gene transfer, and mutual support
among the different organisms present (Gabrilska and Rumbaugh, 2015, Wolcott
et al., 2013, Yao et al., 2022). Microbes within biofilms interact and cooperate to
withstand environmental challenges, such as attacks from the immune system and
exposure to antibiotics, and biofilms are widely implicated in the persistence of
infections (Malone et al., 2017, Percival et al., 2018, Percival, McCarty and
Lipsky, 2015, Wu, Cheng and Cheng, 2019, Zhao et al., 2013). This increased
resistance is particularly evident when trying to control infected wounds, and a

major reason why such wounds fail to heal even with antimicrobial intervention.

The biofilm matrix is composed of various elements, including polysaccharides,
lipids, extracellular DNA, and a range of proteins, which together form a
protective shield (known as EPS) around bacterial cells (Ragupathi et al., 2024,
Karygianni et al., 2020). This matrix not only limits the penetration of antibiotics
into the deeper layers of the biofilm but also serves as a physical barrier against
immune system attacks, thereby helping bacteria evade immune destruction
(Almatroudi, 2025, Jones and Wozniak, 2017). Within biofilms, bacteria are
exposed to diverse microenvironments, resulting in variations in oxygen and
nutrient levels. This leads to reduced metabolic activity in some cells (Zhang et
al., 2021, Senderholm et al., 2017), creating populations of dormant or persister
cells that are highly tolerant to antibiotics (Zhang et al., 2021, Ayrapetyan,
Williams and Oliver, 2018, Harms, Maisonneuve and Gerdes, 2016). Furthermore,
when multiple species coexist within a biofilm, their differing resistance traits can
be shared through horizontal gene transfer, while metabolic cooperation and
increased production of virulence factors provide additional benefits (Michaelis

and Grohmann, 2023, Sadiq et al., 2022). These combined factors make biofilms
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significantly more resistant to antibiotics than free-floating (planktonic) bacteria,
allowing the diverse microbial species in wounds to survive antimicrobial
treatments (Almatroudi, 2025, Shree et al., 2023, Rahim et al., 2017). The biofilm
lifestyle offers microbes enhanced protection from both immune clearance and
antibiotic therapy, exacerbating inflammation in the wound environment (Versey
et al., 2021, Lamret et al., 2020). The EPS matrix reduces microbial exposure by
retarding and redistributing antimicrobial penetration, adsorbing and inactivating
agents at the biofilm periphery, and physically and chemically sequestering host
immune effectors—thereby lowering the effective concentrations that reach
embedded cells and diminishing killing (Davenport, Call and Beyenal, 2014,
Mulcahy, Charron-Mazenod and Lewenza, 2008, Pier et al., 2001). As a result,
biofilms represent a major obstacle in wound care and significantly complicate
the management of wound infections. Numerous studies have demonstrated that
microorganisms often form biofilms within wounds (Darvishi et al., 2022, Azevedo
et al., 2020, Hurlow et al., 2015, Malone et al., 2017). These biofilms typically
consist of a mix of different species, including both aerobic and anaerobic
bacteria, Gram-positive and Gram-negative organisms, as well as fungi (Percival
et al., 2018, Wolcott et al., 2013, Gabrilska and Rumbaugh, 2015).

Research into wound-associated biofilms has accelerated through the use of
various in vitro, ex vivo, and in vivo models (Vyas, Xia and Mai-Prochnow, 2022,
Cardenas-Calderdn et al., 2022, Dhekane, Mhade and Kaushik, 2022, Jensen,
Johansen and Jensen, 2017, Brackman and Coenye, 2015). These experimental
systems have been invaluable in revealing how different species interact within
polymicrobial biofilms, identifying important virulence factors, and illustrating
the heightened antibiotic resistance seen in biofilms. Many of these models utilise
two bacterial pathogens most frequently linked to wound infections,
Staphylococcus aureus and Pseudomonas aeruginosa (Serra et al., 2015a,
Vestweber et al., 2024). However, we now know that the wound
microenvironment can harbour ten to hundreds of different microbial species. The
following section will introduce the diverse nature of the chronic wound

microbiome.
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1.2.2 Wound microbiome

Infected chronic wounds harbour complex microbial populations, which include
both opportunistic pathogens and normal skin flora. In chronic wounds,
microorganisms are judged “pathogenic” when they are causing tissue damage
and host response. This is evidenced by clinical infection, recovery of
microorganisms from deep tissue/bone rather than surface, sufficient bioburden,
tissue invasion with inflammation, expression of virulence or biofilm traits, and
association with non-healing. Conversely, microorganisms detected only
superficially or without host response are more likely colonizers or bystanders
(Han et al., 2011, Kallstrom, 2014, Cortes-Penfield et al., 2023, Zhao et al., 2013,
Senneville et al., 2024). Numerous investigations have examined the wound
microbiome, revealing a wide variety of bacterial species present in different
wound types (Johnson et al., 2018, Kalan et al., 2019, Liu et al., 2020, Wolcott et
al., 2016). The specific makeup of these microbial communities varies depending
on the wound’s type, cause, and characteristics, and is further shaped by factors
such as underlying health conditions, medications, lifestyle, and hygiene practices
as discussed above. Despite the diversity seen among wound microbiomes, several
key pathogens have been consistently identified in wound infections, such as
Staphylococcus species particularly S. aureus and MRSA as well as P. aeruginosa
(Verbanic et al., 2020, Bessa et al., 2015, Rahim et al., 2017, Tom et al., 2019,
Kalan et al., 2019). S. aureus is frequently isolated from a range of wounds,
including surgical, burn, and diabetic wounds (Mohammed et al., 2017, Tom et
al., 2019, Jneid et al., 2017, Linz et al., 2023). Likewise, P. aeruginosa is
commonly detected in wound infections of various origins (Besse et al., 2022, Phan
et al., 2023, Rahim et al., 2017). Further research into wound microbiomes has
revealed their polymicrobial nature, with other genera such as Enterococcus spp.,
Escherichia coli, Klebsiella spp., Streptococcus spp., Acinetobacter spp.,
Corynebacterium spp., and more also being identified (Jneid et al., 2017, Sloan
et al., 2019, Uberoi, McCready-Vangi and Grice, 2024, Anju et al., 2022), with
several more commonly reporting the presence of fungal pathogens such as

Candida species as well (Verbanic et al., 2020).

The polymicrobial character of chronic wounds significantly affects healing

trajectories. A structural equation model analysing chronic wounds revealed that
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the microbiome composition contributes more significantly to variations in healing
time than other clinical factors including patient age, wound size, and duration,
explaining up to 46% of variation in healing outcomes (Ancira et al., 2025). This
underscores the critical importance of understanding the collective microbial
ecosystem rather than focusing on individual pathogens. The complex interactions
between different species create intricate relationships including nutrient
sharing, co-aggregation, and metabolic cooperation that enhance community
resilience (Diban et al., 2023, Biswas, Ahmed and Mondal, 2024, Roque-Borda et
al., 2025). For example, metabolic cooperation between aerobic and anaerobic
species establishes oxygen gradients that protect obligate anaerobes while
simultaneously strengthening overall community resistance (Verbanic et al., 2020,
Lu and Imlay, 2021). Recent research also indicates that increased bacterial
diversity and community stability correlate with poorer healing outcomes,
challenging earlier assumptions about microbial diversity in wound environments
(Verbanic et al., 2020, Kalan et al., 2016).

Chronic wound-host complex ecosystems where diverse microbial communities
assemble under selection pressures from immunity, tissue perfusion, and exudate
chemistry result in the generation of spatially and temporally distinct niches
across the wound bed and within biofilms (Scales and Huffnagle, 2013). Resource
and oxygen gradients promote spatial partitioning of taxa (e.g., aerobes at
oxygenated interfaces and anaerobes in deeper layers), with biofilm architecture
creating micro-niches that stabilize polymicrobial consortia and modulate
function (Pouget et al., 2022b, Khalid et al., 2023). Interspecies interactions,
including competition, mutualism, co-aggregation, and metabolic cross-feeding,
coordinate community metabolism and virulence, enhancing resilience and
tolerance that impede healing in wound environments (Durand et al., 2022, Pouget
et al., 2022a). Community composition is dynamic, showing turnover and priority
effects, and disturbances such as surgical or bedside debridement can reset
community structure, underscoring the value of longitudinal, multifaceted
profiling to link ecology with outcomes (Han et al., 2011, Misic, Gardner and Grice,
2014, Durand et al., 2022). Nonbacterial members (e.g., fungi) integrate into
these communities and have been associated with delayed healing, reinforcing
that chronic wound microbiota operate as a multispecies ecosystem rather than

isolated pathogens (Kalan et al., 2016, Scales and Huffnagle, 2013).
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1.2.3 Bacterial species in wounds

Several bacterial species have been consistently identified as key players in
chronic wound infections (Ancira et al., 2025). The final structural equation model
identified three species specifically associated with diminished healing:
Anaerococcus vaginalis, Finegoldia magna, and P. aeruginosa. As discussed before,
P. aeruginosa and S. aureus are particularly prevalent and frequently co-exist in
chronic wounds, exhibiting synergistic relationships that enhance their survival
and virulence (Serra et al., 2015b, Yung, Sircombe and Pletzer, 2021). In co-
culture environments mimicking chronic wounds, S. aureus growth increases when
cultured alongside P. aeruginosa, demonstrating bacterial cooperation (Pouget et
al., 2022a). In vivo, recent research utilising RNA sequencing has demonstrated
that P. aeruginosa actively expresses virulence genes in chronic wound
environments, resulting in tissue destruction and impaired healing even at

relatively low abundance (Karna et al., 2016).

Aerobic bacteria are predominant colonisers in chronic wound infections, with a
reported prevalence of 82% in clinical samples (Kulayta et al., 2024). The most
frequently isolated aerobic pathogens include S. aureus, P. aeruginosa, Klebsiella
species, and Streptococcus species, which collectively account for the majority of
chronic wound infections (Diban et al., 2023, Mengesha et al., 2014, Rahim et al.,
2016). In post-surgical wound infections, S. aureus represents approximately
35.77% of isolates, followed by Klebsiella species (22.76%) and coagulase-negative
staphylococci (14.63%), highlighting the consistent dominance of these pathogens
across various wound types (Mengesha et al., 2014). Similarly, in DFUs and other
chronic wounds, P. aeruginosa (27%), K. pneumoniae (16%), Staphylococcus
species (14%), and Streptococcus species (13%) are the predominant isolates
(Rahim et al., 2016). These findings demonstrate that while the specific
distribution may vary by wound type and severity, a relatively consistent group of

aerobic pathogens tends to colonize chronic wounds.

Aerobic colonisers may predominate initially. As wounds become chronic, the
environment becomes predominantly hypoxic or anoxic, creating ideal conditions
for anaerobic bacterial growth and persistence (Coluccio, Lopez Palomera and
Spero, 2024, Kim et al., 2024). These oxygen-limited conditions drive the

composition and behaviour of the wound microbiota, with obligate anaerobes
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being among the most prevalent taxa colonising established chronic wounds, yet
their significance is often underappreciated in clinical practice (Coluccio, Lopez
Palomera and Spero, 2024). Molecular analysis of wound samples has confirmed
the consistent presence of anaerobic bacteria in non-healing wounds, with
multiple studies identifying diverse anaerobic communities using next-generation
sequencing technologies (Hussain, Rathnayake and Huygens, 2016). The
predominant anaerobic organisms in chronic wounds include members of the
Bacteroides spp., Peptostreptococcus spp., Finegoldia spp., Peptoniphilus spp.,
Porphyromonas spp., and Prevotella genera, which frequently co-exist with the
more commonly identified aerobic species (Coluccio, Lopez Palomera and Spero,
2024, Villa et al., 2024, Hussain, Rathnayake and Huygens, 2016). This
polymicrobial reality highlights the importance of considering both aerobic and

anaerobic components when managing chronic wound infections.

1.2.4 Fungal species in wounds

Chronic wounds represent a significant global health challenge, with fungi playing
a substantial but often underestimated role in their pathogenesis and persistence.
Studies have revealed that approximately 23% of 915 chronic wounds, including
DFUs, pressure ulcers, non-healing surgical wounds, and VLUs, test positive for
fungal species (Kalan et al., 2016, Ge and Wang, 2023). Despite this significant
presence, fungi are frequently overlooked in clinical treatment strategies, leading
to persistent infections and delayed healing outcomes (Short et al., 2023, Kalan
and Grice, 2018).

Similar to the bacterial populations, the fungal composition in chronic wounds is
diverse and complex. The most abundant fungi isolated from these wounds are
yeasts from the Candida genus, particularly Candida albicans, which has been
identified as one of the most important wound fungal pathogens (Kalan and Grice,
2018, Short et al., 2023, Ge and Wang, 2023). However, other non-conventional
fungi found in chronic wounds include species from genera such as Curvularia spp.,
Malessezia spp., Aureobasidium spp., Cladosporium spp., Ulocladium spp.,
Engodontium spp., Trichophyton spp., Aspergillus spp., and Fusarium spp.
(Chahal et al., 2021, Short et al., 2023). This diversity highlights the complex

fungal ecology present in chronic wounds and suggests that the fungal component
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of chronic wound infections is more varied than previously recognised (Kalan et
al., 2016).

Fungi in chronic wounds contribute significantly to the formation of biofilms.
These biofilms can be polymicrobial and interkingdom in nature, involving both
bacteria and fungi in complex interactions (Cox et al., 2024, Short et al., 2023).
For instance, C. albicans can provide a scaffold for bacterial attachment and
proliferation, as demonstrated in studies of inter-kingdom interactions (Morsli et
al., 2024, Kalan et al., 2016). The presence of C. albicans in multi-species biofilms
has been shown to drive the recalcitrant nature of the biofilm, where
antimicrobial treatments merely influence biofilm composition rather than
reducing overall biofilm biomass (Morsli et al., 2024, Short et al., 2023). This
interaction between fungi and bacteria contributes to the microbial bioburden of
wounds and ulcers, further complicating treatment approaches (Short et al.,
2023).

The presence of fungi in chronic wounds has significant clinical implications.
Fungal communities in chronic wounds are frequent, dynamic, and linked to
delayed healing. Pathogenic yeasts and moulds can form biofilms, exploit necrotic
niches, and modulate host inflammation. In addition, changes in metabolic states
in conditions such as diabetes that can lead to uncontrolled ketoacidosis and
elevated available iron further predispose such individuals to invasive Mucorales
spp. underscoring the need to interpret fungi within wound ecology and host
context for balanced management (lbrahim et al., 2012, Algarihi, Kontoyiannis
and Ibrahim, 2023, Kalan et al., 2016, Kalan and Grice, 2018). Uncontrolled
diabetic ketoacidosis (DKA) creates a permissive niche for Mucorales spp.; acidosis
and hyperglycaemia increase available serum iron and impair phagocyte function,
which together heighten susceptibility to invasive mucormycosis (Kumar et al.,
2014). Wounds that ultimately required more than 8 weeks to heal had a
significantly higher abundance of Ascomycota fungi at the initial time point,
compared to wounds that healed in less than 8 weeks (Kalan et al., 2016, Kalan
and Grice, 2018).Notably, not all detected fungi are equal; pathogenic yeasts and
moulds tend to associate with necrotic tissue and adverse outcomes, whereas
some allergenic filamentous fungi correlate with lower systemic inflammation,

potentially blunting systemic markers despite local pathology, so interpretation
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must integrate clinical signs and sampling depth (Kalan et al., 2016). This finding
suggests a potential link between the presence of certain fungal communities (like
Ascomycota spp.) and delayed wound healing, and it raises the possibility that the
composition of the wound microbiome could influence or predict wound healing
outcomes. Pathogenic fungi like Candida spp. and Fusarium spp. are strongly
associated with necrotic tissue, likely due to protease activity and biofilm
formation, while allergenic filamentous fungi (e.g., Aspergillus spp.,
Cladosporium spp.) correlate with reduced systemic inflammation, potentially
masking infection severity (Kalan et al., 2016). In diabetics with poor glycaemic
control, especially DK, clinicians should consider invasive Mucorales spp. risk in
addition to Candida spp. biofilm contributions, with attention to iron status and
host metabolic parameters that modulate fungal virulence and invasion (Algarihi,
Kontoyiannis and Ibrahim, 2023, Ibrahim et al., 2012). Because fungal biofilms and
interkingdom communities underpin persistence, management benefits from
combined debridement, targeted antimicrobials/antifungals, and correction of
host metabolic drivers (e.g., ketoacidosis) to shift the wound ecosystem toward

healing (Gebremariam et al., 2016, Kalan et al., 2016).

Directed culturing of wounds stably colonised by pathogens has revealed that
interkingdom biofilms formed between yeasts and co-isolated bacteria, further
complicating the management of these infections (Kalan et al., 2016, Ge and
Wang, 2023). Recent profiling of diabetic ulcers revealed fungi in 62% of cases,
far exceeding culture-based detection, with Candida spp. and Aspergillus spp.
frequently forming interkingdom biofilms alongside bacteria like S. aureus (Allkja
et al., 2025). These polymicrobial consortia exhibit shared antibiotic resistance
mechanisms and enhanced tolerance to therapies, exacerbating inflammation and
delaying recovery. Together, these findings underscore fungi as under recognised
contributors to chronicity, necessitating dual-targeting approaches for biofilm

disruption and improved diagnostics.

Proper diagnosis and treatment of fungal infections in chronic wounds are
essential for effective management. The high relative abundance of fungi within
the polymicrobial ecology of wound infections suggests that, when fungi are
present, they can be major contributors to the bioburden or biofilm of wounds
(Kalan et al., 2016, Uberoi, McCready-Vangi and Grice, 2024). Furthermore, the
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diversity of fungal genera and species represented in and among such wounds is
higher than previously suspected or reported (Short et al., 2023). This underscores
the importance of comprehensive diagnostic approaches that can identify the full

spectrum of fungal pathogens present in chronic wounds (Morsli et al., 2024).

Within the context of healthcare environments, other fungal pathogens carry
nosocomial threats for open, non-healing wounds. One such example, Candida
auris, represents an emerging concern in the context of chronic wounds. This
multidrug-resistant fungus poses a serious global health threat, causing severe
infections with high mortality rates in hospitalised patients with significant
underlying comorbidities (Sanyaolu et al., 2022, Malik et al., 2024, Tajane, Pawar
and Patil, 2024). C. auris efficiently colonises the skin and can contaminate the
patient's environment, leading to healthcare-associated outbreaks (Tajane, Pawar
and Patil, 2024, Eix and Nett, 2022, Sanyaolu et al., 2022). Risk factors for C. auris
colonisation and infection include chronic wounds, prior broad-spectrum
antibiotic use, and indwelling devices (Southwick et al., 2018, Truong et al.,
2023). A study from New York State found that patients who progressed from C.
auris colonisation to bloodstream infection all had chronic wounds at the time of
bloodstream infection (Southwick et al., 2018). Therefore, the emergence of C.
auris in healthcare settings represents a significant public health concern,
particularly for patients with chronic wounds who may be more susceptible to
colonisation and subsequent infection with this difficult-to-treat pathogen
(Sanyaolu et al., 2022, Tajane, Pawar and Patil, 2024). Careful consideration of
all opportunistic fungal pathogens are required when trying to treat and control

wound infections.

1.2.5 Biofilm implications on the host

The physical and chemical characteristics of the wound environment significantly
influence microbial behaviour and contribute to infection persistence (Jakobsen
et al., 2025, Uberoi, McCready-Vangi and Grice, 2024). Research has
demonstrated that chronic wounds typically develop altered pH levels and oxygen
gradients that favour certain microbial species and biofilm formation (Jakobsen
et al., 2025, Jo, Price-Whelan and Dietrich, 2022). These variations create distinct
microniches within the wound that support different microbial communities
(Jakobsen et al., 2025, Uberoi, McCready-Vangi and Grice, 2024).
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Chronic wounds are host-associated microbial ecosystems in which abiotic filters,
oxygen tension, pH, temperature, moisture, micronutrients, and redox state.
These elements structure heterogeneous niches that are differentially occupied
by interacting microbial communities (Tomic-Canic et al., 2020, Pereira et al.,
2017). Within these ecosystems, gradients and patchiness drive community
assembly and spatial partitioning, with aerobes favoured at oxygenated interfaces
and anaerobes persisting in hypoxic layers created by biofilm architecture and
tissue depth (Pouget et al., 2022b, Khalid et al., 2023). Community interactions
(competition, mutualism, co-aggregation, quorum signalling, and metabolic
cross-feeding) produce emergent ecosystem properties—tolerance, resilience, and
virulence expression, that sustain inflammation and impede repair (Durand et al.,
2022). Wound-like physicochemical conditions, including elevated oxidative stress
and altered pH/redox, act as abiotic filters that reduce diversity, accelerate
biofilm assembly, and stabilize dysbiotic states adapted to the wound niche (Kim
et al., 2020). Assembly dynamics and stability matter for outcomes: temporally
stable, entrenched communities are associated with non-healing trajectories,
whereas shifts in composition following ecological disturbance can align with
improved healing (Loesche et al., 2017). Clinically, sharp debridement functions
as an ecosystem-level disturbance that perturbs community structure (for
example, depleting anaerobes) and, in concert with optimized host factors, can
redirect succession toward states more compatible with healing (Kalan et al.,
2019). Accordingly, interventions should be framed as ecological management,
modulating abiotic filters and applying targeted disturbances, so that ecosystem
function is steered from a persistent, dysbiotic biofilm state toward a reparative

state that supports tissue regeneration (Liu et al., 2020, Pereira et al., 2017).

Laboratory studies have shown that bacteria form biofilms faster in wound-like
environments compared to standard laboratory media, indicating that the wound
environment actively promotes biofilm development (Verbanic et al., 2020,
Kadam et al., 2021). Research using microelectrodes to measure oxygen levels
within wounds has revealed steep oxygen gradients, with oxygen concentration
decreasing significantly with depth from the wound surface, creating distinct
aerobic and anaerobic zones that support diverse microbial communities
(Jakobsen et al., 2025). Temperature variations also arise within wounds further

influencing  microbial metabolism and biofilm development. These
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microenvironmental factors represent important considerations in understanding
chronic wound microbiology and developing effective treatments (Verbanic et al.,
2020, Uberoi, McCready-Vangi and Grice, 2024).

The host inflammatory response plays a crucial role in the pathophysiology of
chronic wounds (Raziyeva et al., 2021). Unlike acute infections characterised by
host-controlled inflammation, chronic wound infections involve microbe-
controlled inflammation, which results in ongoing tissue damage rather than
healing (Hurlow and Bowler, 2022a). In chronic wound environments, biofilms
trigger the accumulation of neutrophils that attempt but fail to phagocytose
bacterial cells within the protective biofilm matrix (Hurlow and Bowler, 2022a,
Raziyeva et al., 2021). However, these neutrophils continue to release enzymes
and oxygen metabolites that damage surrounding host tissue while the biofilm
persists (Hajdamowicz et al., 2019). Recent research describes this as "biofilm-
hijacked host inflammation,” where wound biofilm manipulates the host
inflammatory response by upregulating pro-inflammatory cytokines and inducing
a persistent, tissue-destructive immune response (Hurlow and Bowler, 2022a). The
resulting exudate production and accumulation of devitalised tissue provides
continuous nutrients for the biofilm, creating a self-sustaining cycle that promotes
chronicity (Rathna and Kulandhaivel, 2024). This series of events contrasts sharply
with the immune response to acute infections, where planktonic bacteria actively
invade tissues, and the host response effectively controls and eliminates the
pathogens (Hakansson, Orihuela and Bogaert, 2018). Taken together, this

highlights the complex host-pathogen nature of biofilm-infected wounds.

1.3 Biofilms: microbial protagonists in chronic wounds

The preceding sections have introduced the extensive diversity of the chronic
wound microbiome. However, focus of any microbial biofilm research is often on
individual organisms, and this section will highlight mechanisms utilised during
biofilm formation of three common microbial pathogens found in chronic wounds
P. aeruginosa, S. aureus and C. albicans, with consideration of C. auris as well
due to its presence in nosocomial environments. It is of course noteworthy, that
in their natural habitats, biofilms consist of a wide range of species, such as

bacteria, fungi, archaea, and viruses (Flemming and Wuertz, 2019, Zhao, Sun and
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Liu, 2023). In addition, from a host perspective, components such as minerals,
platelets, and RBCs are also often found in these biofilms as their maturity

increases (Moser et al., 2017, Pugazhendhi et al., 2022).

All biofilms develop through distinct phases, culminating in a complex three-
dimensional architecture of microbial communities (Figure 1.2) (Sauer et al.,
2022). Within biofilms, microorganisms utilise quorum sensing (QS) for
intercellular communication, enabling them to function as a unified entity (Wong
et al., 2021). All bacteria can participate in biofilm formation, certain species
such as staphylococci, streptococci, and pseudomonas show a particular
propensity for the biofilm lifestyle (Zhao, Sun and Liu, 2023). Additionally,
dimorphic Candida fungi are often associated with biofilm-related infections
(Ponde et al., 2021).
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Figure 1.2: Diagrammatic illustration depicting the biofilm development stages of a single
bacterial species. (1) Initial adhesion, planktonic bacteria reversibly attach to surfaces, influenced
by environmental factors like nutrient availability, pH, and temperature; (2) Cluster formation,
Bacteria aggregate and establish irreversible, permanent attachment; (3) Matrix production:
microcolonies emerge as bacteria secrete EPS, forming a protective matrix. Polysaccharides
released by biofilm-forming strains enhance surface adherence, aggregation, and colonisation; (4)
Structural maturation: Biofilms develop complex three-dimensional architectures anchored by self-
synthesized extracellular matrix components. (5) Dispersion; mature biofilms release bacterial cells,
reverting them to a free-floating planktonic state to spread and colonise new sites (Sharma et al.,
2023). Diagram was created in BioRender.
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1.3.1 S. aureus biofilms

S. aureus biofilm infections represent a significant global health challenge, with
approximately 20-41% of the world's population either transiently or permanently
colonised by this pathogen (Bhattacharya and Horswill, 2024). These bacterial
communities form structured environments that shield bacteria from
antimicrobial treatments and host defences. Research indicates that biofilm-
associated multi-drug resistance among healthcare-associated infections ranges
from 17.9% to 100% worldwide, with 80% of nosocomial infections attributed to
biofilm-association (Assefa and Amare, 2022). S. aureus biofilms are implicated in
numerous clinical conditions including prosthetic joint infections, chronic
rhinosinusitis, skin and soft tissue infections, urinary tract infections (UTI), cystic
fibrosis (CF) airway infections, and infective endocarditis (Eiselt, Bereswill and
Heimesaat, 2024, Magalhaes et al., 2022). Regional variations are notable, with
studies across 71 countries on 6 continents revealing significant differences in S.
aureus treatment practices (Westgeest et al., 2023). In Nepal, 81.4% of S. aureus
isolates were MRSA with most capable of forming biofilms (Manandhar et al.,
2018), while Polish research found 91% of MRSA strains harboured the icaD gene
responsible for biofilm formation (Grinholc, Wegrzyn and Kurlenda, 2007).
Laboratory studies indicate between 47% of MRSA and 69% of methicillin-sensitive
S. aureus (MSSA) strains produced biofilm in vitro (Grinholc, Wegrzyn and
Kurlenda, 2007). In the United States, MRSA infections result in over 19,000 deaths
annually, surpassing human immunodeficiency virus (HIV) mortality (Bhattacharya
and Horswill, 2024). The clinical impact is compounded when S. aureus biofilms
form on medical devices, creating persistent infections that are tolerant to
approximately 1000 times the clinically prescribed dose of antibiotics
(Bhattacharya and Horswill, 2024).

S. aureus and other staphylococci are frequently implicated in biofilm infections
associated with medical devices (Oliveira et al., 2018, Zheng et al., 2018). A
significant proportion of S. aureus clinical isolates, including MRSA, have
demonstrated biofilm-forming capabilities, with evidence suggesting that drug-
resistant strains may be more prone to biofilm formation (Craft et al., 2019,
Neopane et al., 2018). The initial adhesion of S. aureus during biofilm formation

is primarily mediated by proteins such as polysaccharide intercellular adhesin
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(PIA), expressed from the icaADBC operon (Arciola et al., 2015, Peng et al., 2022).
In mature biofilms, extracellular DNA (eDNA) plays a more significant structural
role than PIA (Campoccia, Montanaro and Arciola, 2021, Sharma and Rajpurohit,
2024). External factors, such as the anticoagulant heparin, can stimulate S. aureus
biofilm formation on surfaces like catheters by enhancing cell-to-cell interactions
and surface adhesion (Pugazhendhi et al., 2022, Francolini et al., 2017). As
biofilms mature, S. aureus cells undergo metabolic changes, evidenced by the
increased appearance of small colony variants (SCVs) with reduced treatment
susceptibility (Tuchscherr, Loffler and Proctor, 2020, Kahl, Becker and Loffler,
2016). The biofilm community is coordinated by the accessory gene regulator (agr)
QS system, which responds to extracellular auto-inducing peptides (AIP, QS
molecule) (Wang, Bian and Wang, 2022, Aboelnaga et al., 2024). Gene expression
in biofilms differs from planktonic cells, with upregulation of genes related to the
cell envelope, including synthesis of binding factors, peptidoglycan, and PIA, as
well as detoxification of metabolites and reactive oxygen species (Aboelnaga et
al., 2024). Conversely, planktonic cells show upregulation of virulence factors
such as toxins and proteases, suggesting a more aggressive infection course with
the potential to spread (Johnson, 2018). (Kamble and Pardesi, 2021, Craft et al.,
2019). This resistance is partially attributed to drug diffusion barriers in the
extracellular matrix, and the extent of this effect varies by drug type. For
instance, B-lactams and glycopeptides struggle to fully penetrate the biofilm,
while aminoglycosides and fluoroquinolones can penetrate more effectively
(Kranjec et al., 2021). This suggests that factors beyond poor antimicrobial
penetration contribute to S. aureus recalcitrance in biofilms. These biofilms also
demonstrate resistance to the human immune system. While leukocytes can bind
and penetrate the biofilm, they are unable to engulf the bacteria within (Arciola,
Campoccia and Montanaro, 2018, de Vor, Rooijakkers and van Strijp, 2020),
further highlighting the complex nature of S. aureus biofilm infections and their

resistance to host defences.

S. aureus plays a central role in chronic wound infections, frequently emerging as
one of the most common pathogens isolated from these wounds (Serra et al.,
2015b, Morguette et al., 2023). Its capacity to form robust biofilms on wound
surfaces contributes to delayed healing, persistent infection, and increased

resistance to antibiotics, especially in the case of MRSA strains (Morguette et al.,
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2023, Simonetti et al., 2022). S. aureus often coexists with other bacteria, such
as P. aeruginosa, in chronic wounds, and these polymicrobial interactions further
enhance biofilm formation, virulence, and antimicrobial tolerance, making
infections more difficult to treat (Keim et al., 2024, Serra et al., 2015b). The
chronicity and severity of wounds infected with S. aureus underscore the need for
effective management strategies, as these infections are associated with

significant morbidity and healthcare costs worldwide.

1.3.2 P. aeruginosa biofilms

P. aeruginosa biofilm infections pose a substantial global health burden, with
biofilm formation observed in 75.9% to 93% of clinical isolates across diverse
geographical regions (Rajabi et al., 2022). Regional studies highlight variations,
such as Egypt reporting biofilm production in 89.4% of isolates from hospital
settings (Edward et al., 2023), while Cameroonian healthcare facilities identified
the pathogen in diverse samples including pus, wounds, and blood (Tchuedji et
al., 2024). These infections dominate critical clinical contexts, accounting for 49-
74% of ventilator-associated pneumonia cases, 72% of catheter-associated urinary
tract infections, and 52.2% of surgical site infections globally (Heidari et al., 2022,
de Sousa et al., 2023). Vulnerable populations include CF patients, among whom
P. aeruginosa biofilms cause 70-80% of chronic lung infections linked to high
morbidity, and immunocompromised individuals facing 44-60% multidrug
resistance rates in biofilm-associated strains (Elfadadny et al., 2024, Soltani
Borchaloee et al., 2024). Carbapenem-resistant variants exhibit particularly
alarming profiles, with 95% demonstrating multidrug resistance and 72% showing
resistance patterns in nosocomial environments (Soltani Borchaloee et al., 2024,
Heidari et al., 2022). Treatment complexities are exacerbated by persister cell
phenotypes, which survive antibiotic concentrations 100-fold above minimum
inhibitory levels in 8% of clinical isolates, contributing to the 20-30% failure rates
observed in chronic wound management (iiemyté et al., 2021, Cai and Webb,
2020). The convergence of extensive biofilm-mediated antibiotic tolerance and
rising resistance underscores the pathogen’s clinical persistence across healthcare

systems worldwide (Edward et al., 2023).
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P. aeruginosa has the ability to form biofilms in various medical contexts,
including CF lungs (Tajdari, 2024, Juntke et al., 2021), ventilator-associated
pneumonia (Ma'aitah, 2024), catheter-associated urinary tract infections (Hou et
al., 2022, El Husseini, Carter and Lee, 2024), and on other medical devices such
as orthopaedic implants (De Soir et al., 2024), renal catheters (Kadhim, 2024),
and wound dressings (Yadav, Pawar and Patil, 2025). Recent review highlight the
structural complexity and clinical persistence of these biofilms (Ma‘aitah, 2024).
The process of P. aeruginosa biofilm formation begins with surface attachment,
primarily facilitated by flagella and type IV pili, with recent studies emphasising
the role of Psl polysaccharides in mediating initial adhesion (Davis and Horzempa,
2024, Sanchez-Pena et al., 2024). As cell density increases, microcolonies form
through twitching motility enhanced by pilin glycosylation (Davis and Horzempa,
2024), eventually developing into complex mushroom-Llike structures regulated by
cyclic di-GMP signalling (Hu, Webb and An, 2023). The biofilm matrix is a highly
organised structure composed of polysaccharides and alginate, which are
strategically located to support the overall architecture (Ma'aitah, 2024, Egorova
et al., 2022, Labadie et al., 2024). Within P. aeruginosa biofilms, the las and rhl
QS systems operate as a reciprocal signalling network rather than a strict hierarchy
(Thomas et al., 2023), coordinating virulence factor production (e.g., elastase,
pyocyanin) through 3-oxo-C12-HSL and C4-HSL autoinducers (Cao et al., 2025,
Mirpour and Zahmatkesh, 2024). Pharmacological inhibition of QS via trigonelline
hydrochloride (Kar et al., 2024) or ketoprofen (Mirpour and Zahmatkesh, 2024)
has been shown to reduce biofilm formation and virulence factor expression, while
synergistic approaches combining QS interference with phage therapy
demonstrate enhanced antimicrobial efficacy (Cao et al., 2025, Maset et al.,
2023). The EPS confers multidrug resistance through physical barrier formation,
efflux pump activation (Yang, Xu and Liang, 2024), and metabolic adaptations
such as persister cell development (Hu, Webb and An, 2023). Matrix components
like eDNA and a-polysaccharides reduce treatment efficacy by shielding cells from
UV-C irradiation (Labadie et al., 2024) and antibiotic penetration (Yadav, Pawar
and Patil, 2025). Different studies reveal organised dispersal mechanisms involving
alginate lyase activity (Skariyachan et al., 2018) and QS-regulated biofilm
differentiation (Ma'aitah, 2024), which enable pathogen dissemination to new

niches.
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P. aeruginosa is a major contributor to chronic wound infections worldwide,
consistently ranking as the second most common pathogen isolated from such
wounds across most continents and even surpassing other bacteria in certain
regions like Southeast Asia (Phan et al., 2023). Its ability to form robust biofilms,
especially in combination with S. aureus, leads to increased persistence, enhanced
resistance to treatment, and greater wound chronicity (Keim et al., 2024,
Bhattarai and Christopher, 2025). These biofilm communities protect P.
aeruginosa from both antibiotics and the host immune system (Fleming et al.,
2022), making infections difficult to eradicate and contributing to prolonged

healing times and higher morbidity in affected patients.

1.3.3 Candida biofilms

Fungal infections are becoming increasingly widespread, now affecting a billion of
the global population (Mancuso et al., 2022). These diseases are responsible for
over 1.5 million deaths each year, underscoring their significant impact on public
health (Rodrigues and Nosanchuk, 2023). In response to the growing threat, the
World Health Organization (WHO) released a priority list of 19 fungal pathogens
on October 2022, ranking them as critical, high, or medium threats based on their
risk to human health (De Gaetano et al., 2024). Among these, species from the
genus Candida are recognised as the most frequent culprits behind invasive fungal

infections worldwide (De Gaetano et al., 2024).

C. albicans biofilms remain a dominant clinical concern, implicated in 70.6-73.9%
of invasive candidiasis cases globally, with systemic infections exhibiting mortality
rates up to 60% (Jabbar Al-sabti and Hussain Shabaa, 2024, Parambath et al.,
2024). However, other Candida species post a significant healthcare risk as well.
Recent surveillance reveals regional shifts, as C. auris now accounts for 32% of
Candida bloodstream infections in Saudi Arabia compared to 20% for C. albicans,
while New York City hospitals report C. auris comprising 17% of candidemia cases
versus 29% for C. albicans (Singh, Malik and Lal, 2024, Ahmed et al., 2025).
Biofilm-forming strains demonstrate heightened clinical persistence, with 73.9%
of C. albicans isolates producing biofilms in South India and 95.5% of C. auris
infections linked to biofilm-contaminated Intensive Care Unit (ICU) environments
(Mohanraj, Vinodhini and Vajravelu, 2024, Alasmari et al., 2025).
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Antimicrobial resistance patterns diverge sharply: C. albicans exhibits 35.8%
fluconazole resistance, whereas C. auris shows near-universal resistance (97.4%)
to this azole alongside 67.1% amphotericin B resistance (Sokou et al., 2024).
Geographically, C. auris has formed four distinct clades across six continents, with
the South American clade demonstrating 96% mortality in murine models,
compared to 44-80% for other lineages (Forgacs et al., 2020). Biofilm-mediated
treatment failures affect 20-30% of chronic candidiasis cases, driven by matrix-
enclosed persister cells and upregulated efflux pumps in both species (Kean and
Ramage, 2019, Gao et al., 2024). Taken together, Candida biofilms result in an
extra level of complexity when considering interkingdom infections of chronic

wounds.

1.3.3.1 C. albicans biofilms

Fungal biofilm infections are predominantly caused by Candida species, as
extensively reviewed in different studies of clinical isolates and polymicrobial
interactions (Kean et al., 2018a, Chong et al., 2018). These organisms
demonstrate a remarkable ability to form biofilms on various medical devices,
including central venous catheters (McCafferty et al., 2018), urinary catheters
(Larkin, Dharmaiah and Ghannoum, 2018), joint prostheses (Viehman et al., 2018),
cardiovascular devices (Viehman et al., 2018, McCafferty et al., 2018), and
dialysis-related equipment (McCafferty et al., 2018). Notably, C. albicans are
associated with significant mortality in device-related infections, particularly in
cases involving multidrug-resistant strains (Viehman et al., 2018, McCafferty et
al., 2018).

The process of biofilm formation involves several critical stages. Initial
attachment is facilitated by cell surface hydrophobicity (Chong et al., 2018) and
specific adhesion proteins regulated by transcriptional networks (Chong et al.,
2018, Nett, 2018). As the biofilm develops, C. albicans undergoes a morphological
transition from yeast cells to hyphae, a process modulated by QS molecules and
epigenetic factors (Chong et al., 2018, Nett, 2018). This transformation is further
regulated by cyclic AMP signalling pathways and biofilm-specific gene clusters
(Chong et al., 2018).

27



Chapter 1: General introduction

The hyphal cells within the biofilm are encased in a self-produced EPS composed
of polysaccharides, eDNA, and immunomodulatory proteins (Kean et al., 2018a,
Chong et al., 2018). The EPS contributes to biofilm resilience by shielding cells
from antifungals and host immune responses (Kean et al., 2018a, Nett, 2018). High
biofilm-forming strains exhibit enhanced hyphal production, which correlates with
overexpression of virulence factors such as secreted aspartyl proteases and
phospholipases (Nett, 2018, Chong et al., 2018).

Numerous studies have demonstrated that C. albicans biofilms exhibit reduced
susceptibility to antimicrobial treatments compared to their planktonic
counterparts (Ramage et al., 2012, Larkin, Dharmaiah and Ghannoum, 2018). This
resistance is attributed to several factors, similar to those observed in bacterial
biofilms. These include the protective effects of the EPS, the presence of efflux
pumps, the formation of persister cells, stress responses, increased cell density,
and the overexpression of drug targets (Ramage et al., 2012, Chong et al., 2018).
Emerging research highlights the role of Candida biofilm heterogeneity in driving
therapeutic failure, particularly in infections involving non-albicans species or

polymicrobial communities (Kean et al., 2018a).

C. albicans is a significant contributor to chronic wound infections, largely due to
its robust ability to form biofilms on wound surfaces (Pereira et al., 2021). These
biofilms protect the fungus from antifungal treatments and the host immune
response, making infections persistent and difficult to eradicate (Fan et al., 2022).
C. albicans is also highly adaptable, capable of switching between different
morphological forms and thriving in diverse host environments (Alves et al., 2020),
which further enhances its pathogenicity in chronic wounds. Chronic infections
involving C. albicans are associated with increased morbidity, prolonged healing
times, and greater healthcare costs, as the organism’s biofilm-related resilience
often leads to treatment failures and recurrent infections (Almatroudi, 2025).
Consequently, exploring new therapeutic approaches are needed to improve

outcomes in patients with chronic wounds infected by C. albicans.
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1.3.4 Inter-kingdom interactions

The clinical prevalence of mixed inter-kingdom biofilm populations, comprising
aggregates of bacteria and fungi, has gained increasing recognition in recent
years. This growing awareness is reflected in the gradual expansion of literature
addressing this important yet under-recognised clinical entity (Deveau et al.,
2018a, Eichelberger et al., 2023). However, progress in this field has been
somewhat hindered by the lack of appropriate tools to fully elucidate the
intricacies of the microbial interactome: the mapped network of microbe-microbe
and microbe-host interactions; physical, chemical, and signalling that structure
chronic wound communities and influence healing trajectories (Pereira et al.,
2017, Durand et al., 2022). Historically, conventional microbiological approaches
have been the primary means of unravelling the significance of specific bacterial-
bacterial and fungal-bacterial interactions (Ramage et al., 2017, Arzmi et al.,
2015, Marin et al., 2022). However, the advent of molecular techniques, OMICs
technologies, and advanced optical methods has revolutionised our ability to study
these complex microbial communities. QS has emerged as a crucial mechanism for
regulating these microbial communities. Signalling molecules involved in QS can
affect other species and kingdoms, facilitating a form of inter-microbial
communication (Shastry and Rekha, 2021, He et al., 2023). This concept is central
to sociomicrobiology: how microorganisms behave, interact, and function
collectively as a community, with a focus on the social aspects of microbial life,
and underpins the ability of microorganisms to function as a community within
polymicrobial biofilms (Xavier, 2016, Deo et al., 2024). The importance of
polymicrobial interactions is underscored by their potential to synergistically
enhance the pathogenic potential of constituent microorganisms (Stacy et al.,
2014, Smith et al., 2015, Eichelberger et al., 2023), or to provide mutual
antimicrobial protection. These observations highlight the necessity of adopting a
dual approach to microbial analysis, considering both bacterial and fungal

components simultaneously (Deveau et al., 2018b, Kahl et al., 2023).

1.3.5 Fungal-staphylococcal interactions

The human body serves as a host to various microbial communities, among which
Candida species and S. aureus are frequently found in close association. These

microorganisms have been jointly isolated from a spectrum of infections, ranging
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from superficial conditions like angular cheilitis to more severe systemic and
bloodstream infections (Hernandez-Cuellar et al., 2022, Duhring and Schuster,
2024). The healthcare sector has placed significant emphasis on these pathogens
due to their biofilm-forming capabilities and the increasing prevalence of
antimicrobial-resistant strains (Rodrigues, Gomes and Rodrigues, 2019). Research
has revealed that the relationship between Candida species and S. aureus extends
beyond mere co-isolation. Studies have demonstrated their ability to interact and
form co-aggregates (Khan et al., 2021, Peters et al., 2012). While the exact nature
of their association remains a subject of ongoing investigation, a growing body of
evidence points towards a symbiotic relationship. This partnership appears to
enhance the pathogenic potential of both organisms and contribute to increased
disease severity (Peters and Noverr, 2013, Schlecht et al., 2015, Eichelberger and
Cassat, 2021). In contrast, recent in vitro study highlighted the interaction
between C. auris and (S. aureus/ S. epidermidis) in dual species biofilm did not
enhance C. auris tolerance to antiseptics, with no evidence of synergistic
resistance (Gulmez et al., 2022). This contrasts sharply with documented
Staphylococcus-C. albicans interactions, which mutually amplify virulence in both

organisms.

The interactions between C. albicans and S. aureus that led to enhanced
pathogenicity have been extensively studied and summarised in (Figure 1.3) (Nair
et al., 2014, Eichelberger and Cassat, 2021). Within polymicrobial biofilms, S.
aureus cells have been observed to adhere to the hyphal filaments of C. albicans
(Hernandez-Cuellar et al., 2022, Lin et al., 2013). However, the spatial
organisation of these species within the biofilm structure remains a subject of
debate. Some studies suggest that both organisms are distributed throughout the
three-dimensional biofilm structure (Lin et al., 2013), while others have observed
co-aggregation primarily in the uppermost layers of cells (Baxter et al., 2024).
These discrepancies may be attributed to variations in experimental conditions,
such as growth media. The synergistic relationship between C. albicans and S.
aureus is most pronounced when both organisms colonise simultaneously.
Interestingly, pre-existing S. aureus biofilms have demonstrated resistance to C.
albicans colonisation, and the underlying mechanism remains unclear (Lin et al.,
2013, Kong et al., 2016).
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Figure 1.3: Interactions between Staphylococcus and Candida Species. C. albicans produces
farnesol, a compound that reduces S. aureus biofilm development and compromises bacterial cell
survival. However, S. aureus selectively attaches to C. albicans' hyphal structures, which improves
its ability to persist. When these two pathogens form a mixed biofilm together, their combined
interaction increases both infectious potential and resistance to treatments, largely driven by the
release of the d toxin (Lindsay and Hogan, 2014). Diagram was created in BioRender.

In addition to physical interactions, chemical signalling mechanisms, particularly
QS molecules, play a significant role in facilitating communication between C.
albicans and S. aureus. Farnesol, a key QS molecule produced by C. albicans, has
been shown to influence S. aureus antibiotic resistance and biofilm formation
capabilities (Kong et al., 2017, Gaalova-Radochova et al., 2023). Furthermore,
farnesol has been observed to reduce S. aureus lipase activity through competitive
inhibition (Kitadokoro et al., 2025). Interestingly, the relationship appears to be
reciprocal. Lin et al. (2013) demonstrated that the addition of S. aureus
conditioned media enhanced the growth rate of C. albicans, suggesting the
presence of a QS molecule from S. aureus that stimulates fungal growth. However,
it is important to note that these interactions have primarily been studied in vitro,
and their relevance in vivo remains to be fully elucidated. Despite the limitations
of in vitro studies, the accumulated evidence points towards a synergistic

relationship between C. albicans and S. aureus (Weidt et al., 2016).
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Recent studies have shed light on the complex interactions between C. albicans
and S. aureus during biofilm formation and host colonisation. Fehrmann et al.
(2013) demonstrated that S. aureus secretes an extracellular fibrinogen-binding
protein (EFB) when interacting with C. albicans biofilms. This protein encases
yeast cells, effectively shielding them from phagocytosis by granulocytes, thus

enhancing their survival in the host environment.

The synergistic relationship between C. albicans and S. aureus presents significant
challenges in the clinical management of co-infections. Effective treatment
strategies must address both fungal and bacterial components, necessitating the
use of both antifungals and antibiotics. One promising approach involves the use
of broad-spectrum antimicrobial agents, Peters et al. (2013) demonstrated the
efficacy of ethanol as a catheter lock solution against both mono- and
polymicrobial biofilms. Interestingly, certain antifungal agents have shown
unexpected efficacy against bacterial pathogens in mixed infections. For instance,
miconazole, an imidazole antifungal, has been successfully used in the treatment
of angular cheilitis, a condition often involving both C. albicans and S. aureus. Sud
and Feingold (1982) reported this clinical success, despite the lack of a clear
mechanism of action against S. aureus. One hypothesis to explain this
phenomenon is that antifungal agents may disrupt the hyphal scaffold of C.

albicans biofilms, which in turn could destabilise S. aureus colonisation.

Extracellular DNA (eDNA) plays a crucial role in supporting mixed biofilm growth.
Pammi et al. (2013) observed that eDNA released through autolysis supports mixed
biofilm growth with S. epidermidis. Similarly, eDNA contributes to the integrity of
the EPS in C. albicans biofilms (Rajendran et al., 2014b, Sapaar et al., 2014,
Campoccia, Montanaro and Arciola, 2021). Kean et al. (2017) demonstrated that
C. albicans hyphae in a mycofilm facilitate the adhesion and colonisation of S.
aureus, supported by eDNA within the matrix, resulting in enhanced resistance to
miconazole. This synergism was also observed in vivo, where dual-species

infections exhibited increased virulence despite miconazole treatment.

The EPS produced by both species significantly affects the efficacy of
antimicrobial agents. Harriott and Noverr (2009) showed that C. albicans EPS

impedes drug diffusion and access to cells, allowing S. aureus to survive
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vancomycin concentrations as high as 1600 pg/mL. Kong et al. (2016) found that
inhibiting C. albicans B-1,3-glucan synthesis with caspofungin sensitises S. aureus
cells to vancomycin treatment, suggesting that fungal polysaccharides provide
protection to the bacterial cells. Drug resistance in polymicrobial biofilms is not
solely attributed to reduced diffusion of antimicrobial agents. Adam, Baillie and
Douglas (2002) observed increased resistance to both fluconazole and vancomycin
in dual-species biofilms compared to mono-species biofilms. While this enhanced
resistance is partially attributed to slime production by S. epidermidis, the

presence of Candida also plays a significant role.

1.3.6 Fungal-pseudomonal interactions

Fungi are often found co-colonised with P. aeruginosa in infections of the human
body, due to their joint propensity to form biofilms. The CF lung represents one
of the most extensively studied biofilm infections, characterised by the
predominance of P. aeruginosa. The relationship between P. aeruginosa and C.
albicans in this context is notably antagonistic. P. aeruginosa has been observed
to form biofilms on C. albicans hyphae, leading to their demise, while having no
impact on the yeast form. This effect is attributed to the P. aeruginosa phenazine
toxin (Kasetty et al., 2021). Furthermore, a P. aeruginosa QS molecule, 3-oxo-C12
homoserine lactone, has been shown to inhibit the morphological transition of C.
albicans (Grainha et al., 2020). This inhibitory effect extends beyond C. albicans,
also affecting Aspergillus fumigatus biofilms (Morelli, Kerkaert and Cramer, 2021).
The competitive nature of this relationship has been demonstrated in a mouse
model, where C. albicans colonisation of the lung mitigated symptoms of lung
tissue injury caused by P. aeruginosa (Ader et al., 2011). This protective effect
was attributed to C. albicans activating the immune system through IL-22
producing innate lymphoid cells, priming it against P. aeruginosa (Mear et al.,
2014). Conversely, C. albicans can modulate P. aeruginosa virulence through the
release of the fungal QS molecule farnesol. This compound inhibits bacterial
quinolone signalling, which regulates pyocyanin production (Figure 1.4) (Grainha
et al., 2020). The complex dynamics and interactions between these
microorganisms play a crucial role in shaping the polymicrobial environment of
the CF lung, significantly impacting disease outcomes (Reece, Bettio and Renwick,

2021). This concept has been validated in the Drosophila fruit fly infection model
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of polymicrobial infection, where infection outcomes were influenced by the
microbiota of the CF lung and the presence or absence of P. aeruginosa (Sibley et
al., 2008a, Sibley et al., 2008b).

bacteria migrate and attach to/

P. aeruginosa from biofilm on fungal filament
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Figure 1.4: Pseudomonas and Candida interactions. P. aeruginosa selectively binds to C.
albicans hyphal structures, inducing hyphal cell death via phenazine compounds. The fungal yeast
form survives and thrives, supported by bacterial quorum-sensing signals like phenazines. These
bacterial molecules additionally stimulate C. albicans to generate higher farnesol levels, which
inhibits P. aeruginosa motility, thereby enhancing biofilm formation (Lindsay and Hogan, 2014).
Diagram was created in BioRender.

The interactions between P. aeruginosa and A. fumigatus in the context of
polymicrobial infections have been the subject of increasing research interest. As
previously noted, P. aeruginosa has been shown to inhibit A. fumigatus
filamentation through QS signalling mechanisms (Mowat et al., 2010).
Nonetheless, the full extent and complexity of these interactions remain to be
fully elucidated, with current understanding primarily focused on the exchange of
small molecules that influence fungal growth. One key aspect of this interaction
involves the secretion of phenazines by P. aeruginosa, which have been
demonstrated to impede A. fumigatus biofilm formation. Interestingly, A.
fumigatus has developed a counter-mechanism, whereby it can convert these

bacterial phenazines into fungal siderophores, potentially influencing the
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progression of CF disease (Moree et al., 2012). This adaptive response highlights
the dynamic nature of microbial interactions in polymicrobial environments.
Moreover, P. aeruginosa produces a metalloprotease elastase as a virulence factor
that targets host tissues (Smith et al., 2015). While elastase production is
constitutive in P. aeruginosa, its secretion was found to be significantly enhanced
in dual-species biofilms with A. fumigatus. Given the toxicity of elastase towards
host lung cells, this observation suggests that co-infections involving A. fumigatus
and P. aeruginosa could potentially lead to more severe deterioration of patient
health (Smith et al., 2015). The cumulative evidence from these studies implies
that co-infections involving these two pathogens may have detrimental effects on
patient outcomes. However, it is important to note that our understanding of
these polymicrobial interactions is still incomplete, and further research is needed
to fully elucidate the mechanisms and consequences of these microbial

associations in the context of respiratory infections, particularly in CF patients.

1.3.7 Bacterial-bacterial interactions

The establishment of polymicrobial biofilms is heavily influenced by bacterial
interactions, ranging from simple physical forces to complex chemical signalling.
These interactions can be as fundamental as electrostatic and hydrogen bonding
(Chen and Stewart, 2002, Achinas, Charalampogiannis and Euverink, 2019), and
progress to more intricate mechanisms involving diffusible molecules (Tait and
Sutherland, 2002, Al-Bakri, Gilbert and Allison, 2004, Alonso, Harada and Kabuki,
2020). In many cases, certain bacterial species can induce biofilm formation in
others, facilitating the development of communities that would not otherwise
form (Castonguay et al., 2006, Wollenberg et al., 2014, Giaouris et al., 2015,
Beaudoin et al., 2017). Once established, these mixed-species biofilms exhibit
specific organisational structures that are optimised for nutrient conditions and
growth rates (Lee et al., 2014b, Luo et al., 2022). Within this architecture, oxygen
gradients emerge, allowing anaerobic bacteria to thrive in predominantly aerobic
environments (Dowd et al., 2008a, Dowd et al., 2008b, Rendueles and Ghigo,
2015). The community structure of polymicrobial biofilms enables bacteria to
benefit from the enzymatic activities and metabolites of their neighbours. This
cooperative environment can enhance resistance mechanisms and expand carbon

source utilisation, allowing certain species to persist within the community where
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they would not survive in isolation (Jagmann, Brachvogel and Philipp, 2010, Lee
et al., 2014b, Jagmann, von Rekowski and Philipp, 2012, Orazi and O’Toole, 2019).

While cooperation is prevalent within biofilms, competition also plays a crucial
role in shaping these communities. Bacteria produce species-specific antibacterial
molecules, or bacteriocins, to eliminate competitors. Interestingly, bacteriocin-
producing and -sensitive strains can coexist within a biofilm by forming segregated
microcolonies (Tait and Sutherland, 2002, Rendueles and Ghigo, 2015). This
competitive advantage is particularly evident during the colonisation of pre-
existing biofilms, where bacteriocin-producing strains can successfully infiltrate
sensitive biofilms and resist invasion by other species (Tait and Sutherland, 2002,
Al-Bakri, Gilbert and Allison, 2004, Rendueles and Ghigo, 2015). Both pathogenic
species, such as P. aeruginosa, and commensals, like Lactobacillus acidophilus,
utilise this strategy (Al-Bakri, Gilbert and Allison, 2004, Sadowska et al., 2010,
Orazi, Ruoff and OToole, 2019). Some bacteria have evolved mechanisms to
prevent surface colonisation by other species. For instance, uropathogenic
Escherichia coli secretes polysaccharides that induce physicochemical surface
alterations, inhibiting bacterial adhesion and subsequent biofilm formation (Valle
et al., 2006, Rendueles et al., 2011, Hotterbeekx et al., 2017).

Staphylococci and P. aeruginosa are among the most common biofilm-associated
diseases (Wisplinghoff et al., 2004, Beaudoin et al., 2017, Sahoo and Meshram,
2024). These two bacteria commonly interact with one another at different
locations inside the human body, and these pathogens have shown that they are
capable of outcompeting commensal bacteria in polymicrobial biofilms (Malic et
al., 2011, Yung, Sircombe and Pletzer, 2021). S. aureus strains have been
demonstrated to be more susceptible to the production of biofilm when exposed
to P. aeruginosa strains that have been obtained from individuals with CF. Fugere
et al. (2014) found that strains that were co-isolated from the same patient had
a decreased effect, which suggests that the strains co-existed in an adaptive
manner. S. aureus and P. aeruginosa generate separate microcolonies in biofilm
co-cultures, which is facilitated by P. aeruginosa type IV pili (Yang et al., 2011,
Vestweber et al., 2024).
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The biofilm matrix provides support for both species, with eDNA playing a vital
role (Yang et al., 2011, Vestweber et al., 2024). The organisation of these dual-
species biofilms relies on two polysaccharides, Pel and Psl, produced by P.
aeruginosa. The presence of Pel polysaccharide facilitates the separation of
microcolonies when S. aureus and P. aeruginosa are in close proximity, enabling
interaction via a flexible matrix (Chew et al., 2014). On the other hand, Psl
polysaccharide, due to its more closely connected structure, functions as a
physical obstacle between the two species when P. aeruginosa develops a biofilm
on top of S. aureus (Chew et al., 2014). The biofilms exhibit synergistic
relationships, where S. aureus supplies iron to P. aeruginosa (Mashburn et al.,
2005, Nguyen and Oglesby-Sherrouse, 2016). Observations have shown that
biofilms consisting of two different species may boost the virulence of S. aureus.
This enhancement includes an increase in the production of Panton-Valentine
leukocidin and a-haemolysin. Additionally, these biofilms hinder the healing
process in a model of porcine partial thickness wounds by inhibiting the
development of keratinocyte growth factor 1 (Pastar et al., 2013, Vestweber et
al., 2024).

Biofilms often contribute to the amplification of antimicrobial resistance. P.
aeruginosa synthesises 4-hydroxy-2-heptylquinoline-N-oxide (HQNO), which
inhibits the respiration of S. aureus, therefore providing protection against
aminoglycoside drugs. Extended exposure of S. aureus to P. aeruginosa or HQNO
leads to the selection of the SCVs phenotype, which is linked to chronic infections
and resistance to therapy (Hoffman et al., 2006, Hotterbeekx et al., 2017). HQNO
triggers the activation of the alternative sigma factor B in S. aureus, which leads
to the expression of fibronectin-binding protein A and biofilm-associated sarA
genes. At the same time, it suppresses the QS agr system and the a-haemolysin
gene (Mitchell et al., 2010, Orazi and O’Toole, 2017, Biswas and Gotz, 2022). P.
aeruginosa also synthesises cis-2-decenoic acid, a compound that triggers the
dispersal of biofilms in several species, including S. aureus. This process likely
facilitates the spread of infection (Davies and Marques, 2009, Amari, Marques and
Davies, 2013).
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1.4 Treatment therapies for chronic wounds

1.4.1 Debridement-based approaches

Debridement remains the cornerstone of biofilm management in chronic wounds,
serving to physically disrupt the biofilm structure and temporarily increase
susceptibility to antimicrobial agents (Wolcott et al., 2010, Alves et al., 2021).
Several debridement modalities have demonstrated efficacy in biofilm
management with varying degrees of success and limitations. Surgical
debridement, considered the "gold standard,” provides rapid removal of large
amounts of necrotic tissue and biofilm material, though outcomes depend heavily
on clinician expertise and may result in damage to healthy tissue (Liu et al.,
2024b).

Mechanical debridement using monofilament fiber pads removes 93.4% of
slough/biofilm in <2.5 minutes per session while maintaining patient comfort
(Dissemond et al., 2018). Compared to gauze, these pads achieve 100-fold greater
bacterial reduction in ex vivo models (Wilkinson et al., 2016). Enzymatic methods
provide targeted action against necrotic tissue but carry higher costs and longer
clearance times (Liu et al., 2024b, Alves et al., 2021). For instance, Larval
debridement therapy (LDT) using Lucilia sericata maggots enzymatically degrades
necrotic tissue via protease secretion, achieving 96.6% debridement efficacy in
recalcitrant DFUs (Lam, Beraja and Lev-Tov, 2025, Nair et al., 2021). LDT also
reduces antibiotic-resistant pathogens by consuming biofilm matrices,
circumventing systemic drug use (Lam, Beraja and Lev-Tov, 2025, Nair et al.,
2021).

Monofilament debridement technology (MFDT) shows particular promise, reducing
P. aeruginosa biofilms by 6-logio CFU/cm? and S. aureus by 7-logio CFU/cm? in
porcine models (Wilkinson et al., 2016). Clinical studies report 77% wound size
reduction after 4 weeks of MFDT combined with antimicrobial dressings (Roes,
Calladine and Morris, 2019, CHOUDHURY and DOWNIE, 2022). This approach
enables 90% biofilm removal versus 40% with standard gauze, while causing

minimal pain (45% patients report no discomfort) (Dissemond et al., 2018).
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The post-debridement "window of opportunity” lasts 24-72 hours, during which
biofilms exhibit 9-fold increased antibiotic susceptibility (Wolcott et al., 2010).
Gentamicin efficacy improves from 0% to 90% bacterial kill rates during this period
(Wolcott et al., 2010, Schultz et al., 2018). This supports clinical protocols
recommending debridement every 48-72 hours combined with topical
antimicrobials (Alves et al., 2021, Attinger and Wolcott, 2012, CHOUDHURY and
DOWNIE, 2022). Biofilm regrowth reaches pretreatment resistance levels by 72
hours, emphasising the need for repeated intervention (Wolcott et al., 2010). This
supports the clinical practice of frequent debridement as part of a comprehensive

biofilm-based wound care strategy.

1.4.2 Antimicrobial and antibiofilm therapeutic approaches

Following effective debridement, application of appropriate antimicrobial and
antibiofilm agents represents a critical component of chronic wound biofilm
management. A recent study demonstrated that empirical antibiotic therapy
increases hospitalisation rates by 1.87-fold compared to culture-directed
regimens, underscoring the importance of tissue cultures for targeted treatment
(Schmidt et al., 2023). Current guidelines stratify antibiotic use by infection
severity: flucloxacillin (1 g four times daily orally) remains first-line for mild
infections due to its B-lactamase resistance and efficacy against MSSA (Barwell et
al., 2017). Moderate infections require broader coverage, combining ciprofloxacin
(500 mg twice daily) with metronidazole (400 mg three times daily) to address
Gram-negative and anaerobic pathogens (Barwell et al., 2017). For severe
infections, intravenous piperacillin-tazobactam (4.5 g three times daily) paired
with teicoplanin or vancomycin provides anti-MRSA coverage, though treatment
durations vary from 10-14 days for acute cases to >6 weeks for osteomyelitis.
Systemic antibiotics face limitations due to poor biofilm penetration, prompting
the use of localised delivery systems like gentamicin-impregnated beads, which
achieve 3-logio CFU reductions by disrupting ribosomal function in P. aeruginosa
biofilms (Yi, Huang and Tang, 2025).

Fungal co-infections, particularly with Candida species, are identified in 84.6% of
non-healing DFUs, necessitating a re-evaluation of antifungal protocols (Oztiirk et
al., 2019). Fluconazole (200-400 mg daily) combined with standard care

accelerates wound closure by 40% compared to antibacterial therapy alone,
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attributed to its inhibition of ergosterol synthesis and biofilm dispersal (Oztiirk et
al., 2019, Ge and Wang, 2023). Deep tissue cultures, rather than surface swabs,
are critical for detecting invasive fungal infections, as poor glycemic control
(HbA1c >8%) elevates fungal colonisation risks (Oztiirk et al., 2019). While not
universally adopted in guidelines, antifungal therapy should be considered when
ulcers exhibit persistent inflammation or fail to respond to antibacterial regimens,
particularly in patients with recurrent infections (Ahmadian et al., 2021, Ge and
Wang, 2023).

Antiseptics like povidone iodine (PVP-1) (10%), chlorhexidine (CHX) (2%), hydrogen
peroxide (H202) (3%), and polyhexamethylene biguanide (PHMB) remain
cornerstone adjuncts for biofilm disruption (Zhang et al., 2023). PVP-I releases
free iodine, iodinating microbial proteins and DNA, achieving 4-logio CFU
reductions in MRSA biofilms while maintaining low cytotoxicity (Jiang et al., 2024,
Sharma et al., 2017). CHX’s cationic properties disrupt bacterial membranes,
though efficacy diminishes in mature biofilms due to EPS binding (Zhang et al.,
2023, Barwell et al., 2017). H,0, generates reactive oxygen species (ROS),
effective against early-stage biofilms but neutralised by catalase in chronic
wounds (Zhang et al., 2023). A meta-analysis study confirmed silver dressings
reduce healing time by 9.5 days compared to iodine, leveraging Ag* ions to
interfere with bacterial DNA replication and EPS integrity (Yi, Huang and Tang,
2025). Moreover, PHMB demonstrated 60% eradication of S. aureus in chronic
wounds with lower cytotoxicity compared to iodine, making it suitable for shallow
ulcers (Zhang et al., 2023).

Topical silver sulfadiazine (1% cream) reduced P. aeruginosa viability by 90% in
burn wounds via Ag* ion interference with DNA replication (Tran et al., 2023). For
fungal infections, nystatin (100,000 units/g) combined with steroids in
Trimovate® improved healing rates by 77% in inflamed ulcers by suppressing
Candida-driven inflammation (Bosanquet et al., 2013). Manuka honey (UMF 16+ is
considered therapeutic grade and suitable for wound care) enhanced 4-fold
tobramycin efficacy in DFUs through osmotic stress and methylglyoxal-mediated
QS inhibition (Tran et al., 2023).
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Several studies have explored repurposing drugs to combat biofilms in chronic
wounds. For example, bronopol and bronidox—preservatives historically used in
personal care products—demonstrate broad-spectrum antibiofilm activity against
pathogens like S. aureus and P. aeruginosa in chronic wound models, even
enhancing the efficacy of existing antibiotics when used in combination (Lee and
O’Neill, 2019). Similarly, non-steroidal anti-inflammatory drugs (NSAIDs), such as
acetylsalicylic acid and diclofenac, exhibit anti-biofilm activity by inhibiting QS
and downregulating virulence genes (e.g., fnbA, icaA) in S. aureus and P.
aeruginosa biofilms, reducing biofilm formation by up to 53% (Paes Leme and da
Silva, 2021). Metformin, traditionally used for diabetes, disrupts P. aeruginosa
biofilm formation by 67.9% via LasR/rhl(R receptor binding and enhances diabetic
wound healing by promoting collagen synthesis and reducing apoptosis
(Tombulturk, Soydas and Kanigur-Sultuybek, 2024, Lee et al., 2014a, Abbas,
Elsherbini and Shaldam, 2017). Statins like simvastatin interfere with ergosterol
biosynthesis in C. albicans and disrupt amyloid structures in bacterial biofilms,
demonstrating dual antifungal and anti-biofilm efficacy (Wang et al., 2016, Verma
et al., 2025). These repurposed agents leverage established safety profiles and
offer novel strategies to address biofilm-mediated antibiotic resistance in wound

care.

Bacteriophage therapy has experienced renewed interest for chronic wound
biofilm management, particularly in the context of antibiotic-resistant and
multidrug-resistant pathogens (Haq, Figgitt and Lee, 2024). Bacteriophages,
viruses that specifically infect and kill bacteria, offer targeted antimicrobial
activity against biofilm-forming pathogens in chronic wounds (Pinto et al., 2020a).
The efficacy of bacteriophages against antibiotic-resistant clinical isolates makes
them valuable additions to the therapeutic arsenal for chronic wound biofilms
(Subramanian, 2024). Recent developments in delivery systems have further
enhanced bacteriophage therapy by protecting phages from harsh environmental
conditions, increasing shelf life, and enabling species-targeted antibacterial
control (Pinto et al., 2020a, Haq, Figgitt and Lee, 2024). The prospect of using
phages in non-bacterial infections (e.g., in interkingdom wound infections) has
yet to be explored and emerging evidence suggests that certain bacteriophages

can also control fungal growth (Gorski et al., 2019).
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Nanoparticle-based strategies represent another frontier in biofilm management
for chronic wounds (Jing et al., 2024). These approaches can be categorised into
four main types based on their mechanisms against biofilms: metallic
nanoparticles (such as silver and copper) that disrupt bacterial cell membranes
and induce oxidative stress; phototherapy-based nanoparticles that generate ROS
or localised heat; nanoparticles designed to disrupt EPS; and nanoparticles that
induce biofilm dispersion (Sedighi et al., 2024). The versatility and targeted
nature of nanoparticle-based approaches offer significant potential for
overcoming the challenges of biofilm resistance in chronic wounds (Sedighi et al.,
2024, Pinto et al., 2020b).

Novel biofilm-disrupting technologies have emerged that specifically target the
structural integrity of biofilms (Salem and Mont, 2021). For instance, specialised
wound gels containing sodium citrate and citric acid have demonstrated efficacy
in inhibiting biofilm development through multiple mechanisms, including
disruption of QS, suppression and degradation of EPS, and blockage of bacterial
attachment sites (Edwards-Jones, 2018, Salem and Mont, 2021).

Clinical studies have evaluated the efficacy of these biofilm-disrupting agents,
with promising results. In one 12-week trial involving chronic, recalcitrant
wounds, patients whose wounds were treated with a biofilm-disrupting wound gel
following sharp debridement demonstrated significantly greater wound size
reduction and closure rates compared to those treated with conventional topical
antibiotics (Edwards-Jones, 2018). Similarly, another study found that wound
volume reduction and healing were significantly improved when antibiofilm wound
gel was used to degrade the biofilm matrix, with the greatest success observed
when combined with standard care including regular debridement (Salem and
Mont, 2021). These findings highlight the potential of targeted antibiofilm agents
as components of a comprehensive treatment approach for chronic wound

biofilms.

1.4.3 Energy-based therapeutic approaches

Innovative physical and energy-based therapies are gaining traction for their dual
antimicrobial and pro-healing effects in chronic wound biofilm management

(Ciarolla et al., 2022). Blue light therapy (400-470 nm) has emerged as a non-
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invasive modality that combats biofilms while promoting tissue regeneration. At
405 nm, blue light activates endogenous porphyrins in microbial cells, generating
ROS that disrupt biofilm matrices and induce bacterial death without harming host
tissues (Haridas and Atreya, 2022). This wavelength achieves 6.3-log1o reductions
in P. aeruginosa biofilms and 3.5-logio reductions in MRSA, outperforming
conventional antibiotics in polymicrobial settings (Haridas and Atreya, 2022,
Plattfaut et al., 2021). Beyond its bactericidal effects, blue light enhances
fibroblast proliferation by 1.4-fold and accelerates angiogenesis via nitric oxide
release, critical for re-epithelialisation in diabetic ulcers (Liu et al., 2024b, Zhang,
Leong and McMullin, 2023). Clinical trials report 51% wound area reduction when
combined with standard care, attributed to ROS-mediated resolution of chronic
inflammation and biofilm dispersal (Zhang, Leong and McMullin, 2023, Conti et
al., 2023).

However, wavelength optimisation is essential: while 420 nm light shows potent
antibiofilm activity, it causes >40% cytotoxicity to human fibroblasts at doses >30
J/cm? (Plattfaut et al., 2021). In contrast, 455-480 nm wavelengths maintain
efficacy against P. aeruginosa (=5-logio kill) with minimal cell toxicity, making
them safer for clinical use (Plattfaut et al., 2021). Advanced delivery systems,
such as 405 nm LED arrays, now enable targeted biofilm eradication in complex
wounds, reducing S. epidermidis viability by 99% in preclinical models without
impairing granulation tissue formation (Haridas and Atreya, 2022). These
therapies are particularly advantageous for antibiotic-resistant infections, as their
mechanism bypasses traditional resistance pathways. Despite promising results,
large-scale randomised trials are needed to standardise protocols and validate

long-term outcomes (Zhang, Leong and McMullin, 2023).

Cold atmospheric plasma (CAP), a partially ionised gas generated at room
temperature using noble gases like helium or argon, has emerged as a
transformative therapy for biofilm-infected chronic wounds (Bolgeo et al., 2023).
CAP delivers reactive oxygen and nitrogen species (RONS), including H,0, nitric
oxide (NO), and ozone (03), which disrupt biofilm matrices via oxidative damage
to microbial proteins, lipids, and eDNA (Figure 1.5) (Raissi-Dehkordi et al., 2025).
These RONS achieve 5-6-logio reductions in MRSA and P. aeruginosa biofilms while

sparing human fibroblasts, making CAP uniquely selective against pathogens
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(Raissi-Dehkordi et al., 2025, Bolgeo et al., 2023). Beyond its antimicrobial
effects, CAP accelerates tissue regeneration by modulating inflammatory
pathways: it upregulates pro-healing cytokines like IL-6 and IL-8 in dermal
fibroblasts, recruiting macrophages and neutrophils to resolve chronic
inflammation (Bolgeo et al., 2023). Angiogenesis is enhanced through CAP-induced
expression of vascular endothelial growth factor (VEGF) and fibroblast growth
factor-2 (FGF-2), restoring microcirculation in ischemic DFUs (Raissi-Dehkordi et
al., 2025). Clinical trials demonstrate CAP’s dual efficacy, with a multicenter
randomized open-label non-inferiority trial of chronic wounds (N = 78; 39 CAP-jet,
39 best-practice), the primary endpoint (sum of granulation at day 42) and
multiple secondary endpoints were assessed over 6 weeks, including wound area
change, complete healing and time to healing, wound pH, infection score,
exudate, and safety. CAP-jet significantly outperformed best-practice for
granulation (mean difference 21.21 pp), wound area reduction (5.32% vs 43.72%
of baseline), complete healing (58.97% vs 5.13%), time to healing (log-rank p <
0.0001), faster pH decrease (p = 0.0123), and faster infection resolution (p =
0.0129). The between-arm infection count at day 42 was not significant after
adjustment (p = 0.2598) (Strohal et al., 2022). CAP also improves tissue
remodelling by stimulating collagen-l synthesis via TGF-8/Smad pathway
modulation and upregulating MMPs to degrade necrotic debris (Raissi-Dehkordi et
al., 2025). Notably, CAP’s safety profile is robust, with no adverse events reported
in trials even after prolonged use, though standardisation of treatment parameters
(e.g., exposure time, gas composition) remains critical for clinical translation
(Strohal et al., 2022). These multimodal mechanisms position CAP as a versatile,
non-invasive adjunct to conventional therapies, addressing both biofilm

persistence and impaired healing in chronic wounds (Raissi-Dehkordi et al., 2025).

44



Chapter 1: General introduction

R
CAP 6 jets device gf Y’

° o
( -. )

eyt (" Oxidative disruption of EPS

= = »

e

= &

OEH gHmg ©@: 0 =

#%60°9 o oqo — — — g,

,x‘)(\ﬁ

Oscilloscope Gas flow meter
Inhibition of quorum sensing
Reactive oxygen and nitrogen species regulatory factors
(RONS) R
‘m —» Triadic biofilm
¥ LS

Electric transformer )
Cellulose matrix

L 2 = 2 = 2 = = =
))/—'> Hydrogel system —

Disruption and poration of
bacterial cell wall and cell
death

Figure 1.5: Schematic diagram illustrated the proposed CAP mode of action against the
biofilm. CAP generates RONS which disrupt biofilm matrices via oxidative damage to microbial
proteins, lipids, and eDNA (Raissi-Dehkordi et al., 2025). Diagram was created in BioRender.

1.5 Advances in vitro chronic wound research

Significant advances in research methodologies have enhanced our understanding
of chronic wound microbiology (Jakobsen et al., 2025). Innovative in vitro models
that closely mimic the chronic wound environment have been developed to study
polymicrobial and inter-kingdom interactions (Jakobsen et al., 2025, Kalan et al.,
2016). These models incorporate appropriate wound-like conditions including pH,
oxygen levels, and inflammatory components (Jakobsen et al., 2025). Recently
developed models include both bacterial species and fungal elements, allowing
for investigation of complex inter-kingdom interactions in a wound-relevant
environment (Jakobsen et al., 2025, Kalan et al., 2016). These models have
revealed how microbial communities respond to antimicrobial treatments and how
species ratios shift following interventions (Jakobsen et al., 2025). Advanced
statistical approaches, such as structural equation modelling, have also provided
new insights into the relative importance of various factors in wound healing, with
recent models able to explain up to 60% of the variation in healing time (Ancira

et al., 2025). These innovations provide platforms for testing novel antimicrobial

45



Chapter 1: General introduction

strategies targeting both bacterial and fungal components of biofilms, potentially
leading to more effective treatments for chronic wounds (Ancira et al., 2025,
Jakobsen et al., 2025, Kalan et al., 2016).

1.5.1 Biofilm and organotypic models in wound research
1.5.1.1 Biofilm models

Model systems are effective, reproducible methods by which to investigate
microbe-microbe and host-microbe interactions occurring within chronic wounds.
These can also be excellent testing-platforms for novel and conventional
therapeutics. Early in vitro models focused primarily on monoculture biofilms
grown in standard laboratory media, which failed to capture the polymicrobial,
nutrient-rich, and host-influenced conditions of chronic wounds (Kadam et al.,
2019, Bahamondez-Canas, Heersema and Smyth, 2019). Recognising these
limitations, researchers began integrating wound-specific components into
experimental systems. For instance, the development of chronic wound medium
(CWM)—a formulation incorporating plasma, red blood cells, and adjusted pH—
enabled the study of bacterial interactions under conditions mimicking the wound
bed (Pouget et al., 2022a). When clinical isolates of S. aureus and P. aeruginosa
were co-cultured in CWM, synergistic behaviours emerged, including enhanced
biofilm biomass and the formation of SCVs of S. aureus, phenomena frequently
observed in clinical samples (Pouget et al., 2022a, Diban et al., 2023). These
findings underscored the importance of medium composition in driving pathogen

behaviour reflective of in vivo infections.

Similarly, the Lubbock Chronic Wound Biofilm (LCWB) model incorporated Bolton
broth supplemented with plasma and erythrocytes to simulate the nutrient profile
of wound exudate, facilitating the growth of polymicrobial biofilms with species
commonly co-isolated from diabetic foot infections (Diban et al., 2023). These
advancements addressed critical gaps in earlier systems by introducing gradients
of oxygen, nutrients, and host-derived factors that influence microbial
metabolism and virulence (Diban et al., 2023, Bahamondez-Canas, Heersema and
Smyth, 2019).
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The category of three-dimensional (3D) models includes several wound-relevant
systems. For example, Reddersen, Tittelbach and Wiegand (2022) created a 3D
biofilm model using a combination of agar and gelatine with a nutrient-rich
medium, resulting in a semi-solid, permeable surface that simulates the texture
of chronic wounds and supports the formation of biofilm micro clusters
(Reddersen, Tittelbach and Wiegand, 2022). By vigorously mixing the agar-
gelatine medium to incorporate air bubbles, they encouraged the development of
biofilm clusters throughout the model, which was then used to evaluate the

effectiveness of antimicrobial wound dressings.

Another approach, described by Townsend et al. (2016), involved an in vitro
wound model based on a single cellulose layer combined with a horse serum
hydrogel. Because it lacks living tissue, this model is not strictly organotypic; it
nonetheless recapitulates an ECM substratum (e.g., underlying skin tissue)
supplemented with rich nutrient source or serum (e.g., the wound exudate). This
model allowed the study of topical antimicrobial treatments on polymicrobial
biofilms and revealed that biofilms grown in this system showed much greater
resistance to PVP-I and CHX than those tested in standard in vitro conditions.
These findings aligned with clinical observations that these agents are less

effective against chronic wound biofilms (Townsend et al., 2016).

1.5.1.2 Organotypic models

To better replicate the spatial organisation of chronic wound biofilms, organotypic
models were introduced. A variety of models are available to replicate skin
infections for research, including engineered 3D skin constructs, human skin
explants, porcine tissue samples, and in vivo models using mice or pigs. One such
system employs a dual-layer agar structure simulating dermal and subcutaneous
tissues, with S. aureus localised superficially and P. aeruginosa in deeper layers—
a distribution consistent with clinical observations (Diban et al., 2023, Chen et
al., 2021). This model demonstrated utility in evaluating antimicrobial
penetration and efficacy, revealing that conventional treatments often fail to

eradicate deeply embedded pathogens (Diban et al., 2023).

More sophisticated models have also been developed by Brown et al. (2022), by

developing an advanced 11-species interkingdom biofilm model incorporating C.
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albicans, aerobic and anaerobic bacteria to better replicate clinical wound
environments. While antiseptic treatments reduced biofilm viability, residual cells
persisted, with H,0, and PVP-lI showing superior efficacy in both microbial
clearance and modulating host immune responses in adjacent 3D epidermal tissue
(Brown et al., 2022). Environmental oxygen levels critically influenced microbial
dominance: C. albicans thrived in aerobic/CO,-rich conditions, while
Staphylococcus hominis proliferated in anaerobic settings. These findings
underscore the necessity of simulating physiologically relevant atmospheric
conditions (e.g., oxygen gradients, microbial diversity) in biofilm models to
improve their translational accuracy for testing antimicrobial therapies and

understanding host-pathogen interactions in chronic wounds (Brown et al., 2022).

Brackman and Coenye (2015) used an artificial dermis to examine the ability of
various antimicrobial gauzes to eradicate biofilms, focusing on their impact on
bacterial QS. Their model, which included chemically crosslinked hyaluronic acid
and a secondary layer of hyaluronic acid with collagen, partially immersed in a
wound-simulating medium, demonstrated that functionalised gauzes had a
stronger inhibitory effect compared to standard antimicrobial gauzes (Brackman
and Coenye, 2015).

Chen et al. (2021) constructed a two-layered model featuring a deliberate breach
in the skin to mimic subcutaneous wounds, incorporating pig fat to represent the
subcutaneous layer and creating a void to simulate dermal damage and expose
nutrient-rich fat. The breached two-layer construct recreates a realistic interface
where microbes can colonize the superficial “dermis” while also accessing and
exploiting the exposed, nutrient-rich fat to establish deeper,
treatment-recalcitrant biofilms, mirroring clinical chronic wound niches. This
architecture is useful for testing antimicrobial penetration and efficacy across
depths, often revealing that standard treatments clear surface communities but

leave deeply embedded pathogens largely unaffected (Chen et al., 2021).

Considering these factors, tissue-engineered human epidermis offers a promising
platform for antimicrobial susceptibility testing. Companies such as Epiderm,
Episkin, and Labskin have created human skin equivalents that help reduce

reliance on animal testing (Lerebour, Cupferman and Bellon-Fontaine, 2004,
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Kandarova et al., 2005, Roguet et al., 1994). While models like Episkin and
Epiderm were initially designed for assessing skin irritation caused by topical
products (Roguet et al., 1994), the Episkin system has evolved to include protocols
for evaluating microbial adhesion (Roguet et al., 1994, Kandarova et al., 2005,
Lerebour, Cupferman and Bellon-Fontaine, 2004). For instance, Lerebour,
Cupferman and Bellon-Fontaine (2004) examined how S. aureus and S. epidermidis
adhered to Episkin compared to stainless steel, finding that S. aureus exhibited a

stronger attachment to the skin model than to the abiotic surface.

Other innovative models have also been developed, such as a dermal matrix
composed of fibrin and fibroblasts with a layered epidermis, which has been used
to study how skin microbiota colonise these structures (Holland et al., 2008).
Additionally, Shepherd et al. (2009) used engineered 3D skin models with two
types of wounds to track bacterial infection over 72 hours, observing that P.
aeruginosa was able to move into deeper dermal layers, while S. aureus remained

in the upper epidermis.

Despite their advantages, these engineered skin models still face challenges,
particularly regarding the consistency of tissue physiology, which can affect
reproducibility (Couto et al., 2021). For example, Couto et al. (2021) compared
xenobiotic metabolism in the Labskin 3D model to ex vivo human skin and found
notable variability in enzyme and protein markers between Labskin samples, with
some markers absent compared to real human skin. Such inconsistencies highlight
the need for further refinement of tissue-engineered skin to ensure these models

can reliably simulate actual skin and wound environments.

To address these limitations, ex vivo models have been increasingly developed to
better mimic clinical conditions for antimicrobial susceptibility testing. These
models employ tissues or organs harvested from living organisms and maintained
under controlled laboratory conditions (Andersson et al., 2021). A review by
Parnell and Volk (2019) noted that, despite over 25 years of wound model
research, only 3% of studies utilised ex vivo or computational (in silico)
approaches. The same analysis highlighted that 74% of wound studies relied on in
vivo animal models, which remain the benchmark for investigating wound healing

processes across species (Parnell and Volk, 2019). However, in vivo models pose
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challenges for studying infections due to variability in infection outcomes,
difficulties in sample collection, and complexities in treatment administration
(Andersson et al., 2021). Ethical concerns, animal welfare regulations, and high

costs further complicate their use (Andersson et al., 2021).

1.6 Concluding remarks and aims for current study

Chronic wounds represent a persistent global healthcare burden, driven by their
complex polymicrobial nature and the recalcitrance of biofilm-associated
infections. The wound microbiome, comprising diverse bacterial and fungal
communities, plays a pivotal role in delaying healing, with biofilm formation
conferring up to 1,000 times increased antibiotic tolerance compared to
planktonic cells. Key pathogens such as S. aureus, P. aeruginosa, and C. albicans
dominate chronic wound infections, often coexisting in synergistic relationships

that enhance virulence and resistance.

Current treatment paradigms, including debridement, antiseptics, and systemic
antibiotics, face limitations due to biofilm heterogeneity, metabolic adaptations,
and interspecies protective mechanisms. While advanced therapies like CAP
therapy show promise, their efficacy against polymicrobial biofilms requires
rigorous evaluation. A critical gap persists in understanding how interkingdom
biofilm interactions influence the efficacy of novel therapeutics for controlling

wound infections.
The aims of this study were therefore to:

1. Evaluate the antimicrobial efficacy of CAP treatment on simple and triadic

in vitro biofilm models.

2. Evaluate the antimicrobial efficacy of repurposing drugs on these models

alone and in combination with CAP.

3. Investigate mode of action of CAP using H,O0, when combined with
conventional antibiotics (flucloxacillin and gentamicin) against tolerant

biofilm models.
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2.1 Microbial growth conditions and standardisation

For long-term storage, all microbial isolates were preserved on Microbank™ beads
(Pro-lab Diagnostics, UK) at -80°C before revival. This study utilised the following
strains: Candida albicans (SC5314) originally isolated from patient with systemic
candidiasis (Fonzi and Irwin, 1993), Staphylococcus aureus (ATCC 25904) referred
to as Newman originally isolated from human infection (Duthie and Lorenz, 1952),
S. aureus (NCTC 6571) laboratory reference strain (Wilcox et al., 1996), S. aureus
SH1000 laboratory reference strain that derived from S. aureus (NCTC 8325)
(O’Neill, 2010), S. aureus (S 235) clinical isolate (kindly provided by the Sheffield
School of Clinical Dentistry), S. aureus (ATCC 25923) widely recognised laboratory
standard strain, Pseudomonas aeruginosa PA14 originally isolated from a human
patient with a burn wound (Rahme et al., 1995), Candida auris (NCPF 8973), and
C. auris (NCPF 8978) both are well characterised clinical isolates, part of the
United Kingdom National Collection of Pathogenic Fungi. The two C. auris strains
were chosen to represent the non-aggregating and aggregating phenotypes,
respectively, as described by Borman, Szekely and Johnson (2016). For revival and
cultivation, bacterial strains were first grown on Luria Bertani (LB) agar (Sigma-
Aldrich, Dorset, UK) for 24 hours (h) at 37°C aerobically. Overnight broths were
prepared in a sterile universal tube (Sterilin® Limited, Cambridge UK) in 10 mL of
LB broth (Sigma-Aldrich, Dorset, UK) for 16-18 h at 37°C with shaking at 200
revolutions per minute (rpm) in an orbital shaker (MAXQ 600, Thermo Scientific,
Loughborough, UK). Fungal strains were subcultured on Sabouraud's dextrose agar
(SAB) (Sigma-Aldrich, Dorset, UK) and incubated aerobically at 30°C for 24-48 h

until colonies of about 1 mm in diameter were formed.

Following incubation, the plates were stored at 4°C for a maximum of two weeks.
To prepare overnight broths, a loopful of yeast colonies was inoculated into 10 mL
of yeast peptone dextrose (YPD) medium (1% w/v yeast extract, 2% w/v peptone,
2% w/v dextrose, 1.5% agar) (Sigma-Aldrich, Dorset, UK) in a sterile universal tube.
The cultures were then incubated aerobically at 30°C with shaking at 200 rpm in
an orbital shaker (IKA KS 4000 i control, Berlin, Germany). After 16-18 h of
incubation, the cells were pelleted by centrifugation at 3,500 rpm for 5 minutes.
The supernatant was discarded, and the cell pellet was washed twice with 10 mL
sterile phosphate-buffered saline (PBS) [10 mM phosphate buffer, 2.7 mM
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potassium chloride, 137 mM sodium chloride, pH 7.4] (Sigma-Aldrich, UK). The
washed pellet was then resuspended in 10 mL of PBS. To prepare yeast cells
concentrations, a 1:100 dilution was made by adding 10 pL of the cell suspension
to 990 uL of PBS in a sterile Eppendorf. The cell count was determined using a
Neubauer haemocytometer (cell count x dilution factor x volume of square =
colony forming unit [CFU/mL]). Bacterial suspensions were standardised to 1 x 108
colony-forming units (CFUs) per mL using spectrophotometric measurements at
600 nm (OD600), with an optical density of 0.6. The standardised cell cultures can
subsequently be used for growing planktonic or biofilm forms in suitable media,
either in microtiter plates or on appropriate substrates. These steps are

schematically represented in (Figure 2.1).

SAB LB

C. albicans S. aureus

P, aeruginosa

A) Overnight cultures prepared

C) C. albicans counted using a B) Cell resuspended in PBS D) Optical density measured
haemocytometer following centrifugation using a spectrophotometer

Figure 2.1: Schematic diagram summarised the microbial growth conditions and
standardisation. A) Overnight cultures were prepared by inoculating microbial colonies into a
specified medium for each microorganism for 16-18 h. B) Microbial cells were harvested by
centrifugation and then resuspended in PBS. C) C. albicans were counted using a Neubauer
haemocytometer (cell count x dilution factor x volume of square = CFU/mL), before being diluted to
1 x 10 CFU/mL in appropriate media. D) Bacterial cell concentrations of 1 x 108 cells/mL were
obtained by measuring the OD with a spectrophotometer at 600 nm, before being diluted to 1 x 108
cells/mL in appropriate media. Diagram was created in BioRender.
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2.2 Biofilm models

In the first data chapter ( chapter 3) all biofilm models were grown on sterile
cellulose matrix (CM) in a hydrogel (HG) system as mono and triadic species for 24
h. Notably, the triadic biofilm models were varying in their composition (e.g., S.
aureus Newman triadic model consisting of S. aureus Newman, C. albicans SC5314
and P. aeruginosa PA14; S. aureus SH1000 triadic model consisting of S. aureus
SH1000, C. albicans SC5314 and P. aeruginosa PA14; S. aureus NCTC 6571 triadic
model consisting of S. aureus NCTC 6571, C. albicans SC5314 and P. aeruginosa
PA14). This triadic model is representative of diabetic foot ulcers (DFUs)- because
it explicitly includes bacterial-fungal communities that are highly prevalent and
prognostically relevant in DFUs. DFUs show particularly high fungal burdens by
sequencing (up to ~80% at presentation) with associations to delayed healing, so
incorporating a fungal element aligns the model to DFU ecology more than to
venous or pressure ulcer cohorts where fungal detection is less consistently
reported (Kalan et al., 2016). Similarly, in the second data chapter (chapter 4)
biofilms were grown on sterile CM in HG system as mono and triadic species for 24
h for the assessment of single and dual therapies, while the others experiment the
biofilms were grown in pre-sterilised polystyrene 96-well flat-bottom microtiter
plates for 24 h. In the final data chapter (chapter 5) all biofilms were grown as
mono species in pre-sterilised polystyrene 96-well flat-bottom microtiter plates

for 4 h (early-stage biofilms).

2.2.1 Biofilms on CM in HG model
2.2.1.1 HG preparation

The hydrogels (HGs) used in this study were composed of a mixture of several
components as described by Townsend et al. (2016), Townsend et al. (2017). The
primary constituents included 10% 3-sulfopropyl acrylate potassium salt, 0.95% v/v
poly (ethylene glycol) deacrylate (PEG), and 0.01% v/v 1-hydroxycyclohexyl phenyl
ketone. To enhance the biological relevance of the hydrogel, 50% heat-inactivated
horse serum (HS) (Thermo Fisher Scientific, Loughborough, UK) was incorporated,
with 2X PBS added to achieve the final volume. The HGs were prepared in 12-well
flat-bottomed microtiter plates (Corning Incorporated, NY, USA). Each well

received 2 mL of the hydrogel mixture. To initiate polymerisation, the plates were
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exposed to ultraviolet (UV) light at 366 nm using a UV lamp (Camag, Hungerford,
UK) for a duration of 1 h. This process was carried out within a class Il laminar
flow hood to maintain sterility. Following polymerisation, the hydrogels were
stored at 4°C and remained viable for use for up to one week. This storage method
ensured the stability and integrity of the HGs until they were required for

experimental procedures.

2.2.1.2 Biofilm formation on CM in HG model

In the first and second data chapters (Chapter 3 and chapter 4) all mono-species
and triadic biofilms were grown using a HG models on sterile CM (IPS Converters,
Oldham, UK), as described by Townsend et al. (2016), Townsend et al. (2017) and
is schematically represented in (Figure 2.2). All standardised isolates (final
concentration of 1 x10¢ cells/mL in 10 mL sterile PBS) were allowed to attach to
sterile CM (1.25 cm? by 1.25 cm?) for 2 h incubation at 37°C with agitation at 180
rpm in an orbital shaker. Each matrix was washed once in PBS to remove non-
adherent cells and then placed on top of the HG surface and incubated at 37°C
for 24 h. Negative controls containing no inoculum were also included. All testing

was carried out in triplicate, on three separate occasions.

— Triadic species biofilm model

Cellulose matrix

Hydrogel system

Figure 2.2: Schematic diagram shows triadic biofilm model developed on CM in HG system.
All standardised isolates adhering to sterile CM during 2-h incubation at 37°C with orbital shaking
180 rpm. Non-adherent cells were removed via a single PBS wash, after which the matrices were
transferred to HG surface and incubated for 24 h at 37°C. Triadic biofilm model consisting of C.
albicans , S. aureus and P. aeruginosa. Diagram was created in BioRender.
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2.2.2 Biofilm formation in microtiter well plates

In the second and third data chapters (chapter 4 and chapter 5), all
microorganisms were standardised to a final working concentration of 1 x 10°
cells/mL. For C. albicans, Roswell Park Memorial Institute (RPMI)-1640 medium
(Sigma-Aldrich, Dorset, UK) was used, while LB medium was used for the bacterial
strains. To assess the triadic models, experiments were conducted in a 1:1 v/v
mixture of LB and RPMI media. Biofilm formation was carried out in pre-sterilised
polystyrene 96-well flat-bottom microtiter plates (Corning Incorporated, NY,
USA). Using a multi-channel pipette, 200 pL of the standardised microbial
suspensions were dispensed into each well, following the protocol described by
Ramage et al. (2001). To ensure experimental validity, negative control (wells
containing only culture media) and positive control (wells containing only biofilms
without treatment) were included on each plate. The inoculated plates were then
incubated aerobically at 37°C for a period of 24 h to allow for biofilm formation.
Data obtained is from four technical repeats from three independent experiments.

The strains and biofilm models utilised in this study are detailed in (Table 2.1).

Table 2.1: Summary table of strains and biofilm models used in thesis chapters.
Strain Biofilm model Used in Chapter
model

C. albicans (5C5314) Cellulose matrix/ | Mono/ Triadic 3&4
Microtiter plates

S. aureus (Newman) Cellulose matrix/ | Mono/ Triadic 3,4&5
Microtiter plates

P. aeruginosa (PA14) Cellulose matrix/ | Mono/ Triadic 3&4
Microtiter plates

S. aureus (SH1000) Cellulose matrix/ | Mono/ Triadic 3,4&5
Microtiter plates

S. aureus (NCTC 6571) Cellulose matrix Mono/ Triadic 3
S. aureus (S 235) Cellulose matrix Mono-species 3

S. aureus (ATCC 25923) Cellulose matrix Mono-species 3
C. auris (NCPF 8973) Cellulose matrix Mono-species 3
C. auris (NCPF 8978) Cellulose matrix Mono-species 3
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2.3 Treatment regimens

2.3.1 Preparation of antimicrobial agents

Three compounds effective against C. albicans were selected from the
Tocriscreen™ 2.0 Micro library (Tocris, Bio-Techne, Abingdon, UK) as previously
described by Abduljalil et al. (2022). The selected hit compounds were Polygodial
(POLY), KHS101 hydrochloride (KHS) and darapladib (DARA) (chapter 4). All these
compounds solubilised in 100% DMSO (w/v) according to manufacturer instructions
to produce 100 mM stocks. Aliquots of each compound into sterile Eppendorf tubes
were then stored at -20° C until required. The stock solution was then diluted down
to double the required concentration (64 X 2 = 128 ug/mL) in the appropriate
broth prior to required experiment. In addition, two traditional anti-biofilm wound
therapies were chosen for anti-biofilm testing (chapter 4): Povidone iodine (PVP-
I) and hydrogen peroxide (H:02), both sourced from (Merck Life Sciences,
Gillingham, UK). These solutions were freshly prepared in sterile double-distilled
water (ddH;0) just before use. The compounds were applied at clinically relevant
concentrations, specifically 3% v/v for H20; and 10% w/v for PVP-1. For the dual-
therapy investigative experiments in chapter 4, KHS and an oxidative cocktail
solution of H,0, nitrite (NO;) and nitrate (NOs), sodium nitrate (NaNOs) (Sigma-
Aldrich, Dorset, UK) and sodium nitrite (NaNO; (Thermo Fisher Scientific,
Loughborough, UK) were prepared in 100 mL sterile ddH,0 at 1 Molar (1M) stock
concentration in a Duran bottle (250 mL) and stored at room temperature until
required. This step was carried out within a class Il laminar flow hood. For H;0,
re-sensitisation experiments in chapter 5, Gentamicin sulfate salt (stock conc. 50
mg/mL) and Flucloxacillin sodium (stock conc. 20 mg/mL) both were dissolved in
sterile ddH,;0 and aliquots of each compound into sterile Eppendorf tubes were
then stored at -20°C until required. Both compounds provided from (Sigma-
Aldrich, Dorset, UK).

2.3.2 Cold atmospheric plasma (CAP) treatment

Following biofilm formation as previously described in section 2.2.1.2, each matrix
underwent a washing step with PBS to eliminate non-adherent cells prior to CAP
exposure. The CAP treatments were conducted for durations of 1, 3, and 5

minutes. The experimental setup for plasma treatment was based on the design
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described by Ghimire, Szili and Short (2022), and is schematically represented in
(Figure 2.3). The CAP device comprised six plasma jets arranged in a rectangular
configuration. Pure argon gas (99.9999% purity) was used to generate the CAP,
with an applied voltage of 8 kV peak-to-peak and a frequency of 23.5 kHz. The
gas flow rate was maintained at six standard litres per minute (SLPM). During
treatment, the biofilm-containing cellulose matrices (CMs) were positioned at a
distance of 1 cm from the end of the quartz tube of the plasma jets. To ensure
comprehensive CAP coverage, the porous cellulose matrices were inverted midway
through each treatment session, allowing exposure of both sides of the material.

Biofilms experiments were completed on three separate occasions with three
technical replicates per experiment (n =9 in total).

CAP 6 jets device

| Py

r
I
&
Argon gas

Oscilloscope

Gas flow meter

Triadic biofilm

Cellulose matrix

Electric transformer [ = Hydrogel system

Figure 2.3: Schematic diagram shows CAP device elements. The CAP device comprised six
plasma jets arranged in a rectangular configuration. Pure argon gas was used to generate the CAP,

with an applied voltage of 8 kV peak-to-peak and a frequency of 23.5 kHz. The gas flow rate was
maintained at 6 SLPM. Diagram was created in BioRender.
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2.4 Assays and profiling

To assess the composition and viability of biofilms at a molecular level (chapter 3
and chapter 4), a viability-based quantitative polymerase chain reaction (qPCR)
approach was employed. This method allows for the differentiation between
viable and total cells within the biofilm community. The technique has been
previously validated and applied in several studies investigating microbial
populations in complex environments (Alvarez et al., 2013, Sanchez et al., 2013,
Sanchez et al., 2014, Sherry et al., 2016).

2.4.1 Propidium monoazide (PMA) treatment

Following CAP treatment of mono and triadic species biofilms, the CM was
carefully removed with tweezers and placed into a bijoux containing 1 mL of
sterile PBS. It was then sonicated at 35 kHz in an ultrasonic water bath
(Fisherbrand, ThermoFisher Scientific Inc., Loughborough, UK) for 10 minutes to
detach the biomass. The resulting 1 mL sonicate was vortexed for 30 seconds and
divided between two nuclease-free 1.5 mL Eppendorf tubes. To one 500 pL
aliquot, 2.5 pL of 10 mM PMA was added, a dye that penetrates only dead cells or
cells with compromised membranes (Sigma-Aldrich, Irvine, Scotland) (Nocker,
Cheung and Camper, 2006) (Figure 2.4). The other aliquot served as a negative
control without PMA. All samples were incubated in the dark at room temperature
for 10 minutes to allow PMA uptake by dead cells. They were then placed on bed
of ice (to avoid excessive heating) and exposed to a 650 W halogen light from
about 20 cm away for 5 minutes. Samples were stored at -20°C until DNA
extraction (Sherry et al., 2016). Biofilms experiments were completed on three

separate occasions with three technical replicates per experiment (n =9 in total).

2.4.2 DNA extraction

DNA extraction involved bead-beating combined with a QlAamp DNA Mini Kit
(Qiagen, Crawley, UK), following the manufacturer's instructions with small
modification. Samples were centrifuged at 13,000 rpm for 10 minutes, the
supernatant discarded, and pellets resuspended in 180 pL of ATL buffer with 20
uL of proteinase K. They were incubated in a water bath (Grant instruments, UK)
at 56°C for microbial lysis for 20 minutes. Next, 200 pL of AL buffer was added,
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mixed by vortexing for 15 seconds, and incubated at 70°C for another 10 minutes.
The samples were transferred to a screw cap tube (Thistle Scientific, UK)
containing about 250 pL of sterile glass beads and subjected to bead beating for
three cycles of 30 seconds at maximum speed using a bead beater (Fisher Bead
Mill 24, UK). To precipitate nucleic acids, 200 pyL of 100% ethanol was added,
mixed by vortexing for 15 seconds, and centrifuged at 7000 rpm for 1 minute. The
supernatant was transferred to a QlAamp spin column and centrifuged at 8000 rpm
for 1 minute. After discarding the flow-through, 500 uL of buffer AW1 was added
to the columns and centrifuged again at 8000 rpm for 1 minute. This step was
repeated with buffer AW2 and centrifuged at 13,000 rpm for 3 minutes before
transferring columns to new collection tubes. The column membranes were dried
by centrifugation at 13,000 rpm for 1 minute. DNA was eluted in 100 pL of AE
buffer into nuclease-free Eppendorf tubes with the lid cut off by centrifugation at
8,000 rpm for 1 minute and stored at -20°C until needed. To generate standard
curves for bacterial and fungal species, pure cultures of individual bacterial and
fungal species were prepared and standardised to a concentration of 1 x 108
CFU/mL in sterile PBS. These standardised suspensions were then subjected to a
series of ten-fold dilutions, creating a range of concentrations from 1 x 10 to 1 x
103 CFU/mL. DNA extraction was performed on each dilution using the same
methodology as described above. All biofilm experiments were completed on
three separate occasions with three technical replicates per experiment (n =9 in
total).

2.4.3 Live/dead qPCR

For each gPCR reaction, a master mix was prepared containing 10 uL of Fast SYBR
GreenER™ (Thermo Fisher Scientific, Paisley, UK), 7 pL of UV-treated nuclease-
free water, and 1 pL each of 10 pM forward and reverse primers specific to the
bacterial or fungal species of interest. The primer sequences utilised in this study
are detailed in (Table 2.2). To this master mix, 1 pyL of extracted DNA sample was
added, resulting in a total reaction volume of 20 pL. The prepared reactions were
loaded into 96-well 0.1 ml reaction plate (Applied Biosystems, California, USA),
which were then sealed with caps and centrifuged at 1000 rpm for 1 minute to
ensure proper mixing and to eliminate air bubbles. The gPCR amplification was
performed using a StepOnePlus™ real time PCR machine and StepOne software

V2.3 (Life Technologies, Paisley, UK). The thermal cycling profile as follows: 50°C
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for 2 minutes, 95°C for 2 minutes, followed by 40 cycles of 95°C for 10 seconds
and 60°C for 30 seconds (Figure 2.4). To ensure data reliability, all samples were
analysed in technical duplicate. Additionally, negative control wells containing
the master mix and primer sets but lacking bacterial or fungal DNA were included
on each plate to rule out potential contamination. The cycle threshold (Ct) was
consistently set at 0.1 for all plates to ensure standardised analysis across
experiments. Colony forming equivalents per millilitre (CFE/mL) were calculated
based on species-specific standard curves, as previously described by O'Donnell et
al. (2016). For some experiments CFE analysis allowed for assessing % composition
of the triadic model pre- and post-regrowth. Data obtained is from triplicates from

three independent experiments (n =9 in total).
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Figure 2.4: Schematic diagram illustrated PMA treatment prior Live/dead qPCR. Flowing the
treatment, biofilms on CM were sonicated (35 kHz, 10 min) in PBS to dislodge cells, followed by
vortexing and aliquot division. One aliquot received PMA to selectively label DNA from dead cells,
while the other served as a control. Samples were incubated in the dark (10 min), exposed to halogen
light (650 W, 5 min) on ice to crosslink PMA (A-i). After DNA extraction, gPCR distinguishes viable
and total cells by comparing cycle threshold (Ct) values: lower Ct values correspond to untreated
samples (total cells), while higher Ct values reflect PMA-treated samples (viable cells) (A-ii). To
quantify colony-forming equivalents (CFE/mL) in test samples, a standard curve is generated using
DNA extracted from planktonic cultures with known CFE/mL (108-103) (B-i). This curve (Ct vs. known
CFE/mL) allows extrapolation of viable and total bacterial loads in unknown samples (B-ii). Diagram
was created in BioRender.
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Table 2.2: Primer sequences used to identify fungi and bacterial species.

Organism Forward primer 5’-3’ Reverse primer 5°-3’
S. aureus ATTTGGTCCCAGTGGTGTGGGT | GCTGTGACAATTGCCGTTTGT
AT CGT

P. aeruginosa | GGGCGAAGAAGGAAATGGTC | CAGGTGGCGTAGGTGGAGAA

C. albicans GAGCGTCGTTTCTCCCTCAAAC | GGTGGACGTTACCGCCGCAAG
CGCTGG CAATGTT

C. auris GCATCGATGAAGAACGCAGC TCCTCCGCTTATTGATATGC

2.4.4 Time dependant killing effect of CAP assessment

C. auris NCPF 8978 and NCPF 8973 biofilms were grown for 24 h within the CM on
HG system, and treated for 1, 3 and 5 min with CAP as previously described in
2.3.2 Then samples were prepared for extraction and live/dead gPCR using colony
forming equivalents/mL (CFE/mL) as above used protocols 2.4.1, 2.4.2 and 2.4.3.
Total and viable counts were assessed. All biofilms experiments were completed
on three separate occasions with three technical replicates per experiment (n =9

in total).

2.4.5 H202, NO2 and NO3 quantification assay

To evaluate the H,02, NO; and NOs levels generated by CAP therapy, plasma-
activated water (PAW) was produced following a protocol similar to that described
by Ghimire et al. (2021). Briefly, 1.5 mL of sterile ddH,0 was dispensed into each
well of a 12-well flat-bottom plate (Corning Incorporated, Corning, NY, USA) and
subsequently exposed to CAP for durations of 1, 3, and 5 minutes. Following
plasma activation, the concentration of H20; in the PAW was quantified using the
Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo-Fisher, UK). The
assay was performed according to the manufacturer's instructions. To ensure
accuracy, a standard curve of known H;02 concentrations was generated for each
assay run, allowing for the precise determination of H,0O, levels in the plasma-
activated samples. Untreated water minus CAP therapy was used for comparison.
H20, levels were completed on three separate occasions with two technical
replicates per experiment (n =6 in total). Notably, NO2 and NOs in PAW were

assayed using the Griess Reagent Kit for Nitrite Determination (G-7921, Thermo-
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Fisher, UK), but no NOz or NOs signal were detected in this experiment. This likely
indicates that PAW NO2/NOs levels were below the kit’s detection threshold (1.0
MM as stated by manufactur protocol) under the assay conditions, rather than

conclusively absent.

2.4.6 Regrowth assessment

To assess the regrowth potential of the S. aureus Newman triadic model, 24 h
biofilms were subjected to the previously described CAP treatment protocol in
2.3.2 Following treatment, the biofilms were transferred onto a fresh HG
substrate for an additional 24 h incubation period. To facilitate regrowth, the CM
was rehydrated with 200 pL of sterile ddH,0 and returned to the incubator at 37°C
(Figure 2.5). After the regrowth phase, the biofilms were processed as above used
protocols for DNA extraction, live/dead qPCR, and compositional analysis 2.4.1,
2.4.2 and 2.4.3. Regrowth experiments were completed on three separate

occasions with three technical replicates per experiment (n =9 in total).

i Incubation & 37°C
5 min CAP 200 pL ddH,0

4 y X

24 h
|__

Cellulose matrix D, i N &
o
# o
wet

Q"‘ —— Triadic biofilm
N

> Cellulose matrix

[~ ‘Lb Hydrogel system

Figure 2.5: Schematic diagram illustrated the regrowth experiment. Following CAP treatment,
the biofilms were transferred to new HG substrate for an additional 24 h incubation period. CMs were
rehydrated with 200 pL of sterile ddH20 and returned to the incubator at 37°C. Diagram was created
in BioRender.
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2.4.7 Metabolic activity assay

Following biofilm formation in pre-sterilised polystyrene 96-well flat-bottom
microtiter plates as previously described in 2.2.2, the supernatant was discarded
using a multi-channel pipette which was slowly inserted the tips at a 45-degree
angle to avoid contact with the sides and bottom of the wells, and biofilms were
washed once with 200 pL PBS to remove the loosely attached cells. Antimicrobial
agents were prepared to double the required concentration (64 X 2 = 128 ug/mL)
in the appropriate broth and serially diluted in fresh 96-well round-bottom
microtiter plates (Corning Incorporated, NY, USA). To each well, 200 pL of the
prepared antimicrobial was added ( usually the first column ), followed by serial
doubling dilutions in the appropriate broth. Subsequently, 100 pyL of the the
appropriate broth was added to each well, resulting in a final volume of 200 pL.
After this, the serially antimicrobial agents were fully transferred into the original
96-well flat-bottom microtiter plates using a multi-channel pipette from low
concentration to the highest concentration. To ensure experimental validity,
negative control (wells containing only culture media) and positive control (wells
containing only biofilms without treatment) were included on each plate. The

plates were incubated for 24 h at 37°C aerobically.

Following treatment, the supernatant was discarded, and neutralisation step was
performed by adding 200 pL of 5% sodium thiosulfate (Fisher Chemicals, UK) for
15 minutes incubation at room temperature to deactivate the treatment effect.
Sodium thiosulfate was also applied to negative and positive controls to normalise
results. Following this, the neutraliser was removed, and biofilms were washed
once with 200 pyL PBS. After this, metabolic activity of the biofilms was assessed
using AlamarBlue™ (AB) cell viability dye (Invitrogen, UK) as per manufacturer’s
instructions (Kirchner et al., 2012). In summary, AB was diluted 1:10 with the
appropriate growth medium, and 100 pL of this solution was added to each well
under dark conditions. The plates were then incubated at 37°C aerobically. A
colour changes from blue to pink indicated the reduction of the fluorogenic dye
resazurin to resorufin by reductase enzymes during normal cellular respiration
(Figure 2.6). The colour change was monitored until the positive control exhibited
a sufficient pink to serve as a 100% viability reference or for a maximum of 3 h,
whichever occurred first. Afterwards, 75 pL from each well was transferred to a

new 96-well flat-bottom microtiter plate for fluorescence measurement at an
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excitation/emission wavelength of 544/590 nm according to the manufacturer’s
recommendation using a microtiter plate reader (FLUOStar Omega, BMG Labtech,
Aylesbury, UK). A negative sterility control, which showed no biofilm growth, was
included on the same plate to serve as a blank. This blank was used to normalise
fluorescence readings by averaging its value and subtracting it from the test
readings. Data obtained is from four technical repeats from three independent

experiments.
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Figure 2.6: Schematic diagram illustrated AlamarBlueTM metabolic activity assay. Flowing the
treatment, biofilm metabolically active cells reduce resazurin to fluorescent resofurin using NADH
and other electron-donating agents (A), producing a visible colour shift from purple to pink that
correlates with metabolic activity levels (B-i). This fluorescence change is quantified using a
microplate reader at 544 nm excitation and 590 nm emission wavelengths, with results expressed
as arbitrary units (AU) to standardise measurements across samples (B-ii). Diagram was created in
BioRender.

2.4.8 Biofilm biomass assay

Following the metabolic activity measurements, biofilm biomass was assessed

using crystal violet (CV) assay (Figure 2.7). The method used was based off a
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modified version of a protocol first developed by Christensen et al. (1985) and
subsequently modified by Allkja et al. (2020). Briefly, A stock solution of 1% w/v
CV (Sigma-Aldrich, UK) was made using sterile ddH,0 and diluted to 0.05% for use.
The remaining AB was removed from each well by using a multi-channel pipette
which was slowly inserted the tips at a 45-degree angle to avoid biofilm disruption.
Afterwards, biofilms were fixed with 200 pL of 100 % ethanol was added to each
well for 15 minutes, followed by air-drying until completely dry, which took
between 5 and 10 minutes. The plate was subsequently stained with 200 pL of
0.05% v/v CV per well for 15 minutes at room temperature. After staining, the
plates were washed once with 200 pL of sterile ddH,O per well using a
multichannel pipette and left to air-dry for another 15 minutes. The stain was
eluted with 200 pL of 100% ethanol per well for 5 minutes at room temperature.
The eluted stain was mixed by pipetting up and down five times to get homogenous
colour, and then 100 pL from each well was transferred to an empty 96-well flat-
bottom microtiter plates using a multi-channel pipette for measurement. Biomass
was quantified spectrophotometrically by reading absorbance at 570nm according
to the manufacturer’s recommendation (FLUOStar Omega, BMG Labtech,
Aylesbury, UK). A negative sterility control, which showed no biofilm growth, was
included on the same plate to serve as a blank. This blank was used to normalise
absorbance readings by averaging its value and subtracting it from the test
readings. Data obtained is from four technical repeats from three independent

experiments.
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Figure 2.7: Schematic diagram described biofilm biomass assessment. Flowing the metabolic
activity measurement, biofilms were fixed with 100% ethanol prior staining with crystal. Biofilm
biomass was quantified spectrophotometrically by reading absorbance at 570nm. The plates that
used in the schematic figure are (24 well plates) while our experiments conducted in (96 well flat
bottom). Diagram was created in BioRender.

2.4.9 Molecular assessment of single and dual therapy on the HG
model

Mono-species and triadic biofilm models were grown using a HG model on sterile
CM for 24-h as previously described in 2.2.1 Following biofilm formation, each
matrix underwent a washing step with PBS to eliminate non-adherent cells before
5 min treatment at room temperature with 500 yL of 3% H,0., 10% PVP-I or 32
pg/mL of KHS 101. After 5 min treatment, 500 pL of Dey- Engley Neutralising broth
(Sigma-Aldrich, London, UK) was added and incubated for 15 min at 37°C
aerobically to deactivate the treatment effect. Untreated controls were
neutralised though to ensure that the observed effect is solely due to applied
treatments and not neutraliser. Afterwards, the neutraliser was washed by 500 pL
of PBS before applied DNA extraction, and Live/dead gqPCR protocols as previously
described in 2.4.1, 2.4.2 and 2.4.3. For dual therapy, each matrix was treated in
the same manner as above described and followed by additional 5 min CAP
treatment. Following CAP therapy, Samples were prepared for DNA extraction,
and Live/dead qPCR as previously described in 2.4.1, 2.4.2 and 2.4.3. All biofilms
experiments were completed on three separate occasions with three technical

replicates per experiment (n =9 in total).
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2410 Kinetic growth curve assay

Polygodial (POLY), KHS 101 hydrochloride (KHS) and darapladib (DARA) were used
in this assay to assess their inhibitory effects on microbial growth. Planktonic
forms of C. albicans SC5314, P. aeruginosa PA14, S. aureus Newman, and S. aureus
SH1000 were involved in this experiment (chapter 4). In brief, following
standardisation as previously described in 2.1, cell suspensions were prepared by
adjusting yeast concentrations to 2 x 10* cells/mL in YPD broth and bacterial
concentrations to 2 x 10° cells/mL in LB broth. Antimicrobial agents were prepared
to double the required concentration (64 X 2 = 128 ug/mL) in the appropriate
broth (YPD or LB) and serially diluted in 96-well round-bottom microtiter plates.
To each well, 200 pL of the prepared antimicrobial was added (usually the first
column), followed by serial doubling dilutions in the appropriate broth (YPD or
LB). Subsequently, 100 pL of the standardised cell suspension was added to each
well, resulting in a final volume of 200 pyL. The plates were placed in a Cerillo
microplate reader device (Cerillo, USA) to monitor growth, and incubated at
appropriate temperature (30°C or 37°C) for 24 h aerobically with shaking at 200
rpm in an orbital shaker. Appropriate positive and negative controls were also
included. OD measurements at 600 nm were taken at regular intervals every 2 h
using a Cerillo microplate reader. Growth curves were generated by plotting the
mean OD values against time. Data obtained is from four technical replicates of

two biological repetitions.

241 Planktonic Minimum inhibitory concentration (PMIC)

The assessment of pathogen susceptibility to antimicrobials is crucial for selecting
the most appropriate compounds for treating microbial infections. In the final
data chapter (chapter 5), PMIC susceptibility testing was performed based on the
Clinical and Laboratory Standards Institute (CLSI) documents M07-A10 standard for
bacteria (CLSI, 2015) to determine the PMIC of various relevant antimicrobials
against planktonic forms of S. aureus Newman, and S. aureus SH1000. The
experimental procedure involved preparing cell suspensions by adjusting bacterial
concentrations to 2 x 10° cells/mL in LB broth. Antimicrobial agents were prepared
to double the required concentration in the LB broth and serially diluted in 96-
well round-bottom microtiter plates. To each well, 200 pL of the prepared

antimicrobial was added (usually the first column), followed by serial doubling
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dilutions in LB. Subsequently, 100 pL of the standardised cell suspension was
added to each well, resulting in a final volume of 200 pyL. The plates were
incubated at 37°C for 24 h aerobically. Appropriate positive and negative controls
were also included. Following incubation, the PMICqo was determined as the lowest

antimicrobial concentration that completely inhibited visible microbial growth.

2412 Scanning electron microscopy (SEM)

Biofilms were grown in HG model on CM as mono-species and triadic model (S.
aureus Newman triadic model) and treated by CAP as previously described in
section 2.2.1 and 2.3.2 in the first data chapter (chapter 3). The samples were
washed once with PBS before fixation. The fixation solution consisted of 2%
paraformaldehyde, 2% glutaraldehyde, 0.15 M sodium cacodylate, and 0.15% w/v
alcian blue, adjusted to pH 7.4. Samples were immersed in this solution for 18
hours. After fixation, the solution was replaced with 0.15 M sodium cacodylate
buffer, and samples were stored at 4°C until further processing. Sample
preparation for SEM followed a protocol adapted from Erlandsen et al. (2004). The
fixed samples were washed three times for 5 minutes each with 0.15 M sodium
cacodylate to remove residual glutaraldehyde. Subsequently, samples were
treated with a 1:1 mixture of 1% osmium tetroxide and 0.15 M sodium cacodylate
for 1-h in a fume hood. After osmium tetroxide treatment, samples were rinsed
three times for 10 minutes each with distilled water. The samples were then
treated with 0.5% uranyl acetate and incubated in darkness for 1-h. Following a
quick rinse with water, the samples underwent a series of dehydration steps using
increasing concentrations of ethanol. This process involved two 5-minute rinses
each of 30%, 50%, 70%, and 90% ethanol, followed by four 10-minute rinses with
absolute and dried absolute ethanol. To achieve complete drying,
hexamethyldisilazane (HMDS) was employed. Samples were soaked in HMDS for 5
minutes, transferred to a fresh plate containing HMDS, and then placed in a
desiccator overnight to allow for complete drying and evaporation of any residual
HMDS. Finally, the dried specimens were mounted and sputter-coated with gold
in an argon-filled chamber. SEM imaging was performed using a Jeol JSM-IT100
InTouch™ scanning electron microscope. Scanning electron microscope and
representative images were taken at magnifications of x1,500 for fungal biofilms

and x3,500 for bacterial mono-species and triadic model biofilms, respectively.
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2.5 Drug interactions in checkerboard microdilution assay

2.5.1 Assessing interactions between KHS and H:z0:

The interaction between KHS and H;0; was evaluated using a checkerboard
microdilution assay (chapter 4) and schematically presented in (Figure 2.8).
Biofilms were grown in pre-sterilised polystyrene 96-well flat-bottom microtiter
plates and incubated at 37°C for 24 h under aerobic conditions, as previously
detailed in section 2.2.2. All microorganisms were adjusted to a final working
concentration of 1 x 10 cells/mL. RPMI medium was employed for C. albicans
SC5314, while LB medium was used for the bacterial strains S. aureus Newman, S.
aureus SH1000, and P. aeruginosa PA14, respectively. For triadic models,
experiments were conducted in a 1:1 v/v mixture of LB and RPMI media. Following
biofilm formation, the supernatants were carefully removed using a multi-channel
pipette, and biofilms were washed once with 200 pyL PBS to remove loosely
attached cells. Antimicrobial agents were prepared at four times the required
concentration (64 X 4 = 256 ug/mL for KHS and 64 X 4 = 256 mM for H20;) in the
appropriate medium and serially diluted in fresh 96-well round-bottom microtiter
plates. KHS (200 pL) was added to the first column, followed by serial doubling
dilutions across columns 1 to 9. Subsequently, H,02 (100 pL) was added to the first
row, followed by serial doubling dilutions down rows A to G. The appropriate
medium (100 pL) was then added to each well, resulting in a final volume of 200
uL. The serially diluted antimicrobial agents were transferred to the original 96-
well flat-bottom microtiter plates containing biofilms with changing tips every
time during antimicrobial agents transferring. Negative controls (wells containing
only culture media) and positive controls (wells containing untreated biofilm)
were included to ensure experimental validity. Plates were incubated aerobically
at 37°C for 24 h.

Post-treatment, the supernatant was discarded, and a neutralisation step was
performed using 200 pL of 5% sodium thiosulfate, incubated for 15 minutes at room
temperature to deactivate the treatment effect. Sodium thiosulfate was also
applied to control wells for result normalisation. After neutraliser removal,
biofilms were washed once with 200 yL PBS, and biofilm metabolic activity was
assessed using AlamarBlue™, as outlined in section 2.4.7. The efficacy of drug

combination was assessed by the checkerboard microtiter assay as previously
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described by Meletiadis et al. (2003). The assay was performed to evaluate the
effect of combining of KHS with H,0, against different mono-species and triadic
biofilm models, which contained different concentrations of each drug
combination. The sessile minimum inhibitory concentration (SMIC) was
determined by measuring the reduction in biofilm metabolic activity using
AlamarBlue™ assay. The SMICso or SMICgo were defined as the lowest concentration
of the tested compound that reduced biofilm metabolic activity by 50% or 80%
compared with untreated control (Ramage et al., 2001). The data obtained from
the checkerboard tests were analysed by the fractional inhibitory concentration
index (FICI), which was expressed as
LFIC =FICa + FICg = SMICag/SMICa + SMICga/SMICg, where SMICx and SMICg are the
SMICs of drugs A and B when administered individually and SMICas and SMICga are
the SMICs of drugs A and B when administered in combination, respectively.
Synergy was defined as FICI <0.5, antagonism was defined as FICI >4, 0.5 <FICI
<1 was considered additive, and indifferent when 1 <FICl <4 (Kemegne et al.,
2021). Data were collected from three independent experiments for C. albicans
SC5314 and two independent experiments for other microorganisms (because the
first two independent experiments yielded concordant results with no differences

across conditions).

2.5.2 Interaction between KHS and oxidative cocktail solution of
(H202, NO2 and NO3)

The interaction between KHS and an oxidative cocktail solution of (H202, NO2 and
NOs3) was evaluated using a checkerboard microdilution assay (chapter 4) and
schematically presented in (Figure 2.8). Biofilms were grown in pre-sterilised
polystyrene 96-well flat-bottom microtiter plates and incubated at 37°C for 24-h
under aerobic conditions, as previously detailed in section 2.2.2. Al
microorganisms were adjusted to a final working concentration of 1 x 10°
cells/mL. RPMI medium was employed for C. albicans SC5314, while LB medium
was used for the bacterial strains S. aureus Newman, S. aureus SH1000, and P.
aeruginosa PA14. For triadic models, experiments were conducted in a 1:1 v/v
mixture of LB and RPMI media. Following biofilm formation, the supernatants were
carefully removed using a multi-channel pipette, and biofilms were washed once
with 200 pL PBS to remove loosely attached cells. Antimicrobial agents were

prepared at four times the required concentration (64 X 4 = 256 ug/mL for KHS
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and 64 X 4 = 256 mM for an oxidative cocktail solution) in the appropriate medium
and serially diluted in fresh 96-well round-bottom microtiter plates. KHS (200 pL)
was added to the first column, followed by serial doubling dilutions across columns
1 to 9. Subsequently, an oxidative cocktail solution (100 pL) was added to the first
row, followed by serial doubling dilutions down rows A to G. The appropriate
medium (100 pL) was then added to each well, resulting in a final volume of 200
uL. The serially diluted antimicrobial agents were transferred to the original 96-
well flat-bottom microtiter plates containing biofilms with changing tips every
time during antimicrobial agents transferring. Negative controls (wells containing
only culture media) and positive controls (wells containing untreated biofilm)
were included to ensure experimental validity. Plates were incubated aerobically
at 37°C for 24 h.

Post-treatment, the supernatant was discarded, and a neutralisation step was
performed using 200 pL of 5% sodium thiosulfate, incubated for 15 minutes at room
temperature to deactivate the treatment effect. Sodium thiosulfate was also
applied to control wells for result normalisation. After neutraliser removal,
biofilms were washed once with 200 yL PBS, and biofilm metabolic activity was
assessed using AlamarBlue™, as outlined in section 2.4.7. The efficacy of drug
combination was assessed by the checkerboard microtiter assay as previously
described by Meletiadis et al. (2003). The assay was performed to evaluate the
effect of combining of KHS with an oxidative cocktail solution of (H.0;, NO; and
NOs) against different mono-species and triadic biofilm models, which contained
different concentrations of each drug combination. The SMIC was determined by
measuring the reduction in biofilm metabolic activity using AlamarBlue™ assay.
The SMICso and SMICg were defined as the lowest concentration of the tested
compound that reduced biofilm metabolic activity by 50% or 80% compared with
untreated control (Ramage et al., 2001). The data obtained from the
checkerboard tests were analysed by the fractional inhibitory concentration index
(FICI), which was expressed as XIFIC = FICa+FICg=SMICas/SMICa + SMICpa/SMICs,
where SMICx, and SMICg are the SMICs of drugs A and B when administered
individually and SMICag and SMICgs are the SMICs of drugs A and B when
administered in combination, respectively. Synergy was defined as FICI <0.5,
antagonism was defined as FICI >4, 0.5<FICl <1 was considered additive, and

indifferent when 1 <FICl <4 (Kemegne et al., 2021). Data were collected from
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three independent experiments for C. albicans SC5314 and two independent
experiments for other microorganisms (because the first two independent

experiments yielded comparable results with no differences across conditions).
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Figure 2.8: Schematic diagram illustrated drug interactions in checkerboard microdilution
assay. The interaction between KHS and H202 /KHS and an oxidative cocktail solution of (H202, NO2
and NOs) was evaluated in this assay. Biofilms were grown in pre-sterilised polystyrene 96-well flat-
bottom microtiter plates and incubated at 37°C for 24-h under aerobic conditions. RPMI medium was
employed for C. albicans SC5314, while LB medium was used for the bacterial strains S. aureus
Newman, S. aureus SH1000, and P. aeruginosa PA14. For triadic models, experiments were
conducted in a 1:1 v/v mixture of LB and RPMI media. Following biofilm formation, the antimicrobial
agents were applied using checkerboard microdilution assay. KHS (200 yL) was added to the first
column, followed by serial doubling dilutions across columns 1 to 9. Subsequently, H202 or H202,
NO2and NOs (100 pL) was added to the first row, followed by serial doubling dilutions down rows A
to G. The appropriate medium (100 yL) was then added to each well, resulting in a final volume of
200 pL. The serially diluted antimicrobial agents were transferred to the original 96-well flat-bottom
microtiter plates containing biofilms with changing tips every time during antimicrobial agents
transferring. Negative controls (wells containing only culture media) and positive controls (wells
containing untreated biofilm) were included to ensure experimental validity. Plates were incubated
aerobically at 37°C for 24 h. Diagram was created in BioRender.

2.6 Assessment of H.O: dual therapies

2.6.1 Early-stage S. aureus biofilm metabolic activity assessment

In final data chapter (chapter 5) we examined the synergistic potential of
combining H20; with two distinct antibiotics - flucloxacillin and gentamicin -

against early-stage S. aureus Newman and S. aureus SH1000 in vitro biofilms
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model. S. aureus overnight broth was standardised and adjusted to a final working
concentration of 1 x 10° cells/mL as previously described in section 2.1. Biofilms
were grown in pre-sterilised polystyrene 96-well flat-bottom microtiter plates in
LB broth and incubated at 37°C for 4 h under aerobic conditions. Following biofilm
formation, the supernatants were carefully removed using a multi-channel
pipette, and biofilms were washed once with 200 pyL PBS to remove loosely
attached cells. The biofilms were then treated with flucloxacillin, beginning at a
concentration of 8 pg/mL, or gentamicin starting at 128 ug/mL. These antibiotics
were serially double-diluted and combined with a constant 1 mM concentration of
H.02. Treatment regimens included Hz0; alone for 24 h, the antibiotic alone for
24 h, a simultaneous combination of the antibiotic and H;O, for 24 h, pre-
treatment with H,O, for 10 minutes at room temperature followed by the
antibiotic for 24 h, or treatment with the antibiotic for 24 h followed by a 10-
minute post-treatment with H,0, at room temperature. Appropriate positive and
negative controls were also included (Figure 2.9). Following incubation, the
supernatants were discarded, and a neutralisation step was performed using 200
uL of 5% sodium thiosulfate, incubated for 15 minutes at room temperature to
deactivate the treatment effect. Sodium thiosulfate was also applied to control
wells for result normalisation. After neutraliser removal, biofilms were washed
once with 200 pL PBS, and biofilm metabolic activity was assessed using
AlamarBlue™, as outlined in section 2.4.7. Data were collected from three

independent experiments.
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Figure 2.9: Schematic diagram illustrated combining H202 with flucloxacillin or gentamicin
against early-stage S. aureus strains in vitro biofilms model. Biofilms were grown in pre-
sterilised polystyrene 96-well flat-bottom microtiter plates in LB broth and incubated at 37°C for 4 h
under aerobic conditions. Following biofilm formation, the supernatants were carefully removed using
a multi-channel pipette, and biofilms were washed once with 200 yL PBS to remove loosely attached
cells. The biofilms were then treated with flucloxacillin, beginning at a concentration of 8 ug/mL, or
gentamicin starting at 128 ug/mL. These antibiotics were serially double-diluted and combined with
a constant 1 mM concentration of H202. Treatment regimens included H20: alone for 24 h, the
antibiotic alone for 24 h, a simultaneous combination of the antibiotic and H202 for 24 h, pre-treatment
with H202 for 10 minutes at room temperature followed by the antibiotic for 24 h, or treatment with
the antibiotic for 24 h followed by a 10-minute post-treatment with H202 at room temperature.
Appropriate positive and negative controls were also included. Diagram was created in BioRender.

E

-

2.6.2 Early-stage S. aureus biofilm colony forming unit (CFU)
assessment

In final data chapter (chapter 5) all biofilms were grown in pre-sterilised
polystyrene 96-well flat-bottom microtiter plates in LB broth and incubated at
37°C for 4 h under aerobic conditions and treated with two concentrations of
gentamicin (128 and 64 pg/mL) for S. aureus Newman, while S. aureus SH1000
received (8 and 2 pg/mL) doses. Flucloxacillin was applied at (0.25 and 0.0625
pg/mL) for Newman and (0.25 and 0.125 pg/mL) for SH1000. These antibiotic
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regimens were applied either alone or in combination with 1 mM H,0; as previously
described in section 2.6.1. Following incubation, the supernatants were
discarded, and a neutralisation step was performed as previously described in
section 2.6.1. After neutraliser removal, biofilms were washed once with 200 pL
PBS and discarded. Then 200 pL PBS were added to each well and biofilms were
scraped by using the stick of wooden swab which sterile by UV prior to use. 20 pL
of each scraped biofilms were transferred into fresh pre-sterilised polystyrene 96-
well round-bottom microtiter plate that contained 180 pL of PBS in row A. From
row A to row F 20 pL of scraped biofilms were serially diluted down from row A to
F with changing tips in each dilution after mixed 5 times by multi-channel pipette.
Following serially dilution step, 10 pL of each dilution were plated out in fresh LB
agar in triplicate and incubated aerobically at 37°C for 24 h once dry (Figure 2.10).
After which CFUs were counted using the viable plate counting technique (Allkja
et al., 2021). Logio CFU/mL values were calculated for each sample following

overnight incubation. Data were collected from three independent experiments.
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Figure 2.10: Schematic diagram described colony forming unit (CFU) assessment. First,
biofilms were scraped by using the stick of wooden swab which sterile by UV prior to use. Then 20
uL of each scraped biofilms were transferred into fresh pre-sterilised polystyrene 96-well round-
bottom microtiter plate that contained 180 pL of PBS in row A (A). From row A to row F 20 pL of
scraped biofilms were serially diluted down from row A to F with changing tips in each dilution after
mixed 5 times by multi-channel pipette (B). Following serially dilution step, 10 yL of each dilution
were plated out in fresh LB agar in triplicate and incubated aerobically at 37°C for 24 h once dry (C).

After which CFUs were counted using the viable plate counting technique (Allkja et al., 2021).
Diagram was created in BioRender.
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2.7 Statistical analysis

All statistical analyses, graphs, and distribution assessments were conducted using
GraphPad Prism version 10.1.1 (GraphPad, San Diego, CA, USA). Prior to
performing the analyses, data normality was evaluated using the D'Agostino-
Pearson omnibus test for datasets with sample sizes of 8 or more, and the Shapiro-
Wilk test for smaller datasets (sample size < 8). For comparisons between two
groups involving non-normally distributed data, Mann-Whitney tests were applied
to calculate p-values. In instances where data were normally distributed, unpaired
t-tests were utilized for two-group comparisons. When multiple group comparisons
were necessary for non-normally distributed data, Kruskal-Wallis tests followed
by Dunn’s post tests were employed. For normally distributed parametric data
with sample sizes of 8 or more, one-way ANOVA with Tukey’s post tests were used,
whereas one-way ANOVA with Dunnett’s post tests were applied for smaller
sample sizes (n < 8). Differences were considered statistically significant if p <
0.05.
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Chapter 3: Evaluating the potential application of cold atmospheric plasma (CAP)
in treating skin and wound-relevant biofilm models

3.1 Introduction

The clinical management of wound infections, particularly diabetic foot ulcers
(DFUs), presents significant challenges for healthcare professionals. These
infections impose a substantial socioeconomic burden, with costs to the national
health service (NHS) estimated at £8.3 billion in 2017/2018 (Guest, Fuller and
Vowden, 2020), whilst global wound care and management expenditure is
predicted to exceed ~$100 billion (Nussbaum et al., 2018). The inadequate
treatment outcomes are predominantly attributed to microbial colonisation
interfering with proper healing and tissue repair processes. Research indicates
that microbial biofilms infect approximately 40% to 60% of DFUs (Jia et al., 2017,
Kee, Nair and Yuen, 2019, Lin et al., 2019, Malik, Mohammad and Ahmad, 2013).
These persistent wounds typically harbour diverse aerobic and anaerobic bacterial
species (James et al., 2008), alongside fungal organisms (Dowd et al., 2011, Kalan
and Grice, 2018, Kalan et al., 2016). Consequently, there exists a clear and
pressing requirement for the development of more efficacious therapeutic
approaches to combat these infections. This need is reflected in projections
suggesting the global advanced wound care market will reach approximately $20
billion by 2027 (Sen, 2021).

Given the mounting concerns regarding antimicrobial resistance (AMR),
alternative methodologies for infected chronic wound treatment are paramount.
Cold atmospheric plasma (CAP) has emerged as a promising therapeutic option
due to its antimicrobial properties, whilst simultaneously contributing to wound
healing and repair processes (Brany et al., 2020). While the precise mechanism of
action remains incompletely understood, CAP’s antimicrobial effects are thought
to stem from the generation of reactive oxygen and nitrogen species (RONS) (Leite
et al., 2021, Nicol et al., 2020, Sun et al., 2012). One particular compound
produced by CAP, hydrogen peroxide (H,0;), is widely employed as an antiseptic
for topical treatment of infected chronic wounds, highlighting its relevance to
wound healthcare. Several recent investigations have demonstrated promising
outcomes with CAP, establishing its effectiveness against planktonic
microorganisms and exploring its anti-biofilm activity (Nicol et al., 2020, Becker
et al., 2019, Jungbauer et al., 2022, Theinkom et al., 2019). With regard to skin

and wound applications, numerous studies have focused on individual bacterial
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species, such as Pseudomonas aeruginosa and Staphylococcus aureus (Ghimire et
al., 2021, Guo et al., 2021a, Huang et al., 2020, Szili et al., 2021, Xu et al., 2020),
whilst CAP has also exhibited inhibitory effects against fungi including
dermatophytes (Heinlin et al., 2013a) and Candida albicans (Leite et al., 2021,
Sun et al., 2012, Rahimi-Verki et al., 2016). At the mixed-species level, evidence
indicates CAP efficacy against biofilms containing S. aureus and C. albicans
(Delben et al., 2016), as well as S. aureus with P. aeruginosa and Enterococcus
faecalis (Oliveira et al., 2021). However, research into complex multi-species
covering the spectrum of microbial complexity (e.g., Gram-positive, Gram-

negative bacterial species, and fungi) are limited.

Wound infections frequently exhibit an interkingdom nature, making fungal
consideration clinically significant; 80% of non-healing DFUs contain fungi, with C.
albicans representing one of the most prevalent species (Kalan et al., 2016). In
this context, we have previously characterised a triadic C. albicans inclusive
model demonstrating differential responses to antibiotic therapy, where only the
combination of antibacterial and antifungal agents effectively reduced consortia
viability (Townsend et al., 2017). Another mycological consideration is Candida
auris, a deadly nosocomial pathogen displaying broad antifungal resistance. This
organism can exist alongside commensal bacterial and fungal microflora on the
skin (Proctor et al., 2021). Since its initial identification in 2009, C. auris
outbreaks have been reported across multiple countries globally (Proctor et al.,
2021, Sathyapalan et al., 2021, Schelenz et al., 2016). The capacity of C. auris to
readily form biofilms on biotic and abiotic surfaces presents significant challenges
for hospital units attempting to fully eradicate it with antiseptic washes. Indeed,
C. auris biofilms demonstrate considerably higher tolerance to antiseptic washes
such as H,0, and chlorhexidine (CHX) compared to C. albicans, suggesting

potential for prolonged survival on abiotic surfaces (Kean et al., 2018a).

This chapter aims to evaluate the potential application of CAP in treating skin and
wound-relevant biofilm models as an alternative therapy for associated infections.
Our investigation builds upon existing literature reporting CAP therapy as a means
to eradicate biofilms, by assessing its activity against simple mono-species models

of wound-related microorganisms and a polymicrobial consortia. While C. auris
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constituted a smaller subset of experiments in this chapter, its inclusion is
motivated by its nosocomial importance, it’s ability to colonize skin, mediate
biofilm-related persistence on devices, environmental hardiness, and multidrug
resistance within Intensive Care Unit outbreaks (Tharp et al., 2023, Chowdhary,
Jain and Chauhan, 2023, Horton and Nett, 2020, Cortegiani et al., 2019). In light
of its limited representation here, C. auris findings are framed as exploratory, to
assess CAP’s potential against priority fungal biofilms in hospital wound care

contexts before moving into more clinically relevant wound pathogens.

3.2 Results

3.2.1 Time dependent killing effect of CAP

Previous studies have shown various treatment times for plasma-based therapies,
ranging from seconds to minutes (Bolgeo et al., 2023, Kubinova et al., 2017, Isbary
et al., 2012, Niemira, Boyd and Sites, 2018, Borchardt et al., 2017, Mirpour et al.,
2020a). Therefore, initially, it was considered essential to determine the optimal
duration for the efficacy of CAP therapy. To achieve this, two non-hyphal forming
fungi, C. auris strains NCPF 8978 and NCPF 8973 were chosen for initial testing
purposes. This was to illustrate the impact of CAP treatment durations of 1, 3,
and 5 minutes. Biofilms of C. auris grown for 24 hours (h) were subjected to CAP
treatment, and subsequently, viable colony-forming equivalent per millilitre
(CFE/mL) counts were measured using live/dead quantitative polymerase chain

reaction (qPCR).

(Figure 3.1) illustrates that CAP treatment exhibited a time-dependent reduction
in C. auris NCPF 8978 viability, with the most pronounced effect observed at the
5-minute exposure. Total cell counts showed no significant changes across the 1,
3, and 5-minute time points, with untreated samples having approximately 3.16 x
10°, 2.46 x 107, and 2.14 x 10° CFE/mL compared to treated samples with 1.58 x
10°, 1.11 x 107, and 1.88 x 10® CFE/mL, respectively. Viable cell counts at the 1-
minute mark did not differ significantly between untreated (7.83 x 10° CFE/mL)
and treated (2.4-fold reduction, 3.24 x 10° CFE/mL) samples. However, significant

reductions in viability were noted at both the 3-minute (6.1-fold reduction, 1.13
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x 10> CFE/mL, ***p = 0.0008) and the 5-minute (28.9-fold reduction, 2.87 x 10*
CFE/mL, ****p < 0.0001) treatments.
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Figure 3.1: Time dependent killing effect of CAP against C. auris NCPF 8978. Biofilms were
grown for 24 h within the cellulose matrix-hydrogel system. Following washing with PBS, biofilms
were treated for 1, 3 and 5 min with CAP then total and viable counts were assessed via live/dead
gPCR using colony forming equivalents/mL (CFE/mL). Biofilm experiments were completed on three
separate occasions with three technical replicates per experiment (n =9 in total). Data distributions
were assessed using a D’Agostino-Pearson omnibus normality test. Mann-Whitney test was used to
determine the p values for two comparisons with non-parametric data. Unpaired t test was used to
determine the p values for two comparisons with parametric data. Differences were considered
statistically significant when p < 0.05. * Indicates statistically significant differences (*** p < 0.001,
**** p < 0.0001). No significant differences were found in the total counts between all the time points
and in the viable counts at 1 minute.

Similarly, (Figure 3.2) shows a comparable time-dependent effect of CAP on C.
auris NCPF 8973, with the greatest impact also occurring at the 5-minute
treatment duration. Total cell counts remained statistically unchanged at the
different time points: untreated samples contained one for each timepoint and
had approximately 5.95 x 10%, 1.96 x 107, and 1.81 x 10® CFE/mL, which were
grown on separate days for testing. Treated samples had approximately 2.62 x
10, 2.00 x 107, and 1.14 x 10® CFE/mL, respectively. At the initial minute of
treatment, similar to the NCPF 8978 isolate, viable cell counts showed no
significant difference between untreated (1.71 x 10 CFE/mL) and treated (3.01 x
10° CFE/mL) groups. Notably, there were significant decreases in viable cells at
both the 3-minute (2.5-fold reduction, 1.57 x 10¢ CFE/mL, *p =0.0360) and the 5-
minute (76.2-fold reduction, 4.70 x 10° CFE/mL, ***p =0.0001) treatments. These
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findings underscore the efficacy of CAP in reducing C. auris viability in a time-
dependent manner, with extended exposure times yielding greater reductions in

viable cell populations across both strains tested.
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Figure 3.2: Time dependent killing effect of CAP against C. auris NCPF 8973. Biofilms were
grown for 24 h within the cellulose matrix-hydrogel system. Following washing with PBS, biofilms
were treated for 1, 3 and 5 min with CAP then total and viable counts were assessed via live/dead
gPCR using colony forming equivalents/mL (CFE/mL). Biofilm experiments were completed on three
separate occasions with three technical replicates per experiment (n =9 in total). Data distributions
were assessed using a D’Agostino-Pearson omnibus normality test. Mann-Whitney test was used to
determine the p values for two comparisons with non-parametric data. Unpaired t test was used to
determine the p values for two comparisons with parametric data. Differences were considered
statistically significant when p < 0.05. * Indicates statistically significant differences (* p < 0.05, *** p
< 0.001). No significant differences were found in the total counts between all the time points and in
the viable counts at 1 minute.

3.2.2 Time dependent killing effect of CAP correlates with
increasing concentrations of hydrogen peroxide (H:2032)
production

In an effort to elucidate the potential mechanism underlying the antimicrobial
effects of CAP, the production of H,0; was quantified following generation of CAP
(Figure 3.3A). The treatment of water with CAP for durations of 1, 3, and 5
minutes revealed a dose-dependent increase in H,0; concentrations within the
resulting plasma-activated water (PAW). The H;0, levels ranged from
approximately 500 pM after 1 minute of exposure to 1500 puM following 5 minutes
of treatment. While other RONS were not investigated in this study, it can be
hypothesised from these observations that the observed CAP-induced microbial

inactivation may be primarily attributed to the increasing levels of H;0,. This
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proposition aligns with previous findings reported for this specific CAP device and
similar systems (Ghimire et al., 2021, Ghimire, Szili and Short, 2022).

(Figure 3.3B) illustrates the relationship between the percentage viability of C.
auris strains NCPF 8973 and NCPF 8978 and the concentration of H,0, generated
during CAP treatment. Biofilms were subjected to CAP treatment for durations of
1, 3, and 5 minutes as previously shown in (Figure 3.1 and Figure 3.2). The
percentage viability was subsequently calculated using the live/dead qPCR results
expressed as CFE/mL. The untreated biofilms of C. auris NCPF 8973 and NCPF 8978
exhibited initial viabilities of approximately 20% (2.00 x 10 CFE/mL) and 39% (7.71
x 10° CFE/mL), respectively. Following CAP treatment, a progressive decrease in
viability was observed for both strains. After 1 minute of exposure, the viability
decreased to approximately 11.5% (3.01 x 10° CFE/mL) and 20.5% (3.24 x 10°
CFE/mL) for NCPF 8973 and NCPF 8978, respectively. The 3-minute treatment
further reduced viability to about 7.8% (1.57 x 10 CFE/mL) for NCPF 8973 and 1%
(1.13 x 10° CFE/mL) for NCPF 8978. The most pronounced effect was observed
after 5 minutes of CAP treatment, with viability dropping to approximately 0.4%
(4.70 x 10° CFE/mL) for NCPF 8973 and 1.5% (2.87 x 10* CFE/mL) for NCPF 8978,

which correlates with the highest concentration of H,0, production.

These results demonstrate a time-dependent reduction in C. auris biofilm viability
following CAP treatment, with longer exposure times correlating with greater
reductions in viable cells. The differential responses observed between the two
strains suggest potential variations in susceptibility to CAP-induced stress, which
may be attributed to strain-specific characteristics or biofilm architecture which

will be discussed further later in this chapter.
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Figure 3.3 Time dependent killing effect of CAP correlates with increasing concentrations of
H20:2. Panel (A) to generate plasma activated water (PAW), sterile ddH20 was treated with CAP for
1, 3 and 5 min and H20:2 produced was quantified using the Invitrogen™ Amplex™ Red Hydrogen
Peroxide/Peroxidase Assay Kit according to manufacturer’s instructions. Untreated water minus CAP
therapy was used for comparison (as denoted by 0 min). H202 levels were determined from 6
independently CAP-treated PAW using a standard curve of known H202 concentrations. Panel (B)
C. auris NCPF 8973 and NCPF 8978 biofilms were grown for 24 h within the cellulose matrix-hydrogel
system. Following washing with PBS, biofilms were treated for 1, 3 and 5 min with CAP then %
viability was assessed via live/dead qPCR using colony forming equivalents/mL (CFE/mL). Biofilm
experiments were completed on three separate occasions with three technical replicates per
experiment (n =9 in total).

3.2.3 Assessment of five minutes-CAP treatment against different
mono- and triadic-species biofilm models

After confirming that a 5-minute CAP treatment yielded the most significant
reductions in microbial viability, the efficacy of CAP was next evaluated against
ten additional biofilm models. These models included mono-species biofilms of C.
albicans SC5314, S. aureus ATCC 25904 (referred to as Newman), P. aeruginosa
PA14, S. aureus SH1000, S. aureus NCTC 6571, S. aureus S235 and S. aureus ATCC
25923. Additionally, three triadic biofilm models were tested, each containing C.
albicans SC5314, P. aeruginosa PA14, and one of the following S. aureus strains:
Newman, SH1000, or NCTC 6571. These biofilm models were selected to
encompass a variety of microorganisms often identified in chronic wounds such as
DFUs, whilst also covering different phenotypic and structural characteristics e.g.,

Gram-positive and Gram-negative bacteria, and hyphal-forming fungal species.

(Figure 3.4) demonstrates that CAP therapy effectively reduced viability across all

tested biofilms, with the notable exception of S. aureus Newman, which displayed
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a degree of tolerance to the treatment with no significant differences in viable
cell counts (~1.31x 107 CFE/mL for untreated compared to ~6.17x 10 CFE/mL for
treated). Significant reductions in viable cell counts were observed in mono-
species biofilms of C. albicans (14.3-fold reduction, ***p = 0.0002) and P.
aeruginosa (115.3-fold reduction, ****p < 0.0001).

The total cell counts remained statistically unchanged following CAP treatment
for all microorganisms tested. Specifically, the total cell counts of C. albicans
SC5314, S. aureus Newman, and P. aeruginosa PA14 showed no significant
alterations after 5 minutes of CAP exposure. Untreated samples contained
approximately 2.05 x 107, 2.59 x 107, and 2.64 x 107 CFE/mL, compared to treated
samples with 9.03 x 10, 1.97 x 107, and 1.39 x 107 CFE/mL, respectively. This
emphasises that the CAP efficacy was not a result of biofilm removal, but rather

a killing effect exhibited by the therapy.
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Figure 3.4: S. aureus Newman displays tolerance traits to CAP therapy in a mono-species
biofilm model. C. albicans SC5314 (A), S. aureus Newman (B) and P. aeruginosa PA14 (C) biofilms
were formed for 24 h within the cellulose matrix-hydrogel system then treated with CAP for 5 min.
Total and viable colony forming equivalents/mL (CFE/mL) was quantified for each biofilm following
treatment using live/dead qPCR. Biofilm experiments were completed on three separate occasions
with three technical replicates per experiment (n=9 in total). Data distributions were assessed using
a D’Agostino-Pearson omnibus normality test. Mann-Whitney test was used to determine the p
values for two comparisons with non-parametric data. Unpaired t test was used to determine the p
values for two comparisons with parametric data. Differences were considered statistically significant
when p < 0.05. * Indicates statistically significant differences (*** p < 0.001, **** p < 0.0001). No
significant differences were found in the total counts between untreated and treated biofilms across
all tested strains and in the viable counts of S. aureus Newman.

The triadic biofilm model containing S. aureus Newman exhibited similar trends
in viable cell count reductions following CAP treatment. Significant decreases
p <
0.001), P. aeruginosa (85.8-fold reduction, ***p < 0.001), and the combined

*kkk

were observed in viable cell counts for C. albicans (85-fold reduction,
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microbial population (12.2-fold reduction, **p = 0.0012) (Figure 3.5A). However,
S. aureus Newman grown within the triadic biofilm model showed no significant
change in viable counts (~1.74 x 10® CFE/mL for untreated compared to 1.18 x 10°
CFE/mL for treated). In line with the mono-species biofilm results, total cell
counts remained statistically unchanged following CAP treatment for all
microorganisms within the triadic biofilm model. Specifically, C. albicans SC5314,
S. aureus Newman , P. aeruginosa PA14, and the combined microbial population
showed no significant alterations after 5 minutes of CAP exposure. Untreated
samples contained approximately 3.40 x 10°, 3.51 x 10¢, 2.10 x 107, and 1.40 x 107
CFE/mL, compared to treated samples with roughly 2.35 x 10°, 3.54 x 10°, 1.27 x
107, and 9.27 x 10° CFE/mL, respectively.

When calculating the percentage viability from the total and viable cell counts,
CAP therapy reduced the percentage viability of all mono- and mixed-species
biofilms compared to untreated controls, with the exception of S. aureus
Newman, which demonstrated tolerance to CAP treatment (~43.84%, ~51.15% for
untreated compared to ~29.81%, ~33.39% treated samples, respectively) (Figure
3.5B). Notably, C. albicans SC5314 and P. aeruginosa PA14 exhibited substantial
decreases in percentage viability both as mono-species biofilms and within the
triadic biofilm model following 5 minutes of CAP therapy. Untreated samples
showed viabilities of approximately 56.2%, 48.8%, 66.7%, and 61.8%, which were
reduced to roughly 6.6%, 1.1%, 1.7%, and 1.8% in treated samples, respectively.
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S. aureus Newman triadic model
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Figure 3.5: S. aureus Newman displays tolerance traits to CAP therapy in a triadic biofilm
model. Panel (A) the triadic polymicrobial biofilm model of C. albicans SC5314, S. aureus Newman
and P. aeruginosa PA14 biofilms were formed for 24 h within the cellulose matrix-hydrogel system
then treated with CAP for 5 min. Total and viable colony forming equivalents/mL (CFE/mL) was
quantified for each biofilm following treatment using live/dead qPCR. The CFE/mL counts for all
combined microorganisms and for each individual microorganism are shown. Panel (B) the heatmap
depicts the % viability for each microorganism when grown as mono-species biofilms, or for the
triadic biofilm model. Results representative of mean values from n =9 (three technical replicates
from three biological experimental repeats). Data distributions were assessed using a D’Agostino-
Pearson omnibus normality test. Mann-Whitney test was used to determine the p values for two
comparisons with non-parametric data. Unpaired t test was used to determine the p values for two
comparisons with parametric data. Differences were considered statistically significant when p <
0.05. * Indicates statistically significant differences (** p < 0.01,"* p < 0.001, **** p < 0.0001). No
significant differences were found in the total counts between untreated and treated biofilms across
all tested strains and in the viable counts of S. aureus Newman.
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These findings underscore the significant antimicrobial activity of CAP against
various mono-species and polymicrobial biofilms, with differential efficacy
observed across different microbial species and strains. The observed tolerance
of S. aureus Newman to CAP warrants further investigation into the mechanisms
underlying this tolerance. Thus, to evaluate whether the observed tolerance to
CAP was specific to S. aureus Newman, four additional strains were subjected to
plasma testing: NCTC 6571, SH1000, $235, and ATCC 25923. (Figure 3.6A) presents
the total and viable counts for these strains alongside previously obtained results
for S. aureus Newman. Statistical analysis revealed significant differences
between treated and untreated samples for all alternative strains tested. The
analysis of different S. aureus strains revealed varying levels of susceptibility to
CAP treatment. The most pronounced reduction was observed in S. aureus 5235,
which showed a 20.8-fold reduction in viable cells (***p < 0.0001), with counts
declining from 1.26 x 10’ CFE/mL to 6.20 x 10°> CFE/mL. S. aureus ATCC 25923
demonstrated the second-highest sensitivity, with a 15.8-fold reduction (*p =
0.0261) from 4.81 x 10° CFE/mL to 3.05 x 10° CFE/mL. S. aureus SH1000 exhibited
a moderate response with a 5.4-fold reduction (****p < 0.0001), decreasing from
1.95 x 107 CFE/mL to 3.57 x 10¢ CFE/mL. The least susceptible was S. aureus NCTC
6571, showing a 2.8-fold reduction (**p = 0.0059), with viable counts decreasing
from 3.85 x 10° CFE/mL to 1.36 x 10 CFE/mL.

The total cell counts of S. aureus ATCC 25923 and NCTC 6571, showed no
significant alterations after 5 minutes of CAP exposure. Untreated samples
contained approximately 1.65 x 107 and 1.83 x 107 CFE/mL, compared to treated
samples with roughly 1.09 x 107 and 1.56 x 10’ CFE/mL, respectively. However,
significant changes were observed in the total cell counts of S. aureus S235 and
SH1000 following 5 minutes of CAP therapy. Untreated samples contained
approximately 2.61 x 107 and 4.54 x 10’ CFE/mL, compared to treated samples
with roughly 4.92 x 10® and 2.12 x 107 CFE/mL (****p < 0.0001) (*p = 0.0106),

respectively.

As shown in (Figure 3.6B), CAP therapy reduced the percentage viability of all
alternative strains compared to untreated controls, except for S. aureus SH1000,
which exhibited a level of tolerance to CAP treatment (~38.23% for untreated

compared to ~20.92% treated samples). Decreases in percentage viability were
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observed for S. aureus NCTC 6571, ATCC 25923, and 5235 following 5 minutes of
CAP therapy. The viability decreased from approximately 21.90%, 22.98%, and
47.60% in untreated samples to 6.13%, 2.31%, and 12.29% in treated samples,
respectively. These findings suggest that S. aureus susceptibility to CAP treatment
varies among different strains, indicating a strain-dependent response to this

antimicrobial intervention.
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Figure 3.6: S. aureus strains display different tolerance traits to CAP therapy in a mono-
species biofilm model. Panel (A) S. aureus ATCC 2593, S. aureus S235, S. aureus NCTC 6571
and S. aureus SH1000 biofilms were formed for 24 h within the cellulose matrix-hydrogel system
then treated with CAP for 5 min. Total and viable colony forming equivalents/mL (CFE/mL) was
quantified for each biofilm following treatment using live/dead gPCR. Panel (B) the heatmap depicts
the % viability for each microorganism when grown as mono-species biofilms, or for the triadic biofilm
model. (S. aureus Newman biofilm experiments results taken from Fig. 5 for comparison). Results
representative of mean values from n =9 (three technical replicates from three biological
experimental repeats). Data distributions were assessed using a D’Agostino-Pearson omnibus
normality test. Mann-Whitney test was used to determine the p values for two comparisons with non-
parametric data. Unpaired t test was used to determine the p values for two comparisons with
parametric data. Differences were considered statistically significant when p < 0.05. * Indicates
statistically significant differences (* p < 0.05, ** p < 0.01, **** p < 0.0001). No significant differences
were found in the total counts between untreated and treated biofilms in S. aureus 25923 and S.
aureus 6571.
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Given that S. aureus SH1000 also exhibited a level of CAP tolerance similar to S.
aureus Newman, this strain was incorporated into a triadic biofilm model. The
new triadic biofilm model exhibited similar trends in viable cell count reductions
following CAP treatment, to that of its counterpart. Akin to the mono-species
model, significant decreases were observed in viable cell count for S. aureus
SH1000 with a 4.9-fold reduction (***p = 0.0005) from 1.23 x 107 CFE/mL untreated
to 2.49 x 10° CFE/mL treated. Interestingly, C. albicans numbers were much lower
than the S. aureus Newmans triadic model. C. albicans SC5314 with a 42.4-fold
reduction (****p < 0.0001) from 1.58 x 10 CFE/mL untreated to 3.73 x 102 CFE/mL
treated, P. aeruginosa PA14 with a 47.6-fold reduction (****p < 0.0001) from 3.60
x 106 CFE/mL untreated to 7.57 x 10* CFE/mL treated, and the combined microbial
population with a 6.2-fold reduction (***p = 0.0005) from 1.59 x 107 CFE/mL
untreated to 2.57 x 10° CFE/mL treated (Figure 3.7A).

Total cell counts statistically changed following CAP treatment for all
microorganisms within the triadic biofilm model. S. aureus SH1000, C. albicans
SC5314, P. aeruginosa PA14, and the combined microbial population showed
significant alterations after 5 minutes of CAP exposure. Untreated samples
contained approximately 9.37 x 107, 9.03 x 104, 2.35 x 107, and 1.17 x 108 CFE/mL,
compared to treated samples with 2.35 x 10°, 3.54 x 10, 1.27 x 107, and 9.27 x
106 CFE/mL (***p = 0.0002) (*p = 0.0142) (***p = 0.0003)( (***p = 0.0006),

respectively.

Consistent with previous observations for the S. aureus Newman strain, CAP
therapy reduced the percentage viability of C. albicans SC5314 and P. aeruginosa
PA14 in mixed-species biofilms compared to untreated controls, with the
exception of S. aureus SH1000, which demonstrated relative tolerance to CAP
treatment (~16.27% for untreated compared to ~10.67% treated samples) (Figure
3.7B). Notably, C. albicans SC5314 and P. aeruginosa PA14 exhibited decreases in
percentage viability following 5 minutes of CAP therapy. Untreated samples
showed viabilities of approximately 24.36% and 14.57%, which were reduced to

roughly 2.19% and 1.26% in treated samples, respectively.
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Figure 3.7: S. aureus SH1000 displays tolerance traits to CAP therapy in a triadic biofilm
model. Panel (A) the triadic polymicrobial biofilm model of C. albicans SC5314, S. aureus SH1000
and P. aeruginosa PA14 biofilms were formed for 24 h within the cellulose matrix-hydrogel system
then treated with CAP for 5 min. Total and viable colony forming equivalents/mL (CFE/mL) was
quantified for each biofilm following treatment using live/dead qPCR. The CFE/mL counts for all
combined microorganisms and for each individual microorganism are shown. Panel (B) the heatmap
depicts the % viability for each microorganism when grown as the triadic biofilm model. Results
representative of mean values from n =9 (three technical replicates from three biological
experimental repeats). Data distributions were assessed using a D’Agostino-Pearson omnibus
normality test. Mann-Whitney test was used to determine the p values for two comparisons with non-
parametric data. Unpaired t test was used to determine the p values for two comparisons with
parametric data. Differences were considered statistically significant when p < 0.05. * Indicates
statistically significant differences (* p < 0.05, *** p < 0.001, **** p < 0.0001).
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Next, one of the susceptible S. aureus strains (NCTC 6571; Figure 3.6) grown as
mono-species biofilms were selected for further CAP testing within a third
variation of the triadic model. S. aureus NCTC 6571 grown within the triadic
biofilm model exhibited similar trends in viable cell count reductions following
CAP treatment suggestive that the other microorganisms within the model did not
promote additional resistance to the therapy. Significant decreases were observed
in viable cell count for S. aureus NCTC 6571 with a 29.38-fold reduction (**p =
0.0039) from 6.60 x 10> CFE/mL untreated to 2.25 x 10* CFE/mL treated, C.
albicans SC5314 with a 135-fold reduction (****p < 0.0001) from 1.79 x 10* CFE/mL
untreated to 1.33 x 102 CFE/mL treated, P. aeruginosa PA14 with a 666.6-fold
reduction (****p < 0.0001) from 4.61 x 10° CFE/mL untreated to 6.91 x 10> CFE/mL
treated, and the combined microbial population with a 179.1-fold reduction (**p
=0.0061) from 5.28 x 10® CFE/mL untreated to 2.95 x 10* CFE/mL treated (Figure
3.8A).

Total cell counts statistically changed following CAP treatment for all
microorganisms within the triadic biofilm model with exception of C. albicans
SC5314, which similarly to the one with S. aureus SH1000, colonised the model at
a much lower concentration than that for the Newman triadic model. Untreated
samples contained approximately 6.77 x 10* CFE/mL, compared to treated
samples with roughly 3.08 x 10* CFE/mL. S. aureus NCTC 6571, P. aeruginosa PA14,
and the combined microbial population showed significant alterations after 5
minutes of CAP exposure. Untreated samples contained approximately 4.93 x 106,
1.87 x 107 and 2.37 x 107 CFE/mL, compared to treated samples with roughly 1.18
x 106, 3.15 x 10® and 4.36 x 10® CFE/mL (**p = 0.0018) (***p = 0.0002) (***p =
0.0002), respectively.

CAP therapy significantly reduced the percentage viability of all microorganisms
in mixed-species biofilms compared to untreated controls. S. aureus NCTC 6571,
C. albicans SC5314 and P. aeruginosa PA14 in mixed-species biofilms exhibited
substantial decreases in percentage viability following 5 minutes of CAP therapy.
Untreated samples showed viabilities of approximately 12.30%, 28.45% and
20.60%, which were reduced to roughly 2.37%, 0.86% and 0.25% in treated samples,
respectively (Figure 3.8B). Taken together, these findings suggest that the

effectiveness of CAP treatment is species-dependent, with some organisms
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demonstrating greater resilience to this antimicrobial intervention. Furthermore,
there is also evidence of strain-specific CAP tolerance exhibited by different S.
aureus strains. This may have important implications for the development of
targeted treatment strategies for polymicrobial biofilm infections, particularly if

the therapy is not broad-spectrum.
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Figure 3.8: S. aureus NCTC 6571 displays sensitive traits to CAP therapy in a triadic biofilm
model. Panel (A) the triadic polymicrobial biofilm model of C. albicans SC5314, S. aureus NCTC
6571 and P. aeruginosa PA14 biofilms were formed for 24 h within the cellulose matrix-hydrogel
system then treated with CAP for 5 min. Total and viable colony forming equivalents/mL (CFE/mL)
was quantified for each biofilm following treatment using live/dead gPCR. The CFE/mL counts for
all combined microorganisms and for each individual microorganism are shown. Panel (B) the
heatmap depicts the % viability for each microorganism when grown as the triadic biofilm model.
Results representative of mean values from n =9 (three technical replicates from three biological
experimental repeats). Data distributions were assessed using a D’Agostino-Pearson omnibus
normality test. Mann-Whitney test was used to determine the p values for two comparisons with non-
parametric data. Unpaired t test was used to determine the p values for two comparisons with
parametric data. Differences were considered statistically significant when p < 0.05. * Indicates
statistically significant differences (** p < 0.01, *** p < 0.001, **** p < 0.0001). No significant
differences were found in the total counts between untreated and treated biofilms in C. albicans
SC5314.
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3.2.4 Compositional analysis of triadic biofilm models

The following section concerns the changes in the composition of S. aureus
Newman triadic models following CAP treatment, compared to untreated controls.
The triadic model containing C. albicans SC5314, S. aureus Newman and P.
aeruginosa PA14 was matured for 24 h within the cellulose matrix-hydrogel system
then treated with CAP for 5 min. Either, immediately after treatment, or following
regrowth for 24 h. The total and viable composition of the biofilms were
determined using live/dead gqPCR. (Figure 3.9A) illustrates the compositional
analysis of S. aureus Newman triadic biofilm model containing S. aureus Newman,
C. albicans SC5314, and P. aeruginosa PA14, evaluated immediately following a 5-
minute CAP treatment. The treated biofilms showed a distinct species
distribution, with S. aureus Newman emerging as the predominant viable
organism, constituting 88.5% of the viable population. P. aeruginosa PA14
represented the second most abundant species at 9.9%, while C. albicans SC5314
comprised the smallest fraction at 1.5% of viable cells. This composition
contrasted significantly with the untreated biofilms, where P. aeruginosa PA14
was the dominant species (77.74%), followed by S. aureus Newman (13.24%), and
C. albicans SC5314 (9.02%) of the viable cells. CAP treatment resulted in
substantial reductions in both viable and total cell counts. The total viable
population decreased from 8.26 x 10® CFE/mL to 6.78 x 10°> CFE/mL following
treatment. Similarly, the total cell count showed a small reduction from 1.40 x
107 CFE/mL to 9.27 x 10 CFE/mL post-treatment.

To assess the capacity of CAP therapy to inhibit microbial regrowth, the S. aureus
Newman triadic biofilms were subjected to a 24 h regrowth period following
treatment (Figure 3.9B). Analysis revealed a decrease in total viable counts of
untreated biofilms from 9.41 x 10 CFE/mL to 1.16 x 10® CFE/mL. Similarly, total
cell counts showed a reduction from 4.44 x 10’ CFE/mL in untreated biofilms to
1.00 x 107 CFE/mL in treated biofilms. The biofilm composition underwent
significant alterations during the regrowth phase. Following the 24 h regrowth
period, S. aureus Newman established dominance in both untreated and treated
biofilms, representing 64.3% and 88.6% of the viable population, respectively. C.
albicans SC5314 emerged as the second most abundant organism, comprising

25.1% of untreated and 6.8% of treated biofilm viable cells. P. aeruginosa PA14
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showed the lowest representation, constituting only 10.6% and 4.6% of viable cells

in untreated and treated biofilms, respectively.

These findings highlight the significant impact of CAP treatment on species
composition within polymicrobial biofilms and demonstrate a marked shift in
population dynamics from P. aeruginosa PA14 to S. aureus Newman predominance
following treatment and regrowth. This also highlights that, while still viable post-
treatment with CAP, S. aureus Newman has the capacity to grow and exert control

of the biofilm composition.
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Figure 3.9: Compositional changes in S. aureus Newman triadic biofilm model following CAP
treatment and biofilm regrowth. The triadic model containing C. albicans SC5314, S. aureus
Newman and P. aeruginosa PA14 was matured for 24 h within the cellulose matrix-hydrogel system
then treated with CAP for 5 min. Either, immediately after treatment (A), or following regrowth for 24
h (B), the total and viable composition of the biofilms were determined using live/dead qPCR. Results
representative of mean values from n =9 (three technical replicates from three biological
experimental repeats). CA: C. albicans SC5314. PA: P. aeruginosa PA14. SA: S. aureus Newman.

(Figure 3.10) demonstrates the compositional analysis of S. aureus SH1000 triadic
biofilm model comprising S. aureus SH1000, C. albicans SC5314, and P. aeruginosa
PA14, following exposure to a 5-minute CAP treatment. In both treated and
untreated biofilms, S. aureus SH1000 maintained dominance as the primary viable
component, representing 97.5% and 79.9% of the viable population, respectively.

P. aeruginosa PA14 constituted the second most prevalent organism, comprising
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2.5% of the treated and 20.02% of the untreated biofilm's viable cells. C. albicans
SC5314 represented the smallest proportion, with only 0.02% viability in treated
and 0.12% in untreated biofilms. The CAP treatment resulted in substantial
reductions in both viable and total cell counts. The total viable population
decreased from 1.60 x 107 CFE/mL to 2.73 x 10° CFE/mL following treatment.
Similarly, the total cell count showed a reduction from 1.17 x 108 CFE/mL to 3.08
x 107 CFE/mL post-treatment.
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Figure 3.10: Compositional changes in S. aureus SH1000 triadic biofilm model following CAP
treatment. The triadic model containing C. albicans SC5314, S. aureus SH1000 and P. aeruginosa
PA14 was matured for 24 h within the cellulose matrix-hydrogel system then treated with CAP for 5
min. Immediately after treatment the total and viable composition of the biofilm was determined using
live/dead gPCR. Results representative of mean values from n =9 (three technical replicates from
three biological experimental repeats). CA: C. albicans SC5314. PA: P. aeruginosa PA14. SA: S.
aureus SH1000.

(Figure 3.11) presents the compositional analysis of S. aureus NCTC 6571 triadic
biofilm model consisting of S. aureus NCTC 6571, C. albicans SC5314, and P.
aeruginosa PA14, evaluated immediately after exposure to a 5-minute CAP
treatment. In the treated biofilms, S. aureus NCTC 6571 emerged as the
predominant organism, representing 71.05% of the viable population, followed by
P. aeruginosa PA14 at 28.5%, while C. albicans SC5314 constituted only 0.5% of
viable cells. This distribution markedly differed from the untreated biofilms,
where P. aeruginosa PA14 dominated with 84.13% of viable cells, followed by S.

aureus NCTC 6571 at 15.6%, and C. albicans SC5314 comprising just 0.3% of the
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population. CAP treatment resulted in substantial reductions in both viable and
total cell counts. The total viable population decreased from approximately 4.36
x 10® CFE/mL to 2.95 x 10* CFE/mL following treatment. Similarly, the total cell
count showed a significant reduction from 2.37 x 10’ CFE/mL to 5.28 x 10® CFE/mL

post-treatment.

These findings from (Figure 3.10 and Figure 3.11) demonstrate the significant
impact of CAP treatment on species composition within polymicrobial biofilms and
highlight the shift in population dynamics from P. aeruginosa PA14 dominance to
S. aureus SH1000 and NCTC 6571 predominance following treatment, respectively.
Due to the lower numbers of C. albicans, regrowth experiments were not

conducted for these alternative triadic models with S. aureus SH1000 and NCTC
6571.

S. aureus NCTC 6571 triadic model
Immediately post-treatment

% Composition (Total) % Composition (Live)
100_ 2.37 x 107 5.28 x 108 100_ 4.36 x 10 2.95 x 104 I CA
g —_ jPA
o o
< 75 < 759 IsA
) ()
o o
s S )l
c 50 c 50
& 251 & 25
0- 0-
ut CAP uT CAP

Figure 3.11: Compositional changes in S. aureus NCTC 6571 triadic biofilm model following
CAP treatment. The triadic model containing C. albicans SC5314, S. aureus NCTC 6571 and P.
aeruginosa PA14 was matured for 24 h within the cellulose matrix-hydrogel system then treated with
CAP for 5 min. Immediately after treatment the total and viable composition of the biofilm was
determined using live/dead gPCR. Results representative of mean values from n =9 (three technical

replicates from three biological experimental repeats). CA: C. albicans SC5314. PA: P. aeruginosa
PA14. SA: S. aureus NCTC 6571.
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3.2.5 Scanning electron microscopy (SEM) imaging

The biofilm models ultrastructure and architectural characteristics were next
examined using SEM at magnifications of x1,500 for fungi and x3,500 for bacterial
mono-species and S. aureus Newman triadic biofilm model to provide detailed
visualisation and further characterisation of the model phenotype post-treatment
with CAP. SEM analysis revealed notable morphological alterations in biofilms
exposed to CAP treatment for 5 minutes (Figure 3.12 and Figure 3.13). In the
untreated C. auris controls, strain NCPF 8973 exhibited a single-cell phenotype
with oval-shaped yeast cells, while strain NCPF 8978 displayed clustered
aggregates. Following CAP treatment, both strains showed evidence of cellular
damage, including deflation, wrinkling of the cell structure, and compromised cell

integrity.
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Figure 3.12: SEM images of mono-species biofilms highlights morphological changes at a
cellular level following CAP therapy. Untreated or CAP-treated biofilms of C. auris NCPF 8973,
NCPF 8978, C. albicans SC5314, S. aureus Newman and P. aeruginosa PA14 were visualised using
SEM. All biofilms were formed for 24 h within the cellulose matrix-hydrogel system, then left untreated
(A) or treated with CAP for 5 min (B), prior to processing for SEM. Yellow arrows denote changes in
morphological structures, with evidence of cellular deflation and/or shrinkage. Samples were
processed by Mr. Mark Butcher. Images were taken by Mrs. Margaret Mullin (University of Glasgow).
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For C. albicans SC5314 mono-species and in S. aureus Newman triadic biofilms,
untreated controls contained both yeast cells and hyphal forms. Post-CAP
treatment, the hyphae appeared deflated, resulting in a subtle loss of their
characteristic shape. P. aeruginosa PA14 mono-species and in S. aureus Newman
triadic biofilm model subjected to CAP treatment demonstrated a noticeable
reduction in extracellular matrix compared to their untreated counterparts.
Interestingly, S. aureus Newman biofilms showed no apparent morphological
changes following CAP exposure. Both untreated and CAP-treated S. aureus
Newman biofilms exhibited dense extracellular matrix encapsulating clusters of
cocci-shaped cells. Visual differences in S. aureus Newman triadic biofilm model
were less apparent than in the mono-species biofilms (Figure 3.13). These
observations provide insights into the differential effects of CAP treatment on
various microbial species within mono- and multi-species biofilms, highlighting
potential mechanisms of action and species- or strain- specific responses to this

antimicrobial approach.
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S. aureus Newman triadic model
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Figure 3.13: SEM images highlights morphological changes at a cellular level following CAP
therapy. Untreated or CAP-treated S. aureus Newman triadic biofilm model of C. albicans SC5314,
S. aureus Newman and P. aeruginosa PA14 were visualised using SEM. All biofilms were formed
for 24 h within the cellulose matrix-hydrogel system, then left untreated (A) or treated with CAP for 5
min (B), prior to processing for SEM. Yellow arrows denote changes in morphological structures, with
evidence of cellular deflation and/or shrinkage. Samples were processed by Mr. Mark Butcher.
Images were taken by Mrs. Margaret Mullin (University of Glasgow).
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3.3 Discussion

The results presented in this chapter demonstrate the significant antimicrobial
potential of CAP against various mono-species and polymicrobial biofilms, with
differential efficacy observed across different microbial species and strains. This
section discusses the implications of these findings in the context of the broader
scientific literature, considers possible mechanisms underlying the observed
effects, addresses the significance of strain variation in treatment response,
explores the clinical relevance of these findings, acknowledges the limitations of

the current study, and proposes directions for future research.

3.3.1 Efficacy of CAP as an antimicrobial strategy against biofilms
3.3.1.1 Time-dependent antimicrobial effects of CAP

Our investigation into the time-dependent killing effect of CAP on C. auris biofilms
revealed a progressive increase in antimicrobial efficacy with longer exposure
times. The most pronounced reduction in viability was observed after 5 minutes
of treatment, with significantly lesser effects at 1 and 3 minutes. This time-
dependent pattern was consistent across both C. auris strains tested (NCPF 8978
and NCPF 8973), suggesting a robust and reproducible effect regardless of strain-
specific characteristics such as aggregation tendencies. The observation that a 5-
minute CAP treatment resulted in a high fold reduction in viable cells counts for
C. auris strains (NCPF 8978 and NCPF 8973) underscores the potential of this
technology as an effective antifungal strategy, particularly against emerging

multidrug-resistant pathogens like C. auris.

Interestingly, previous studies by our research group Kean et al. (2018b) have
reported that conventional antiseptics such as H;0; were largely ineffective
against C. auris biofilms, even at high concentrations and extended exposure
times. The notable efficacy of CAP against C. auris biofilms in our study suggests
that this technology may offer advantages over traditional chemical antiseptics
for decontamination and potential therapeutic applications. This improved
efficacy likely arose from additional antimicrobial activity mediated by other
oxygen and nitrogen radicals often found produced by plasma devices (Chauvin et
al., 2017, Zhai, Kong and Xia, 2022, Mai-Prochnow et al., 2021). These
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observations are particularly significant considering the increasing clinical
importance of C. auris as a nosocomial pathogen with inherent resistance to
multiple antifungal drugs (Lockhart et al., 2016). Future work must expand on
these findings with relation to surface sterilisation by plasma, to reduce such
hospital outbreaks: indeed, several studies have shown that plasma technology
can be used to in infection control measures (Mirpour et al., 2020a, Nicol et al.,
2020, Tsoukou, Bourke and Boehm, 2022).

It is worth noting that similar time-dependent antimicrobial effects have been
reported by Delben et al. (2016), who observed the efficacy of CAP against oral
biofilms of C. albicans and S. aureus after 60 seconds of treatment time.
Alkawareek et al. (2012) demonstrated a dose-dependent effect of CAP against P.
aeruginosa biofilms, with complete eradication achieved after 10 minutes of
exposure. In a prospective randomized controlled phase Il trial involving 24
patients with chronic infected wounds, daily 2-minute cold atmospheric argon
plasma (MicroPlaSter alpha or beta) plus standard care significantly reduced
bacterial load across species while patients served as their own controls. The
alpha device achieved a 40% reduction (P < 0.016; 70 treatments) and the beta
device a 23.5% reduction (P < 0.008; 137 treatments), with no side-effects and
good tolerability reported (Isbary et al., 2012). An in vitro study investigating
biofilm inactivation on surfaces found that cold plasma treatment as short as 5,
10, or 15 seconds resulted in significant reductions of Escherichia coli 0157:H7
biofilms, with greater efficacy observed at longer exposure times (Niemira, Boyd
and Sites, 2018). Another experimental study on the effect of direct CAP on skin
microcirculation applied plasma treatment for durations of 1.5, 3, or 4.5 minutes,
demonstrating physiological effects and supporting the use of varied treatment
times depending on therapeutic goals (Borchardt et al., 2017). Recent
randomized, double-blind trial of 44 patients with grade 2 DFUs (22 CAP + standard
care; 22 standard care), 5-minute CAP sessions three times weekly for three weeks
significantly accelerated wound closure versus control, with a lower mean fraction
of wound size in the CAP arm (p = 0.02) and a higher proportion reaching <0.5 of
initial size at 3 weeks (77.3% vs 36.4%, p = 0.006). Immediate antiseptic effects
were observed within sessions (pre- vs post-CAP), but between-group comparisons

did not show a sustained reduction in bacterial load over weeks (p = 0.26),
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highlighting the flexibility in plasma application protocols (Mirpour et al., 2020a).
Our findings corroborate these observations whilst extending them to include
emerging fungal pathogens and polymicrobial biofilm models more representative

of clinical wound environments.

3.3.1.2 Antimicrobial activity against diverse microbial species

A particularly notable finding from our study is the antimicrobial activity of CAP
against diverse microbial species, including Gram-positive bacteria (certain strains
of S. aureus), Gram-negative bacteria (P. aeruginosa), and fungi (C. albicans and
C. auris).This wide-ranging efficacy distinguishes CAP from many conventional
antimicrobials, which typically target specific groups of microorganisms. The
ability to simultaneously target multiple phenotypes of microorganisms is
especially valuable in the context of polymicrobial infections, such as those
commonly found in chronic wounds (Kalan et al., 2016). For example, studies have
shown that the chronic wound microbiome can contain a wide range of different
microbial species including fungi (Kalan et al., 2016, Kalan and Grice, 2018, Dowd
et al., 2011, Shalaby et al., 2023, Allkja et al., 2025, Heaton et al., 2016).

The 5-minute CAP treatment demonstrated significant efficacy against C. albicans
SC5314 (14.3-fold reduction), P. aeruginosa (115.3-fold reduction), and multiple
C. auris strains. This antimicrobial activity aligns with previous reports by Brany
et al. (2020), who described CAP as a powerful tool for modern medicine due to
its ability to target a wide range of pathogens. Similarly, Heinlin et al. (2013b)
demonstrated the efficacy of CAP against dermatophytes, whilst Sun et al. (2012)
reported significant inactivation of Candida biofilms following CAP treatment.
Murali et al. (2024) found that CAP exposure (30-90 seconds) reduced viability of
S. aureus (80% at 60s) and E. faecalis (60% at 60s), while P. aeruginosa and Proteus
mirabilis showed 60% reduction at 60s. Another study done by Mai-Prochnow et
al. (2016) who stated that, following 10 min of CAP treatment, three Gram-
negative species displayed a greater logio reduction in CFU compared to the three
Gram-positive strains, with P. aeruginosa, P. libanensis, and Enterobacter cloacae
exhibiting 3.3 to 3.6 logio CFU decreases, while Gram-positive species such as
Bacillus subtilis, S. epidermidis, and Kocuria carniphila showed much lower

reductions ranging from 0.6 to 2 logio CFU.
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The observation that CAP maintained its efficacy within a triadic biofilm models
containing C. albicans, P. aeruginosa, and different S. aureus strains is particularly
significant, as polymicrobial biofilms often exhibit enhanced resistance to
antimicrobial agents compared to their mono-species counterparts (Townsend et
al., 2016). This suggests that CAP may overcome some of the protective
mechanisms associated with polymicrobial communities, potentially due to its
multiple mechanisms of action and the ability of reactive species to penetrate the
biofilm matrix (Mai-Prochnow et al., 2016, Jahid et al., 2015, Lavrikova et al.,
2025). Given the polymicrobial nature of chronic wounds, CAP offers a promising
therapeutic approach for cleansing wounds whilst also maintaining some tissue
regenerative capacities (Stratmann et al., 2020, Mirpour et al., 2020a, van Welzen

et al., 2021). This will be discussed further later in the final discussion chapter.

3.3.2 Potential mechanisms of CAP antimicrobial activity
3.3.2.1 Correlation with H202 production

Our investigation into the potential mechanisms underlying CAP's antimicrobial
effects revealed a strong correlation between treatment duration and H,0,
production, with concentrations increasing from approximately 500 yM after 1
minute to ~1500 pM following 5 minutes of exposure. This progressive increase in
H,O, levels mirrored the time-dependent killing effect , suggesting a mechanistic
link between reactive oxygen species (ROS) generation and antimicrobial efficacy.
Moreover, it is important to note that further research is necessary to fully
characterise the complete spectrum of reactive species generated by CAP and
their individual contributions to the tall antimicrobial effect. Nonetheless, these
results provide valuable insights into the potential mechanisms underlying CAP's

efficacy against microbial biofilms.

The central role of H,0, in CAP-mediated microbial inactivation aligns with
findings from Ghimire et al. (2021), who reported enhanced production of H,0,
from an atmospheric pressure argon plasma jet with significant implications for
antimicrobial activity. Similarly, Lukes et al. (2014) described the formation of
various reactive species, including H,0,, in plasma-activated water and their

subsequent bactericidal effects. The concentrations of H,0, generated in our
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study (500-1500 pM) are within ranges previously reported to exert antimicrobial
effects, particularly against planktonic cells (Repine, Fox and Berger, 1981, Brandi
et al., 1989a).

However, it is important to note that while H,0, likely plays a significant role in
the observed antimicrobial effects, CAP generates a complex mixture of RONS,
including superoxide anions (0,7), hydroxyl radicals (- OH), nitric oxide (NO),
peroxynitrite (ONOO™), nitrite (NO,7), and nitrate (NOs™) (Zhai, Kong and Xia,
2022, Mai-Prochnow et al., 2021, Chauvin et al., 2017). Indeed a number of recent
studies have investigated the importance of these alternative reactive species in
driving microbial killing (Nikolaou et al., 2025, Mukherjee et al., 2024, Richards
et al., 2021). These species may act synergistically to damage microbial cells
through multiple pathways, potentially explaining the superior efficacy of CAP
compared to H,0, alone against certain resistant microorganisms such as C. auris
(Kean et al., 2018b). For instance, Xia et al. (2023) demonstrated that PAW
generated with oxygen (PAW-0O,) eradicated E. coli biofilms by producing a
complex mixture of RONS, including O,~, H,0,, and NO derivatives. O, played a
pivotal role, as confirmed by electron paramagnetic resonance (EPR) and
scavenger experiments: its removal reduced biofilm inactivation by 70%,
highlighting its dominance in disrupting extracellular polymeric substances (EPS)
and inducing oxidative stress. However, O, alone was insufficient for complete
biofilm removal, necessitating secondary RONS like ONOO~, formed via O, and
NO interactions, to penetrate cells and damage DNA, proteins, and lipids. This
multi-target mechanism explains why PAW outperforms H,0,, which primarily
generates OH through Fenton reactions. Similarly, Vyas et al. (2023) showed that
PAW pre-treatment enhanced antiseptic efficacy against chronic wound biofilms
by leveraging RONS synergy. PAW induced intracellular RONS accumulation in E.
coli, overwhelming antioxidant defences (e.g., superoxide dismutase) and priming
cells for subsequent antiseptic action. Transcriptomic analysis revealed that PAW
upregulated oxidative stress response genes (e.g., sodA, katG), while
simultaneously downregulating metabolic and biofilm-associated pathways,
creating a "dual strike" on viability and resilience. This combinatorial oxidative
assault, unattainable with H,0, alone, disrupts biofilm architecture while

sensitising persister cells to conventional therapies, addressing both structural and
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metabolic resistance mechanisms. Together, these studies underscore that RONS
interactions-particularly between O,~, NO derivatives, and H,0, enable CAP/PAW
to circumvent microbial defences through spatially and temporally coordinated

damage, offering a superior alternative to single-agent oxidative therapies.

3.3.2.2 Cellular morphological changes following CAP treatment

SEM analysis revealed significant morphological alterations in biofilms exposed to
CAP treatment, providing additional insights into the mechanisms of action. The
observed cellular damage included deflation, wrinkling of cell structures, and
compromised cell integrity, particularly in fungal cells. These morphological
changes suggest that CAP treatment affects cell membrane integrity, potentially
through lipid peroxidation mediated by reactive species. Direct treatment with
high concentrations of H,0, such generated by CAP induces morphological changes
in microbial cells, including cell deflation through membrane damage and loss of
intracellular content. For instance, E. coli exposed to 210 mM H,0, exhibited a
marked reduction in cell volume, attributed to membrane disruption and
subsequent leakage of cytoplasmic material such as lactate dehydrogenase (Brandi
et al., 1989b). This deflationary effect contrasts with lower H,0, concentrations
(1.75 mM), which instead trigger cell filamentation without volume loss (Brandi et
al., 1989b). Additionally, H,0,-generated reactive oxygen species (ROS) oxidize
lipids and proteins in the cell envelope, further compromising structural integrity
and contributing to osmotic instability (Figure 3.14) (Miller, 1969, Brandi et al.,
1989b). These findings demonstrate that H,0,'s efficacy depends on
concentration-dependent mechanisms, with higher doses directly collapsing cell

morphology via membrane peroxidation (Brandi et al., 1989b).
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Figure 3.14: Schematic diagram illustrated H2.02 mode of action against bacterial cell. H20:
generate ROS that simultaneously attack multiple bacterial cellular targets, including cell walls, DNA,
and essential enzymes. This multi-pronged oxidative assault causes structural damage, genetic
disruption, and metabolic shutdown that collectively leads to bacterial cell death. Diagram was
created in BioRender.

The differential morphological responses observed across microbial species may
reflect varying susceptibilities to oxidative stress. For instance, C. auris cells
exhibited more pronounced structural changes compared to S. aureus cells, which
showed minimal morphological alterations following CAP treatment. This
observation aligns with the quantitative viability data and suggests that cell
envelope composition and architecture may influence susceptibility to CAP-
induced damage. Similar morphological changes following CAP treatment have
been reported by Rahimi-Verki et al. (2016), who observed significant alterations
in C. albicans cell structure and suggested that these changes were associated
with disruption of cell membrane integrity. Additionally, Huang et al. (2020)
described differential cellular damage between S. aureus and Salmonella
typhimurium following plasma treatment, attributing these differences to

variations in cell wall structure and composition.
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The observed reduction in extracellular matrix in P. aeruginosa biofilms following
CAP treatment suggests that plasma may also target biofilm-specific structures
beyond individual cells. This finding is in agreement with Alshraiedeh et al. (2016),
who reported that CAP treatment could disrupt biofilm matrix components,
potentially enhancing access of reactive species to embedded cells and increasing

overall efficacy.

3.3.3 Differential susceptibility to CAP treatment
3.3.3.1 Strain-dependent tolerance in S. aureus strains

One of the most intriguing findings from our study was the observed tolerance of
S. aureus Newman to CAP treatment, both in mono-species biofilms and within
the triadic model. This tolerance was evident from the minimal reduction in viable
cell counts following 5 minutes of CAP exposure, a stark contrast to the significant
decreases observed in other species. Importantly, this tolerance appeared to be
strain-dependent, as additional S. aureus strains (NCTC 6571, SH1000, S235, and
ATCC 25923) exhibited varying levels of susceptibility to CAP treatment.

This heterogeneity in CAP susceptibility among S. aureus strains has significant
implications for the development of CAP-based antimicrobial strategies and
highlights the importance of strain selection in laboratory studies evaluating
antimicrobial efficacy. This pattern suggests a spectrum of susceptibility rather
than a binary response, potentially reflecting subtle genetic or phenotypic

differences among strains.

The strain-dependent tolerance observed in our study aligns with reports by Klein
et al. (2022), who demonstrated clonal heterogeneity in persistent S. aureus
infections, and Giulieri et al. (2018), who identified distinctive molecular
signatures associated with S. aureus persistence. These studies suggest that S.
aureus populations exhibit significant genetic and phenotypic diversity, which may
contribute to differential responses to antimicrobial interventions, including CAP
treatment. Similar heterogeneity is well-documented in Candida species, where
clinical isolates display marked variability in biofilm formation, antifungal

tolerance, and virulence. For example, C. albicans bloodstream isolates exhibit
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up to 4-fold differences in biofilm biomass and 8-fold variations in micafungin
tolerance, linked to differential expression of biofilm-associated genes (ALS3,
HWP1) and metabolic reprogramming under nutrient-limited conditions (Delaney
et al., 2023). Strain-specific differences in extracellular DNA (eDNA) release
further contribute to biofilm heterogeneity, with high eDNA-producing C. albicans
strains forming denser, more antifungal-resistant biofilms compared to low eDNA
producers (Rajendran et al., 2014a). Phenotypic divergence is not limited to C.
albicans: C. auris aggregates (Agg) and non-aggregates (non-Agg) exhibit distinct
transcriptional profiles during biofilm development, with Agg isolates upregulating
cell wall integrity genes (ECM33, MP65) and elevating pro-inflammatory responses
in 3D skin models (Brown et al., 2020). Even within standardised protocols, C.
albicans biofilms demonstrate strain-dependent tolerance to endodontic irrigants
like NaOCl, with regrowth observed in 40% of isolates post-treatment,
underscoring the clinical implications of this variability (Alshanta et al., 2019).
These findings collectively emphasise that microbial heterogeneity-whether in
Staphylococcus or Candida-is a conserved adaptive strategy, necessitating
personalised therapeutic approaches to address strain-specific resistance

mechanisms.

3.3.3.2 Potential mechanisms of S. aureus tolerance to CAP

Several potential mechanisms may contribute to the observed tolerance of certain
S. aureus strains to CAP treatment. Our study found that three S. aureus strains
displayed a degree of tolerance to the CAP treatment with no significant
differences in viable cell counts were observed compared to untreated biofilm
(Baz et al., 2023). Matthes et al. (2016) conducted a study evaluating CAP against
78 genetically diverse S. aureus strains, focusing on its clinical and
epidemiological relevance. Their findings highlighted the complexity of microbial
defence mechanisms against antimicrobial therapies and confirmed strain-specific
variations in S. aureus susceptibility to plasma treatment. Another study
highlighted that S. epidermidis biofilms are more tolerant to H,0; than planktonic
cells, and this tolerance is mediated at least in part by eDNA and biofilm matrix
protection (Olwal et al., 2018). One possibility is differential expression of
oxidative stress response genes, as S. aureus possesses sophisticated systems to

detoxify ROS and repair oxidative damage (Gaupp, Ledala and Somerville, 2012).
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Catalase-negative S. aureus with katA loss-of-function and links to peroxide
sensitivity. Cosgrove et al. (2007) generated katA mutants in S. aureus and
demonstrated loss of catalase activity and marked hypersensitivity to H0y;
complementation restored catalase and resistance, directly linking katA
sequence/function to the oxidative stress phenotype. Gaupp, Ledala and
Somerville (2012) reviewed the genetic and regulatory basis of S. aureus oxidative
stress defences and specifically discuss katA’s role and catalase-negative
phenotypes in the context of peroxide susceptibility, summarizing primary reports
of katA lesions in clinical and laboratory isolates. Case reports describing
catalase-negative S. aureus clinical isolates attribute the phenotype to katA
defects and document increased H20; sensitivity in vitro (Gaupp, Ledala and
Somerville, 2012). Peroxide regulator PerR mutations derepress katA and increase
H,0, tolerance; strain-variable katA regulation and sequence correlate with
survival. Horsburgh et al. (2001) identified PerR as the peroxide stress repressor
in S. aureus; perR mutants showed constitutive derepression of perR-regulated
antioxidant genes including katA, ahpCF and dps, and exhibited increased H,0;
resistance, establishing the causal link between perR genotype, katA expression,
and H;0; tolerance. Follow-up transcriptional profiling and regulatory genetics in
S. aureus confirmed that PerR directly controls katA and other peroxide defence
loci; naturally occurring or engineered perR variants elevate katA expression and
peroxide survival, while perR+ strains show strain-specific katA expression
dynamics under oxidative challenge (Horsburgh et al., 2001, Gaupp, Ledala and
Somerville, 2012). Strain-specific variations in these defence mechanisms could

explain the heterogeneous responses observed in our study.

Another potential factor is cell wall structure and composition, which may
influence the penetration of reactive species generated by CAP. Mai-Prochnow et
al. (2016) Laroussi, Richardson and Dobbs (2002) and Lunov et al. (2016) proposed
that the thicker peptidoglycan layer in Gram-positive bacteria, including S.
aureus, provides enhanced protection against plasma-generated reactive species
compared to Gram-negative bacteria. This structural advantage, possibly varying

between strains, may contribute to the differential susceptibility observed.
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Notably, because methicillin resistance can remodel the staphylococcal envelope
and biofilm phenotype, results should be interpreted in the context of strain
background. Methicillin-resistant S. aureus (MRSA) isolates frequently display
significantly thicker cell walls than methicillin-susceptible S. aureus (MSSA) by
transmission electron microscopy (TEM), a trait linked to reduced penetration and
tolerance in heterogeneous vancomycin-intermediate phenotypes (Cui et al.,
2021, Garcia et al., 2017, Cazares-Dominguez et al., 2015). Envelope adaptations
associated with resistance determinants (for example, mprF polymorphisms that
increase lysyl-phosphatidylglycerol and accompany cell-wall thickening) also
confer cross-tolerance to host defence cationic peptides, which may modulate
susceptibility to oxidative and plasma-mediated stresses in MRSA compared with
MSSA (Mishra et al., 2013, Mishra et al., 2011). Moreover, MRSA and MSSA can
differ in biofilm formation capacity and architecture, further influencing
antimicrobial responses, so conclusions from the strains tested here should not be
overgeneralized across resistance  backgrounds  without additional,
resistance-stratified panels (Hernandez-Cuellar et al., 2023). For instance, Garcia
et al. (2017) used TEM in their study and revealed that MRSA strains have
significantly thicker cell walls (27.3 £ 4.6 nm) compared to MSSA strains (21.0 +
2.6 nm). Another recent study showed that the S. aureus isolated from murine
kidney abscesses exhibited thicker cell walls (measured via TEM) compared to in
vitro cultures (Sutton et al., 2021). While not investigated here, differences in

cell-wall architecture may explain the divergent tolerance traits to CAP therapy.

The role of biofilm matrix composition in tolerance cannot be overlooked, as SEM
images revealed dense extracellular matrix in S. aureus Newman biofilms both
before and after CAP treatment. This matrix may serve as a protective barrier,
scavenging reactive species before they reach the embedded cells. Different
studies demonstrated that the biofilm EPS components can significantly influence
susceptibility to antimicrobial agents (e.g., CAP), supporting this hypothesis
(Labadie et al., 2021, Huang et al., 2023, Nadell et al., 2015). Future studies
would merit further microscopic analyses of alternative S. aureus strains to assess
if these heterogenous susceptibility profiles were due to matrix formation;
indeed, previous literature has documented differential levels of biofilm biomass

across S. aureus strains (Lamret et al., 2021a, Latorre et al., 2022, Skogman,
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Vuorela and Fallarero, 2012). Furthermore, sub-lethal exposure to oxidative stress
has been shown to induce adaptive responses in S. aureus, including the formation
of small colony variants (SCVs) with enhanced resistance to oxidative damage
(Painter et al., 2015). Rodriguez-Rojas et al. (2020) demonstrated that non-lethal
exposure to H,0, can boost bacterial survival and evolvability against oxidative
stress, potentially explaining the tolerance observed in certain strains. Of course,
such as phenomena may not explain the differential tolerance levels immediately
after 5 minutes treatment but may explain the observations made from the
regrowth experiments whereby S. aureus predominated the biofilm. However, this
may have simply been a result of overgrowth of the tolerance organism in the
triadic model, arising from reduced viability in C. albicans and P. aeruginosa.
Repeat treatment interventions of the same biofilms across multiple days would
help us understand the tolerance profiles of this organism. Similarly, evaluating
the effects of multiple CAP treatments over time, mimicking clinical protocols
(Stratmann et al., 2020, Mirpour et al., 2020a), would provide insights into optimal
treatment regimens. Alternatively, combining CAP therapy with other
antimicrobial techniques would be a logical advancement to this work: such

experiments are reported in chapter 4.

3.3.4 Clinical relevance and potential applications
3.3.4.1 Implications for wound management and infection control

The significant efficacy of CAP against diverse microbial biofilms demonstrated in
our study has important implications for wound management and infection control
strategies. Chronic wounds, including DFUs, pressure ulcers, and venous leg ulcers
(VLUs), are frequently colonised by polymicrobial biofilms that contribute to
delayed healing and poor treatment outcomes (James et al., 2008). The ability of
CAP to simultaneously target multiple microbial species, including fungi and
bacteria, makes it a promising technology for treating such complex wound

infections.

The World Union of Wound Healing Societies (WUWHS) estimates that biofilms are
present in at least 60% of chronic wounds (Percival, McCarty and Lipsky, 2015),

whilst specific to DFUs, it is estimated that between 40% and 60% are infected
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with microbial biofilms (Jia et al., 2017, Kee, Nair and Yuen, 2019). The financial
burden associated with wound care is substantial, with Guest, Fuller and Vowden
(2020) reporting that wound care costs the NHS approximately £8.3 billion
annually, whilst global costs are predicted to exceed $100 billion (Nussbaum et
al., 2018). These statistics underscore the urgent need for effective biofilm
management strategies. From these in vitro experimental results, CAP therapy

may offer a suitable alternative to current antimicrobial interventions.

Recent clinical trials have reported promising results using CAP for wound
treatment. Prospective randomized phase Il study in 24 patients with chronic
infected wounds comparing daily 2-min CAP plus standard care to the contralateral
control site; CAP significantly reduced bacterial load with MicroPlaSter alpha
(-40%, P < 0.016; 70 treatments) and MicroPlaSter beta (-23.5%, P < 0.008; 137
treatments) without adverse effects, demonstrating species-agnostic reduction in
bioburden under daily dosing (Isbary et al., 2012). Stratmann et al. (2020)
reported in a placebo-controlled, patient-blinded trial analysing 65 DFU from 45
patients (SOC + CAP-jet vs SOC + placebo) reported a significant increase in wound
healing (p = 0.03) and faster wound area reduction from baseline (p = 0.009), with
good tolerability; microbial load decreased in both arms, contextualizing
CAP-associated healing benefits alongside standard care effects. Similarly,
Mirpour et al. (2020a) reported significant improvements in wound healing rates
following CAP treatment in a double-blind randomized trial in 44 grade-2 DFU
patients (22 CAP + standard care vs 22 standard care) using 5-min CAP three times
weekly for 3 weeks; CAP significantly accelerated closure (lower mean fraction of
wound size, p = 0.02) and a higher proportion reached <0.5 of baseline area at 3
weeks (77.3% vs 36.4%, p = 0.006), while within-session antisepsis was evident but
between-group bacterial load over weeks was not significantly different (p = 0.26).
Another multicenter randomized open-label non-inferiority randomized clinical
trial in 78 patients with chronic wounds (39 CAP-jet vs 39 best-practice dressings)
over 6 weeks; CAP-jet was non-inferior and statistically superior for granulation
at day 42 (mean difference 21.21 pp; non-inferiority p < 0.0001; superiority p =
0.001), reduced wound area faster (p < 0.001) with end-study wound area 5.32%
vs 43.72% of baseline (p < 0.0001), achieved more complete healing (58.97% vs
5.13%) with shorter time to healing (p < 0.0001), faster pH neutralization (p =
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0.0123), and quicker infection resolution (p = 0.0129), with no adverse effects /
serious adverse effects. These clinical outcomes support CAP’s clinical benefits on
wound closure dynamics and local wound milieu (granulation, area reduction, pH,
and infection control) across devices and dosing schedules, while highlighting that
sustained between-arm bacterial load differences are not guaranteed and may

depend on protocol frequency and endpoint selection.

3.3.4.2 CAP as an alternative to conventional antimicrobials

The increasing prevalence of antimicrobial resistance (AMR) represents a
significant challenge in managing wound infections. The antimicrobial activity of
CAP against biofilms, including bacteria and fungi positions this technology as a
valuable possible alternative or adjunct to conventional antimicrobial agents.
Unlike antibiotics, which typically target specific cellular processes, CAP
generates multiple reactive species that act through diverse mechanisms,

potentially reducing the likelihood of resistance development.

O'connor et al. (2014) proposed that technologies targeting multiple cellular
components simultaneously, such as CAP, may be less prone to resistance
development compared to conventional antibiotics. This multi-targeted approach
may be particularly valuable for treating biofilms, which often exhibit enhanced
tolerance to antimicrobials through various protective mechanisms, including
reduced metabolic activity, EPS barriers, and persister cell formation (Haiby et
al., 2010).

The observed efficacy of CAP against fungal species, including C. albicans and C.
auris, is particularly noteworthy, as fungal components of polymicrobial biofilms
are often overlooked in conventional wound management strategies. (Kalan et al.,
2016) reported that 80% of non-healing DFUs contain fungi, with C. albicans being
one of the most prevalent species. The ability of CAP to target both bacterial and
fungal components of biofilms simultaneously may address this limitation of
conventional approaches, whilst circumventing any possible complications

relating to mixed species infections.
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Several recent studies have started to look at combinational therapies between
CAP and antibiotics, in the hope of reducing the concentrations needed to clear
infections (Maybin et al., 2023, Yang et al., 2021b, Olayiwola et al., 2024, Shabani
et al., 2023). For example, combining CAP with antibiotics significantly enhances
the eradication of P. aeruginosa biofilms by disrupting bacterial defence
mechanisms. CAP pre-treatment generates RONS, which induce oxidative stress,
damaging cell membranes and DNA. This oxidative damage increases biofilm
permeability, allowing antibiotics like ciprofloxacin and gentamicin to penetrate
more effectively, reducing their required doses by up to 512-fold (Maybin et al.,
2023). Another study by Guo et al. (2021b) who combined low-temperature gas
plasma (LTGP) with antibiotics synergistically enhances the eradication of MRSA
biofilms in both in vitro and in vivo models. In vitro, LTGP pre-treatment (2-6
minutes) significantly lowered the minimum bactericidal concentrations (MBCs) of
antibiotics like ciprofloxacin, rifampicin, and vancomycin by up to 16-fold. For
example, LTGP (6 minutes) combined with rifampicin reduced biofilm viability to
near-undetectable levels. In vivo, LTGP combined with rifampicin effectively
reduced bacterial load in murine wound infections without causing tissue damage
or systemic toxicity. The synergy arises from LTGP-generated ROS, which disrupt
biofilm integrity and sensitise MRSA to antibiotics (Guo et al., 2021b). These
findings highlight CAP’s role in sensitising biofilms to antimicrobials, offering a
promising strategy to overcome antibiotic resistance through oxidative priming
and targeted therapeutic synergy. To this end, such work will be discussed in the
proceeding chapter which will investigate a dual-therapy system for combatting

the otherwise tolerant organism in our biofilm model .

3.3.5 Limitations and Future Directions
3.3.5.1 Experimental Limitations

Whilst our study provides valuable insights into the antimicrobial efficacy of CAP
against various biofilms, several limitations should be acknowledged, some of
which have already been mentioned before in this discussion. The in vitro nature
of our biofilm models, while sophisticated may not fully recapitulate the
complexity of clinical wound environments, which include microbial diversity,

host factors, immune components, and varying oxygen tensions (Vyas, Xia and Mai-
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Prochnow, 2022, PETERSON and WESTGATE, 2022, Wu et al., 2018). Future studies
incorporating more complex models, such as ex vivo skin explants or in vivo animal
models, would provide additional insights into the clinical relevance of our
findings. Indeed, a number of in vivo studies have shown that CAP offers
antimicrobial efficacy in living model systems (He et al., 20203, Blaise et al., 2024,
Chatraie et al., 2018, Zhou et al., 2025).

The focus on a limited number of microbial species and strains, whilst manageable
from a technical standpoint in the laboratory, restricts the breadth of our
conclusions. Clinical wound infections often contain diverse microbiota, including
anaerobic bacteria and additional fungal species (Choi et al., 2019, Kalan et al.,
2016, Tipton et al., 2020, Wu et al., 2018), not evaluated in this study. Expanding
the range of microorganisms tested would provide a more comprehensive
assessment of CAP's potential against the full spectrum of wound-associated
pathogens. One such study recently published from our group, utilised a 11-multi-
species wound biofilm model (Brown et al., 2022), including anaerobic organisms
that would provide a much more complex system for CAP testing in the future.
Furthermore, while we demonstrated a correlation between H,0, production and
antimicrobial efficacy, we did not comprehensively characterise the full spectrum
of reactive species generated by our CAP device. Future studies employing
advanced spectroscopic techniques to identify and quantify additional RONS would
enhance our understanding of the mechanisms underlying CAP's antimicrobial
effects (Girard-Sahun et al., 2019, Gorbanev, Privat-Maldonado and Bogaerts,
2018).

The current study focused primarily on immediate microbial killing and short-term
regrowth (24 h), limiting our ability to assess long-term effects and potential
resistance development. Extended studies examining multiple treatment cycles
and longer regrowth periods would provide insights into the durability of CAP

effects and the potential for adaptive responses.

3.3.5.2 Future Research Directions

Building upon the findings and limitations of this study, several promising

directions for future research have emerged. Firstly, mechanistic studies
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investigating the specific molecular targets of CAP-generated reactive species in
different microbial species would enhance our understanding of the differential
susceptibility observed (Zhang, Zhang and Han, 2023, Rao et al., 2020).
Transcriptomic and proteomic analyses of CAP-treated biofilms could reveal
specific stress response pathways activated in tolerant versus susceptible strains,
potentially identifying targets for combination therapies. Other groups have begun
to investigate these mechanistic pathways (Maybin et al., 2023). The strain-
dependent tolerance observed in S. aureus from this study warrants further
investigation to identify genetic or phenotypic markers associated with CAP
susceptibility. Comparative genomic and phenotypic analyses of strains exhibiting
varying levels of tolerance might reveal specific factors contributing to resistance,

enabling more targeted application of CAP therapy.

Studies examining the combined effects of CAP with conventional antimicrobials
represent another promising direction as discussed before. Synergistic interactions
between CAP and antibiotics have been reported (Theinkom et al., 2019),
suggesting that combination approaches might enhance overall efficacy and
reduce the risk of resistance development. This is an important consideration for

future data chapters presented in this thesis.

3.3.6 Conclusion

Key findings from this chapter:

- CAP showed antimicrobial activity against both bacterial and fungal

biofilms.

- Antimicrobial efficacy is time-dependent and correlates with increased

H202 and other reactive species.

- S. aureus displayed a level of strain-dependent tolerance, highlighting the

importance of microbial diversity in treatment outcomes.

- CAP treatment caused compositional changes in polymicrobial biofilms,

reflecting complex interspecies dynamics.
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SEM revealed species-specific morphological changes, supporting oxidative

damage as a main mechanism of CAP interventions.
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Chapter 4: Cold atmospheric plasma (CAP) in dual therapy to break the tolerance
of skin and wound-relevant biofilm models

4.1 Introduction

The emergence and spread of antimicrobial resistance have become one of the
most pressing global public health threats, which has been largely driven by the
excessive use of antimicrobials (Waddington et al., 2022, Sharma et al., 2024b).
This phenomenon has significantly reduced the efficacy of conventional
antimicrobial agents, necessitating the discovery and development of novel
therapeutic compounds with distinct mechanisms of action (Waddington et al.,
2022, Jain et al., 2024). Microbial biofilms, which are structured communities of
microorganisms encased in a self-produced extracellular polymeric substance
(EPS), present particular challenges due to their increased resistance to
antimicrobial agents compared to their planktonic counterparts (Sharma et al.,
2024b, Nwafor et al., 2024). This intrinsic resistance can be attributed to multiple
factors, including limited drug penetration through the biofilm matrix, altered
microenvironments within biofilms, and the presence of persister cells that exhibit
physiological heterogeneity (Sharma et al., 2024b). Biofilm-associated infections
are particularly problematic in healthcare settings, where they contribute
significantly to chronic, recalcitrant infections that respond poorly to

conventional antimicrobial therapies (Sharma et al., 2024b, Azevedo et al., 2017).

Polymicrobial biofilms, comprising multiple microbial species, introduce
additional complexity to infection management due to interspecies interactions
that can enhance antimicrobial resistance and pathogenicity (Pohl, 2022, Azevedo
et al., 2017). These complex microbial communities often exhibit enhanced
tolerance to conventional antimicrobial agents through various cooperative
mechanisms, including metabolic cooperation, quorum sensing (QS), and
horizontal gene transfer (Pohl, 2022). Understanding the dynamics of
polymicrobial biofilms is therefore crucial for developing effective therapeutic
strategies against recalcitrant infections (Pohl, 2022). Among the most clinically
relevant microorganisms, Candida albicans, Staphylococcus aureus, and
Pseudomonas aeruginosa represent significant pathogens that frequently coexist
in polymicrobial infections, particularly in wounds, respiratory infections, and
medical device-associated infections (Pohl, 2022, Murali et al., 2024). C. albicans,
an opportunistic fungal pathogen, possesses numerous virulence factors, including

secreted phospholipases that contribute significantly to its pathogenicity by
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facilitating tissue invasion (Pohl, 2022). S. aureus, a Gram-positive bacteria, is a
leading cause of healthcare associated infections and exhibits remarkable
adaptability to antimicrobial pressure through various resistance mechanisms
(Sharma et al., 2024b). P. aeruginosa, a Gram-negative opportunistic pathogen,
is notorious for its intrinsic resistance to multiple classes of antibiotics due to its
impermeable outer membrane, efflux pumps, and biofilm-forming capabilities
(Sharma et al., 2024b, Murali et al., 2024).

Drug repurposing offers a promising alternative for treating biofilm-associated
infections. By identifying new uses for existing drugs, this approach accelerates
the development of effective therapies while bypassing the lengthy and costly
process of traditional drug discovery (Oliveira, Borges and Simdes, 2020). One
particular drug library, the Tocriscreen™ Micro library represents a valuable
resource for identifying novel compounds with therapeutic potential against
various microbial targets (Abduljalil et al., 2022). These effective biologically
active molecules have demonstrated biofilm inhibitory activity against several key
Candida species, including C. albicans, C. auris, C. glabrata, and C. krusei.
Polygodial (POLY), a sesquiterpene dialdehyde derived from plant sources,
exhibits moderate antibacterial activity against Gram-positive bacteria including
Bacillus subtilis, S. aureus and Gram-negative bacteria including Escherichia coli
and Salmonella choleraesuis (Kubo et al., 2005). Darapladib (DARA) demonstrated
efficacy for biofilm inhibition and treatment at concentration ranges from 8 to 32
pug/mL, and combinational testing with conventional antifungals showed
synergistic effects against Candida strains (Abduljalil et al., 2022). KHS101
hydrochloride (KHS), a selective inducer of neuronal differentiation, represents a
novel class of compounds with potential antimicrobial properties (Abduljalil et al.,
2022).

Cold atmospheric plasma (CAP) has emerged as a promising antimicrobial
technology that generates reactive oxygen and nitrogen species (RONS) capable
of damaging microbial cells through multiple mechanisms while exhibiting minimal
toxicity to host tissues (Murali et al., 2024, Marx et al., 2024). When combined
with conventional antimicrobial agents, CAP has demonstrated synergistic effects

against various pathogens, potentially overcoming resistance mechanisms through

127



Chapter 4: Cold atmospheric plasma (CAP) in dual therapy to break the tolerance
of skin and wound-relevant biofilm models

complementary modes of action (Maybin et al., 2023, Prasad et al., 2023).
Research has found that merging CAP and antibiotics can significantly weaken P.
aeruginosa biofilms, making them more susceptible to treatment (Maybin et al.,
2023). CAP has shown potent in vitro antimicrobial effects on multiple bacterial
species, including P. aeruginosa, Staphylococcus pseudintermedius, Streptococcus
canis, Candida species and some of Staphylococcus strains (Marx et al., 2024, Baz
et al., 2023). The combination of novel compounds with physical treatment
modalities like CAP represents an innovative approach to combating antimicrobial
resistance by targeting multiple cellular pathways simultaneously (Prasad et al.,
2023). This dual-therapy approach may provide enhanced efficacy against biofilm-
associated infections that are typically recalcitrant to monotherapy (Prasad et al.,
2023, Maybin et al., 2023). Additionally, the evaluation of potential synergism
between compounds and oxidative stress inducers may reveal valuable insights
into the mechanisms of antimicrobial action and resistance, potentially informing

the development of more effective combination therapies (Prasad et al., 2023).

The present chapter aims to comprehensively evaluate the antimicrobial efficacy
of three selected compounds from the Tocriscreen™ Micro library against multiple
pathogenic skin and wound microorganisms in both planktonic and biofilm states.
Additionally, this chapter explores the potential of combinational therapies,
including investigating the synergistic effects of these compounds, compared with

conventional antiseptics with CAP against these model systems.

4.2 Results

4.2.1 Kinetic growth curve assessment of Tocriscreen™ Micro
library compounds against different microorganisms

Initial testing was conducted to assess the efficacy of novel compounds against
skin and wound relevant microorganisms. Based on their previous therapeutic
properties against different Candida strains, three hit compounds from
Tocriscreen™ Micro library (Abduljalil et al., 2022) were selected for evaluation.
These were tested against C. albicans SC5314, P. aeruginosa PA14, and two strains
of S. aureus (Newman and SH1000). Firstly, to assess the dynamic antimicrobial

effects over time of the Tocriscreen™ compounds, the growth kinetics of the
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different microorganisms were monitored over 24 hours (h) in response to
different concentrations of KHS, DARA and POLY. Growth was assessed by
measuring optical density (OD) every two hours at 600 nm when microorganisms
were grown under agitation in a Cerillo microplate reader device and incubated
at appropriate temperature (30°C or 37°C) for 24 h aerobically with shaking at
200 rpm in an orbital shaker. Initially, for KHS, C. albicans demonstrated
concentration-dependent growth inhibition patterns when exposed to varying
levels of the compound. The untreated (UT) control culture reached a mean (OD)
of 1.21 after 24 h of incubation. At the highest tested concentration (64 pug/mL),
growth was substantially inhibited, with suspensions reaching a mean OD of only
0.14 after 24 h, representing an 88.4% growth inhibition compared to the UT
control. Treatment with 32 pg/mL resulted in a mean OD of 0.57 (53.1%
inhibition), while lower concentrations showed more modest effects: 16 ug/mL
yielded a mean OD of 1.02 (15.8% inhibition), 8 pg/mL reached a mean OD of 1.13
(6.7% inhibition), and 4 pg/mL achieved a mean OD of 1.08 (10.9% inhibition)
(Figure 4.1A).

In contrast, P. aeruginosa exhibited complete tolerance to the KHS compound,
higher concentrations of KHS (64 pg/mL) reduced the initial growth rate of P.
aeruginosa, as evidenced by delayed entry into exponential phase and slower
mean OD increase during the first 6-8 h. However, after 24 h, the final mean OD
of treated cultures remained comparable to UT controls (1.32 vs. 1.41 mean OD,
respectively), indicating minimal impact on overall cell viability or biomass
accumulation. This pattern aligns with studies demonstrating that sub-inhibitory
antibiotic concentrations can transiently suppress bacterial growth kinetics
without significantly altering final cell density, as metabolic activity and
replication resume once stress adaption occurs (Reeks et al., 2005, Hare et al.,
2024). Despite the UT control reaching a mean OD of 1.41, even the highest
concentration of 64 pg/mL resulted in a mean OD of 1.32 (6.6% inhibition). This
trend continued across all concentrations, with 32 pg/mL showing 9.6% inhibition
(mean OD 1.28), 16 pg/mL showing 3.3% inhibition, and lower concentrations
displaying negligible effects: 8 ug/mL (0.6% inhibition, mean OD 1.37) and 4 ug/mL
(1.2% inhibition, mean OD 1.40) (Figure 4.1B). S. aureus Newman, on the other

hand, demonstrated high sensitivity to the compound. From an UT control a mean
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OD of 1.47, higher concentrations achieved profound growth inhibition: 64 pg/mL
resulted in 96.6% inhibition (mean OD 0.05), 32 pyg/mL showed 99.0% inhibition
(mean OD 0.01), and 16 pg/mL completely inhibited growth. However, lower
concentrations proved less effective, with 8 ug/mL and 4 pg/mL showing only 7.1%
and 3.2% inhibition respectively (Figure 4.1C). Similarly, S. aureus SH1000
exhibited susceptibility to the compound, though with slightly different patterns
to its strain counterpart. From a control mean OD of 1.58, higher concentrations
demonstrated inhibition: 64 pg/mL achieved 97.1% inhibition (mean OD 0.04) and
32 pg/mL showed 98.5% inhibition (mean OD 0.02). A moderate effect was
observed at 16 pg/mL (71.6% inhibition, mean OD 0.45), while lower
concentrations of 8 pg/mL and 4 pg/mL showed minimal impact with 2.4% and
0.4% inhibition respectively (Figure 4.1D).These results indicate that, while KHS
shows antifungal and antibacterial features against C. albicans and S. aureus
strains, its limited impact on P. aeruginosa viability necessitates further

optimisation for Gram-negative bacteria.
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Figure 4.1: (24 h) Kinetic growth curve of different microorganisms treated with various
concentration of KHS at 600 nm absorbance. (A) C. albicans SC5314 planktonic cells were grown
in YPD broth at 30 °C in a Cerillo microplate reader device with shaking at 200 rpm. (B) P. aeruginosa
PA14, (C) S. aureus Newman and (D) S. aureus SH1000 planktonic cells were grown in LB broth at
37 °C in a Cerillo microplate reader device with shaking at 200 rpm. The curves show the means of
optical density at 600nm. Each experiment was done in four technical replicates of two biological
repetitions. 0 ug/mL: UT control. Dotted lines denote 50% reduction (black) and 90% reduction (red).
Error bars were not included it for clarity of the data presentation.

Next, the growth kinetics of the different microorganisms were monitored over a
24-h period in response to varying concentrations of DARA, with growth assessed
spectrophotometrically at 600 nm every two hours similar to before. Initially, C.
albicans demonstrated marked sensitivity to the compound, with the UT control
reaching a mean OD of 1.26. Higher concentrations showed profound inhibition:
64 pg/mL and 32 pg/mL resulted in mean ODs of 0.06 and 0.12 (94.9% and 90.3%
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inhibition, respectively). Moderate to lower concentrations showed reduced
effects: 16 pug/mL reached a mean OD of 0.91 (27.5% inhibition), while 8 pg/mL
and 4 pg/mL achieved mean ODs of 1.16 and 1.14 (7.7% and 9.4% inhibition,
respectively) (Figure 4.2A). In contrast, P. aeruginosa exhibited tolerance across
all concentrations, similar to results for KHS. From an UT control a mean OD of
1.41, even the highest concentration of 64 pug/mL achieved minimal impact with
a mean OD of 1.33 (6% inhibition). This pattern continued across decreasing
concentrations: 32 pg/mL (mean OD 1.34, 5.1% inhibition), 16 pg/mL (mean OD
1.39, 1.6% inhibition), 8 yg/mL (mean OD 1.40, 0.6% inhibition), and 4 pg/mL
(mean OD 1.38, 2.3% inhibition) (Figure 4.2B).

S. aureus Newman displayed moderate but consistent sensitivity to DARA at
different concentrations. From an UT control mean OD of 1.57, all concentrations
produced similar inhibitory effects: 64 pug/mL (mean OD 1.08, 31.4% inhibition),
32 pg/mL and 16 pg/mL (both mean OD 1.11, 29.4% and 29.3% inhibition), 8 ug/mL
(mean OD 1.12, 28.6% inhibition), and 4 pg/mL (mean OD 1.07, 31.9% inhibition)
(Figure 4.2C). Similarly, S. aureus SH1000 showed moderate sensitivity, though
with a slight concentration-dependent pattern. From an UT control mean OD of
1.46, inhibition gradually decreased with concentration: 64 ug/mL (mean OD 1.03,
29.1% inhibition), 32 pg/mL (mean OD 1.10, 24.7% inhibition), 16 pg/mL (mean OD
1.16, 20.2% inhibition), 8 pg/mL (mean OD 1.18, 19.2% inhibition), and 4 pug/mL
(mean OD 1.12, 22.8% inhibition) (Figure 4.2D). These results highlight DARA’s
potential as a narrow-spectrum antifungal agent against C. albicans but
underscore its limited utility against Gram-negative bacteria (P. aeruginosa) and
variable efficacy against Gram-positive bacteria (S. aureus Newman and SH1000),

necessitating further exploration of its mechanism and synergistic combinations.
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Figure 4.2: (24 h) Kinetic growth curve of different microorganisms treated with various
concentration of DARA at 600 nm absorbance. (A) C. albicans SC5314 planktonic cells were
grown in YPD broth at 30 °C in a Cerillo microplate reader device with shaking at 200 rpm. (B) P.
aeruginosa PA14, (C) S. aureus Newman and (D) S. aureus SH1000 planktonic cells were grown in
LB broth at 37 °C in a Cerillo microplate reader device with shaking at 200 rpm. The curves show
the means of optical density at 600nm. Each experiment was done in four technical replicates of two
biological repetitions. 0 yg/mL: UT control. Dotted lines denote 50% reduction (black) and 90%
reduction (red). Error bars were not included it for clarity of the data presentation.

The final Toscriscreen™ compound assessed for its antimicrobial inhibitory effects
was POLY. Initially, C. albicans demonstrated sensitivity to the compound, with
the UT control reaching an OD of 1.26. Higher concentrations showed profound
inhibition: 64 pg/mL and 32 pg/mL resulted in mean ODs of 0.05 and 0.04 (95.8%
and 96.8% inhibition, respectively). Moderate to lower concentrations showed
diminishing effects: 16 pg/mL reached a mean OD of 0.89 (29.7% inhibition), while
8 pg/mL and 4 pg/mL achieved mean ODs of 1.14 and 1.21 (9.9% and 4.4%
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inhibition, respectively) (Figure 4.3A). As with the other two compounds tested,
P. aeruginosa exhibited complete tolerance across all concentrations. From an UT
control mean OD of 1.41, the highest concentration of 64 pg/mL showed no
inhibition, achieving a mean OD of 1.48. This pattern of resistance continued
across decreasing concentrations: 32 pg/mL (mean OD 1.41, 0.3% inhibition), 16
pg/mL (mean OD 1.37, 3.1% inhibition), 8 ug/mL (mean OD 1.39, 1.3% inhibition),
and 4 pg/mL (mean OD 1.40, 1.0% inhibition) (Figure 4.3B).

S. aureus Newman displayed moderate sensitivity to POLY, but only at higher
concentrations. From an UT control mean OD of 1.49, the response was
concentration-dependent: 64 ug/mL showed the strongest effect (mean OD 1.07,
27.7% inhibition), while 32 pg/mL and 16 pg/mL demonstrated modest inhibition
(mean ODs 1.32 and 1.30, 11.4% and 13% inhibition). Lower concentrations had
minimal impact: 8 pg/mL and 4 pg/mL (mean ODs 1.48 and 1.49, 0.5% and 0.01%
inhibition) (Figure 4.3C). Similarly, S. aureus SH1000 showed limited sensitivity,
with meaningful inhibition observed only at the highest concentration. From an
UT control mean OD of 1.46, only 64 ug/mL produced notable inhibition (mean OD
1.16, 20.6% inhibition). Surprisingly, 32 pg/mL showed no inhibition (mean OD
1.49), and lower concentrations demonstrated negligible effects: 16 pg/mL (mean
OD 1.44, 1.4% inhibition), while 8 pg/mL and 4 pg/mL showed no measurable
inhibition (mean ODs 1.46 and 1.48) (Figure 4.3D). These results indicate that,
POLY is highly effective against C. albicans but has weak activity against S. aureus

(Newman and SH1000) and is ineffective against P. aeruginosa.
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Figure 4.3: (24 h) Kinetic growth curve of different microorganisms treated with various
concentration of POLY at 600 nm absorbance. (A) C. albicans SC5314 planktonic cells were
grown in YPD broth at 30 °C in a Cerillo microplate reader device with shaking at 200 rpm. (B) P.
aeruginosa PA14, (C) S. aureus Newman and (D) S. aureus SH1000 planktonic cells were grown in
LB broth at 37 °C in a Cerillo microplate reader device with shaking at 200 rpm. The curves show
the means of optical density at 600 nm. Each experiment was done in four technical replicates of two
biological repetitions. 0 pg/mL: UT control. Dotted lines denote 50% reduction (black) and 90%
reduction (red). Error bars were not included it for clarity of the data presentation.
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4.2.2 Metabolic activity and biofilm biomass of mono- and triadic
species biofilm models following treatment

Following on from planktonic testing using growth curve kinetics, the efficacy of
the three candidates Tocriscreen™ Micro compounds were next assessed against
biofilms of the four microorganisms grown as mono-species, or within the two

triadic models (Newman and SH1000) used in the previous chapter.

4.2.21 C. albicans SC5314 biofilm

The efficacy of KHS, DARA, and POLY against C. albicans SC5314 biofilms was
evaluated using a 24-h treatment protocol. Biofilms were initially cultivated for
24 h in RPMI broth on 96-well flat-bottom plates before compounds exposure.
Biofilm metabolic activity and biomass were subsequently assessed using
AlamarBlue™ and crystal violet assays, respectively as detailed in earlier methods
sections 2.4.7 and 2.4.8. A total of six different concentrations of the compounds
were selective, ranging from above and below the PMICs determined in the growth

curve kinetic experiments.

As shown in (Figure 4.4A and Figure 4.4D), KHS demonstrated concentration-
dependent effects on both biofilm metabolic activity and biomass. Higher
concentrations of KHS exhibited significant reductions in biofilm metabolic
activity: 64 pg/mL reduced metabolic activity to 5.52% (****p< 0.0001), 32 pg/mL
to 10.10% (****p< 0.0001), and 16 ug/mL to 44.80% (****p< 0.0001) compared to UT
controls. Lower concentrations showed no significant impact on biofilm metabolic
activity: 8 ug/mL reduced metabolic activity to 84.69%, 4 ug/mL to 95.76% and 2
pg/mL to 96.64% compared to UT controls. Regarding biomass reduction (Figure
4.4A and Figure 4.4E), only the two highest concentrations of KHS showed
significant effects: 64 pyg/mL reduced biomass to 45.13% (****p< 0.0001) and 32
pg/mL to 63.24% (**p< 0.01) of UT controls. Lower concentrations did not
significantly affect biofilm biomass: 16 pg/mL reduced biomass to 84.93%, 8
pg/mL to 92.07%, 4 pg/mL to 97.43% and 2 pg/mL to 96.57% compared to UT
controls. These findings demonstrate that KHS exhibits potent anti-biofilm activity
against C. albicans SC5314 at higher concentrations, affecting both cellular

metabolic activity and biofilm structure.
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Next, the efficacy of DARA against C. albicans biofilms was evaluated. As
illustrated in (Figure 4.4B and Figure 4.4D), DARA demonstrated concentration-
dependent inhibitory effects on both biofilm outputs. Biofilm metabolic activity
was significantly reduced across most tested concentrations. The highest
concentration of 64 ug/mL showed the most potent effect, reducing metabolic
activity to 2.53% (****p< 0.0001), followed by progressive reductions at 32 ug/mL
(19.35%, ****p< 0.0001), 16 pg/mL (52.27%, ****p< 0.0001), 8 yg/mL (77.78%, ****p<
0.0001), and 4 pg/mL (92.32%, *p< 0.05) compared to UT controls. The lowest
concentration of 2 pg/mL showed no significant impact on biofilm metabolic
activity. Regarding biomass reduction (Figure 4.4B and Figure 4.4E), DARA
exhibited significant effects at higher concentrations: 64 pug/mL reduced biomass
to 44.03% (****p< 0.0001), 32 pg/mL to 64.33% (***p< 0.001), and 16 pg/mL to
80.86% (*p< 0.05) compared to UT controls. Lower concentrations (8, 4, and 2
pg/mL) did not significantly affect biofilm biomass. These findings demonstrate
that DARA exhibits potent anti-biofilm activity against C. albicans, with more
pronounced effects on cellular metabolic activity than on biofilm biomass

reduction suggestive of its ability to kill biofilms, rather than removal.

Finally, the efficacy of POLY against C. albicans biofilms was evaluated. As shown
in (Figure 4.4C and Figure 4.4D), POLY demonstrated significant concentration-
dependent effects on biofilm metabolic activity across all tested concentrations.
The highest concentration of 64 pug/mL completely inhibited biofilm metabolic
activity (0%, ****p< 0.0001), while 32 pg/mL reduced metabolic activity to 4.30%
(****p< 0.0001). Progressive reductions in metabolic activity were observed at
decreasing concentrations compared to UT controls: 16 pg/mL (24.25%, ****p<
0.0001), 8 pyg/mL (30.40%, ****p< 0.0001), 4 pg/mL (56.11%, ****p< 0.0001), and 2
pg/mL (73.54%, ***p< 0.001). Regarding biofilm biomass (Figure 4.4C and Figure
4.4E), POLY exhibited significant reductions across all tested concentrations
compared to UT controls. The most pronounced effects were observed at 32
pg/mL, reducing biomass to 35.46% (****p< 0.0001), followed by 64 pug/mL (43.85%,
****p< 0.0001) and 16 pg/mL (48.75%, ****p< 0.0001). Lower concentrations
maintained significant but diminishing effects: 8 ug/mL (67.53%, ****p< 0.0001), 4
pug/mL (78.22%, **p< 0.01), and 2 pg/mL (82.44%, *p< 0.05). These findings

demonstrate that POLY exhibits potent anti-biofilm activity against C. albicans,
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affecting both cellular metabolic activity and biofilm structure even at lower

concentrations.
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Figure 4.4: Metabolic activity and biofilm biomass of C. albicans SC5314 biofilms in relation
to UT controls after 24 h treatment with three compounds from Tocriscreen™. C. albicans
SC5314 biofilms were grown on 96 well flat bottom for 24 h in RPMI broth, then treated with KHS
(A), DARA (B) and POLY (C) for 24 h separately. Metabolic activity and biofilm biomass were
assessed by AlamarBlue™ assay (Left Y axis/ Blue dots) and crystal violet stain (Right Y axis/ Red
dots) respectively. (D & E) heatmap shown percentages of metabolic activity and biofilm biomass of
C. albicans SC5314 after treatment by KHS, DARA and POLY. AlamarBlue™ assay (fluorescence
excitation wavelength, 544nm; fluorescence emission wavelength, 590nm), OD was measured at
570nm for CV. Each bar represents the average of data obtained from four technical repeats of three
independent experiments. The mean fluorescence /absorbance values are presented in a heatmap.
Error bars represent the standard error of the mean. Data distributions were assessed using Shapiro-
Wilk normality test and then analysed by ANOVA with Dunnett’s tests to determine the P-value for
multiple comparisons of normally distributed data. * Indicates statistically significant differences (*p<
0.05, **p<0.01, ***p< 0.001, ****p< 0.0001). Data without asterisk indicates; no statistically significant
differences were observed.

4.2.2.2 P. aeruginosa PA14 biofilm

The antimicrobial efficacy of KHS, DARA, and POLY was evaluated against P.
aeruginosa PA14 biofilms. The biofilms were initially cultivated for 24 h in LB broth
using 96-well flat-bottom plates, followed by a 24-h exposure to varying
concentrations of the tested compounds.

Biofilm assessment was conducted using two complementary methods: the

AlamarBlue™ assay for metabolic activity quantification and crystal violet staining
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for biomass measurement as previously described in 2.4.7 and 2.4.8. As shown in
(Figure 4.5), none of the tested compounds demonstrated significant reduced
effects on biofilm metabolic activity across all tested concentrations (64, 32, 16,
8, 4, and 2 pg/mL) compared to UT controls. However, modest reductions in
metabolic activity were observed at the highest tested concentration (64 pg/mL)
for two compounds: DARA reduced metabolic activity to 68.39% (Figure 4.5B and
Figure 4.5D), while POLY showed a reduction to 75.35% compared to UT biofilm
(Figure 4.5C and Figure 4.5D), though these reductions were not statistically
significant. Similarly, crystal violet analysis revealed no significant reductions in
biofilm biomass at any concentration of the tested compounds. These findings
suggest that P. aeruginosa PA14 biofilms exhibit substantial intrinsic tolerance to
these compounds, with only minimal effects observed at high concentrations of
DARA and POLY, and all drug concentrations failed to reach significant reduction
in metabolic activity or biomass. These drug effects on sessile cells were
comparable with observations made in (Figure 4.1, Figure 4.2 and Figure 4.3) for

the planktonic cell suspensions in kinetic growth curve assay.
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Figure 4.5: Metabolic activity and biofilm biomass of P. aeruginosa PA14 biofilms in relation
to UT controls after 24 h treatment with three compounds from Tocriscreen™. P. aeruginosa
PA14 biofilms were grown on 96 well flat bottom for 24 h in LB broth, then treated with KHS (A),
DARA (B) and POLY (C) for 24 h separately. Metabolic activity and biofilm biomass were assessed
by AlamarBlue™ assay (Left Y axis/ Blue dots) and crystal violet stain (Right Y axis/ Red dots)
respectively. (D & E) heatmap shown percentages of metabolic activity and biofilm biomass of P.
aeruginosa PA14 after treatment by KHS, DARA and POLY. AlamarBlue™ assay (fluorescence
excitation wavelength, 544nm; fluorescence emission wavelength, 590nm), OD was measured at
570nm for CV. Each bar represents the average of data obtained from four technical repeats of three
independent experiments. The mean fluorescence /absorbance values are presented in a heatmap.
Error bars represent the standard error of the mean. Data distributions were assessed using Shapiro-
Wilk normality test and then analysed by ANOVA with Dunnett’s tests to determine the P-value for
multiple comparisons of normally distributed data, unless the data of KHS for crystal violet which
analysed by Kruskal-Wallis with Dunn’s tests for multiple comparisons of non-normally distributed
data. Data without asterisk indicates; no statistically significant differences were observed.

4.2.2.3 S. aureus Newman biofilm

The effectiveness of KHS, DARA, and POLY against S. aureus Newman biofilms was
tested using a 24-h exposure protocol. Mature biofilms were first established on
96-well plates in LB broth for 24 h, after which the compounds were applied.
Following treatment, biofilm metabolic activity and total biomass were quantified
using the AlamarBlue™ and crystal violet assays, respectively, as detailed in
earlier methods sections 2.4.7 and 2.4.8.

As shown in (Figure 4.6A and Figure 4.6D), KHS demonstrated concentration-
dependent effects on biofilm metabolic activity. The highest concentration (64

pg/mL) exhibited significant reduction in metabolic activity to 0.23% (*p< 0.05)
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compared to UT controls. Intermediate concentrations showed varying effects: 32
ug/mL reduced metabolic activity to 2.85%, and 16 ug/mL to 75.74%, though these
reductions were not statistically significant. Lower concentrations (8, 4, and 2
pg/mL) showed no meaningful impact on biofilm metabolic activity. Regarding
biomass quantification (Figure 4.6A and Figure 4.6E), KHS at 32 pg/mL
significantly reduced biofilm biomass to 37.98% (*p< 0.05) compared to UT
controls. At 64 pg/mL, KHS reduced biomass to 65.98%, though this reduction was
not statistically significant. Lower concentrations (16, 8, 4, and 2 pg/mL) did not
significantly affect biofilm biomass. These findings demonstrate that KHS exhibits
moderate anti-biofilm activity against S. aureus Newman, with optimal effects

observed at concentrations 32 pg/mL.

Next, the efficacy of DARA against S. aureus Newman biofilms was evaluated
through comprehensive analysis of both metabolic activity and biomass
parameters. As shown in (Figure 4.6B and Figure 4.6D), DARA demonstrated
significant concentration-dependent effects at higher concentrations. At 64 and
32 pg/mL, DARA dramatically reduced biofilm metabolic activity to 0.04% (****p<
0.0001) and 5.74% (****p< 0.0001) respectively, compared to UT controls. Lower
concentrations (16, 8, 4, and 2 pg/mL) showed no significant impact on biofilm
metabolic activity. Regarding biofilm biomass quantification (Figure 4.6B and E),
DARA at 32 pg/mL significantly reduced biomass to 45.60% (**p< 0.01) compared
to UT controls. At 64 pg/mL, biomass was reduced to 62.93%, this reduction did
not reach statistical significance. Lower concentrations (16, 8, 4, and 2 pg/mL)
showed no significant effect on biofilm biomass. These results indicate that DARA
exhibits potent anti-biofilm activity against S. aureus Newman at higher
concentrations, with more pronounced effects on cellular metabolic activity than

on biofilm biomass reduction.

Finally, the efficacy of POLY against S. aureus Newman biofilms was evaluated.
As shown in (Figure 4.6C and Figure 4.6D), POLY demonstrated limited
concentration-dependent effects on biofilm characteristics. At the highest
concentration tested (64 pg/mL), POLY significantly reduced biofilm metabolic
activity to 94.75% (**p< 0.01) compared to UT controls. However, lower

concentrations (32, 16, 8, 4, and 2 pg/mL) showed no significant impact on biofilm
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metabolic activity. Regarding biofilm biomass quantification (Figure 4.6C and
Figure 4.6E), POLY demonstrated no significant reduction in biofilm biomass across
any of the tested concentrations (64, 32, 16, 8, 4, and 2 ug/mL) compared to UT
controls. These findings suggest that POLY exhibits minimal anti-biofilm activity
against S. aureus Newman, with only modest effects on cellular metabolic activity

at the highest concentration and no appreciable impact on biofilm biomass.
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Figure 4.6: Metabolic activity and biofilm biomass of S. aureus Newman biofilms in relation
to UT controls after 24 h treatment with three compounds from Tocriscreen™. S. aureus
Newman biofilms were grown on 96 well flat bottom for 24 h in LB broth, then treated with KHS (A),
DARA (B) and POLY (C) for 24 h separately. Metabolic activity and biofilm biomass were assessed
by AlamarBlue™ assay (Left Y axls/ Blue dots) and crystal violet stain (Right Y axis/ Red dots)
respectively. (D & E) heatmap shown percentages of metabolic activity and biofilm biomass of S.
aureus Newman after treatment by KHS, DARA and POLY. AlamarBlue™ assay (fluorescence
excitation wavelength, 544nm; fluorescence emission wavelength, 590nm), OD was measured at
570nm for CV. Each bar represents the average of data obtained from four technical repeats of three
independent experiments. The mean fluorescence /absorbance values are presented in a heatmap.
Error bars represent the standard error of the mean. Data distributions were assessed using Shapiro-
Wilk normality test and then analysed by ANOVA with Dunnett’s tests to determine the P-value for
multiple comparisons of normally distributed data, unless the data of KHS for AlamarBlue™ which
analysed by Kruskal-Wallis with Dunn’s tests for multiple comparisons of non-normally distributed
data. * Indicates statistically significant differences (*p< 0.05, **p< 0.01, ****p< 0.0001). Data without
asterisk indicates; no statistically significant differences were observed.

4.2.2.4 S. aureus SH1000 biofilm

The final microorganism used for screening of the three candidate Tocriscreen™

drugs was S. aureus SH1000. As shown in (Figure 4.7A and Figure 4.7D), KHS
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demonstrated potent effects on biofilm metabolic activity at higher
concentrations. The two highest concentrations exhibited significant reductions
in metabolic activity: 64 pg/mL completely inhibited the metabolic activity
(0.00%, ****p< 0.0001), while 32 pg/mL reduced metabolic activity to 0.39% (****p<
0.0001) compared to UT controls. At 16 pg/mL, KHS reduced metabolic activity to
89.12%, though this reduction was not statistically significant. Lower
concentrations (8, 4 and 2 pg/mL) showed no meaningful impact on biofilm
metabolic activity. Regarding biomass quantification (Figure 4.7A and Figure
4.7E), KHS demonstrated limited effects on biofilm structure. At 32 pg/mL, KHS
reduced biofilm biomass to 88.66% compared to UT controls, though this reduction
did not achieve statistical significance. All other tested concentrations (64, 16, 8,
4, and 2 pg/mL) showed no significant impact on biofilm biomass. These findings
indicate that KHS exhibits strong anti-biofilm activity against S. aureus SH1000
primarily through effects on cellular metabolic activity rather than biomass

reduction, with optimal effects observed at concentrations above 32 pg/mL.

Secondly, the efficacy of DARA against S. aureus SH1000 biofilms was evaluated.
As shown in (Figure 4.7B and Figure 4.7D), DARA demonstrated moderate
concentration-dependent effects on biofilm characteristics, though without
reaching statistical significance. At higher concentrations, DARA showed notable
reductions in biofilm metabolic activity: 64 pug/mL reduced metabolic activity to
0.12%, while 32 pg/mL decreased it to 72.64% compared to UT controls. Lower
concentrations (16, 8, 4, and 2 pg/mL) showed no appreciable impact on biofilm
metabolic activity. Regarding biofilm biomass quantification (Figure 4.7B and
Figure 4.7E), DARA exhibited a concentration-dependent trend in biomass
reduction, though these effects were not statistically significant. The three
highest concentrations showed modest reductions in biofilm biomass: 64 pg/mL
reduced biomass to 70.15%, 32 pg/mL to 76.09%, and 16 pg/mL to 98.09%
compared to UT controls. Lower concentrations (8, 4, and 2 pg/mL) had no
measurable effect on biofilm biomass. These findings suggest that while DARA
demonstrates some anti-biofilm potential against S. aureus SH1000, its effects are

modest and do not reach statistical significance at the tested concentrations.
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Compound three, POLY demonstrated minimal effects on biofilm metabolic
activity across tested concentrations. Treatment with 64, 32, 16, and 4 pg/mL
resulted in modest reductions in metabolic activity to 97.58%, 98.92%, 99.77%,
and 99.56% respectively, compared to UT controls, though none of these
reductions achieved statistical significance. The remaining concentrations (8 and
2 ug/mL) showed no appreciable impact on biofilm metabolic activity. Regarding
biofilm biomass quantification (Figure 4.7C and Figure 4.7E), POLY exhibited
limited effects on biofilm structure. At the highest concentration of 64 pg/mL,
POLY reduced biomass to 99.22% compared to UT controls, though this reduction
was not statistically significant. All other tested concentrations (32, 16, 8, 4, and
2 pg/mL) showed no measurable effect on biofilm biomass. These findings suggest
that POLY exhibits minimal anti-biofilm activity against S. aureus SH1000, with no
statistically significant reductions in either metabolic activity or biomass across

all tested concentrations.
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Figure 4.7: Metabolic activity and biofilm biomass of S. aureus SH1000 biofilms in relation to
UT controls after 24 h treatment with three compounds from Tocriscreen™. S. aureus SH1000
biofilms were grown on 96 well flat bottom for 24 h in LB broth, then treated with KHS (A), DARA (B)
and POLY (C) for 24 h separately. Metabolic activity and biofilm biomass were assessed by
AlamarBlue™ assay (LEFT Y axis/ Blue dots) and crystal violet stain (Right Y axis/ Red dots)
respectively. (D & E) heatmap shown percentages of metabolic activity and biofilm biomass of S.
aureus SH1000 after treatment by KHS, DARA and POLY. AlamarBlue™ assay (fluorescence
excitation wavelength, 544nm; fluorescence emission wavelength, 590nm), OD was measured at
570nm for CV. Each bar represents the average of data obtained from four technical repeats of three
independent experiments. The mean fluorescence /absorbance values are presented in a heatmap.
Error bars represent the standard error of the mean. Data distributions were assessed using Shapiro-
Wilk normality test and then analysed by ANOVA with Dunnett’s tests to determine the P-value for
multiple comparisons of normally distributed data, unless the data of DARA for AlamarBlue™ which
analysed by Kruskal-Wallis with Dunn’s tests for multiple comparisons of non-normally distributed
data. * Indicates statistically significant differences (****p< 0.0001). Data without asterisk indicates;
no statistically significant differences were observed.

In summary, among the mono-species biofilms tested, C. albicans was highly
susceptible to all three compounds (KHS, DARA, and POLY), with POLY showing
the broadest and most potent anti-biofilm activity, significantly reducing both
metabolic activity and biomass even at lower concentrations. DARA and KHS also
exhibited strong, concentration-dependent effects, but their impact was more
pronounced at higher doses. In contrast, P. aeruginosa biofilms displayed
substantial intrinsic tolerance, with none of the compounds achieving significant
reductions in metabolic activity or biomass at any tested concentration. For S.
aureus (Newman and SH1000) biofilms, KHS and DARA showed moderate to strong
effects on metabolic activity at higher concentrations, particularly for SH1000,

while POLY had minimal impact on either metabolic activity or biomass in both
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strains. Overall, POLY was the most effective against C. albicans biofilms, while
none of the compounds demonstrated notable efficacy against P. aeruginosa
biofilms, and only KHS and DARA showed appreciable anti-biofilm activity against

S. aureus strains at elevated concentrations.

4.2.2.5 Triadic biofilm model (Newman)

To evaluate antimicrobial efficacy in clinically relevant polymicrobial infections,
a triadic biofilm model combining C. albicans SC5314, S. aureus Newman, and P.
aeruginosa PA14 was developed. Biofilms were grown for 24 h in a 1:1 LB-RPMI
medium within 96-well flat-bottom plates to mimic wound infection conditions.
After maturation, KHS, DARA, and POLY were applied at concentrations spanning
2-64 pg/mL for 24 h. Post-treatment, biofilm metabolic activity (via AlamarBlue™
metabolic assay) and structural integrity (via crystal violet staining) were
measured using established protocols (sections 2.4.7 and 2.4.8) to assess
compound effectiveness against complex microbial communities. As shown in
(Figure 4.8A and Figure 4.8D), KHS demonstrated limited effects on biofilm
metabolic activity, with significant reduction observed only at the highest
concentration. At 64 pg/mL, KHS significantly reduced metabolic activity to
62.17% (*p< 0.05) compared to UT controls. Lower concentrations showed modest,
concentration-dependent reductions that did not achieve statistical significance:
32 pg/mL (85.09%), 16 pg/mL (93.80%), 8 pg/mL (94.70%), 4 ug/mL (97.92%), and
2 pg/mL (97.15%). Regarding biofilm biomass quantification (Figure 4.8A and

Figure 4.8E), KHS showed minimal impact across all tested concentrations.

The second Tocriscreen™ candidate tested was DARA. As shown in (Figure 4.8B
and Figure 4.8D), DARA demonstrated significant concentration-dependent effects
on biofilm viability at higher concentrations. The three highest concentrations
exhibited substantial reductions in metabolic activity: 64 pg/mL reduced
metabolic activity to 48.50% (****p< 0.0001), 32 pg/mL to 48.66% (****p< 0.0001),
and 16 pg/mL to 71.79% (***p< 0.001) compared to UT controls. Lower
concentrations showed modest reductions in metabolic activity, though these
reductions did not achieve statistical significance: 8 pg/mL (91.78%), 4 pg/mL
(92.35%), and 2 pg/mL (94.40%). Regarding biofilm biomass quantification (Figure
4.8B and Figure 4.8E), DARA demonstrated a concentration-dependent trend in
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biomass reduction, though these effects did not achieve statistical significance.
Progressive reductions in biomass were observed at decreasing concentrations: 64
pg/mL (71.98%), 32 ug/mL (79.61%), 16 pg/mL (85.69%), 8 ug/mL (92.33%), and 4
pug/mL (96.81%). The lowest concentration (2 pg/mL) showed no appreciable

effect on biofilm biomass.

Finally the efficacy of POLY against the triadic Newman polymicrobial biofilm
model was evaluated through analysis of both metabolic activity and biomass
parameters. As shown in (Figure 4.8C and Figure 4.8D), POLY demonstrated
concentration-dependent effects on biofilm characteristics. At the highest
concentration (64 pg/mL), POLY significantly reduced biofilm metabolic activity
to 65.71% (**p< 0.01) compared to UT controls. Lower concentrations showed
modest reductions in metabolic activity, though these reductions did not achieve
statistical significance: 32 pg/mL (89.14%), 16 pg/mL (92.18%), 8 pg/mL (95.52%),
4 ug/mL (92.73%), and 2 ug/mL (94.60%). Regarding biofilm biomass quantification
(Figure 4.8C and Figure 4.8E), POLY exhibited a concentration-dependent trend
in biomass reduction, though these effects did not achieve statistical significance.
Progressive reductions in biomass were observed with decreasing concentrations:
64 pug/mL (70.99%), 32 pyg/mL (72.45%), 16 yg/mL (75.18%), 8 uyg/mL (79.97%), and
4 pg/mL (90.47%). The lowest concentration (2 pg/mL) showed no appreciable
effect on biofilm biomass. Taken together, results from this section highlights that
Tocriscreen™ drugs may be suitable candidates against some of the mono-species
biofilms, their efficacy against complex biofilms containing different

microorganisms are limited.
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Figure 4.8: Metabolic activity and biofilm biomass of the triadic biofilms model (Newman) in
relation to UT controls after 24 h treatment with three compounds from Tocriscreen™. The
triadic polymicrobial biofilm model (Newman) consisting of: C. albicans SC5314, S. aureus Newman
and P. aeruginosa PA14 biofilms were grown on 96 well flat bottom for 24 h in 1:1 v/v mixture of
(LB:RPMI) broth, then treated with KHS (A), DARA (B) and POLY (C) for 24 h separately. Metabolic
activity and biofilm biomass were assessed by AlamarBlue™ assay (Left Y axis/ Blue dots) and
crystal violet stain (Right Y axis/ Red dots) respectively. (D & E) heatmap shown percentages of
metabolic activity and biofilm biomass of triadic biofilm model (Newman) after treatment by KHS,
DARA and POLY. AlamarBlue™ assay (fluorescence excitation wavelength, 544nm; fluorescence
emission wavelength, 590.m), OD was measured at 570nm for CV. Each bar represents the average
of data obtained from four technical repeats of three independent experiments. The mean
fluorescence /absorbance values are presented in a heatmap. Error bars represent the standard
error of the mean. Data distributions were assessed using Shapiro-Wilk normality test and then
analysed by ANOVA with Dunnett’s tests to determine the P-value for multiple comparisons of
normally distributed data, unless the data of KHS for crystal violet which analysed by Kruskal-Wallis
with Dunn’s tests for multiple comparisons of non-normally distributed data. * Indicates statistically
significant differences (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001). Data without asterisk
indicates; no statistically significant differences were observed.

4.2.2.6 Triadic biofilm model (SH1000)

The antimicrobial effectiveness of KHS, DARA and POLY was investigated using a
three-species polymicrobial biofilm model consisting of C. albicans SC5314, S.
aureus SH1000, and P. aeruginosa PA14. Biofilms were first established by co-
culturing these organisms for 24 h in a mixed LB:RPMI medium on 96-well flat-
bottom plates. After maturation, the biofilms were treated with a range of
compound concentrations for an additional 24 h to assess their impact on biofilm
metabolic activity and biomass. As shown in (Figure 4.9A and Figure 4.9D), KHS

demonstrated significant concentration-dependent effects at higher
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concentrations on biofilm metabolic activity. At 64 pg/mL, KHS significantly
reduced metabolic activity to 25.71% (****p< 0.0001), while 32 pg/mL decreased
metabolic activity to 75.88% (*p< 0.05) compared to UT controls. Lower
concentrations showed modest reductions in metabolic activity, though these
reductions did not achieve statistical significance: 16 pg/mL (86.19%), 8 pg/mL
(91.10%), 4 pyg/mL (93.73%), and 2 pg/mL (90.77%). Regarding biofilm biomass
quantification (Figure 4.9A and Figure 4.9E), KHS demonstrated significant
reduction only at the highest concentration, where 64 pg/mL reduced biomass to
83.24% (*p< 0.05) compared to UT controls. Lower concentrations showed modest
reductions in biomass, though these reductions did not achieve statistical
significance: 32 pg/mL (88.55%), 16 pg/mL (92.75%), 8 pg/mL (90.88%), 4 ug/mL
(90.63%), and 2 pg/mL (89.33%).

The second compound from the Tocriscreen™ library evaluated was DARA. As
shown in (Figure 4.9B and Figure 4.9D), DARA demonstrated significant
concentration-dependent effects on biofilm metabolic activity across multiple
concentrations. The four highest concentrations exhibited substantial reductions
in metabolic activity: 64 pg/mL reduced viability to 50.82% (****p< 0.0001), 32
pg/mL to 64.77% (***p< 0.001), 16 pg/mL to 77.83% (*p< 0.05), and 8 pyg/mL to
77.76% (*p< 0.05) compared to UT controls. Lower concentrations showed modest,
non-significant reductions in metabolic activity: 4 yg/mL (91.02%) and 2 pg/mL
(89.23%). Regarding biofilm biomass quantification (Figure 4.9B and Figure 4.9E),
DARA demonstrated significant reductions at higher concentrations: 64 pg/mL
reduced biomass to 69.14% (**p< 0.01) and 32 pg/mL to 70.05% (*p< 0.05)
compared to UT controls. Lower concentrations showed progressive reductions in
biomass, though these reductions did not achieve statistical significance: 16
pg/mL (78.23%), 8 pg/mL (85.05%), 4 ug/mL (86.49%), and 2 pg/mL (90.34%).

Finaly, the effectiveness of POLY against the three-species SH1000 polymicrobial
biofilm was determined by evaluating both biofilm metabolic activity and total
biomass. As shown in (Figure 4.9C and Figure 4.9D), POLY demonstrated
concentration-dependent effects on biofilm characteristics. At the highest
concentration (64 pg/mL), POLY significantly reduced biofilm metabolic activity

to 54.46% (**p< 0.01) compared to UT controls. Lower concentrations showed
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modest, non-significant reductions in metabolic activity: 32 pg/mL (83.29%), 16
pg/mL (83.19%), 8 pg/mL (84.31%), 4 pyg/mL (90.33%), and 2 pg/mL (93.31%).
Regarding biofilm biomass quantification (Figure 4.9C and Figure 4.9E), POLY
exhibited significant reductions at two concentrations: 64 pg/mL reduced biomass
t0 69.62% (**p< 0.01) and 16 pg/mL to 76.08% (*p< 0.05) compared to UT controls.
The remaining concentrations showed moderate reductions in biomass, though
these reductions did not achieve statistical significance: 32 pg/mL (85.99%), 8
pg/mL (87.75%), 4 ug/mL (86.54%), and 2 pg/mL (90.30%). In summary, similar
trends were observed in the polymicrobial community which displayed greater

resilience compared to mono-species biofilms.
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Figure 4.9: Metabolic activity and biofilm biomass of the triadic biofilms model (SH1000) in
relation to UT controls after 24 h treatment with three compounds from Tocriscreen™. The
triadic polymicrobial biofilm model (SH1000) consisting of: C. albicans SC5314, S. aureus SH1000
and P. aeruginosa PA14 biofilms were grown on 96 well flat bottom for 24 h in 1:1 v/v mixture of
(LB:RPMI) broth, then treated with KHS (A), DARA (B) and POLY (C) for 24 h separately. Metabolic
activity and biofilm biomass were assessed by AlamarBlue™ assay (Left Y axis/ Blue dots) and
crystal violet stain (Right Y axis/ Red dots) respectively. (D & E) heatmap shown percentages
metabolic activity and biofilm biomass of triadic biofilm model (SH1000) after treatment by KHS,
DARA and POLY. AlamarBlue™ assay (fluorescence excitation wavelength, 544nm; fluorescence
emission wavelength, 590,m), OD was measured at 570nm for CV. Each bar represents the average
of data obtained from four technical repeats of three independent experiments. The mean
fluorescence /absorbance values are presented in a heatmap. Error bars represent the standard
error of the mean. Data distributions were assessed using Shapiro-Wilk normality test and then
analysed by ANOVA with Dunnett’s tests to determine the P-value for multiple comparisons of
normally distributed data, unless the data of DARA and POLY for crystal violet, and POLY for
AlamarBlue™ which analysed by Kruskal-Wallis with Dunn’s tests for multiple comparisons of non-
normally distributed data. * Indicates statistically significant differences (*p< 0.05, **p< 0.01, ***p<
0.001, ****p< 0.0001). Data without asterisk indicates; no statistically significant differences were
observed.
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In summary, the triadic biofilm models (Newman and SH1000) demonstrated
variable antimicrobial efficacy for KHS, DARA and POLY, with higher
concentrations showing partial success. While DARA exhibited the most consistent
concentration-dependent reductions in metabolic activity, SH1000 triadic biofilms
displayed greater resilience, requiring higher doses for comparable effects. POLY
showed limited activity, and KHS efficacy was strain-specific, highlighting the
challenges of targeting polymicrobial communities compared to mono-species

biofilms.

4.2.3 Assessment of single and dual therapy against different
mono- and triadic-species biofilm models

The purpose of the proceeding sections is to assess the efficacy of one of the
Tocriscreen™ compounds alongside CAP, used a treatment duration optimised in
the previous chapter. Two commonly used antiseptics will be used as comparators
alongside the KHS compound, which exhibited activity against the two S. aureus
strains which displayed tolerance to CAP therapy (chapter 3). The efficacy of
sequential antimicrobial dual treatments was evaluated against both mono-
species and triadic-species biofilm models developed within a cellulose matrix-

hydrogel system over 24-h as previously described in section 2.2.1.

Briefly, following biofilm formation, matrices underwent an initial phosphate-
buffered saline (PBS) washing step to remove non-adherent microorganisms. The
matrices were then subjected to one of three chemical treatments: 3% hydrogen
peroxide (H20:), 10% povidone-iodine (PVP-l), or 32 pg/mL KHS, with each
treatment applied as a 500 pL volume for 5 minutes at room temperature. Post-
chemical treatment, 500 pL of Dey-Engley neutralising broth was introduced and
incubated aerobically for 15 minutes at 37°C to deactivate the antimicrobial
agents. To ensure experimental validity, UT control samples also underwent
neutralisation, confirming that observed effects were attributable solely to the
treatments rather than the neutralising agent (data not shown). Following
neutralisation, matrices were washed with 500 pL PBS prior to DNA extraction and

live/dead gPCR analysis as previously described in 2.4.1, 2.4.2 and 2.4.3.
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For dual therapy evaluation, matrices underwent the same initial chemical
treatment protocol, followed by an additional 5-minute exposure to CAP. After
the sequential treatment, samples were processed for DNA extraction and

live/dead qPCR quantification following established protocols.

4.2.3.1 Assessment of single and dual therapy against S. aureus Newman in
mono-species and triadic biofilms

The molecular analysis of S. aureus Newman mono-species biofilms, as illustrated
in (Figure 4.10A and Figure 4.10C), revealed varying degrees of antimicrobial
efficacy across different treatment modalities. The evaluation of total and viable
cell counts demonstrated that dual therapy combinations consistently
outperformed monotherapies in reducing bacterial populations. In terms of KHS
alone, monotherapy resulted in a modest 0.1-log1o reduction on total cell counts
(from 2.59 x 107 to 1.96 x 107 CFE/mL), indicating limited effectiveness,
suggestive that the substrata used for biofilm formation can influence treatment
efficacy (Townsend et al., 2016). However, when combined with CAP, the efficacy
was significantly enhanced, achieving a notable 1.0-logio reduction (**p< 0.01),
reducing total cell counts to 2.56 x 10® CFE/mL. This highlights the superior
performance of the KHS+CAP combination compared to KHS alone. For H;0,,
monotherapy produced a moderate reduction in total cell counts, with a 0.4-log1o
decrease (from 2.59 x 107 to 1.08 x 107 CFE/mL). In contrast, the H,0,+CAP
combination demonstrated significantly improved activity, resulting in a 1.0-log1o
reduction (*p< 0.05), lowering total cell counts to 2.59 x 10°® CFE/mL. This
underscores the enhanced antimicrobial effect of H,0, when combined with CAP.
In the case of PVP-l, monotherapy showed a more substantial reduction in total
cell counts, achieving a 0.7-log1o decrease (from 2.59 x 107 to 5.25 x 10® CFE/mL).
However, the PVP-I+CAP combination achieved a slightly better reduction with a
non-significant 0.8-logio decrease (to 4.55 x 10® CFE/mL), indicating that while
the combination therapy was more effective than PVP-I alone, it did not reach
statistical significance. In terms of CAP alone, it demonstrated minimal impact on
total cell counts, achieving only a modest and non-significant 0.1-logio reduction
(from 2.59 x 107 to 1.97 x 107 CFE/mL).
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When assessing viable cell counts, dual therapy combinations consistently
exhibited superior antimicrobial activity compared to their respective
monotherapies. The KHS+CAP combination demonstrated the most pronounced
effect, achieving an impressive 3.8-logo reduction (****p< 0.0001), reducing viable
cells from 1.31 x 107 to 1.90 x 10° CFE/mL, far surpassing KHS monotherapy's
modest and non-significant reduction of just 0.5-logio (to 4.66 x 10® CFE/mL).
Similarly, the H,0,+CAP combination exhibited significant antimicrobial efficacy
with a 1.7-logso reduction (**p< 0.01), reducing viable cells to 1.16 x 10° CFE/mL,
whereas H;O; alone achieved only a moderate and non-significant 1.4-logio
reduction (to 4.76 x 10> CFE/mL). For PVP-I, the combination with CAP led to a
significant 2-log1o reduction (**p< 0.01), bringing viable counts down to 1.44 x 10°
CFE/mL, whereas PVP-I alone also demonstrated notable efficacy with a 1.4-log1o
reduction (to 4.69 x 10° CFE/mL). Interestingly, while CAP alone achieved only a
modest impact on total cell counts, it showed relatively better performance in
reducing viable cells, achieving a non-significant 0.3-log1o reduction (to 6.17 x 10°
CFE/mL). These findings highlight that while monotherapies provide some level of
antimicrobial activity, dual therapies—particularly those involving CAP—
consistently demonstrate superior efficacy across all treatment strategies for both
total and viable cell reductions in S. aureus Newman biofilms. In particular, KHS

in combination with CAP was the most effective dual intervention.

The analysis of S. aureus Newman within triadic biofilm models revealed complex
responses to various treatment modalities, as illustrated in (Figure 4.10B and
Figure 4.10C). The quantification of total and viable CFEs/mL demonstrated
varying effects among single and dual therapies when compared to untreated
controls in a similar manner to mono-species biofilms. In terms of KHS,
monotherapy resulted in an unexpected increase in total cell counts, showing a
negative 0.4-logio reduction (increase from 3.51 x 10° to 8.66 x 10° CFE/mL).
Similarly, PVP-I monotherapy also led to a comparable increase in bacterial
populations, with a negative 0.4-logo reduction (increase to 8.35 x 10° CFE/mL).
H,0, treatment followed the same trend, producing a negative 0.1-logio reduction
(increase to 4.54 x 10° CFE/mL), while CAP alone showed a minimal increase in
total cell counts with a negative 3.6 x 10-3-logo reduction (increase to 3.54 x 10°

CFE/mL). In contrast, the combination therapies demonstrated more promising
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results in reducing total cell counts. The KHS+CAP combination exhibited the most
substantial effect, achieving a notable 0.8-log1o reduction (from 3.51 x 106 to 5.56
x 10° CFE/mL), outperforming all other treatments. The PVP-I+CAP combination
produced a modest 0.1-log1o reduction (to 2.70 x 10° CFE/mL), and this reduction
did not reach statistical significance. Interestingly, the H,0,+CAP combination
showed a slight increase in total cell counts, with a negative 4.7 x 102-logo
reduction (increase to 3.91 x 10° CFE/mL), indicating limited efficacy in this

context.

When examining viable cell counts, dual therapy approaches consistently
demonstrated superior antimicrobial efficacy compared to their single-agent
counterparts. The KHS+CAP combination was particularly effective, achieving a
significant 3.0-log1o reduction (****p< 0.0001), reducing viable cells from 1.74 x
10% in the control group to 1.58 x 103 CFE/mL post-treatment, marking the most
profound reduction observed across all treatments. Similarly, the PVP-I+CAP
combination exhibited significant antimicrobial activity, resulting in a 1.2-log1o
reduction (**p< 0.01) and lowering viable cell counts to 1.12 x 10> CFE/mL. The
combination of H,0,+CAP also demonstrated notable efficacy with a significant
1.4-log1o reduction (***p< 0.001), reducing viable cells to 6.82 x 10* CFE/mL. In
contrast, monotherapy treatments showed more modest effects on bacterial
viability and did not achieve statistical significance in most cases. CAP alone
resulted in a modest 0.2-logio reduction, decreasing viable cells to 1.18 x 10°
CFE/mL, while KHS monotherapy led to a slight increase in bacterial counts with
a negative 3 x 10-2-log1o reduction, increasing to 1.87 x 10¢ CFE/mL. Both chemical
agents performed moderately well as monotherapies but did not reach statistical
significance: PVP-I resulted in a 0.6-logio reduction, lowering viable cells to 4.82
x 10° CFE/mL, while H20; monotherapy achieved a similar effect with a 0.7-log1o
reduction, reducing viable counts to 3.11 x 10° CFE/mL. These findings highlight
that while monotherapies provide some level of antimicrobial activity, dual
therapies—particularly those involving CAP—consistently demonstrate superior
efficacy across all treatment strategies for both total and viable cell reductions in

S. aureus Newman biofilms within triadic models.
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Figure 4.10: Molecular analysis of S. aureus Newman mono-species and in triadic biofilm
model following 5 minutes treatment by KHS, PVP-l and H202, and additional 5 min therapy
within CAP (Dual therapy). Panel (A) shows S. aureus Newman biofilms were formed for 24 h within
the cellulose matrix-hydrogel system then treated with KHS (32 pg/mL), PVP-I (10%) and H20: (3%)
for 5 min alone, and additional 5 min therapy by CAP after the neutralisation by Dey-Engley broth for
15 min incubation at 37 °C. Panel (B) shows the triadic polymicrobial biofilm model of C. albicans
SC5314, S. aureus Newman and P. aeruginosa PA14 biofilms were formed as above described and
followed by similar therapy’s. Panel (C) shows log1o reductions of total and viable cell count in a
heatmap of S. aureus Newman when grown as mono-species biofilms, or in the triadic biofilm model.
Total and viable colony forming equivalents/mL (CFE/mL) was quantified for each biofilm following
treatment using live/dead qPCR. Results representative of mean values from n =9 (three technical
replicates from three biological experimental repeats). (- CAP) means: single therapy, (+ CAP)
means: dual therapy, (CON) means: control, (1): CAP, (2): KHS, (3): PVP-I, (4): H202, (5): KHS +
CAP, (6): PVP-I + CAP, (7): H202 + CAP. Data distributions were assessed using D'Agostino-
Pearson omnibus normality test, and then analysed by Kruskal-Wallis with Dunn’s tests to determine
the P-value for multiple comparisons of non-normally distributed data. * Indicates statistically
significant differences (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001). Data without asterisk
indicates; no statistically significant differences were observed.
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4.2.3.2 Assessment of single and dual therapy against S. aureus SH1000 in
mono-species and triadic biofilms

The analysis of S. aureus SH1000 mono-species and as triadic biofilms were next
assessed (Figure 4.11A and Figure 4.11C). In terms of total cell populations, similar
to Newman mono-species biofilms, KHS monotherapy achieved a modest 0.6-log1o
reduction (from 4.54 x 107 to 1.21 x 107 CFE/mL). However, when combined with
CAP, the efficacy was significantly enhanced, resulting in a 1.4-logio reduction
(****p< 0.0001) to 1.84 x10°® CFE/mL. This demonstrates the superior performance
of the KHS+CAP combination compared to KHS alone. For PVP-1, both monotherapy
and combination treatments showed significant efficacy. PVP-I alone achieved a
significant 1.3-logio reduction (****p< 0.0001, to 7.26 x 10® CFE/mL), while the
PVP-1+CAP combination demonstrated slightly enhanced activity with a significant
1.4-logio reduction (****p< 0.0001, to 1.87 x 10%® CFE/mL). Interestingly, H20;
monotherapy and its combination with CAP showed equivalent efficacy, both
achieving a 0.8-log1o reduction (to 7.26 x 10° and 6.55 x 10¢ CFE/mL, respectively),
suggesting no additional benefit from the combination approach. CAP alone

showed minimal impact with a 0.3-log1o reduction (to 2.12 x 107 CFE/mL).

The impact on bacterial viability revealed more pronounced differences between
treatment modalities. The KHS+CAP combination demonstrated significant
efficacy with a 2.9-logio reduction (****p< 0.0001) from 1.95 x 107 to 2.62 x 10*
CFE/mL, outperforming KHS monotherapy's modest 1.1-logio reduction (to 1.41 x
10 CFE/mL). The H,0,+CAP combination exhibited the most substantial effect,
achieving a significant 3.0-logio reduction (****p< 0.0001, to 1.89 x 10* CFE/mL),
surpassing H,0, monotherapy's significant but lesser 2.2-logio reduction (*p< 0.05,
to 1.32 x 10° CFE/mL). Similarly, the PVP-1+CAP combination showed enhanced
activity with a significant 2.9-logio reduction (****p< 0.0001, to 2.32 x 10*
CFE/mL), improving upon PVP-I monotherapy's significant 2.4-logio reduction
(***p< 0.001, to 7.14 x 0* CFE/mL). CAP monotherapy demonstrated minimal
impact on bacterial viability, achieving only a 0.7-logio reduction (to 3.57 x 10°
CFE/mL). These findings highlight that while some monotherapies showed
significant antimicrobial activity, combination therapies generally demonstrated

superior efficacy in reducing both total and viable bacterial populations.
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A comprehensive analysis of S. aureus SH1000 in triadic biofilm models, as
illustrated in (Figure 4.11B and Figure 4.11C), revealed distinct patterns of
antimicrobial efficacy between monotherapy and combination treatments. The
evaluation encompassed both total and viable cell populations, demonstrating
varying degrees of effectiveness across different therapeutic strategies. In terms
of total cell populations, the KHS+CAP combination exhibited superior
antimicrobial activity, achieving a significant 1.7-logio reduction (****p< 0.0001)
from 9.37 x 107 to 1.69 x 10¢ CFE/mL, markedly outperforming KHS monotherapy
which yielded a non-significant 0.6-logio reduction (to 2.48 x 107 CFE/mL). This
highlights the enhanced efficacy achieved through the combination approach.
Similarly, the H,0,+CAP combination demonstrated improved activity with a
significant 1.2-logio reduction (****p< 0.0001, to 5.54 x 10® CFE/mL) compared to
H.0; alone, which achieved a modest 0.5-log1o reduction (to 3.28 x 107 CFE/mL).
The PVP-I1+CAP combination also showed enhanced effectiveness with a significant
0.7-logo reduction (*p< 0.05, to 1.84 x 10’ CFE/mL) versus PVP-I monotherapy's
minimal 0.4-log1o reduction (to 3.69 x 107 CFE/mL).

The impact on bacterial viability revealed even more pronounced differences. The
KHS+CAP combination demonstrated significant efficacy with 2.8-logio reduction
(****p< 0.0001) from 1.23 x 107 to 2.06 x 10* CFE/mL, substantially surpassing KHS
monotherapy's modest 0.8-logio reduction (to 1.84 x 10® CFE/mL). The H,0,+CAP
combination exhibited the most potent effect, achieving a significant 2.9-log1o
reduction (****p< 0.0001, to 1.40 x 10* CFE/mL), enhancing the already substantial
effect of H,0, monotherapy, which demonstrated a significant 1.9-log1o reduction
(**p< 0.01, to 1.44 x 10° CFE/mL). For PVP-1, the combination with CAP led to a
significant 1.5-logo reduction (**p< 0.01, to 4.18 x 10° CFE/mL), showing improved
efficacy compared to PVP-I alone, which achieved a non-significant 0.7-log1o
reduction (to 2.22 x 10® CFE/mL). CAP monotherapy showed modest impact on
both total and viable cell counts, achieving 0.6-logio and 0.7-logio reductions,
respectively. These findings underscore that while some monotherapies
demonstrated notable antimicrobial activity, combination therapies consistently
showed superior efficacy in reducing both total and viable bacterial populations

in S. aureus SH1000 triadic biofilm models.
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Figure 4.11: Molecular analysis of S. aureus SH1000 mono-species and triadic biofilm model
following 5 minutes treatment by KHS, PVP-l and H202, and additional 5 min therapy within
CAP (Dual therapy). Panel (A) shows S. aureus SH1000 biofilms were formed for 24 h within the
cellulose matrix-hydrogel system then treated with KHS (32 pg/mL), PVP-I (10%) and H202 (3%) for
5 min alone, and additional 5 min therapy by CAP after the neutralisation by Dey-Engley broth for 15
min incubation at 37 °C. Panel (B) shows the triadic polymicrobial biofilm model of C. albicans
SC5314, S. aureus SH1000 and P. aeruginosa PA14 biofilms were formed as above described and
followed by similar therapy’s. Panel (C) shows log1e reductions of total and viable cell count in a
heatmap of S. aureus SH1000 when grown as mono-species biofilms, or for the triadic biofilm model.
Total and viable CFE/mL was quantified for each biofilm following treatment using live/dead qPCR.
Results representative of mean values from n =9 (three technical replicates from three biological
experimental repeats). (- CAP) means: single therapy, (+ CAP) means: dual therapy, (CON) means:
control, (1): CAP, (2): KHS, (3): PVP-I, (4): H202, (5): KHS + CAP, (6): PVP-I + CAP, (7): H202 +
CAP. Data distributions were assessed using D'Agostino-Pearson omnibus normality test, and then
analysed by Kruskal-Wallis with Dunn’s tests to determine the P-value for multiple comparisons of
non-normally distributed data. * Indicates statistically significant differences (*p< 0.05, **p< 0.01,
***p< 0.001, ****p< 0.0001). Data without asterisk indicates; no statistically significant differences
were observed.
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4.2.3.3 Assessment of single and dual therapy against C. albicans SC5314
mono-species and triadic biofilms

A detailed assessment of C. albicans SC5314 mono-species biofilms (Figure 4.12A
and Figure 4.12D) highlighted clear differences in antimicrobial effectiveness
between single-agent and combination therapies. Analysis of both total and viable
cell counts revealed that the degree of biofilm reduction varied depending on the
treatment strategy employed. In terms of total cell populations, the KHS+CAP
combination exhibited significant antimicrobial activity, achieving 3.4-logio
reduction (****p< 0.0001) from 2.05 x 107 to 8.92 x 10° CFE/mL, markedly
outperforming KHS monotherapy which vyielded a non-significant 2.0-logio
reduction (to 1.86 x 10° CFE/mL). This highlights the superior performance of the
combination approach. Similarly, the H20:+CAP combination demonstrated
enhanced efficacy with a significant 2.5-log1o reduction (***p< 0.001, to 7.00 x 10*
CFE/mL) compared to H;O, alone, which achieved a non-significant 2.3-log1o
reduction (to 9.89 x 10* CFE/mL). Interestingly, the PVP-1+CAP combination
showed slightly lower efficacy with a 2.0-logio reduction (**p< 0.01, to 1.89 x 10°
CFE/mL) compared to PVP-I monotherapy, which achieved a significant 2.2-log1o
reduction (*p< 0.05, to 1.28 x 10° CFE/mL). CAP monotherapy demonstrated
minimal impact with only a 0.4-logio reduction (to 9.04 x 10® CFE/mL),
underscoring the enhanced antimicrobial efficacy achieved through combination

approaches.

The differences in fungal viability between treatment groups were even more
striking. The KHS+CAP combination exhibited significant efficacy with 4.4-log1o
reduction (****p< 0.0001) from 1.07 x 107 to 4.47 x 10> CFE/mL, substantially
surpassing KHS monotherapy's non-significant 3.8-logio reduction (to 1.58 x 103
CFE/mL). Both H,0,+CAP and PVP-I+CAP combinations demonstrated remarkable
activity, achieving significant 4.3-logio reductions (****p< 0.0001 and ***p< 0.001,
respectively) to approximately 4.87 x 102 CFE/mL. H20; monotherapy showed a
non-significant 3.3-logio reduction (to 5.32 x 10° CFE/mL), while PVP-I alone
achieved a significant 4.3-logo reduction (****p< 0.0001, to 4.87 x 102 CFE/mL),
matching the efficacy of its combination treatment. CAP monotherapy showed the
least impact on viable counts with a modest 1.2-logio reduction (to 7.47 x 10°

CFE/mL). These findings underscore that while some monotherapies demonstrated
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significant antimicrobial activity, combination therapies consistently showed
superior or equivalent efficacy in reducing both total and viable fungal populations

in C. albicans SC5314 mono-species biofilms.

Next, C. albicans SC5314 in S. aureus Newman triadic biofilms as illustrated in
(Figure 4.12B and Figure 4.12D), displayed distinct patterns of antimicrobial
efficacy between monotherapy and combination treatments. The evaluation
encompassed both total and viable cell populations, demonstrating varying
degrees of effectiveness across different therapeutic strategies. In terms of total
cell populations, the KHS+CAP combination exhibited significant antimicrobial
activity, achieving 3.4-logio reduction (****p< 0.0001) from 3.40 x 10° to 1.37 x 103
CFE/mL, markedly outperforming KHS monotherapy which yielded a non-
significant 1.3-log1o reduction (to 1.55 x 10° CFE/mL). This highlights the superior
performance of the combination approach. Similarly, the H,0,+CAP combination
demonstrated enhanced efficacy with a significant 1.9-logio reduction (***p<
0.001, to 4.26 x 10* CFE/mL) compared to H;0; alone, which achieved a non-
significant 1.4-logo reduction (to 1.24 x 10> CFE/mL). The PVP-I+CAP combination
also showed improved effectiveness with a significant 1.7-logio reduction (**p<
0.01, to 7.10 x 10* CFE/mL) versus PVP-I monotherapy's modest 1.0-log1o reduction
(to 3.13 x 10° CFE/mL). CAP monotherapy demonstrated minimal impact with only
a 0.2-logio reduction (to 2.35 x 10° CFE/mL), underscoring the enhanced

antimicrobial efficacy achieved through combination approaches.

The impact on fungal viability revealed even more pronounced differences. The
KHS+CAP combination exhibited significant efficacy with 3.9-logio reduction
(****p< 0.0001) from 1.75 x 10° to 2.21 x 10? CFE/mL, substantially surpassing KHS
monotherapy's non-significant 3.0-logio reduction (to 1.92 x 10° CFE/mL). The
PVP-I+CAP combination demonstrated remarkable activity, achieving a significant
3.6-logio reduction (****p< 0.0001, to 4.20 x 10? CFE/mL), showing slightly
enhanced efficacy compared to PVP-I monotherapy, which achieved a significant
3.3-logio reduction (**p< 0.01, to 9.01 x 10?2 CFE/mL). Similarly, the H,0,+CAP
combination yielded a significant 3.5-log1o reduction (****p< 0.0001, to 5.15 x 102
CFE/mL), markedly outperforming H20: monotherapy's non-significant 2.1-log1o

reduction (to 1.47 x 10* CFE/mL). CAP monotherapy showed modest impact on
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viable counts with a non-significant 1.9-logio reduction (to 2.06 x 10* CFE/mL).
These findings underscore that while some monotherapies demonstrated
significant antimicrobial activity, combination therapies consistently showed
superior efficacy in reducing both total and viable fungal populations in C. albicans

SC5314 in triadic biofilms (Newman model).

Similarly, C. albicans SC5314 in S. aureus SH1000 triadic biofilms, as illustrated in
(Figure 4.12C and Figure 4.12D), showed distinct patterns of antimicrobial efficacy
between monotherapy and combination treatments. The evaluation encompassed
both total and viable cell populations, demonstrating varying degrees of
effectiveness across different therapeutic strategies. In terms of total cell
populations, the KHS+CAP combination demonstrated relatively improved
efficacy, achieving a 1.0-logo reduction (from 9.03 x 10* to 8.52 x 10° CFE/mL),
contrasting with KHS monotherapy which resulted in increased fungal populations
with a negative 0.3-log1o reduction (increase to 2.00 x 10° CFE/mL). This highlights
the enhanced antimicrobial effect achieved through the combination approach.
Similarly, the H;0,+CAP combination showed modest activity with a 0.2-log1o
reduction (to 5.51 x 10* CFE/mL), performing better than H;0; alone, which led
to increased fungal burden with a negative 0.4-log1o reduction (increase to 2.35 x
10° CFE/mL). Surprisingly, both PVP-I treatments resulted in increased fungal
populations, with PVP-I monotherapy showing a more pronounced increase
(negative 0.8-logio reduction, increase to 6.21 x 10° CFE/mL) compared to the
PVP-1+CAP combination (negative 0.4-logio reduction, increase to 2.41 x 10°
CFE/mL). CAP monotherapy demonstrated moderate effectiveness with a 0.5-log1o
reduction (to 2.95 x 10* CFE/mL), and none of these changes reached statistical

significance.

The impact on fungal viability revealed more pronounced differences. The PVP-
[+CAP combination exhibited superior efficacy with a significant 1.6-logio
reduction (***p< 0.001) from 1.58 x 10* to 4.15 x 102 CFE/mL, substantially
outperforming PVP-I monotherapy's modest 0.6-logio reduction (to 4.10 x 103
CFE/mL). Similarly, the H20,+CAP combination demonstrated significant
effectiveness with a 1.5-logio reduction (**p = 0.0071, to 5.52 x 102 CFE/mL),

contrasting sharply with H,0, monotherapy which resulted in increased fungal
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burden (negative 0.4-logio reduction, increase to 3.81 x 10* CFE/mL). The
KHS+CAP combination achieved a significant 1.4-logio reduction (*p< 0.05, to 5.98
x 102 CFE/mL), markedly surpassing KHS alone which produced a modest 0.4-log1o
reduction (to 6.12 x 10° CFE/mL). Notably, CAP monotherapy demonstrated
significant efficacy with 1.6-logio reduction (***p< 0.001, to 3.73 x 102 CFE/mL).
These findings underscore that while most monotherapies showed limited or
negative effects, combination therapies—particularly those involving CAP—
demonstrated significantly enhanced antimicrobial efficacy against C. albicans in

triadic biofilm configurations (SH1000 model).
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Figure 4.12: Molecular analysis of C. albicans SC5314 mono-species and triadic biofilm
models following 5 minutes treatment by KHS, PVP-I and H202, and additional 5 min therapy
within CAP (Dual therapy). Panel (A) shows C. albicans SC5314 biofilms were formed for 24 h
within the cellulose matrix-hydrogel system then treated with KHS (32 pg/mL), PVP-I (10%) and
H202 (3%) for 5 min alone, and additional 5 min therapy by CAP after the neutralisation by Dey-
Engley broth for 15 min incubation at 37 °C. Panel (B) shows the triadic polymicrobial biofilm model
of C. albicans SC5314, S. aureus Newman and P. aeruginosa PA14 biofilms were formed as above
described and followed by similar therapy’s. Panel (C) shows the triadic polymicrobial biofilm model
of C. albicans SC5314, S. aureus SH1000 and P. aeruginosa PA14 biofilms were formed as above
described and followed by similar therapies. Panel (D) shows log1oe reductions of total and viable cell
count in a heatmap of C. albicans SC53714 when grown as mono-species biofilms, or for both triadic
biofilm models. Total and viable CFE/mL was quantified for each biofilm following treatment using
live/dead gPCR. Results representative of mean values from n =9 (three technical replicates from
three biological experimental repeats). (- CAP) means: single therapy, (+ CAP) means: dual therapy,
(CON) means: control, (1): CAP, (2): KHS, (3): PVP-I, (4): H20z2, (5): KHS + CAP, (6): PVP-I + CAP,
(7): H202 + CAP. Data distributions were assessed using D'Agostino-Pearson omnibus normality
test, and then analysed by Kruskal-Wallis with Dunn’s tests to determine the P-value for multiple
comparisons of non-normally distributed data. * Indicates statistically significant differences (*p<
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0.05, **p<0.01, ***p< 0.001, ****p< 0.0001). Data without asterisk indicates; no statistically significant
differences were observed.

4.2.3.4 Assessment of single and dual therapy against P. aeruginosa PA14
mono-species and triadic biofilms

A comprehensive analysis of P. aeruginosa PA14 biofilms, as depicted in (Figure
4.13A and Figure 4.13D), revealed distinct differences in antimicrobial efficacy
between monotherapy and combination treatments. The evaluation of both total
and viable bacterial populations demonstrated varying levels of effectiveness
across the different therapeutic strategies. In the case of KHS, monotherapy
exhibited minimal impact on total cell counts, achieving only a modest 0.2-log1o
reduction (from 2.64 x 107 to 1.60 x 10’ CFE/mL). However, when combined with
CAP, the efficacy was significantly enhanced, resulting in a 1.1-logio reduction
(****p< 0.0001), lowering the bacterial population to 2.25 x 10® CFE/mL. This
demonstrates that the combination of KHS with CAP is substantially more effective
than KHS alone. Similarly, PVP-l1 monotherapy also showed limited impact, with a
modest 0.2-log1o reduction (from 2.64 x 107 to 1.84 x 107 CFE/mL). In contrast,
the combination of PVP-I with CAP exhibited improved antimicrobial activity,
achieving a significant 0.6-log1o reduction (*p< 0.05), reducing the total cell counts
to 6.87 x 10° CFE/mL. This highlights that PVP-I's efficacy is significantly enhanced
when used in conjunction with CAP. For H,02, monotherapy demonstrated slightly
better performance compared to KHS and PVP-l alone, achieving a 0.4-logio
reduction (from 2.64 x 107 to 1.13 x 10’ CFE/mL). However, when combined with
CAP, H,0, showed significantly improved activity, resulting in a notable 0.9-log1o
reduction (***p< 0.001), reducing the bacterial population to 3.45 x 10 CFE/mL.
This indicates that H,0;'s antimicrobial effect is considerably enhanced by CAP.
Notably, CAP monotherapy demonstrated modest activity with a 0.3-logio
reduction (to 1.39 x 107 CFE/mL).

When evaluating viable cell counts, similar patterns were observed between
monotherapy and combination treatments, with combination therapies
consistently outperforming their single-agent counterparts. KHS alone resulted in
a modest reduction of viable cells, achieving a non-significant 0.6-logio reduction
(from 1.74 x 107 to 3.95 x 10%® CFE/mL). However, the combination of KHS with
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CAP demonstrated a much more pronounced effect, achieving a significant 2.9-
log1o reduction (****p< 0.0001), reducing viable counts to just 2.41 x 10* CFE/mL.
In the case of PVP-lI, monotherapy achieved a more substantial but still non-
significant reduction in viable cells, with a 1.7-logio reduction (to 3.10 x 10°
CFE/mL). However, when combined with CAP, PVP-l exhibited significantly
greater efficacy, resulting in a significant 2.3-logo reduction (**p< 0.01), lowering
viable counts to 9.49 x 10* CFE/mL. Similarly, H,0, monotherapy was the only
single-agent treatment that significantly reduced viable cell counts on its own,
achieving a notable 1.9-logio reduction (*p< 0.05) to 5.88 x 10* CFE/mL.
Nevertheless, H,0;'s efficacy was further enhanced when combined with CAP,
resulting in a significant 2.5-log1o reduction (****p< 0.0001), reducing viable cells
to just 5.88 x 10* CFE/mL. Interestingly, CAP monotherapy showed considerable
effectiveness with a 2.1-log1o reduction (1.50 x 10° CFE/mL), and still less potent
than its combination treatments. These findings highlight that while
monotherapies provide some level of antimicrobial activity, combination
therapies involving CAP consistently demonstrate superior efficacy across all
treatment strategies for both total and viable cell reductions in P. aeruginosa

biofilms.

Next, a detailed analysis of P. aeruginosa PA14 biofilms in S. aureus Newman
triadic biofilm model, as depicted in (Figure 4.13B and Figure 4.13D), revealed
distinct differences in antimicrobial efficacy between monotherapy and
combination treatments. The evaluation of total bacterial populations
demonstrated varying degrees of effectiveness across the different therapeutic
approaches. In the case of KHS, monotherapy showed limited impact on total cell
counts, achieving a modest 0.6-logio reduction (from 2.10 x 107 to 5.45 x 10°
CFE/mL). However, when combined with CAP, the efficacy was significantly
enhanced, resulting in a 1.6-log1o reduction (****p< 0.0001), reducing the bacterial
population to 4.74 x 10> CFE/mL. This highlights the superior performance of the
KHS+CAP combination compared to KHS alone. For H,0;, monotherapy achieved a
moderate reduction with a 0.5-logio decrease in total cell counts (to 6.72 x 10°
CFE/mL). In contrast, the H,0,+CAP combination demonstrated significantly
improved efficacy, resulting in a 0.7-logio reduction (**p< 0.01), lowering the
bacterial population from to 4.09 x 10 CFE/mL. This indicates that the addition
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of CAP significantly boosts the antimicrobial activity of H,0,. With respect to PVP-
I, monotherapy had minimal effect on total cell counts, showing only a negligible
reduction (2.3 x 102-log1o reduction, from 2.10 x 107 to 1.99 x 107 CFE/mL). The
PVP-1+CAP combination reduced total cell counts by a 0.6-log1o reduction (to 5.69
x 10* CFE/mL), this reduction did not reach statistical significance, suggesting that
PVP-I benefits less from CAP compared to KHS and H;0,. In terms of CAP alone, it
led to a decrease in total cell counts from to 1.27 x 107 CFE/mL (0.2-logo

reduction), this reduction did not achieve statistical significance.

When evaluating viable cell counts, similar trends were observed between
monotherapy and combination treatments, with combination therapies
consistently outperforming their single-agent counterparts. KHS alone resulted in
a modest reduction in viable cells, achieving a non-significant 1.0-logio reduction
(from 1.30 x 107 to 1.23 x 10°® CFE/mL). However, the KHS+CAP combination
exhibited significantly greater efficacy, achieving a substantial 3.0-log1o reduction
(****p< 0.0001), reducing viable counts to just 1.45 x 10* CFE/mL. In the case of
PVP-1, monotherapy led to a moderate but non-significant reduction in viable
cells, with a 1.4-logio decrease (to 4.99 x 10°> CFE/mL). When combined with CAP,
PVP-1 demonstrated improved efficacy with a significant 2.3-log1o reduction (***p<
0.001), lowering viable counts to 6.64 x 10* CFE/mL. Similarly, H,0, monotherapy
achieved a moderate reduction in viable cells with a non-significant 1.5-log1o
decrease (to 4.58 x 10> CFE/mL). However, when combined with CAP, H;0;
exhibited significantly enhanced antimicrobial activity, resulting in a substantial
3.1-logio reduction (****p< 0.0001), reducing viable counts to just 1.02 x 10*
CFE/mL. Interestingly, CAP alone also demonstrated significant efficacy in
reducing viable cell counts, achieving a notable 2.1-logio reduction (*p< 0.05),
lowering viable counts to 1.50 x 10°> CFE/mL. These findings underscore that while
monotherapies provide some level of antimicrobial activity, combination
therapies involving CAP consistently demonstrate superior efficacy across all
treatment strategies for both total and viable cell reductions in P. aeruginosa in

the triadic biofilm (Newman model).

Similarly, the analysis of P. aeruginosa PA14 biofilms in S. aureus SH1000 triadic

biofilm model, as shown in (Figure 4.13C and Figure 4.13D), revealed significant
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reductions in total and viable cell counts following both monotherapy and
combination treatments. The evaluation of total cell populations demonstrated
varying degrees of effectiveness across the different therapeutic strategies. In
terms of KHS, monotherapy resulted in a modest reduction in total cell counts,
achieving a 0.5-logio reduction (****p< 0.0001), from 2.35 x 107 to 7.73 x 10°
CFE/mL. However, when combined with CAP, the efficacy was significantly
enhanced, leading to a 1.4-logio reduction (****p< 0.0001), reducing the bacterial
population to 1.00 x 10 CFE/mL. This demonstrates the superior performance of
the KHS+CAP combination compared to KHS alone. For H,02, monotherapy showed
moderate efficacy with a 0.4-log1o reduction (****p< 0.0001), decreasing total cell
counts to 9.43 x 10® CFE/mL. In contrast, the H,0,+CAP combination exhibited
significantly improved activity, achieving a 1.1-logio reduction (****p< 0.0001),
lowering the bacterial population to 1.76 x 10 CFE/mL. This highlights the
enhanced antimicrobial effect of H,0, when combined with CAP. With respect to
PVP-1, monotherapy achieved a smaller reduction in total cell counts, with a 0.3-
logio decrease (***p< 0.001), to 1.11 x 107 CFE/mL. The PVP-1+CAP combination

demonstrated better efficacy, resulting in a significant 0.6-logio reduction (****p<
0.0001), reducing total cell counts to 6.20 x 10 CFE/mL. In terms of CAP alone,
it exhibited moderate effectiveness with a significant 0.7-log1o reduction (****p<

0.0001), reducing total cell counts to 5.21 x 10¢ CFE/mL.

When assessing viable cell counts, the combination therapies consistently
outperformed their monotherapy counterparts. KHS+CAP demonstrated
substantial antimicrobial activity, achieving a significant 2.7-logio reduction
(****p< 0.0001), reducing viable cells from 3.60 x 10° to just 7.94 x 103 CFE/mL,
compared to KHS monotherapy’s modest and non-significant reduction of only 0.4-
logio (to 1.41 x 10¢ CFE/mL). Similarly, H,0,+CAP showed marked efficacy with a
significant 2.4-logio reduction (***p< 0.001), lowering viable counts to 1.49 x 10*
CFE/mL, whereas H,0, monotherapy achieved only a non-significant reduction of
0.5-log1o (to 1.23 x 10® CFE/mL). For PVP-I, the combination with CAP led to a
significant reduction in viable cells by 2.5-logio (***p< 0.001), bringing viable
counts down from to 1.27 x 10* CFE/mL, whereas PVP-1 alone also significantly
reduced viable cells by a smaller but notable margin of 1.5-logio (*p< 0.05),

lowering viable counts to 1.09 x 10° CFE/mL. Interestingly, CAP monotherapy also
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significantly reduced viable cell counts by a notable margin, achieving a
significant reduction of 1.7-logio (*p< 0.05), decreasing viable cells to 7.57 x 10*
CFE/mL. In summary, while all treatments demonstrated some level of efficacy in
reducing both total and viable cell counts, combination therapies—particularly
those involving CAP—consistently outperformed their respective monotherapies
across all treatment strategies for P. aeruginosa in the triadic biofilm (SH1000

model) in both total and viable cell reductions.

168



Chapter 4: Cold atmospheric plasma (CAP) in dual therapy to break the tolerance
of skin and wound-relevant biofilm models

A. Mono-species

P. aeruginosa PA14 P. aeruginosa PA14
10° 102
108 . 108
210{FFEe Rvan 2 107 %%
LTEJ 108 @ o S 100 a —
o - 5 @ o
& 100 R B B i L
— o & A
] 104 5 10% a
|2 108 ‘>_° 103 'y
102 O con 102 O con
102 % 0% 2
100 o2 100 120z
B_ S. aureus -CAP + CAP -CAP + CAP
Newman _ P. aeruginosa PA14 _ P. aeruginosa PA14
triadic model 10 10
108 o 108
_|1o7®%§,., & 8 & = 107{ a8
E 108 o & E 108 ° B on
wi wi &~ 5
L 105 % [T 105 % = AAA
o o § Rl ;f
= 10° 5 10 & oo
E 108 g 108 a
102 O con 102 o ‘
101 20 10" 2 n”
ol qolo=
C. S. aureus - CAP +CAP -CAP +CAP
SH1000 _ P aeruginosa PA14 . P. aeruginosa PA14
triadic model 10 10
10° & il fr— 10°
20T EEL T w.. o101 &
Bl ¥t fg¥y EnlEy. 2 .
L 105 [T 105 e ;;,
) , [3) 3 o T e o
F ¢—_% 10 A ° % %
o 108 S 10 o
1029 10415
10" 27 101 202"
100 o2 . 10 1202
-CAP + CAP - CAP + CAP
D. Heatmap
-
)
M . ™  PA(total){ o3 02 02 04 11 06 09 5‘9 1 . CAP
ono-species {45 .
= PA (viable)- 24 06 17 19 29 23 25 § 2 KHS
a 3: PVP-
= PAf(total)q o2 06 23102 05 16 06 07 3
S. aureus Newman 23 4: H202
triadic model b PA (viable){ 19 1.0 14 15 30 23 31 3 5: KHS + CAP
5 .
S. aureus SH1000 [~ PAftotaly o7 o o o4 “ o8 i 0 5. 6: PVP-l + CAP
trladIC mOdel - PA(viabIe)- 17 04 15 05 27 25 24 o 7 H O + CAP
Ll 5 22
1 2 3 4 5 6 7
Treatment

Figure 4.13: Molecular analysis of P. aeruginosa PA14 mono-species and triadic biofilm
models following 5 minutes treatment by KHS, PVP-I and H202, and additional 5 min therapy
within CAP (Dual therapy). Panel (A) shows P. aeruginosa PA14 biofilms were formed for 24 h
within the cellulose matrix-hydrogel system then treated with KHS (32 pg/mL), PVP-I (10%) and
H202 (3%) for 5 min alone, and additional 5 min therapy by CAP after the neutralisation by Dey-
Engley broth for 15 min incubation at 37 °C. Panel (B) shows the triadic polymicrobial biofilm model
of C. albicans SC5314, S. aureus Newman and P. aeruginosa PA14 biofilms were formed as above
described and followed by similar therapy’s. Panel (C) shows the triadic polymicrobial biofilm model
of C. albicans SC5314, S. aureus SH1000 and P. aeruginosa PA14 biofilms were formed as above
described and followed by similar therapies. Panel (D) shows log1oe reductions of total and viable cell
count in a heatmap of P. aeruginosa PA14 when grown as mono-species biofilms, or for both triadic
biofilm models. Total and viable CFE/mL was quantified for each biofilm following treatment using
live/dead gPCR. Results representative of mean values from n =9 (three technical replicates from
three biological experimental repeats). (- CAP) means: single therapy, (+ CAP) means: dual therapy,
(CON) means: control, (1): CAP, (2): KHS, (3): PVP-I, (4): H20z2, (5): KHS + CAP, (6): PVP-I + CAP,
(7): H202 + CAP. Data distributions were assessed using D'Agostino-Pearson omnibus normality
test, and then analysed by Kruskal-Wallis with Dunn’s tests to determine the P-value for multiple
comparisons of non-normally distributed data, unless the data of total counts in triadic model
(SH1000) which analysed by one-way ANOVA with Tukey’s test to determine the P-value for multiple
comparisons of normally distributed data. * Indicates statistically significant differences (*p< 0.05,
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**p< 0.01, ***p< 0.001, ****p< 0.0001). Data without asterisk indicates; no statistically significant
differences were observed.

4.2.4 Assessment of the interaction between KHS and H:0: in
checkerboard microdilution assay

Due to the increased efficacy of CAP when used in combination with KHS, the
following sections aim to investigate a mode of action by which this dual therapy
works. To do this, the efficacy of KHS and H202 in checkerboard microdilution
assay against both mono-species and triadic-species biofilm models was evaluated
using a 24-h treatment protocol as previously detailed in section 2.5.1. H,0; was
selected due to its presence in plasma-activated water generated following CAP
therapy (chapter 3; Figure 3.3A). Concentrations selected ranged from 1 mM - 64
mM. Biofilms were initially cultivated for 24 h aerobically in appropriate broth on
96-well flat-bottom plates before compounds exposure. Biofilm metabolic activity
was subsequently assessed using AlamarBlue™ assays as previously described in
2.4.7.

The checkerboard microdilution assay and AlamarBlue™ metabolic activity
assessment did not reveal synergism interactions between KHS and H,0, against
all microorganisms (Figure 4.14). However, SMICso or SMICso were observed for
each compound individually, SMICso achieved at 64 mM of H,0, alone against C.
albicans which reduced metabolic activity by 50%, while SMICg achieved at 32 of
KHS which reduced the metabolic activity by 80%. SMICso achieved at 64 mM of
H,O, alone against P. aeruginosa which reduced metabolic activity by 50%, while
KHS did not reduce the metabolic activity by 50% or 80% across all the
concentrations we have tested. Similarly, SMICso and SMICgo achieved at 16 and 32
pg/mL, respectively of KHS alone against S. aureus Newman, while H,0, did not
reduce the metabolic activity by 50% or 80% across all the concentrations we have
tested. Moreover, SMICso and SMICgo achieved at 32 and 64 pg/mL, respectively of
KHS alone against S. aureus SH1000, while H,0, did not reduce the metabolic
activity by 50% or 80% across all the concentrations we have tested. In addition,
SMICso achieved at 32 pyg/mL of KHS alone against triadic model (SH1000) which

reduced metabolic activity by 50%, while H,0, did not reduce the metabolic
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activity by 50% or 80% across all the concentrations we have tested. Finally, SMICso

or SMICgo did not achieved for KHS or H,0, alone against triadic model (Newman).
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Figure 4.14: Metabolic activity percentages in a heatmap of interaction between KHS and H20:2
against different mono-species and triadic biofilm models in relation to UT controls after 24
h treatment by broth checkerboard microdilution assay. Biofilms were grown on 96 well flat
bottom for 24 h in RPMI broth for C. albicans SC5314 (A) or LB broth for p. aeruginosa PA14 (B), S.
aureus Newman (C) and S. aureus SH1000 (D), or in 1:1 v/v mixture of (LB:RPMI) broth for triadic
biofilm model (Newman) (E) and triadic biofilm model (SH1000) (F) then treated with KHS and H20>
for 24 h. Metabolic activity were assessed by AlamarBlue™ assay. Data obtained from three
independent experiments for C. albicans SC5314 and two independent experiments for the other
microorganisms. (Ug/mL) means: microgram per millilitre. (mM) means: millimolar. (UT) means:
untreated.
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4.2.5 Assessment of the interaction between KHS and oxidative
cocktail solution of H202, nitrite (NO2) and nitrate (NO3) in
checkerboard microdilution assay

Given the limited synergistic effects between KHS and H,0 in the previous section
4.2.4, next the efficacy of KHS and an oxidative cocktail solution of H202, NO; and
NOs was tested in checkerboard microdilution assay against both mono-species
and triadic-species biofilm models as previously described in 2.5.2. NO; and NO3
were incorporated with H;O, due to their presence as nitrogen-containing
oxidative radicals reportedly produced by plasma activity (Chauvin et al., 2017,
Zhai, Kong and Xia, 2022, Mai-Prochnow et al., 2021). To test this, biofilms were
initially cultivated for 24-h aerobically in appropriate broth on 96-well flat-bottom
plates before compounds exposure. Biofilm metabolic activity was subsequently

assessed using AlamarBlue™ assays as previously described in 2.4.7.

The results of the checkerboard microdilution assay and AlamarBlue™ metabolic
activity assessment (Figure 4.15E and Figure 4.15F) revealed significant synergistic
interactions between KHS and an oxidative cocktail (H,0,, NO,, and NO) against
two triadic biofilm models (Newman and SH1000). The study demonstrated
consistent synergy across various concentration combinations, as evidenced by the

Fractional Inhibitory Concentration Index (FICI) values are outlined in (Table 4.1).
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Table 4.1: FICI index values for triadic models (Newman and SH1000).

Drug A alone

Drug B alone

Combination

Microorganism Assay Interpretation FICI
KHS Cocktail (A+B)
SMICso (64
Triadic Newman Checkerboard /mL) SMICso (32 mM) 2 uyg/mL + 8 mM | Synergy (FICI=0.28)
Hg/m
SMICso (64
Tri Newman Checkerboard /L) SMICso (32 mM) 4 pg/mL + 8 mM Synergy (FICI=0.31)
Hg/m
SMICso (64
Tri Newman Checkerboard /L) SMICso (32 mM) 8 pug/mL + 8 mM | Synergy (FICI=0.37)
Hg/m
SMICso (64
Tri Newman Checkerboard /L) SMICso (32 mM) 8 pg/mL + 4 mM Synergy (FICI=0.25)
Hg/m
SMICso (64 16 pg/mL + 8
Tri Newman Checkerboard SMICso (32 mM) Synergy (FICI=0.50)
pg/mL) mM
SMICso (64 16 pg/mL + 4
Tri Newman Checkerboard SMICso (32 mM) Synergy (FICI=0.37)
pg/mL) mM
SMICso (64 16 pg/mL + 2
Tri Newman Checkerboard SMICso (32 mM) Synergy (FICI=0.31)
pg/mL) mM
SMICso (64
Triadic SH1000 Checkerboard /L) SMICso (32 mM) 8 pg/mL + 8 mM Synergy (FICI=0.37)
Hg/m
SMICso (64
Tri SH1000 Checkerboard /L) SMICso (32 mM) 8 pug/mL + 4 mM | Synergy (FICI=0.25)
Hg/m
SMICso (64 16 pg/mL + 8
Tri SH1000 Checkerboard SMICso (32 mM) Synergy (FICI=0.50)
pg/mL) mM
SMICso (64 16 pg/mL + 4
Tri SH1000 Checkerboard SMICso (32 mM) Synergy (FICI=0.37)
pg/mL) mM
SMICso (64 16 pg/mL + 2
Tri SH1000 Checkerboard SMICso (32 mM) Synergy (FICI=0.31)
pg/mL) mM
SMICso (64 16 pg/mL + 1
Tri SH1000 Checkerboard SMICso (32 mM) Synergy (FICI=0.28)
pg/mL) mM

The checkerboard microdilution assay revealed synergism interactions between KHS and an
oxidative cocktail solution of (H202, NO2 and NOs) against both triadic models (Newman and

SH1000).
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For the triadic Newman biofilm model, the individual agents exhibited inhibitory
effects at SMICso = 64 pg/mL for KHS and SMICso = 32 mM for the oxidative cocktail.
When combined, these agents produced synergistic effects across all tested
concentrations, with FICI values ranging from 0.25 to 0.50. For instance,
combinations such as KHS (2 pg/mL) with the oxidative cocktail (8 mM) achieved
a FICI of 0.28, while KHS (16 pg/mL) with the oxidative cocktail (2 mM) resulted
in a FICI of 0.31. These values consistently fall below the threshold for synergy
(FICI < 0.5), indicating that the combination of KHS and the oxidative cocktail
enhanced biofilm reduction significantly compared to individual treatments. For
triadic Newman, KHS alone reduced metabolic activity by percentages ranging
from 1.1% to 9.6%, while the oxidative cocktail alone achieved reductions between
15.8% and 36.8%. When combined, reductions in metabolic activity were markedly
higher, ranging from 51% to 70.8%. For example, the combination of KHS (8 pg/mL)
with the oxidative cocktail (4 mM) reduced metabolic activity by 54.4%, whereas
KHS (16 pg/mL) with the oxidative cocktail (8 mM) achieved a reduction of 61.7%.
These results demonstrate that the combination therapy effectively disrupted

biofilm-associated cellular functions.

Similarly, for the triadic SH1000 biofilm model, individual agents exhibited
inhibitory effects at SMICso = 64 pg/mL for KHS and SMICso = 32 mM for the
oxidative cocktail. The combination therapy produced synergistic effects across
all tested concentrations, with FICI values ranging from 0.25 to 0.50. For example,
KHS (8 pg/mL) combined with the oxidative cocktail (4 mM) resulted in a FICI of
0.25, while (16 pg/mL) combined with the oxidative cocktail (4 mM) yielded a FICI
of 0.37. These values confirm consistent synergy in biofilm reduction. The
AlamarBlue™ assay results for triadic SH1000 mirrored those observed for triadic
Newman, with enhanced reductions in metabolic activity when both agents were
combined compared to individual treatments. For instance, KHS alone reduced
metabolic activity by percentages ranging from 2.9% to 35.7%, while the oxidative
cocktail alone achieved reductions between 12.4% and 32.3%. When combined,
reductions ranged from 53.7% to 70.5%, demonstrating improved efficacy against

biofilm-associated cells.
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In summary, both checkerboard microdilution assays and AlamarBlue™
assessments consistently demonstrated synergistic interactions between KHS and
the oxidative cocktail against both triadic biofilm models (Newman and SH1000).
This is interesting as KHS alone, at 32 ug/mL, had limited effect on triadic biofilm
models (section 4.2.2.5; Figure 4.8A and Figure 4.8D) and (section 4.2.2.6; Figure
4.9A and Figure 4.9D). The observed synergy suggests that these agents act
through complementary mechanisms to enhance biofilm inhibition and reduce
metabolic activity within biofilms more effectively than either agent alone. Such
an observation may help to explain how CAP synergistically works with the
Tocriscreen™ compound. These findings highlight the therapeutic potential of
combining KHS with oxidative stress-inducing agents (e.g., CAP) for combating
polymicrobial-biofilm-associated  infections resistant to  conventional

monotherapies.

Taken together, these results highlight the superior efficacy of combination
therapy in polymicrobial infections, where synergistic interactions disrupt
complex biofilm communities. The oxidative cocktail’s inclusion of H,02,NO,and
NO; (plasma-derived radicals) enhanced biofilm penetration and metabolic
inhibition, particularly in triadic models, which displayed tolerance to KHS alone
previously in (section 4.2.2.5; Figure 4.8A and Figure 4.8D) and (section 4.2.2.6;
Figure 4.9A and Figure 4.9D). This approach holds promise for treating

recalcitrant, multi-species biofilm infections resistant to conventional therapies.
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Figure 4.15: Metabolic activity percentages of interaction between KHS and the oxidative
cocktail solution of H202, NO2 and NOs against different mono-species and triadic biofilm
models in relation to UT after 24 h treatment in broth checkerboard assay. Biofilms were grown
on 96 well flat bottom for 24 h in RPMI broth for C. albicans SC5314 (A) or LB broth for p. aeruginosa
PA14 (B), S. aureus Newman (C) and S. aureus SH1000 (D), or in 1:1 v/v mixture of (LB:RPMI) broth
for triadic biofilm model (Newman) (E) and triadic biofilm model (SH1000) (F) then treated with KHS
and the cocktail (H202, NO2 and NO3s) for 24 h. Metabolic activity were assessed by AlamarBlue™
assay. Data obtained from three independent experiments for C. albicans SC5314 and two
independent experiments for the other microorganisms. (ug/mL) means: microgram per millilitre.
(mM) means: millimolar. (UT) means: untreated.
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4.3 Discussion

4.3.1 Antimicrobial efficacy of novel compounds against simple
and complex biofilms

This extensive chapter has investigated the antimicrobial potential of three
compounds from the Tocriscreen™ Micro library against clinically relevant wound
pathogens, both as planktonic cells and in complex biofilm formations. The
findings reveal distinct antimicrobial profiles, species-specific sensitivities, and
promising combinational approaches that warrant further exploration in the
development of novel anti-biofilm strategies. This research demonstrates the
superior efficacy of dual treatment modalities involving KHS alongside CAP for

biofilm eradication, in otherwise recalcitrant communities.

4.3.1.1 Strain-specific susceptibility patterns

The antimicrobial screening of three compounds from the Tocriscreen™ Micro
library revealed distinctive susceptibility patterns across the tested microbial
species. C. albicans SC5314 demonstrated the highest sensitivity to all tested
compounds, while P. aeruginosa PA14 exhibited complete tolerance to all three
compounds. This differential susceptibility aligns with established understanding
of intrinsic resistance mechanisms in P. aeruginosa, which possesses a formidable
repertoire of defence strategies including restricted outer membrane
permeability, active efflux systems, and enzymatic inactivation of antimicrobial
agents (Langendonk, Neill and Fothergill, 2021, Elfadadny et al., 2024). Studies
documented that the intrinsic resistance of P. aeruginosa stems from its highly
adaptable genome and sophisticated regulatory networks that enable rapid
responses to antimicrobial challenges (Elfadadny et al., 2024, Yin et al., 2024,
Moradali, Ghods and Rehm, 2017).

The varying susceptibility observed between S. aureus strains (Newman and
SH1000) merits particular attention. Both strains displayed sensitivity to DARA and
KHS but exhibited strain-specific variations in planktonic minimum inhibitory
concentrations (PMICs) which obtained from the kinetic growth curve
experiments. This strain-dependent susceptibility could be attributed to

differences in genetic backgrounds. Studies demonstrated that S. aureus strains

177



Chapter 4: Cold atmospheric plasma (CAP) in dual therapy to break the tolerance
of skin and wound-relevant biofilm models

can differ substantially in their gene expression profiles and consequently in their
antimicrobial resistance mechanisms (Foster, 2017, Mlynarczyk-Bonikowska et al.,
2022). The observed variations between S. aureus Newman and SH1000 strains
underscores the importance of strain selection in antimicrobial testing and
highlights the challenges in developing broad-spectrum anti-staphylococcal
agents. The differential tolerance of these strains to antimicrobial interventions
aligns with observations made in the previous chapter that some S. aureus strains
are less susceptible to CAP therapy. The over-arching aim of this chapter was to

combine therapies to “break this tolerance” exhibited to singular modalities.

Among the tested compounds, DARA and POLY demonstrated the most potent
antimicrobial activities against C. albicans SC53141 planktonic cells. DARA,
primarily known as a phospholipase inhibitor, exhibited PMICy at 32 pg/mL against
C. albicans SC53141. DARA has shown antimicrobial activity against C. albicans in
recent studies, particularly in the context of biofilm inhibition. Abduljalil et al.
(2022) demonstrated that DARA exhibited efficacy for biofilm inhibition of C.
albicans, with effective concentration ranges from 16 to 32 pg/mL. While this
compound's activity against C. albicans has been documented, its application as
an antimicrobial agent is still relatively novel. The antimicrobial activity against
S. aureus, however, remains less extensively studied in the available literature.
The observed anti-staphylococcal activity might be mediated through inhibition of
bacterial phospholipases, which are known virulence factors in S. aureus
pathogenesis (Nakamura et al., 2020, White et al., 2014). POLY on the other hand,
exhibited remarkable antifungal efficacy with PMICyo at 32 pg/mL against C.
albicans SC5314, consistent with previous findings by Kubo, Fujita and Lee (2001),
who demonstrated that polygodial disrupts fungal cell membranes through
interaction with membrane-associated proteins. The compound's mechanism of
action involves aldehyde groups that form adducts with cellular nucleophiles,
particularly amino groups, resulting in membrane perturbation and cellular
damage (Kubo, Fujita and Lee, 2001).

KHS, primarily investigated for its neurogenic differentiation-inducing properties
(Wurdak et al., 2010), demonstrated moderate antimicrobial activity against C.
albicans SC5314 (PMICso at 32 pg/mL). While the antimicrobial properties of KHS
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against C. albicans have been documented in Abduljalil et al. (2022) study, its
application as an antimicrobial agent is still novel, especially considering its
primary development for investigations into the nervous system. The findings from
Abduljalil et al. (2022) represent an interesting expansion of KHS's potential
applications beyond its originally intended use, highlighting the value of drug
repurposing strategies in antimicrobial research. Moreover, here KHS
demonstrated moderate antimicrobial activity either against S. aureus strains
(Newman and SH1000) (PMICyo at 16 and 32 ug/mL), respectively. This represents
a novel finding, as the antimicrobial properties of KHS have not been previously
documented in the scientific literature against bacteria. The compound's
mechanism of antimicrobial action warrants further investigation but may be
related to its ability to modulate cellular differentiation pathways that are
conserved across eukaryotes and potentially influence microbial physiology. KHS
structure-featuring a pyrimidine-2,4-diamine core, thiazole ring, and hydrophobic
isobutyl group-shares key motifs with established antimicrobial agents, potentially
explaining its observed activity against microbial biofilms (Abu-Hashem and Al-
Hussain, 2024, Marinescu and Popa, 2022) (Figure 4.16).

Pyrimidine-2,4-
diamine core
NH»
HoN -~ X H
| N HCI
~
N \ /
é SR CH,
CHs;

: . Hydrophobic
Thiazole ring isobutyl group

KHS 101 hydrochloride

Figure 4.16: Schematic diagram illustrated the chemical structure of KHS. KHS structure-
featuring a pyrimidine-2,4-diamine core, thiazole ring, and hydrophobic isobutyl group. Diagram was
created in BioRender.

To illustrate this, firstly; the thiazole ring in KHS is structurally analogous to those

in cephalosporins (e.g., ceftazidime) and sulfathiazole. In cephalosporins,
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thiazole derivatives enhance B-lactamase resistance and target binding (e.g.,
penicillin-binding proteins) (Swathykrishna et al., 2023, Nammalwar and Bunce,
2024). Sulfathiazole’s thiazole moiety inhibits dihydropteroate synthase in
bacterial folate synthesis (Swathykrishna et al., 2023). This suggests KHS’s
thiazole may similarly improve biofilm penetration or microbial interaction.
Secondly, the pyrimidine-2,4-diamine core mirrors trimethoprim, a dihydrofolate
reductase (DHFR) inhibitor that disrupts folate metabolism in bacteria
(Nammalwar and Bunce, 2024, Ungureanu et al., 2024). While KHS targets
transforming acidic coiled-coil containing protein 3 (TACC3) in eukaryotes, its
pyrimidine scaffold may facilitate nucleic acid-related interactions in microbes,
akin to pyrimidine-linked antibiotics like Linezolid derivatives, which exhibit
antibiofilm activity against S. aureus and Enterococcus spp. (Nammalwar and
Bunce, 2024). Thirdly, the isobutyl group aligns with hydrophobic moieties in
fluoroquinolones (e.g., moxifloxacin), where bulky substituents (e.g.,
cyclopropyl) enhance membrane penetration and DNA gyrase binding (Pham, Ziora
and Blaskovich, 2019). This hydrophobicity is critical for disrupting lipid-rich
biofilm matrices, a feature shared with KHS’s design. Finally, KHS’s thiazole-
pyrimidine hybrid resembles recent antimicrobial conjugates designed for dual
targeting. For example, thiazole-linked pyrimidines (e.g., compound 35) show
potent activity against MRSA, Linezolid-resistant S. aureus , Linezolid-resistant
Streptococcus pneumoniae and vancomycin-resistant Enterococcus (VRE) biofilms,
with minimum biofilm inhibitory concentrations (MBIC) ranging (0.5-4 pg/mL)
(Nammalwar and Bunce, 2024). Thus, while KHS’s primary mechanism (TACC3
inhibition) differs from classical antibiotics, its structural motifs align with
antimicrobial design principles, particularly in biofilm disruption and cellular
uptake. These parallels offer a plausible rationale for its observed efficacy against

microbial biofilms in experimental models.

The 24-hour kinetic growth curve assessments provided valuable insights into the
concentration-dependent and temporal aspects of antimicrobial activity for KHS,
DARA, and POLY. Firstly, KHS demonstrated concentration-dependent inhibition
of C. albicans SC5314, with 88.4% growth inhibition at 64 pg/mL and 53.1% at 32
pg/mL. This gradual concentration-response relationship could potentially suggest

a complex mechanism of action, though further research would be needed to
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elucidate the specific cellular targets or processes affected by this compound.
The compound exhibited particularly potent activity against S. aureus strains,
achieving complete inhibition of S. aureus Newman at 16 pg/mL and marked
inhibition of S. aureus SH1000 at concentrations above 32 pg/mL. This selective
activity against Gram-positive bacteria over C. albicans and P. aeruginosa suggests
that KHS may target cellular structures or processes more prevalent in Gram-
positive organisms, such as peptidoglycan synthesis or teichoic acid metabolism
(Reed et al., 2015, Brown, Santa Maria Jr and Walker, 2013).

Secondly, DARA demonstrated substantial antifungal activity against C. albicans
SC5314, with 94.9% growth inhibition at 64 pug/mL. Interestingly, the compound
exhibited a more uniform inhibitory effect against S. aureus strains across all
tested concentrations, suggesting a different mechanism of action against
bacteria compared to fungi. Phospholipases are important virulence factors in
both C. albicans and S. aureus, and their inhibition by DARA could explain the
antimicrobial activity observed (Bandana, Jashandeep and Jagdeep, 2018).
However, the concentration-independent effect against S. aureus contrasts with
the concentration-dependent effect against C. albicans, suggesting that DARA may
engage different cellular targets or pathways in these distinct microbial species
(Zhuo and Yuan, 2020, Murakami, Sato and Taketomi, 2020).

Finally, POLY exhibited potent antifungal activity against C. albicans SC5314,
achieving 95.8% growth inhibition at 64 pg/mL and 96.8% at 32 ug/mL. This finding
aligns with previous studies by Kipanga et al. (2021), who demonstrated POLY's
potent antifungal properties against various Candida species. The compound's
activity against S. aureus was notably concentration-dependent and strain-
specific, with greater efficacy against S. aureus Newman compared to SH1000.
This strain-specific activity could be related to differences in membrane
composition or permeability between the two S. aureus strains, as POLY's
mechanism of action primarily involves membrane disruption (Kipanga et al.,
2021, Kubo, Fujita and Lee, 2001).

Notably, the remarkable tolerance of P. aeruginosa PA14 to all tested compounds,
even at the highest concentration of 64 pg/mL, underscores the formidable

challenge this pathogen presents in antimicrobial development. This intrinsic
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tolerance aligns with established understanding of P. aeruginosa sophisticated
tolerance mechanisms, including reduced outer membrane permeability, active
efflux systems, and enzymatic modification of antimicrobial agents (Grace et al.,
2022, Elfadadny et al., 2024). The current findings suggest that novel approaches
targeting P. aeruginosa specific tolerance mechanisms may be necessary for
effective treatment of this recalcitrant pathogen. This could include strategies
such as targeting the Type Il secretion system, developing new B-lactam/B-
lactamase inhibitor combinations, or exploring alternative therapies like

bacteriophages (Kunz Coyne et al., 2022, Yin et al., 2024).

4.3.2 Anti-biofilm efficacy of novel compounds
4.3.2.1 Mono-species biofilm responses

The evaluation of compound efficacy against mono-species biofilms revealed
marked differences compared to planktonic assessments, highlighting the well-
documented phenomenon of biofilm-associated antimicrobial recalcitrance. This
enhanced resistance in biofilms has been attributed to multiple factors, including
restricted antimicrobial penetration through the EPS matrix, altered metabolic
states of biofilm-embedded cells, and expression of biofilm-specific resistance
mechanisms (Hall and Mah, 2017, Grooters et al., 2024).

C. albicans SC5314 biofilms demonstrated significant susceptibility to all three
tested compounds (KHS, DARA, and POLY). POLY demonstrated the most potent
anti-biofilm activity against C. albicans, reducing metabolic activity to 0% at 64
pg/mL and significantly reducing biofilm biomass across all tested concentrations.
This enhanced anti-biofilm efficacy could be attributed to POLY's membrane-
disrupting mechanism, which may enable better penetration through the biofilm

matrix and more effective targeting of embedded cells (Kipanga et al., 2021).

P. aeruginosa PA14 biofilms exhibited remarkable tolerance to all tested
compounds, mirroring the planktonic findings (in kinetic growth curve assay). This
consistent tolerance across planktonic and biofilm states suggests that the
intrinsic tolerance mechanisms of P. aeruginosa likely remains operative and

perhaps even enhanced in biofilm communities. Studies documented that P.
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aeruginosa biofilms present one of the most formidable challenges in antimicrobial
therapy, often requiring combinatorial approaches for effective eradication
(Elfadadny et al., 2024, Fernandez-Billon et al., 2023, Yang, Xu and Liang, 2024).
Beyond low permeability and Resistance-Nodulation-Division efflux pumps, P.
aeruginosa commonly loses or down-regulates the outer membrane porin D (OprD)
and derepresses the chromosomal AmpC B-lactamase; jointly driving carbapenem
and cephalosporin non-susceptibility, and these chromosomal changes can emerge
rapidly under therapy and often co-occur with efflux upregulation in clinical
isolates (Castanheira et al., 2014, Wu, Huang and Xu, 2024, Spottiswoode et al.,
2023). In biofilms, the Pel and Psl exopolysaccharides and extracellular DNA limit
penetration, and together with oxygen-limited metabolism that collapses the
proton-motive force (PMF), depress aminoglycoside uptake and killing, so even
high concentrations can fail without adjuvants that restore PMF or disrupt matrix
structure (Langendonk, Neill and Fothergill, 2021). Newer agents designed to
bypass these barriers, such as ceftolozane/tazobactam and cefiderocol, retain
activity against many strains with AmpC overexpression and OprD loss, illustrating
treatment strategies that target P. aeruginosa dominant resistance mechanisms
(Simner et al., 2021, Murata et al., 2025). The current findings support this
assertion and highlight the need for alternative strategies beyond conventional
antimicrobials for P. aeruginosa biofilm control (Fernandez-Billén et al., 2023, Yin
et al., 2024).

S. aureus biofilms (both Newman and SH1000 strains) demonstrated variable
responses to the tested compounds, with KHS and DARA showing the most
promising activity. DARA reduced S. aureus Newman biofilm metabolic activity to
0.04% at 64 pg/mL, suggesting potential as an anti-biofilm agent. However, the
more modest reductions in biofilm biomass compared to metabolic activity
indicate that while DARA effectively kills biofilm cells, it may not substantially
disrupt the biofilm architecture. This finding aligns with studies that highlighted
this phenomenon of the antimicrobial efficacy against polymicrobial biofilms often
involves cellular killing without significant structural disruption (Kean et al., 2017,
Palkova and Vachova, 2025).
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It is particularly noteworthy that the SH1000 strain generally demonstrated
greater biofilm tolerance compared to the Newman strain across all compounds.
This strain-specific difference in biofilm susceptibility could be attributed to
variations in biofilm architecture, matrix composition, or expression of biofilm-
associated tolerance mechanisms. Studies documented that different S. aureus
strains can produce structurally and compositionally distinct biofilms, influencing
their antimicrobial susceptibility profiles (Peng et al., 2022, Lamret et al., 2021b).
This strain background strongly conditions S. aureus biofilm formation.
Restoration of rsbU (oB activation) in SH1000 enhances biofilm relative to its NCTC
8325 progenitor, demonstrating how single regulatory alleles modulate matrix
production and tolerance (Horsburgh et al., 2002). In parallel, multiple studies
show that natural polymorphisms in cell-wall adhesins, particularly
fibronectin-binding proteins (FnBPA/FnBPB), drive marked strain-to-strain
variability in biofilm architecture and antimicrobial susceptibility, including in
widely used laboratory and clinical lineages (O'Neill et al., 2008, Pozzi et al., 2012,
Houston et al., 2011). Given reports that Newman carries naturally occurring
variants in biofilm-relevant loci, this background differences likely contribute to
the comparatively lower susceptibility observed here. The current findings
underscore the importance of strain selection in biofilm research and highlight the

challenges in developing broadly effective anti-biofilm strategies.

4.3.2.2 Polymicrobial biofilm complexity

The investigation of compound efficacy against triadic polymicrobial biofilms
(comprising C. albicans, P. aeruginosa, and either S. aureus Newman or SH1000)
revealed complex responses that differed substantially from mono-species
assessments. Similar to the previous chapter, it was deemed necessary to
investigate mixed-species communities due to the polymicrobial nature of
infected wounds. This altered susceptibility in polymicrobial contexts aligns with
emerging understanding of interspecies interactions within mixed biofilms, where
microbial cross-talk can significantly influence community behaviour and
particularly, antimicrobial responses (Kean et al., 2017, Taff et al., 2013,
Schilcher and Horswill, 2020, Ibberson et al., 2022)
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All three tested compounds (KHS, DARA, and POLY) demonstrated reduced
efficacy against polymicrobial biofilms compared to their respective mono-species
counterparts, which is not an unexpected phenomenon. That being said, this
observation is consistent with different studies which documented that the
enhanced resistance in polymicrobial biofilms comprised of C. albicans and various
bacterial species (Kean et al., 2017, Townsend et al., 2016, Bandara et al., 2020).
The reduced efficacy could be attributed to multiple factors, including enhanced
EPS production in mixed-species communities, metabolic complementation
between species, and interspecies protection mechanisms. For example, studies
have shown that the presence of C. albicans in polymicrobial biofilms can enhance
the antibiotic tolerance of bacterial species (Orazi and O’Toole, 2019, Eshima et
al., 2022, Stoneham et al., 2020, Ashrit et al., 2022).

DARA demonstrated the most consistent activity against polymicrobial biofilms,
significantly reducing metabolic activity in both triadic models (Newman and
SH1000). This antimicrobial efficacy suggests that DARA's mechanism of action,
potentially involving phospholipase inhibition, may target conserved pathways
across different microbial species within the biofilm community (Oh et al., 2023,
Abduljalil et al., 2022). However, the more modest reductions in biofilm biomass
compared to metabolic activity suggest that DARA primarily affects cellular
metabolic activity rather than biofilm architecture, a limitation in the context of

established biofilm infections.

The differential responses between the Newman and SH1000 triadic models
highlight the impact of strain selection on polymicrobial biofilm behaviour and
antimicrobial susceptibility. This strain-dependent variation in polymicrobial
contexts parallels the mono-species findings but introduces additional complexity
due to potential differences in interspecies interactions. Studies highlighted that
the specific combinations of microbial strains in polymicrobial biofilms can
significantly influence community behaviour and antimicrobial responses through
strain-specific interspecies signalling mechanisms (Orazi and O’Toole, 2019,

Harriott and Noverr, 2011, Karygianni et al., 2020).
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4.3.3 Novel combination therapies: enhancing anti-biofilm efficacy
4.3.3.1 CAP in combinations

The evaluation of combination therapies involving CAP represents a particularly
innovative aspect of this research, with significant implications for biofilm
eradication strategies. While S. aureus demonstrated substantial tolerance to CAP
treatment-evidenced by the lack of significant reduction in viable cell counts
compared to UT biofilms that observed in the previous chapter, this tolerance was
effectively overcome when CAP was combined with KHS. The dual therapy
approach broke through the biofilm’s defence mechanisms, resulting in a marked
decrease in bacterial viability that was not observed with CAP alone. This finding
is consistent with other studies showing that combination therapies can disrupt
biofilm tolerance: for example, combining CAP with antibiotics such as rifampicin
or gentamicin has been shown to significantly enhance killing of S. aureus biofilms
by facilitating antibiotic penetration and increasing oxidative stress (Guo et al.,
2021b). Similarly, synergistic effects have been reported when H;0O; is used
alongside conventional antibiotics, with the oxidative agent destabilising the
biofilm matrix and sensitising bacterial biofilm to antimicrobial action
(Kwiatkowski et al., 2020, Dwyer et al., 2014). Another study found that the
combination of baicalein and rifampicin exhibits synergistic effect, enhancing
their bactericidal effect in completely eradicating S. aureus biofilms (Muniyasamy
and Manjubala, 2024). These studies highlight those dual therapies, particularly
those pairing CAP or oxidative agents with targeted antimicrobials, can
successfully overcome the intrinsic tolerance of S. aureus biofilms that renders
monotherapies less effective. The molecular analysis of mono-species and triadic
biofilms following treatment with chemical agents alone, CAP alone, or dual
therapy approaches revealed consistent and substantial enhancement of

antimicrobial efficacy through combinations.

For all tested microorganisms, dual therapy approaches combining chemical
agents with CAP consistently outperformed their respective monotherapies in
reducing both total and viable cell counts. This synergistic effect was most
pronounced for KHS+CAP combinations, which achieved logio reductions in viable

cell counts ranging from 2.8 to 4.4 across different microbial species and biofilm
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configurations. These findings align with recent study demonstrated that CAP pre-
treatment synergised with ciprofloxacin, gentamicin, and tobramycin to eradicate
P. aeruginosa biofilms (PAO1, PA14, PA10548) by degrading EPS (512-fold lower
MBECs for ciprofloxacin/gentamicin), inducing oxidative stress (via O,~, OH™, NO),
and damaging membranes/DNA (ATP/LDH leakage). This oxidative stress-
mediated synergy overcomes biofilm tolerance, offering a targeted strategy for

recalcitrant P. aeruginosa infections (Maybin et al., 2023).

The most striking synergistic effect was observed against C. albicans SC5314 mono-
species biofilms, where KHS+CAP combination reduced viable cell counts by 4.4-
logio, compared to non-significant reductions with KHS alone (3.8-logi0) and
modest reductions with CAP alone (1.2-log10). This potent synergistic effect
suggests that the combination targets complementary cellular pathways or
barriers, leading to enhanced fungal cell death. Delben et al. (2016) previously
demonstrated that CAP can significantly alter C. albicans biofilm architecture and
cellular viability through oxidative damage mechanisms, which may facilitate the

penetration and activity of KHS.

Against P. aeruginosa PA14, which demonstrated remarkable tolerance to
chemical treatments alone, dual therapy approaches achieved significant
reductions in viable cell counts. The H,0,+CAP combination reduced viable counts
by 2.5-log1o in mono-species biofilms and up to 3.1-logo in triadic models, but CAP
mono-therapy was effective against P. aeruginosa in the previous chapter (chapter
3; Figure 3.4, Figure 3.5, Figure 3.6, Figure 3.7 and Figure 3.8). This is highlighting
the potential of this approach for recalcitrant pathogens. The enhanced efficacy
against P. aeruginosa could be attributed to CAP-generated reactive species that
may overcome the pathogen’s intrinsic tolerance mechanisms (Maybin et al.,
2023). Studies demonstrated that plasma-generated ROS can disrupt bacterial cell
membranes and overcome efflux-mediated tolerance (Flynn et al., 2015, Maybin
et al., 2023).

S. aureus biofilms (both Newman and SH1000 strains) also demonstrated enhanced
susceptibility to dual therapy approaches, with KHS+CAP and H,0,+CAP
combinations achieving the most substantial reductions in viable cell counts. The

consistent efficacy of these combinations across different S. aureus strains
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suggests a broadly applicable mechanism that may overcome strain-specific
tolerance variations. Studies have documented that plasma-generated reactive
species can effectively penetrate biofilm matrices and cause DNA damage in
embedded cells, a mechanism that may be particularly effective against Gram-
negative bacteria and some of Gram-positive bacteria with less complex cell

envelopes (Mai-Prochnow et al., 2014, Mai-Prochnow et al., 2016).

In triadic polymicrobial biofilms, dual therapy approaches demonstrated
remarkable efficacy despite the enhanced resistance typically associated with
polymicrobial communities. This finding is particularly significant given the
clinical relevance of polymicrobial infections, which often exhibit enhanced
recalcitrance to conventional treatments. Different studies highlighted that
polymicrobial biofilms typically require more aggressive or combinatorial
treatment approaches due to interspecies protection mechanisms and enhanced
EPS production (Anju et al., 2022, Orazi and O’Toole, 2019, Fanaei Pirlar et al.,
2020). The current findings suggest that CAP-based dual therapies may offer a

promising strategy for addressing these challenging polymicrobial scenarios.

4.3.3.2 Checkerboard microdilution assays

The checkerboard microdilution assays investigating interactions between KHS and
H20,, as well as between KHS and an oxidative cocktail solution of reactive species
(H202, NO2, and NO3), provided valuable insights into potential synergistic or
antagonistic interactions. The variable responses observed across different
microbial species in these interaction studies suggest species-specific mechanisms
of synergy or antagonism. This finding aligns with previous studies by Brochado et
al. (2018), who demonstrated that antimicrobial combinations could exhibit
species-specific interaction profiles based on distinct cellular targets and
resistance mechanisms. While no synergism was observed with H,0, alone,
significant synergistic interactions were found between KHS and the oxidative
cocktail solution of reactive species (H202, NO2, and NOs3) against triadic biofilm
models. This synergy suggests that combining KHS with an oxidative stress-
inducing agents could be a promising strategy for combating complex, multi-
species biofilms. Similar synergistic approaches have been reported in other

studies, such as Li et al. (2022), who demonstrated enhanced efficacy of combined
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H20, with antimicrobial photodynamic therapy against dual-species biofilm (C.
albicans and Streptococcus mutans). The potential synergistic interactions
observed, particularly between KHS and reactive species cocktails, provide a
mechanistic basis for the enhanced efficacy of CAP-based dual therapies, as CAP

generates similar reactive species during treatment.

Similar to what is reported here, future studies need to investigate mode of action
of CAP by piecing together the various components that the technology produces
following generation of the plasma (Chauvin et al., 2017, Zhai, Kong and Xia, 2022,
Mai-Prochnow et al., 2021). This can be achieved by inactivating the radical
species produced, or by simplifying the system and utilising components produced
by CAP. To this end, the next chapter will build upon this idea, by utilising H,0,
at concentrations generated by the CAP device; while this approach has obvious
limitations, as previously discussed in chapter 3 (due to the presence of other
antimicrobial compounds), it allows researchers to systematically evaluate its
specific contribution to the antimicrobial effects of CAP on biofilms and wound
pathogens, distinguishing its activity from other CAP-generated reactive species.
This targeted approach not only identifies potential synergies or limitations that
could optimise CAP protocols or guide adjunct therapies but also establishes a
foundational mechanistic understanding of H,0,’s role. Such insights provide a
critical framework for deciphering the multifactorial biochemical interactions
underlying full CAP treatments, enabling more precise translation of laboratory

findings into clinically viable strategies.

4.3.4 Limitations and future directions
4.3.4.1 Experimental limitations

While this study provides valuable insights into novel anti-biofilm approaches,
several methodological limitations should be acknowledged. The evaluation of
antimicrobial efficacy focused primarily on cellular metabolic activity, biomass
quantification and molecular analysis, without detailed examination of biofilm
architecture, matrix composition, or resistance gene expression. Advanced
microscopy techniques, such as confocal laser scanning microscopy with live/dead

staining, would provide more nuanced insights into the spatial aspects of
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antimicrobial activity within complex biofilm structures. Similarly, transcriptomic
or proteomic analyses would elucidate the molecular responses underlying

observed resistance patterns.

4.3.4.2 Future research directions

This comprehensive study establishes several promising avenues for future
research with both fundamental and translational significance. The unexpected
antimicrobial activity of KHS warrants mechanistic investigation to identify its
cellular targets and potential applications beyond the organisms tested here.
Comparative genomic or transcriptomic analyses of susceptible versus tolerant
strains could elucidate the molecular basis of the compound's selectivity and

inform structural modifications to enhance its spectrum and potency.

The potent synergistic effects observed with CAP combinations merit further
investigation, particularly regarding optimal treatment parameters, sequential
effects (pre/post-treatment versus simultaneous application) will investigate in
next chapter, and molecular mechanisms of synergy. Reactive species scavenging
studies or genetic approaches targeting specific stress response pathways could

elucidate the key mediators of CAP-enhanced antimicrobial activity.

The development of advanced delivery systems that enable controlled release or
targeted application of these compounds, particularly in combination with CAP,
represents an important translational direction. Biofilm-penetrating
nanoparticles, plasma-activated solutions, or biofilm-responsive materials could
enhance the clinical applicability of these findings for treating established biofilm
infections. Incorporating KHS into a controlled-release system designed to work

synergistically with CAP could address key challenges in biofilm eradication.

Finally, expanding the microbial panel to include additional clinically relevant
pathogens, particularly multidrug-resistant isolates and additional strains of the
species already tested, would provide a more comprehensive assessment of the

therapeutic potential of these compounds and combinations.
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4.3.5 Conclusion

Key findings from this chapter:

- Strain-specific antimicrobial susceptibility: C. albicans the highest
sensitivity to tested compounds (KHS, DARA, POLY), while P. aeruginosa
exhibited remarkable tolerance across biofilm models. However, S. aureus:

responses varied by strain, with biofilms showing intrinsic resilience.

- Combinatorial strategies overcome biofilm tolerance: CAP monotherapy
alone was insufficient against S. aureus biofilms. Synergistic effects
observed when combining KHS with CAP or clinical antiseptics (e.g., H,0,,
PVP-1). KHS+CAP achieved >3-logio reductions in S. aureus viability across

mono- and polymicrobial biofilms.

- KHS emerges as a lead candidate which demonstrated consistent efficacy
in dual therapies, likely due to oxidative stress induction and biofilm matrix

destabilisation which outperformed DARA and POLY in synergy with CAP.

- Translational potential of dual therapy: KHS+CAP combinations broke
biofilm tolerance observed in prior CAP-only treatments. Such mechanisms
suggest applicability for chronic wound infections and implant-associated
biofilm eradication, which represents a novel therapeutic approach for

recalcitrant infections.
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5.1 Introduction

S. aureus represents a significant clinical challenge in healthcare environments
due to its remarkable adaptability and capacity to form resilient biofilms (Craft
et al., 2019, Sinha, Aggarwal and Singh, 2024, Bhattacharya et al., 2015). These
structured bacterial communities embed themselves within a self-produced
extracellular polymeric substance (EPS) matrix that enables adhesion to surface,
evasion of immune defences, and heightened resistance to antimicrobial
treatments (Zhao, Sun and Liu, 2023, Sinha, Aggarwal and Singh, 2024). The
biofilm phenotype confers bacteria with dramatically increased antimicrobial
tolerance—up to 1,000-fold greater than their free-floating counterparts—creating
persistent infections that conventional treatments struggle to resolve (Sivori et
al., 2024, Sinha, Aggarwal and Singh, 2024, Bhattacharya et al., 2015, Huang et
al., 2024).

The clinical landscape has become increasingly complicated by the emergence of
antibiotic-resistant S. aureus variants, particularly methicillin-resistant S. aureus
(MRSA) (Asanin et al., 2019, Senobar Tahaei et al., 2021). S. aureus, including
MRSA, is among the most prevalent bacterial species found in chronic wounds,
with biofilm formation being a key virulence factor that impairs healing and
promotes persistent infection (Roy et al., 2020, Simonetti et al., 2021, Banerjee,
Gowda and Ananda, 2022). Biofilms formed by S. aureus in wounds create a
protective matrix that shields bacteria from immune responses and antibiotics.
This leads to delayed healing, impaired granulation tissue formation, and
compromised tissue biomechanics, increasing the likelihood of wound recurrence
and chronicity (Roy et al., 2020, Simonetti et al., 2021). MRSA strains are
particularly problematic in wound infections due to their resistance to multiple
antibiotics and their robust biofilm-forming ability. Biofilm-associated MRSA
infections require prolonged treatment and often resist standard therapies,
further complicating wound management (Percival, McCarty and Lipsky, 2015,
Simonetti et al., 2022). The presence of biofilm-producing MRSA in wounds is
directly linked to increased hospital stays, higher treatment costs, and greater
risk of complications such as amputation due to persistent, non-healing wounds
(Banerjee, Gowda and Ananda, 2022). The biofilm phenotype of S. aureus in

wounds leads to the degradation of collagen and alteration of the wound matrix,
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which undermines the structural integrity of healing tissue and impairs the
wound’s ability to repair itself (Roy et al., 2020, Simonetti et al., 2021). Biofilm
formation enhances MRSA’s resistance to antibiotics by impeding drug
penetration, altering bacterial metabolism, and fostering the survival of highly
tolerant persister cells, making infections especially difficult to eradicate
(Simonetti et al., 2021, Banerjee, Gowda and Ananda, 2022). Because biofilm
formation is a major driver of chronicity and antibiotic resistance in wound
infections, therapies that disrupt biofilms-such as those involving H;0; or
combination treatments-are particularly relevant for improving wound healing
outcomes (Raval et al., 2021, Shnyoor and Zgair, 2024). H,0, has shown promise
in reducing biofilm biomass and enhancing antibiotic efficacy, making it a valuable
tool in the management of biofilm-laden wounds, including those caused by MRSA
(Raval et al., 2021, Shnyoor and Zgair, 2024). Standard antibiotic monotherapies
frequently fail to eliminate biofilm infections due to multiple defence
mechanisms, including impaired antibiotic penetration through the biofilm matrix,
altered bacterial metabolism within the biofilm environment, and the presence of
cells tolerant to intervention (Parker et al., 2023, Bhattacharya et al., 2015, Wu
et al., 2015, Huang et al., 2024). Consequently, researchers have begun exploring
innovative combination strategies that simultaneously target both bacterial cells
and the protective biofilm architecture (Shnyoor and Zgair, 2024, Wu et al., 2015,
Kashi et al., 2024).

Cold atmospheric plasma (CAP) has emerged as a promising as we have seen in
previous chapters, non-invasive therapy for infection control and wound healing,
largely due to its ability to generate a spectrum of reactive oxygen and nitrogen
species (RONS), including H,0,, which contribute to its strong antimicrobial and
antibiofilm effects (Govaert et al., 2019, Bagheri et al., 2023, Raissi-Dehkordi et
al., 2025). CAP has demonstrated efficacy against multidrug-resistant pathogens
and biofilms, making it a compelling alternative or adjunct to conventional
treatments in chronic and acute wound care (Raissi-Dehkordi et al., 2025, Mai-
Prochnow et al., 2014, Mai-Prochnow et al., 2021, Mai-Prochnow et al., 2016). A
central mechanism by which CAP exerts its effects is the production of H,0,
(chapter 3; Figure 3.3A) in situ at the wound site. H,0, acts as a key mediator of

CAP’s antimicrobial action, causing oxidative damage to bacterial cells, disrupting
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biofilm matrices, and modulating immune responses relevant to wound healing
(Bekeschus et al., 2014). Studies have shown that the antimicrobial and wound-
healing effects of CAP are, in part, replicated by direct H,0, application,
highlighting the importance of understanding H,0,’s specific mode of action
(Raissi-Dehkordi et al., 2025, Boekema et al., 2021). While CAP generates a
complex mixture of reactive species, isolating the effects of H,0, allows for a
more controlled investigation of: firstly, direct antimicrobial and antibiofilm
activities of H,0,, mirroring a major component of CAP’s action (Govaert et al.,
2019, Bekeschus et al., 2014, Raissi-Dehkordi et al., 2025). Secondly, synergistic
effects when combined with antibiotics, which may parallel or inform combination
strategies involving CAP (Baik et al., 2023, Govaert et al., 2019). Thus, by
simplifying the system to study H,0, alone, we can: determine the extent to which
H,O, accounts for CAP’s observed effects on biofilms and wound pathogens.
Identify potential synergies or limitations that may inform the design of more
effective CAP protocols or adjunctive treatments. Establish a mechanistic baseline

for interpreting the more complex, multifactorial impacts of full CAP exposure.

In this chapter, the potential synergistic interactions between H,0, and two
clinically relevant antibiotics: flucloxacillin and gentamicin, will be investigated.
These combination therapies will be assessed against early-stage biofilms formed
by two distinct S. aureus strains (Newman and SH1000) which displayed a level of
tolerance to CAP therapy in chapter 3, by employing varied treatment protocols
to determine optimal eradication strategies. These included simultaneous
application of both agents, pre-treatment with H,0, followed by antibiotic

exposure, and antibiotic treatment with subsequent H,0, application.

5.2 Results

5.2.1 H20., flucloxacillin and gentamicin activity against S. aureus
strains

Initially, the effect of three different treatments were tested on planktonic cells
of S. aureus Newman and SH1000 through planktonic minimum inhibitory
concentration (PMIC) test as previously described in section 2.4.11. The three

antimicrobials selected for testing were, H,0,, flucloxacillin and gentamicin.
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These were chosen because their clinical relevance and distinct modes of action.
H,0, was included as it is a key reactive species generated by CAP and is known
for its potent antibiofilm and antimicrobial properties. Flucloxacillin and
gentamicin represent commonly used antibiotics with differing mechanisms,
allowing for the assessment of potential synergistic effects in combination with
H,0,. Meanwhile the two strains of S. aureus were included because they
exhibited notable tolerance to CAP treatment in mature biofilm models, making
them suitable for evaluating the efficacy of alternative or adjunctive
antimicrobial strategies in a similar manner to KHS intervention in chapter 4. The
results presented in (Table 5.1) demonstrated that both S. aureus strains exhibit
susceptibility to all tested antimicrobial agents, albeit with some variation in PMIC
values. For H,0,, the PMICy for S. aureus Newman was determined to be 125 uM,
whereas the PMICy for S. aureus SH1000 ranged between 125-250 pM. This
suggests a slightly broader range of susceptibility for SH1000 compared to
Newman. Regarding gentamicin, S. aureus Newman displayed an PMICyo range of
2-4 pg/mL, while SH1000 exhibited a consistent PMICyo value of 2 pg/mL. These
results indicate that SH1000 may be marginally more sensitive to gentamicin
compared to Newman. In the case of flucloxacillin, the PMICy for S. aureus
Newman ranged from 0.125-0.25 pg/mL, whereas SH1000 demonstrated a higher
PMICqo range of 0.25-0.50 pg/mL. This finding suggests that SH1000 requires higher
concentrations of flucloxacillin for growth inhibition, indicating reduced

susceptibility relative to Newman.

196



Chapter 5: Enhancing antibiotic susceptibility in early-stage Staphylococcus
aureus biofilms using hydrogen peroxide (H202)

Table 5.1: PMIC of H202, gentamicin and flucloxacillin against S. aureus Newman and S.
aureus SH1000.

Antimicrobial compound Newman SH1000
H202 125 pM 125-250 uM
Gentamicin 2-4 yg/mL 2 pg/mL
Flucloxacillin 0.125-0.25 pg/mL 0.25-0.50 pg/mL

Briefly, in the experimental procedure, cell suspensions were prepared by adjusting to 2x10° cells/mL
in a LB broth. Each drug was serially diluted in 96-well round-bottom microtiter plates. 200 L of each
drug was added to the appropriate wells of 96-well round-bottom microtiter plates and serial doubling-
dilutions were performed in LB broth, followed by the addition of 100 uL of the standardised cell
suspension, resulting in a final volume of 200 uL per well. The plates were then incubated at 37°C
for 24 h. Following incubation, the PMICs was determined by identifying the lowest drug
concentration that completely inhibited visible microbial growth. Data were obtained from four
technical repeats of three independent experiments. (ug/mL ) : Microgram per millilitre. M :
Micromolar.

5.2.2 Metabolic activity assessment of early-stage S. aureus
biofilms

Next, the potential synergistic effects of combining H,0, with two different
antibiotics: flucloxacillin and gentamicin, were investigated against sessile forms
of S. aureus. This combination therapy was evaluated against early-stage biofilms
formed by two strains of S. aureus: Newman and SH1000, which differs from
previous chapters that focused on 24-hours mature biofilms. This shift in
experimental design was motivated by observations of heightened tolerance in
these strains when exposed to CAP in mature biofilm models, suggesting that
earlier-stage biofilms may represent a more vulnerable therapeutic target. By
focusing on nascent biofilms, this study could identify critical windows for
intervention, where H,0,-antibiotic synergies could disrupt biofilm formation
before structural complexity and antimicrobial resistance mechanisms fully
developed. The experiments were conducted using an in vitro biofilm model
similar to previous chapter to assess the efficacy of these combined treatments.
In essence, our study aimed to determine whether the addition of H;0: could
enhance the antibacterial activity of flucloxacillin and gentamicin against nascent
S. aureus biofilms. This work nicely follows on from chapter 4 to further
investigate potential synergy between H;0,, a potent antimicrobial agent
generated via CAP, alongside antibiotics. Additionally, by utilising two distinct S.
aureus strains, we sought to ascertain if the synergistic effects, if any, were
consistent across different bacterial strains, particularly the differences in

susceptibility profiles to H20; alone (at concentrations generated via CAP).
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5.2.2.1 S. aureus (Newman) biofilm

Biofilms were grown in pre-sterilised polystyrene 96-well flat-bottom microtiter
plates in LB broth and incubated at 37°C for 4 hours under aerobic conditions
before treatment regimens were conducted as previously described in section
2.6.1. Biofilm metabolic activity was assessed using the AlamarBlue™ assay as
previously described in 2.4.7. The efficacy of gentamicin against S. aureus
Newman biofilms was evaluated both alone and in combination with H,0, using
various treatment strategies. As illustrated in (Figure 5.1A and Figure 5.1E),
gentamicin alone demonstrated concentration-dependent effects on biofilm
metabolic activity. Significant reductions were observed at higher concentrations,
with 128 pg/mL and 64 pg/mL decreasing metabolic activity to 45.31% (****p<
0.0001) and 80.53% (**p< 0.01), respectively, compared to untreated (UT)

controls. Lower concentrations did not yield significant reductions.

When examining simultaneous treatment with gentamicin and 1 mM H,0, (Figure
5.1B and Figure 5.1E), enhanced antimicrobial efficacy was observed, particularly
at higher gentamicin concentrations. Metabolic activity decreased to 37.20%,
39.57%, 70.48%, and 81.49% at 128, 64, 32, and 16 pg/mL, respectively, though
statistical significance was not achieved. Pre-treatment with H,0, followed by
gentamicin exposure (Figure 5.1C and Figure 5.1E) further improved antibacterial
effects, especially at higher gentamicin concentrations. Metabolic activity
reduced to 14.89%, 27.90%, and 42.92% were observed at 128, 64, and 32 pg/mL,
respectively, suggesting enhanced biofilm susceptibility to gentamicin, possibly
due to matrix disruption or increased permeability. However, these reductions did

not reach statistical significance.

Notably, the most pronounced reductions in metabolic activity were observed with
gentamicin treatment followed by H,0, post-treatment (Figure 5.1D and Figure
5.1E). Significant reductions were observed across a broader range of gentamicin
concentrations (128 to 4 ug/mL): 128 pg/mL reduced metabolic activity to 16.39%
(****p< 0.0001), 64 pg/mL reduced metabolic activity to 35.51% (****p< 0.0001), 32
pug/mL to 55.14% (***p< 0.001), 16 pg/mL to 56.29% (***p< 0.001), 8 pg/mL to
57.93% (***p< 0.001), and 4 pg/mL to 66.29% (**p< 0.01) compared to UT,
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indicating that post-treatment with H,0, particularly augments gentamicin's

antibacterial effects.

A heatmap summarising percentage metabolic activity across all treatment
conditions (Figure 5.1E) visually confirmed the superior efficacy of pre- and post-
treatment protocols combining H,0, with higher gentamicin concentrations, with
post-treatment consistently yielding the lowest metabolic activity percentages.
Taken together, these findings collectively demonstrate that while gentamicin
alone shows dose-dependent efficacy against S. aureus Newman biofilms, its
antibacterial activity is significantly enhanced when combined with H,0,,
particularly as a post-treatment strategy. This underscores the importance of
optimising treatment timing and combination approaches for effective biofilm

eradication, in otherwise tolerant bacterial species.
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Figure 5.1: Metabolic activity and metabolic activity percentages of S. aureus Newman 4 h
biofilms in relation to UT controls following combination treatment. S. aureus Newman biofilms
were grown on 96 well flat bottom for 4 h in LB broth, then treated with gentamicin alone or in
combination with 1 mM H,O, for 24 h in panel A and B respectively, or either pre-treated with 1mM
H,0O, for 10 mins followed by gentamicin for 24 h or treated with gentamicin for 24 h followed by 10
min post-treatment with 1 mM H,O, in panel C and D respectively. Panel E heatmap shown
percentages of metabolic activity across all treatment conditions. The effects of each treatment were
assessed using the AlamarBlue™ metabolic activity assay. Fluorescence values were measured at
(fluorescence excitation wavelength, 544nm; fluorescence emission wavelength, 590nm). Each bar
represents the average of data obtained from three independent experiments. Error bars represent
the standard error of the mean. Data distributions were assessed using Shapiro-Wilk normality test
and then analysed by ANOVA with Dunnett’s tests to determine the P-value for multiple comparisons
of normally distributed data, unless the data of gentamicin in combination with 1 mM H,O, and pre-
treatment which analysed by Kruskal-Wallis with Dunn’s tests for multiple comparisons of non-
normally distributed data. * Indicates statistically significant differences (**p< 0.01, ***p< 0.001,
***p< 0.0001). Data without asterisks indicates; no statistically significant differences were
observed.
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The efficacy of flucloxacillin against S. aureus Newman biofilms was next
evaluated using various treatment strategies, both as monotherapy and in
combination with H,0, as with gentamicin. As depicted in (Figure 5.2A and Figure
5.2E), flucloxacillin alone exhibited concentration-dependent antimicrobial
activity against biofilm metabolic activity. At higher concentrations, significant
reductions were observed, with 8, 4, and 2 pyg/mL decreasing metabolic activity
to 3.09%, 2.69%, and 2.99% respectively (all *p< 0.05) compared to UT controls.
Additionally, lower concentrations of 1 and 0.5 pg/mL reduced metabolic activity
to 10.44% and 26.02% respectively, and these reductions did not reach statistical
significance. Flucloxacillin (as a B-lactam antibiotic) demonstrated greater
potency against S. aureus Newman biofilms compared to gentamicin (as an
aminoglycoside antibiotic) due to its bactericidal mechanism targeting penicillin-
binding proteins (PBPs), which disrupt cell wall synthesis in metabolically active
cells-a vulnerability retained in biofilm microenvironments (Tuon et al., 2023,
Fisher and Mobashery, 2021, Kapoor, Saigal and Elongavan, 2017). In contrast,
gentamicin’s reliance on aerobic conditions and ribosomal protein synthesis limits
its efficacy against slow-growing or dormant biofilm populations, necessitating
higher concentrations (Singh et al., 2022, Sharma et al., 2023, Kapoor, Saigal and
Elongavan, 2017). Additionally, B-lactams like flucloxacillin exhibit superior
biofilm penetration and synergise with oxidative agents (e.g., H;0,) by
destabilising the EPS, enhancing antimicrobial access-factors critical for
eradicating biofilm-associated infections (Shnyoor and Zgair, 2024). These
mechanistic and clinical advantages align with flucloxacillin’s role as a first-line
therapy for methicillin-sensitive S. aureus (MSSA) infections, while gentamicin
remains limited to adjunctive use due to poor biofilm activity (Fisher and
Mobashery, 2021, Menezes et al., 2019) (Senobar Tahaei et al., 2021; Parker et
al., 2023).

When examining the simultaneous administration of flucloxacillin and 1 mM H,0,
(Figure 5.2B and Figure 5.2E), enhanced antimicrobial efficacy was observed,
particularly at higher flucloxacillin concentrations. The combination therapy
significantly reduced biofilm metabolic activity at 8, 4, and 2 pyg/mL to 1.03%,
1.62%, and 1.71% respectively (all *p< 0.05) compared to UT controls.

Furthermore, the combination therapy demonstrated dose-dependent effects at
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lower concentrations, with metabolic activity decreasing to 2.43%, 4.70%, 7.64%,
19.78%, and 32.26% at 1, 0.5, 0.25, 0.125, and 0.0625 pg/mL respectively, though
these reductions were not statistically significant. Notably, the sequential
approach of pre-treating biofilms with 1 mM H,0, followed by flucloxacillin
exposure (Figure 5.2C and Figure 5.2E) yielded the most pronounced reductions in
metabolic activity. This treatment strategy demonstrated improved antibacterial
effects across a broader range of flucloxacillin concentrations (8 to 0.0625
pg/mL). Significant reductions were observed at 8 ug/mL (0%, **p< 0.01) and 4
pug/mL (0.25%, *p< 0.05). Moreover, metabolic activity was reduced to 0.37%,
4.63%, 1.55%, 2.45%, 4.92%, and 19.41% at 2, 1, 0.5, 0.25, 0.125, and 0.0625

pg/mL respectively, and these reductions did not achieve statistical significance.

The reverse sequential approach of flucloxacillin treatment followed by 1 mM
H,O, post-treatment (Figure 5.2D and Figure 5.2E) also demonstrated remarkable
efficacy. This protocol produced significant reductions across a wider range of
flucloxacillin concentrations (8 to 0.25 pg/mL). Metabolic activity was reduced to
1.54% at 8 pg/mL (****p< 0.0001), 2.08% at 4 pyg/mL (***p< 0.0001), 1.76% at 2
pug/mL (****p< 0.0001), 4.99% at 1 pg/mL (****p< 0.0001), 24.78% at 0.5 pg/mL
(***p< 0.001), and 55.84% at 0.25 pg/mL (*p< 0.05) compared to UT controls. The
comprehensive heatmap visualisation (Figure 5.2E) effectively summarises
percentage metabolic activity across all treatment conditions, visually confirming
the superior efficacy of both simultaneous and sequential treatment protocols
combining H,0, with flucloxacillin. Among these, the pre-treatment approach
consistently yielded the lowest metabolic activity percentages, suggesting this

may be the most effective strategy for biofilm eradication.
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Figure 5.2: Metabolic activity and metabolic activity percentages of S. aureus Newman 4 h
biofilms in relation to UT controls following combination treatment. S. aureus Newman biofilms
were grown on 96 well flat bottom for 4 h in LB broth, then treated with flucloxacillin alone or in combination
with 1 mM Hz0: for 24 h in panel A and B respectively, or either pre-treated with 1 mM H20: for 10 mins
followed by flucloxacillin for 24 h or treated with flucloxacillin for 24 h followed by 10 min post-treatment
with 1 mM H20: in panel C and D respectively. Panel E heatmap shown percentages of metabolic activity
across all treatment conditions. The effects of each treatment were assessed using the AlamarBlue™
metabolic activity assay. Fluorescence values were measured at (fluorescence excitation wavelength,
544.m; fluorescence emission wavelength, 590.m). Each bar represents the average of data obtained from
three independent experiments. Error bars represent the standard error of the mean. Data distributions
were assessed using Shapiro-Wilk normality test and then analysed by ANOVA with Dunnett’s tests to
determine the P-value for multiple comparisons of normally distributed data, unless the data of
flucloxacillin alone and in combination with 1 mM H202 which analysed by Kruskal-Wallis with Dunn’s
tests for multiple comparisons of non-normally distributed data. * Indicates statistically significant
differences (*p< 0.05, **p< 0.01, ***p< 0.001. ****p< 0.0001). Data without asterisks indicates; no
statistically significant differences were observed.
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5.2.2.2 S. aureus (SH1000) biofilm

Next the S. aureus SH1000 biofilm was tested with the same combinational
therapies. Biofilms were grown in pre-sterilised polystyrene 96-well flat-bottom
microtiter plates in LB broth and incubated at 37°C for 4 hours under aerobic
conditions before treatment regimens as previously described in section 2.6.1.
Biofilm assessment was conducted using the AlamarBlue™ assay for metabolic

activity quantification as previously described in 2.4.7.

The antimicrobial efficacy of gentamicin against S. aureus SH1000 biofilms was
comprehensively evaluated using various treatment strategies, both as
monotherapy and in combination with H,0, as previously described for S. aureus
Newman biofilms. As depicted in (Figure 5.3A and Figure 5.3E), gentamicin alone
exhibited concentration-dependent antimicrobial activity against biofilm
metabolic activity. At higher concentrations, significant reductions were
observed, with 128 and 64 pg/mL decreasing metabolic activity to 11.43% (*p<
0.05) and 15.37% (*p< 0.05) respectively, compared to UT controls. Additionally,
lower concentrations of 32, 16, 8, 4, and 2 yg/mL reduced metabolic activity to
15.61%, 20.03%, 49.64%, 62.70%, and 70.68% respectively, and these reductions

did not reach statistical significance.

When examining the simultaneous administration of gentamicin and 1 mM H,0,
(Figure 5.3B and Figure 5.3E), enhanced antimicrobial efficacy was observed
across a broader concentration range. This combination therapy significantly
reduced biofilm metabolic activity at multiple concentrations: 128 pg/mL
(11.81%, ****p< 0.0001), 64 pg/mL (12.64%, ****p< 0.0001), 32 pg/mL (14.15%,
****p< 0.0001), 16 pg/mL (19.39%, ****p< 0.0001), 8 pug/mL (44.30%, ****p< 0.0001),
4 pg/mL (49.62%, ***p< 0.001), 2 pg/mL (62.46%, **p< 0.01), and 1 pg/mL (71.51%,
*p< 0.05) compared to UT controls. Furthermore, even lower concentrations of
0.5 and 0.25 pg/mL reduced biofilm metabolic activity to 78.46% and 85.82%

respectively, though these reductions did not achieve statistical significance.

Furthermore, the sequential approach of pre-treating biofilms with 1 mM H,0,
followed by gentamicin exposure (Figure 5.3C and Figure 5.3E) demonstrated

improved antimicrobial efficacy across a concentration range of 128 to 2 yg/mL.
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A significant reduction was observed at 128 pug/mL (11.26%, *p< 0.05). Moreover,
concentrations of 64, 32, 16, 8, 4, and 2 pg/mL reduced metabolic activity to
13.15%, 14.28%, 13.23%, 45.18%, 60.29%, and 68.27% respectively, and these

reductions did not reach statistical significance.

Notably, the most pronounced reductions in metabolic activity were achieved with
the reverse sequential approach of gentamicin treatment followed by 1 mM H,0,
post-treatment (Figure 5.3D and Figure 5.3E). This protocol demonstrated
significant efficacy at higher gentamicin concentrations: 128 pg/mL reduced
metabolic activity to 10.72% (**p < 0.01) and 64 pg/mL to 12.08% (*p < 0.05)
compared to UT controls. The heatmap visualisation in (Figure 5.3E) effectively
illustrates the percentages of metabolic activity across all treatment conditions,
confirming that all combination approaches substantially enhanced the
antimicrobial efficacy of gentamicin, with the post-treatment protocol

demonstrating effectiveness at the lowest concentrations tested.
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Figure 5.3: Metabolic activity and metabolic activity percentages of S. aureus SH1000 4 h
biofilms in relation to UT controls following combination treatment. S. aureus SH1000 biofilms
were grown on 96 well flat bottom for 4 h in LB broth, then treated with gentamicin alone or in
combination with 1 mM H20: for 24 h in panel A and B respectively, or either pre-treated with H20-
for 10 mins followed by gentamicin for 24 h or treated with gentamicin for 24 h followed by 10 min
post-treatment with H2O2 in panel C and D respectively. Panel E heatmap shown percentages of
metabolic activity across all treatment conditions. The effects of each treatment were assessed using
the AlamarBlue™ metabolic activity assay. Fluorescence values were measured at (fluorescence
excitation wavelength, 544nm; fluorescence emission wavelength, 590nm). Each bar represents the
average of data obtained from two independent experiments. Error bars represent the standard error
of the mean. Data distributions were assessed using Shapiro-Wilk normality test and then analysed
by Kruskal-Wallis with Dunn’s tests to determine the P-value for multiple comparisons of non-
normally distributed data, unless the data of gentamicin in combination with 1 mM H202 which
analysed by ANOVA with Dunnett’s tests for multiple comparisons of normally distributed data. *
Indicates statistically significant differences (*p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001). Data
without asterisks indicates; no statistically significant differences were observed.
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The efficacy of flucloxacillin against S. aureus SH1000 biofilms was
comprehensively evaluated using various treatment strategies, both as
monotherapy and in combination with H,0,. As depicted in (Figure 5.4A and Figure
5.4E), flucloxacillin alone exhibited concentration-dependent antimicrobial
activity against biofilm metabolic activity. At concentrations of 4 and 1 pg/mL,
significant reductions in metabolic activity to 5.42% (*p< 0.05) and 9.21% (*p<
0.05) respectively were observed compared to UT controls. Additionally,
concentrations of 8, 2, 0.5, 0.25 and 0.125 pg/mL reduced metabolic activity to
7.07%, 9.40%, 15.83%, 46.67% and 67.84% respectively, and these reductions did

not reach statistical significance.

When examining the simultaneous administration of flucloxacillin and 1 mM H,0,
(Figure 5.4B and Figure 5.4E), enhanced antimicrobial efficacy was observed
across a broader concentration range. This combination therapy significantly
reduced biofilm metabolic activity at multiple concentrations: 8 pug/mL (9.07%,
****p< 0.0001), 4 pg/mL (6.24%, ****p< 0.0001), 2 pg/mL (6.77%, ****p< 0.0001), 1
pg/mL (3.33%, ****p< 0.0001), 0.5 pg/mL (15.97%, ****p< 0.0001), 0.25 pg/mL
(31.01%, ****p< 0.0001), 0.125 pg/mL (56.68%, ***p< 0.001), and 0.0625 pg/mL
(72.38%, *p< 0.05) compared to UT controls. Furthermore, the sequential
approach of pre-treating biofilms with 1 mM H,0, followed by flucloxacillin
exposure (Figure 5.4C and Figure 5.4E) demonstrated similar efficacy. This
treatment protocol produced significant reductions across multiple
concentrations: 8 pg/mL (5.78%, ****p< 0.0001), 4 pg/mL (10.34%, ****p< 0.0001),
2 pg/mL (6.16%, ****p< 0.0001), 1 pg/mL (8.02%, ****p< 0.0001), 0.5 pg/mL
(11.06%, ****p< 0.0001), 0.25 pg/mL (39.02%, ****p< 0.0001), and 0.125 pg/mL
(57.31%, ***p< 0.001).

Notably, the most pronounced reductions in metabolic activity were achieved with
the reverse sequential approach of flucloxacillin treatment followed by 1 mM H,0,
post-treatment (Figure 5.4D and Figure 5.4E). This protocol demonstrated
significant efficacy across the widest range of concentrations (8 to 0.03125
pg/mL): 8 pg/mL (6.40%, ****p< 0.0001), 4 pg/mL (6.45%, ****p< 0.0001), 2 yg/mL
(9.07%, ****p< 0.0001), 1 pg/mL (5.82%,****p< 0.0001), 0.5 pg/mL (9.52%, ****p<
0.0001), 0.25 pg/mL (41.83%, ****p< 0.0001), 0.125 pg/mL (59.97%, ***p< 0.001),
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0.0625 pg/mL (67.54%, **p< 0.01), and 0.03125 pg/mL (78.72%, *p< 0.05)
compared to UT controls. The heatmap visualisation in (Figure 5.4E) effectively
illustrates the percentages of metabolic activity across all treatment conditions,
confirming that all combination approaches substantially enhanced the
antimicrobial efficacy of flucloxacillin, with the post-treatment protocol
demonstrating effectiveness at the lowest concentrations tested. Taken together
the results from sections 5.2.2.1 and 5.2.2.2 show that H,0, significantly enhances
the efficacy of both gentamicin and flucloxacillin against early-stage S. aureus
biofilms, with treatment timing and antibiotic class critically influencing

outcomes.
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Figure 5.4: Metabolic activity and metabolic activity percentages of S. aureus SH1000 4 h
biofilms in relation to UT controls following combination treatment. S. aureus SH1000 biofilms
were grown on 96 well flat bottom for 4 h in LB broth, then treated with flucloxacillin alone or in
combination with 1 mM H20: for 24 h in panel A and B respectively, or either pre-treated with H20-
for 10 mins followed by flucloxacillin for 24 h or treated with flucloxacillin for 24 h followed by 10 min
post-treatment with H2O2z in panel C and D respectively. Panel E heatmap shown percentages of
metabolic activity across all treatment conditions. The effects of each treatment were assessed using
the AlamarBlue™ metabolic activity assay. Fluorescence values were measured at (fluorescence
excitation wavelength, 544nm; fluorescence emission wavelength, 590nm). Each bar represents the
average of data obtained from three independent experiments. Error bars represent the standard
error of the mean. Data distributions were assessed using Shapiro-Wilk normality test and then
analysed by ANOVA with Dunnett’'s tests to determine the P-value for multiple comparisons of
normally distributed data, unless the data of flucloxacillin alone which analysed by Kruskal-Wallis
with Dunn’s tests for multiple comparisons of non-normally distributed data. * Indicates statistically
significant differences (*p< 0.05, **p< 0.01, ***p< 0.001. ****p< 0.0001). Data without asterisks
indicates; no statistically significant differences were observed.
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5.2.3 Viability of early-stage S. aureus biofilms

Metabolic activity assessment does not always correlate with cellular viability;
cells may be metabolically dormant, yet possess the ability to regrow in the
appropriate conditions when antimicrobial intervention is halted (Trinh and Lee,
2022, Zou et al., 2022). This could be concerning from a clinical standpoint, if the
infectious source is not removed, or completely killed. Therefore, for the next
sections, early-stage S. aureus biofilms were cultivated in sterilised 96-well plates
for 4 hours at 37°C under aerobic conditions then treated for colony forming unit
(CFU) counts as a measure of viability. Strain-specific antibiotic treatments were
applied: S. aureus Newman received gentamicin (128 and 64 ug/mL) or
flucloxacillin (0.25 and 0.0625 pg/mL), while S. aureus SH1000 was treated with
gentamicin (8 and 2 pg/mL) or flucloxacillin (0.25 and 0.125 pg/mL). These
antibiotic concentrations were selected based on their ability to reduce biofilm
metabolic activity by <50% and were administered either alone or combined with
1 mM H,0, following protocols from section 2.6.1. Logio CFU/mL values were

calculated for each sample following overnight incubation at 37°C aerobically.

5.2.3.1 S. aureus (Newman) biofilm

S. aureus Newman biofilms were cultivated in sterilised 96-well flat-bottom plates
for 4 hours in LB broth and subsequently subjected to various treatment regimens.
These included exposure to 1 mM H,0, alone, gentamicin monotherapy at (128
and 64 pg/mL) or flucloxacillin (0.25 and 0.0625 pg/mL), or combination
approaches. The combination strategies consisted of simultaneous application of
gentamicin or flucloxacillin with 1 mM H,0, for 24 hours; sequential treatment
with H,0, (10-minute pre-treatment) followed by gentamicin or flucloxacillin (24
hours); or the reverse sequence of gentamicin or flucloxacillin (24 hours) followed
by H,0, (10-minute post-treatment). Antimicrobial efficacy was quantified using
viable plate counting method, with results presented as logio CFU/mL and logio
reductions relative to UT control biofilms as earlier detailed in methods section
2.6.2. The results in (Figure 5.5) presents an analysis of the antimicrobial efficacy
of gentamicin against S. aureus Newman biofilms, both alone and in combination
with H,0,.
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(Figure 5.5A) displays the bacterial viability data expressed as logio CFU/mL across
various treatment conditions. The UT control and H,0, alone treatments show
comparable bacterial counts of approximately 8-logio CFU/mL, indicating that
H,O, alone, at concentrations produced by the CAP (chapter 3) had minimal
impact on biofilm viability. In contrast, gentamicin at 128 pg/mL demonstrated
substantial antimicrobial activity, reducing bacterial counts to approximately 4.8-
log1o CFU/mL when used alone (No H,0,). This efficacy was significantly enhanced
when combined with H,0, simultaneously, achieving a reduction to approximately
3-logio CFU/mL (**p < 0.01). The pre-treatment and post-treatment approaches
yielded intermediate reductions to approximately 4.0-logio CFU/mL, though these
differences were not statistically significant compared to gentamicin alone. When
examining the lower concentration of gentamicin (64 pg/mL), all treatment
regimens demonstrated comparable efficacy. Gentamicin alone (No H,0;) reduced
counts to approximately 5.2-logio CFU/mL, whilst the simultaneous, pre-
treatment, and post-treatment approaches with H,0, achieved reductions to
approximately 4.1-log1o, 4.2-log10, and 4.7-logio CFU/mL, respectively. Notably,
no statistically significant differences were observed between these treatment

strategies at the lower gentamicin concentration.

(Figure 5.5B) presents a heatmap visualising the logio reductions relative to UT
controls, with darker red indicating greater antimicrobial efficacy. This
visualisation confirms that H,O, alone had minimal effect (0.1-logio reduction).
For gentamicin at 128 pg/mL, the simultaneous treatment achieved the greatest
log1o reduction (5.3-log1o), followed by pre-treatment (4.3-log1o), post-treatment
(4.0-log10), and gentamicin alone (3.5-log10). At the lower concentration of 64
pg/mL, the pre-treatment approach demonstrated slightly superior efficacy (4.1-
log1o reduction), followed by simultaneous treatment (4.0-logi0), post-treatment
(3.5-log10), and gentamicin alone (3.1-logw). These findings collectively
demonstrate that combining gentamicin with H,0, enhances its antimicrobial
efficacy against S. aureus Newman biofilms, particularly at higher antibiotic
concentrations. The simultaneous application of gentamicin and H,0, yielded the

most substantial reduction in bacterial viability at 128 pg/mL.
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Figure 5.5: CFU and log1o reduction in a heat map of S. aureus Newman 4 h biofilms in relation
to UT controls following combination treatment. S. aureus Newman biofilms were grown on 96
well flat bottom for 4 h in LB broth, then treated with 1 mM H20:2 alone, or with two concentrations of
gentamicin (128 and 64 ug/mL) alone or in combination with 1 mM H20: for 24 h, or either pre-treated
with H20:2 for 10 mins followed by gentamicin for 24 h or treated with gentamicin for 24 h followed by
10 min post-treatment with H202. The effects of each treatment were assessed using the viable plate
counting technique, and the results expressed as logio CFU/mL (A). Panel B shows log1o reduction
in a heat map of each treatment relative to UT biofilms. Each bar represents the average of data
obtained from three independent experiments. Error bars represent the standard error of the mean.
Data distributions were assessed using Shapiro-Wilk normality test and then analysed by ANOVA
with Dunnett’s tests to determine the P-value for multiple comparisons of normally distributed data.
* Indicates statistically significant differences (**p< 0.01). Ns indicates; no statistically significant
differences were observed.

The results in (Figure 5.6) presents a detailed analysis of the antimicrobial efficacy

of flucloxacillin against S. aureus Newman biofilms, both alone and in combination
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with H,0,. (Figure 5.6A) displays the bacterial viability data expressed as logio
CFU/mL across various treatment conditions. The UT control and H,0, alone
treatments show comparable bacterial counts of approximately 8-logio CFU/mL,
indicating that H,0, alone had minimal impact on biofilm viability. In contrast,
flucloxacillin at 0.25 pg/mL demonstrated notable antimicrobial activity, reducing
bacterial counts to approximately 6.3-logio CFU/mL when used alone (No H,0,).
This efficacy was further enhanced when combined with H,0,, achieving a
reduction to approximately 4.7-logio CFU/mL. The pre-treatment approach (H,0,
followed by flucloxacillin) yielded the most substantial reduction to approximately
4.1-log1o CFU/mL, whilst the post-treatment approach (flucloxacillin followed by
H,0,) showed slightly less efficacy with counts of approximately 5.2-log1o CFU/mL.
However, these differences between flucloxacillin 0.25 pg/mL treatment

regimens did not reach statistical significance.

When examining the lower concentration of flucloxacillin (0.0625 pg/mL), a
different pattern emerged. The flucloxacillin monotherapy (No H,0,) showed
reduced efficacy compared to the higher concentration, with bacterial counts of
approximately 7.5-logio CFU/mL. Notably, all combination approaches with H,0,
significantly enhanced the antimicrobial activity at this lower concentration, with
exception of Post-treatment approach. The simultaneous treatment (With H,0,)
reduced counts to approximately 5.5-logio CFU/mL (**p < 0.01), whilst the pre-
treatment approach achieved the greatest reduction to approximately 4.8-log1o
CFU/mL (**p < 0.001). Interestingly, the post-treatment approach was less
effective than the pre-treatment approach (*p < 0.05), with counts of

approximately 6.5-logio CFU/mL.

(Figure 5.6B) presents a heatmap visualising the logio reductions relative to UT
controls, with darker red indicating greater antimicrobial efficacy. This
visualisation confirms that H,O, alone had minimal effect (0.1-logio reduction).
For flucloxacillin at 0.25 pg/mL, the pre-treatment approach achieved the
greatest logio reduction (4.2-logio), followed by simultaneous treatment (3.6-
log1o), post-treatment (3.1-log10), and flucloxacillin alone (2.0-log10). At the lower

concentration of 0.0625 pg/mL, the pre-treatment approach again demonstrated
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superior efficacy (3.5-logio reduction), followed by simultaneous treatment (2.7-

log1o), post-treatment (1.7-log10), and flucloxacillin alone (0.8-log1o).

These findings collectively demonstrate that combining flucloxacillin with H,0,
significantly enhances its antimicrobial efficacy against S. aureus Newman
biofilms. Furthermore, the pre-treatment approach consistently yielded the most
substantial reductions in bacterial viability, findings that corroborated with those
from the Alamarblue™ assay suggesting this sequential strategy may be optimal

for biofilm eradication.
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Figure 5.6: CFU and log1o reduction in a heat map of S. aureus Newman 4 h biofilms in relation
to UT controls following combination treatment. S. aureus Newman biofilms were grown on 96 well
flat bottom for 4 h in LB broth, then treated with 1 mM H20: alone, or with two concentrations of
flucloxacillin (0.25 and 0.0625 pg/mL) alone or in combination with 1 mM Hz0: for 24 h, or either pre-
treated with H202 for 10 mins followed by flucloxacillin for 24 h or treated with flucloxacillin for 24 h followed
by 10 min post-treatment with H202. The effects of each treatment were assessed using the viable plate
counting technique, and the results expressed as logio CFU/mL (A). Panel B shows log1o reduction in a
heat map of each treatment relative to UT biofilms. Each bar represents the average of data obtained
from three independent experiments. Error bars represent the standard error of the mean. Data
distributions were assessed using Shapiro-Wilk normality test and then analysed by ANOVA with
Dunnett’s tests to determine the P-value for multiple comparisons of normally distributed data, unless the
data of Flucloxacillin 0.0625 which analysed by Kruskal-Wallis with Dunn’s tests for multiple comparisons
of non-normally distributed data. * Indicates statistically significant differences (*p< 0.05, **p< 0.01, ***p<
0.001). Ns indicates; no statistically significant differences were observed.
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5.2.3.2 S. aureus (SH1000) biofilm

The final set of experiments involved the other strain of S. aureus SH1000 biofilms.
These were cultivated in the same way and subsequently subjected to various
treatment regimens. These included exposure to 1 mM H,0, alone, gentamicin
monotherapy at (8 and 2 pg/mL) or flucloxacillin (0.25 and 0.125 pg/mL), or
combination approaches. The combination strategies consisted of simultaneous
application of gentamicin or flucloxacillin with 1 mM H,0, for 24 hours; sequential
treatment with H,0, (10-minute pre-treatment) followed by gentamicin or
flucloxacillin (24 hours); or the reverse sequence of gentamicin or flucloxacillin
(24 hours) followed by H,0, (10-minute post-treatment). Antimicrobial efficacy
was quantified using viable plate counting method, with results presented as log1o
CFU/mL and logio reductions relative to UT control biofilms as earlier detailed in

methods section 2.6.2.

The results in (Figure 5.7) presents a complete analysis of the antimicrobial
efficacy of gentamicin against S. aureus SH1000 biofilms, both alone and in
combination with H,0,. (Figure 5.7A) displays the bacterial viability data
expressed as logio CFU/mL across various treatment conditions. The UT control
and H,0, alone treatments show comparable bacterial counts of approximately
8.3-logio CFU/mL, indicating that H,0, alone had minimal impact on biofilm
viability. In contrast, gentamicin at 8 ug/mL demonstrated modest antimicrobial
activity, reducing bacterial counts to approximately 7.7-logio CFU/mL when used
alone (No H;0,). When combined with H,0, simultaneously, there was a slight
enhancement in efficacy, with counts reduced to approximately 7.3-logio CFU/mL.
The pre-treatment and post-treatment approaches yielded similar reductions to
approximately 7.6-logio and 7.6-logio CFU/mL, respectively. Notably, none of

these differences reached statistical significance.

When examining the lower concentration of gentamicin (2 pg/mL), all treatment
regimens demonstrated comparable and limited efficacy. Gentamicin alone (No
H,0,) reduced counts to approximately 7.9-logio CFU/mL, whilst the
simultaneous, pre-treatment, and post-treatment approaches with H,0, achieved

similar reductions to approximately 7.8-logio, 7.9-log10, and 7.7-logio CFU/mL,
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respectively. As with the higher gentamicin concentration, no statistically

significant differences were observed between these treatment strategies.

(Figure 5.7B) presents a heatmap visualising the logio reductions relative to UT
controls, with darker red indicating greater antimicrobial efficacy. This
visualisation confirms that H,0, alone had a slight negative effect (-0.1-logio
reduction), potentially indicating a minor increase in bacterial counts. For
gentamicin at 8 pg/mL, the simultaneous treatment achieved the greatest logio
reduction (1.0-log10), followed by post-treatment (0.8-log1o), whilst pre-treatment
and gentamicin alone both showed identical efficacy (0.6-logio reduction). At the
lower concentration of 2 pg/mL, the post-treatment approach demonstrated
marginally superior efficacy (0.6-logio reduction), followed by gentamicin alone

and simultaneous treatment (both 0.4-log10), and pre-treatment (0.3-log1o).

These findings collectively demonstrate that combining gentamicin with H,0,
provides only modest enhancement of antimicrobial efficacy against S. aureus
SH1000 biofilms, with no statistically significant improvements observed. The
simultaneous application of gentamicin and H,0, yielded the most substantial
reduction in bacterial viability at 8 uyg/mL. However, the overall limited efficacy
against this particular strain suggests that alternative treatment strategies may

be necessary for effectively targeting S. aureus SH1000 biofilms.
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Figure 5.7: CFU and log1o reduction in a heat map of S. aureus SH1000 4 h biofilms in relation
to UT controls following combination treatment. S. aureus SH1000 biofilms were grown on 96 well
flat bottom for 4 h in LB broth, then treated with 1 mM H202alone, or with two concentrations of gentamicin
(8 and 2 pg/mL) alone or in combination with 1 mM H20: for 24 h, or either pre-treated with H202 for 10
mins followed by gentamicin for 24 h or treated with gentamicin for 24 h followed by 10 min post-treatment
with H202. The effects of each treatment were assessed using the viable plate counting technique, and
the results expressed as logio CFU/mL (A). Panel B shows log1o reduction in a heat map of each
treatment relative to UT biofilms. Each bar represents the average of data obtained from three
independent experiments. Error bars represent the standard error of the mean. Data distributions were
assessed using Shapiro-Wilk normality test and then analysed by ANOVA with Dunnett’s tests to
determine the P-value for multiple comparisons of normally distributed data. No statistically significant
differences were observed.

(Figure 5.8) showcases a detailed evaluation of flucloxacillin’s antibacterial
effectiveness against S. aureus SH1000 biofilms, examining its performance both

as monotherapy and in combination therapy with H,0,. (Figure 5.8A) displays the
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bacterial viability data expressed as logio CFU/mL across various treatment
conditions. The UT control and H,0, alone treatments show comparable bacterial
counts of approximately 8.3-logio CFU/mL, indicating that H,O, alone had minimal
impact on biofilm viability. In contrast, flucloxacillin at 0.25 pg/mL demonstrated
substantial antimicrobial activity, reducing bacterial counts to approximately 6.1-
log1o CFU/mL when used alone (No H;0,). Interestingly, when combined with H,0,
simultaneously, there was a slight decrease in efficacy, with counts increasing to
approximately 6.5-logio CFU/mL. The pre-treatment and post-treatment
approaches yielded similar results to the simultaneous treatment, with counts of
approximately 6.3-logio and 6.2-logio CFU/mL, respectively. Notably, none of

these differences reached statistical significance.

When assessing the effect of flucloxacillin at the lower concentration of (0.125
pg/mL), all treatment regimens demonstrated comparable efficacy. Flucloxacillin
alone (No H,0,) reduced counts to approximately 5.9-logio CFU/mL, whilst the
simultaneous, pre-treatment, and post-treatment approaches with H,0, achieved
similar reductions to approximately 6.1-logio, 6.6-log10, and 6.2-logio CFU/mL,
respectively. As with the higher flucloxacillin concentration, no statistically

significant differences were observed between these treatment strategies.

(Figure 5.8B) displays a heatmap illustrating the logio reduction values compared
to UT controls, with darker red indicating greater antimicrobial efficacy. This
visualisation confirms that H,0, alone had a slight negative effect (-0.1-logio
reduction), potentially indicating a minor increase in bacterial counts. For
flucloxacillin at 0.25 pg/mL, treatment with flucloxacillin alone achieved the
greatest logio reduction (2.2-log1o), followed by post-treatment (2.1-log1o), pre-
treatment (1.9-logo), and simultaneous treatment with H,0, (1.7-logi0). At the
lower concentration of 0.125 pg/mL, flucloxacillin alone and post-treatment both
demonstrated superior efficacy (2.4-logio and 2.1-logio reductions, respectively),

followed by simultaneous treatment (2.0-log10) and pre-treatment (1.7-log1o).

Together, these results indicate that adding H,0, to flucloxacillin does not
improve its antimicrobial effectiveness against S. aureus SH1000 biofilms.-These

results highlight the strain-specific nature of antimicrobial responses and
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underscore the importance of tailored treatment approaches for different S.

aureus strains in biofilm-associated infections.
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Figure 5.8: CFU and log1o reduction in a heat map of S. aureus SH1000 4 h biofilms in relation
to UT controls following combination treatment. S. aureus SH1000 biofilms were grown on 96 well
flat bottom for 4 h in LB broth, then treated with 1 mM H20: alone, or with two concentrations of
flucloxacillin (0.25 and 0.125 pg/mL) alone or in combination with 1 mM H202 for 24 h, or either pre-treated
with H20: for 10 mins followed by flucloxacillin for 24 h or treated with flucloxacillin for 24 h followed by
10 min post-treatment with H202. The effects of each treatment were assessed using the viable plate
counting technique, and the results expressed as log1o CFU/mL. Panel B shows log1e reduction in a heat
map of each treatment relative to UT biofilms. Each bar represents the average of data obtained from
three independent experiments. Error bars represent the standard error of the mean. Data distributions
were assessed using Shapiro-Wilk normality test and then analysed by ANOVA with Dunnett’s tests to
determine the P-value for multiple comparisons of normally distributed data. No statistically significant
differences were observed.
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5.3 Discussion

This chapter investigated the potential synergistic effects of H,0, when combined
with conventional antibiotics (flucloxacillin and gentamicin) against early-stage
biofilms formed by two strains of S. aureus (Newman and SH1000). The two S.
aureus strains, which were selected based on their demonstrated tolerance to CAP
treatment in previous chapters allows us to examine the potential of combination
therapy against particularly resilient biofilms, addressing a critical need in clinical
settings where such resistant communities often lead to persistent infections
(Craft et al., 2019, Sinha, Aggarwal and Singh, 2024, Bhattacharya et al., 2015).

Gentamicin and flucloxacillin were selected based on their distinct mechanisms
of action and common use in treating S. aureus infections, including those
associated with biofilms. Gentamicin, an aminoglycoside, inhibits protein
synthesis by binding to the 30S ribosomal subunit (Figure 5.9), while flucloxacillin,
a B-lactam antibiotic, interferes with cell wall synthesis (Figure 5.10) (Kapoor,
Saigal and Elongavan, 2017, Tuon et al., 2023, Fisher and Mobashery, 2021). For
example, study tested gentamicin released from collagen sponges against S.
aureus biofilms on hydroxyapatite (mimicking bone infections), and found that the
high local concentrations (21,024 pg/mL) eradicated biofilms of gentamicin-
sensitive strains and partially eradicated resistant strains after prolonged
exposure (24-48 hours) (Maczynska et al., 2019). Another recent study on MRSA
clinical isolates demonstrated that prolonged exposure (48-72 hours) to high
gentamicin concentrations (1,024-2,048 pg/mL) significantly reduced biofilm
viability-achieving a 3-logio CFU decrease-even in strains harbouring the aac(6')-
aph(2”) resistance gene. However, complete eradication was not consistently
achieved (Ando et al., 2024).
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Figure 5.9: Schematic diagram described gentamicin mode of action against bacterial cell.
First, gentamicin enters the bacterial cell and then binds to the 30S ribosomal subunit. This binding
inhibits protein synthesis, leading to disruption of the bacterial cell membrane and ultimately resulting
in bacterial cell death. Diagram was created in BioRender.
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Figure 5.10: Schematic diagram described flucloxacillin mode of action against bacterial cell.
Flucloxacillin binds to penicillin-binding proteins on the bacterial cell membrane, which are essential
for synthesizing the cell wall. By inhibiting these proteins, flucloxacillin disrupts the cross-linking of
peptidoglycan, a critical structural component of the bacterial cell wall. This inhibition weakens the
cell wall, ultimately leading to cell lysis and bacterial death. Diagram was created in BioRender.
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These antibiotics are frequently used in clinical settings for treating wound
infections, making our findings particularly relevant to potential therapeutic
applications. For instance, gentamicin has been shown to effectively target
biofilms formed by S. aureus and other pathogens in diabetic foot ulcers (DFUs).
Studies revealed significant reductions in biofilm viability when gentamicin was
used, particularly in combination therapies with other agents like imipenem or
calcium sulfate beads (Nazari et al., 2024, Fletcher et al., 2022). Similarly,
flucloxacillin alone failed to significantly reduce S. aureus biofilm counts in bone,
soft tissue, or implant-associated biofilms in a rat model of implant-associated
osteomyelitis. However, combining flucloxacillin with rifampin achieved a highly
significant reduction in bacterial viability across all tested tissues, with no

reported antibiotic resistance in the combination group (Greimel et al., 2017).

The results demonstrated that biofilms exhibited enhanced susceptibility to
antibiotics when H,0, was present, with notable variations in effectiveness
depending on the treatment protocol, antibiotic type, and bacterial strain. This
chapter discussion evaluates the implications of these findings in the context of
current knowledge about biofilm-related infections and antimicrobial resistance,
while highlighting potential mechanisms underlying the observed synergistic

effects and considering future clinical applications.

5.3.1 Synergistic effects of H,O, and antibiotics against early-
stage biofilms

5.3.1.1 Enhancement of gentamicin efficacy

The metabolic activity assessments revealed remarkable synergistic effects when
combining H,0, with gentamicin against early-stage S. aureus biofilms. For S.
aureus Newman biofilms, whilst gentamicin alone demonstrated concentration-
dependent reductions in metabolic activity, the addition of H,0, substantially
enhanced its antimicrobial efficacy. The experimental results showed that
gentamicin at 128 pg/mL alone reduced metabolic activity to 45.31% (****p<
0.0001), while the simultaneous combination with 1 mM H,0, decreased metabolic
activity to 37.20%. This synergistic effect was particularly pronounced with the

post-treatment protocol, where gentamicin followed by H,0, post-treatment

223



Chapter 5: Enhancing antibiotic susceptibility in early-stage Staphylococcus
aureus biofilms using hydrogen peroxide (H202)

achieved significant reductions across a broader range of gentamicin
concentrations (128 to 4 pg/mL). These findings align with research by Asanin et
al. (2019), who demonstrated that combining antimicrobial agents can produce
enhanced effects against S. aureus strains with diverse genetic backgrounds.
Similarly, this finding is consistent with research by Kwiatkowski et al. (2020), who
reported that the combination of H,0, with other antimicrobial agents produced

synergistic effects against S. aureus biofilms.

The mechanism underlying this synergy may involve H,0,-mediated disruption of
the biofilm matrix, subsequently facilitating enhanced antibiotic penetration.
Gentamicin’s polycationic structure, characterised by multiple amino and
hydroxyl groups, inherently limits its diffusion through the anionic EPS of biofilms
due to charge interactions with alginate and other EPS components (Heriot et al.,
2019, Machado et al., 2013). Structural modifications, such as hydrophobic
derivatisation (e.g., alkyl chain incorporation), could reduce polarity and improve
gentamicin’s penetration into lipid-rich biofilm matrices, as demonstrated by
poly(lactide-co-glycolide) (PLGA) nanoparticle formulations that enhance
gentamicin entrapment and release (Abdelghany et al., 2012). Additionally, H,0,
may sensitise bacterial cells through oxidative damage to cellular components,
such as ribosomal RNA, rendering them more susceptible to gentamicin’s protein
synthesis inhibition. This is supported by studies showing that H,O, induces
oxidative stress, which disrupts biofilm architecture and downregulates biofilm-
associated genes, enhancing antibiotic efficacy (Dwyer et al., 2014, Painter et al.,
2015). Furthermore, oxidative stress from H,0, increases extracellular DNA
(eDNA) release in S. aureus biofilms, potentially destabilising the matrix.

However, H,0, alone shows limited antibiofilm activity.

5.3.1.2 Enhancement of flucloxacillin efficacy

Similarly, the combination of H,0, with flucloxacillin demonstrated enhanced
antimicrobial efficacy metabolically -not in cellular viability against both S. aureus
strains, albeit with strain-specific optimal treatment strategies. For Newman
biofilms, pre-treatment with H,0, followed by flucloxacillin consistently yielded
the most substantial reductions in metabolic activity. The experimental data

showed that while flucloxacillin alone at higher concentrations (8, 4, and 2 ug/mL)
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reduced metabolic activity to 3.09%, 2.69%, and 2.99% respectively (*p< 0.05), the
pre-treatment approach with H,0, followed by flucloxacillin exposure yielded
even greater reductions, with 8 pg/mL reducing metabolic activity to 0% (**p<
0.01).

Flucloxacillin’s B-lactam structure, which includes a stabilised isoxazolyl side
chain, confers resistance to B-lactamase hydrolysis but exhibits limited
penetration into hydrophilic biofilm matrices due to interactions with EPS
(Kapoor, Saigal and Elongavan, 2017). Structural optimisations, such as B-
lactamase-resistant analogs or hydrophobic modifications, could enhance biofilm
penetration by reducing polarity and improving diffusion through lipid-rich EPS
components (Parker et al., 2023). H,0, potentiates flucloxacillin by degrading
biofilm EPS through oxidative cleavage of polysaccharides and eDNA, destabilising
the matrix and enabling antibiotic access to PBPs (Shnyoor and Zgair, 2024,
Hoogenkamp et al., 2023). Pre-treatment with H,0, may disrupt bacterial
membrane integrity, increasing flucloxacillin uptake and efficacy, as
demonstrated by sub-MIC doses (0.0625 pg/mL) achieving greater reductions in
biofilm metabolic activity (19.41%) in combination therapy (Wu et al., 2021,
Parker et al., 2023). These findings align with clinical strategies advocating
combination therapies for biofilm-associated S. aureus infections, where oxidative
agents or adjuvant treatments enhance B-lactam efficacy (Senobar Tahaei et al.,
2021). Moreover, other research examining bacteriophages combined with
subtherapeutic doses of antibiotics demonstrated that the cocktail synergised with
flucloxacillin to eradicate biofilms, highlighting the potential of combined

approaches for enhanced biofilm eradication (Save et al., 2022).

5.3.1.3 Strain-specific responses to combination therapies

A crucial finding from this investigation was the strain-specific responses to
combination therapies, emphasising the importance of tailored treatment
approaches for different S. aureus strains. The CFU assessment revealed
differences between Newman and SH1000 strains in their responses to H,0,-
antibiotic combinations. For S. aureus Newman, combining flucloxacillin with
H,O, significantly enhanced antimicrobial efficacy, with the pre-treatment

approach achieving the greatest reduction (4.2-logio reduction) compared to
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flucloxacillin alone (2.0-logio reduction). In contrast, for SH1000 biofilms,
flucloxacillin monotherapy consistently yielded the most substantial reductions in
bacterial viability, with flucloxacillin alone achieving a greater reduction (2.2-

log1o reduction) than any combination with H,0,.

This strain-specific variability in treatment response may be attributed to
differences in oxidative stress adaptation mechanisms. Similar observations were
noticed in the previous chapter (chapter 3) when applied CAP against different S.
aureus strains. Research demonstrated that S. aureus strains could exhibit varying
degrees of susceptibility to oxidative stress due to differences in antioxidant
defences and repair mechanisms (Beavers and Skaar, 2016). Additionally, S.
aureus can adapt to oxidative stress through the production of H,0,-resistant
small colony variants (SCVs) with enhanced catalase activity, which may
contribute to varying responses to oxidative agents across different strains
(Painter et al., 2015).

5.3.1.4 Pre-treatment versus post-treatment with H;O,

The timing of H,0, application emerged as a critical factor influencing
antimicrobial efficacy. For S. aureus Newman biofilms treated with flucloxacillin
or gentamicin, the pre-treatment approach with H,0, consistently yielded the
greatest log reductions in bacterial viability. In contrast, the post-treatment with
flucloxacillin or gentamicin strategy showed the greatest logio reductions for S.
aureus SH1000. In the experimental data, pre-treatment with H,0, followed by
flucloxacillin 0.25 pg/mL achieved a 4.2-log1o reduction, compared to 3.6-log1o for
simultaneous treatment and 3.1-logio for post-treatment for S. aureus Newman
biofilms. In contrast, for gentamicin treatment of S. aureus Newman biofilms, the
post-treatment protocol demonstrated superior efficacy, particularly at higher
gentamicin concentrations, with simultaneous application achieving a 5.3-log1o

reduction at 128 pg/mL compared to gentamicin alone (3.5-logio reduction).

The differential efficacy of pre-treatment versus post-treatment with H,0, in
eradicating S. aureus biofilms is strongly influenced by strain-specific biofilm
characteristics and adaptive stress responses (Yin et al., 2017, Painter et al.,

2015). For S. aureus Newman biofilms pre-treatment with H,0, followed by
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flucloxacillin effectiveness, this is attributed to Newman’s polysaccharide
intercellular adhesin (PIA)-dominant biofilm matrix, which is highly susceptible to
oxidative disruption by H,0, (Yin et al., 2017). Pre-treatment degrades the PIA-
rich EPS, enabling flucloxacillin to penetrate and target PBPs in metabolically
active cells (Painter et al., 2015). Additionally, H,O, downregulates biofilm-
associated genes (e.g., ica operon), further sensitising cells to B-lactams (Painter
et al., 2015).

In contrast, for S. aureus SH1000 biofilms, post-treatment with H,0, after
gentamicin exposure yielded the greatest reductions in viability. SH1000 biofilms
are characterised by eDNA-rich matrices, which are less vulnerable to H,0, alone
but become destabilised after gentamicin-induced metabolic stress (Lamret et al.,
2021b, Peng et al., 2022). Gentamicin’s inhibition of protein synthesis primes cells
for oxidative damage, while post-treatment H,0, targets residual persister cells
and SCVs that evade aminoglycoside activity (Stoneham et al., 2020, Wu et al.,
2021). This sequential approach mitigates SCVs survival, a common issue in
gentamicin monotherapy, by leveraging H,0,’s ability to disrupt membrane

integrity and overwhelm bacterial antioxidant defences (Wu et al., 2021).

These findings suggest that the optimal timing of H,0, application depends on the
specific antibiotic used and potentially the mechanism of action involved. The
importance of treatment timing has been observed in other antimicrobial
combination studies, such as research on the antimicrobial and antibiotic-
potentiating effect of calcium peroxide nanoparticles in combination with
tobramycin sulfate, which demonstrated timing-dependent synergistic effects

against oral bacterial biofilms (Bankar et al., 2024).

5.3.2 Limitations and future directions
5.3.2.1 Limitations of the current study:

First of all, the study utilised in vitro biofilm models, which may not fully replicate
the complex host-microbe interactions (e.g., immune responses, nutrient
gradients) observed in clinical infections. For instance, S. aureus biofilms in

chronic wounds or implant-associated infections often coexist with host cells and
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multispecies microbial communities, factors absent in monoculture polystyrene
plate assays (Wang et al., 2023a, Kranjec et al., 2021). Second, early-stage
biofilms (4-hour maturation) were tested in this chapter in contrast with the
previous chapters (24h mature biofilms), limiting insights into therapeutic efficacy
against mature or chronic biofilms. Mature biofilms exhibit greater structural
complexity, metabolic heterogeneity, and persister cell enrichment, which are
key drivers of treatment failure (Kranjec et al., 2021, Tuon et al., 2023). Third,
the findings are limited to S. aureus Newman and SH1000 strains. Clinical isolates
often exhibit broader genetic and phenotypic diversity, including varied biofilm
matrix composition (e.g., PIA vs. eDNA dominance) and oxidative stress
adaptations, which influence treatment responses (Raval et al., 2021, Banerjee,
Gowda and Ananda, 2022).Finally, repeated exposure to sublethal H,0,-antibiotic
combinations may select for resistant mutants or SCVs, as observed in studies
where oxidative stress increased antibiotic tolerance in S. aureus (Parker et al.,
2023, Kranjec et al., 2021).

5.3.2.2 Future research directions:

Translating findings to in vivo models (e.g., murine wound or implant infection
models) and human trials is critical. For example, calcium peroxide nanoparticles
(Ca0;, NP) combined with tobramycin demonstrated enhanced biofilm eradication
in oral biofilms, highlighting the potential of oxygenating agents in clinical settings
(Bankar et al., 2024). Explore synergies between H,0, and other antibiofilm
agents, such as: matrix-dispersing enzymes (Dispersin B® or DNase ), which
degrade polysaccharides or eDNA, improving antibiotic penetration (Wang et al.,
2023a), or nanoparticle delivery systems (PLGA-coated gentamicin or
flucloxacillin) to enhance biofilm penetration and sustain drug release
(Abdelghany et al., 2012). Investigate prolonged or pulsed H,0,-antibiotic
regimens to counteract biofilm resilience. Studies show that repeated oxidative
stress can exhaust bacterial antioxidant defences (e.g., bacilliredoxins BrxA and
BrxB/ bacillithiol disulfide reductase YpdA pathway) which is central to S. aureus
defence against oxidative stress, sensitising cells to antibiotics (Linzner et al.,
2019, Raval et al., 2021). Monitor emergent resistance mechanisms (e.g., SCVs
formation, catalase upregulation) during combination therapy. Pharmacological

inhibition of redox pathways (e.g., bacillithiol metabolism) could prevent adaptive
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tolerance (Linzner et al., 2019, Kranjec et al., 2021). Develop polymicrobial
biofilm models to mimic clinical infections, where interspecies interactions alter
antibiotic susceptibility. For example, P. aeruginosa co-infections can enhance S.
aureus survival via shared matrix components (Yung, Sircombe and Pletzer, 2021,

Nguyen and Oglesby-Sherrouse, 2016).

5.3.3 Conclusion

Key findings from this chapter:

- Synergistic effects.

H,O0, enhances antimicrobial efficacy of conventional antibiotics (e.g.,
flucloxacillin, gentamicin) against early-stage S. aureus biofilms, particularly in
the Newman strain. This efficacy varies based on treatment protocol, antibiotic

class, and bacterial strain.

- Proposed mechanisms.

Improved biofilm penetration by antibiotics, increased bacterial membrane
permeability and metabolic reactivation of dormant cells, making them

susceptible to antibiotics.

- Clinical implications.

Potential to reduce reliance on high-dose antibiotic monotherapy, mitigating
antimicrobial resistance (especially MRSA). Additionally, H,0O,-mediated re-
sensitisation of biofilm-embedded bacteria offers a strategic approach to combat

persistent infections.

- Broader impact.

Combination therapies could preserve existing antimicrobial arsenal effectiveness
and may improve patient outcomes in biofilm-associated infections amid rising

global antibiotic resistance.
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The experimental findings presented in this thesis demonstrate the significant
antimicrobial potential of cold atmospheric plasma (CAP) and selected compounds
from the Tocriscreen™ Micro library against various mono-species and
polymicrobial biofilms, with differential efficacy observed across microbial
species and strains. This work has revealed that CAP exhibits time-dependent
killing effects against Candida auris biofilms, with the most pronounced
reductions in viability occurring after 5 minutes of treatment. The antimicrobial
activity of CAP strongly correlates with hydrogen peroxide (H:0:) production,
suggesting a key role for these reactive oxygen species (ROS) in the observed
effects. Furthermore, strain-dependent responses to CAP treatment were
identified, particularly among Staphylococcus aureus isolates, highlighting the
importance of strain selection in antimicrobial testing. Most notably, the
combination of CAP with the novel agent, KHS 101 hydrochloride (KHS),
consistently demonstrated superior efficacy compared to monotherapies,
achieving significant reductions in both total and viable cell counts in mono-
species and polymicrobial biofilms. In the final data chapter further investigation
for the mode of action of CAP by utilising H,02 in combination with two clinically
relevant antibiotics; flucloxacillin and gentamicin in different treatment
regimens. These combination therapies were assessed against early-stage biofilms
formed by two distinct S. aureus strains—Newman and SH1000. The efficacy led
to “breaking of the tolerance” exhibited by S. aureus Newman and SH1000 to CAP
therapy. These findings have important implications for the development of novel
treatment strategies for biofilm-associated infections, particularly in the context

of wound care.

6.1 Complex biofilm models; advantages and limitations

The cellulose matrix-hydrogel system employed in this study for CAP therapy
represents a more complex biofilm modelling compared to traditional approaches
(e.g., growth on microtiter plate as used in chapter 5) (Townsend et al., 2016,
Townsend et al., 2017). This system provides a three-dimensional (3D) structure
that more accurately mimics the physical environment encountered in chronic
wounds, allowing for more clinically relevant assessments of antimicrobial
efficacy. However, It should be acknowledged that the biofilm model used in this

study is nearly a decade old, and while it remains technically manageable and
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reproducible, it does not fully capture the complexity of chronic wound
environments now commonplace when considering the wound microbiome. More
advanced models have since been developed, including ex vivo wounded skin
systems and 3D bioengineered constructs that incorporate host tissue components,
polymicrobial communities, and physiologically relevant gradients of oxygen and
nutrients (PETERSON and WESTGATE, 2022, Cardenas-Calderon et al., 2022,
Martinet et al., 2025). These newer platforms can better mimic clinical conditions
and will be discussed further in the next section. For example, the incorporation
of cellulose fibers creates a scaffold that resembles wound tissue architecture,
enabling microbial attachment and biofilm development in a manner more
representative of in vivo conditions (Tabatabaei Hosseini et al., 2024, Khan et al.,
2024, Utoiu et al., 2024). Moreover, bacterial cellulose (BC) consists of an
ultrafine network of nanofibers that provides excellent tensile strength, high
water absorption, and notable biocompatibility, closely mimicking the structure
of the human extracellular matrix (ECM). This 3D architecture not only supports
superior moisture retention and mechanical protection but also offers a
physiologically relevant surface that facilitates realistic microbial attachment,
growth, and biofilm development-features particularly relevant in the context of
chronic wound infections (He et al., 2021). Recent studies have developed
artificial wound bed models using cellulose-based materials, such as BC-tannic
acid-magnesium chloride (BC-TA-Mg) composites and electro spun cellulose
acetate-gelatine scaffolds (Wachter et al., 2023). This represents a significant
advantage over conventional microtiter plate-based biofilm models, which lack

the structural complexity of real wound environments.

The inclusion of both mono-species and triadic polymicrobial biofilms in this study
addresses the complex nature of chronic wound infections, albeit still from a
simplistic point of view. As demonstrated by (Kalan et al., 2016), Kalan et al.
(2019), chronic wounds harbour diverse microbial communities comprising
multiple bacterial and fungal species that interact in complex ways to enhance
collective virulence and treatment resistance. Our triadic model incorporating
Candida albicans, Pseudomonas aeruginosa, and S. aureus reflects this
complexity, enabling the assessment of antimicrobial strategies against
polymicrobial communities rather than isolated species. This polymicrobial model

is mimics diabetic foot ulcers (DFUs), where inter-kingdom communities are
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frequent and clinically meaningful; longitudinal sequencing of 100 non-healing
DFUs showed fungal communities in up to ~80% of cases and linked mycobiome
features to delayed healing and necrosis, supporting inclusion of Candida
alongside bacterial pathogens (Kalan et al., 2016). The triad of C. albicans, P.
aeruginosa, and S. aureus reflects dominant DFUs taxa reported across
culture-based and metagenomic cohorts and enables interrogation of
cross-kingdom interactions implicated in tolerance and virulence (Kalan et al.,
2019, Sadeghpour Heravi et al., 2019). This approach aligns with contemporary
understanding of wound infections as polymicrobial ecosystems rather than

isolated pathogen colonisation (Keim et al., 2024, Kadam et al., 2019).

Recent work has further highlighted the importance of polymicrobial biofilm
models in antimicrobial testing, demonstrating that interspecies interactions can
significantly alter susceptibility profiles compared to mono-species testing
(Richards et al., 2024). Similarly, studies have shown that the presence of fungi
within bacterial biofilms can enhance overall resistance to conventional
antimicrobials, necessitating the development of models that incorporate this
complexity in models associated with wounds and other ecological niches (Ranjith,
Nagapriya and Shivaji, 2022, Townsend et al., 2016, Kean et al., 2017). To
illustrate this, a recent study within the field of oral microbiology highlighted that
C. albicans acts as a keystone species in oral polymicrobial biofilms, increasing
bacterial load by 10-fold and lactate production in 5- and 10-species consortia.
These interkingdom biofilms exhibit heightened metabolic activity (2.5x higher
than bacterial-only biofilms) and resistance to chlorhexidine, necessitating C.
albicans-inclusive models for antimicrobial testing (Young et al., 2021). Another
study stated that the synergy of C. albicans with Streptococcus mutans and
Actinomyces naeslundii accelerates acid production (pH <4.5), exacerbating
enamel demineralisation in early childhood caries (Arzmi et al., 2016). Our
findings on the differential responses of mono-species versus triadic wound
biofilms to various treatments support these observations and underscore the
value of complex biofilm models in preclinical evaluation of novel antimicrobial

strategies.

Despite their advantages, the biofilm models used in this study have several

limitations that must be acknowledged. First, while the cellulose matrix-hydrogel
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system provides structural complexity, it still lacks the dynamic immunological
environment present in human wounds (Vyas, Xia and Mai-Prochnow, 2022).
Studies have shown that host-derived factors such as inflammatory mediators,
matrix metalloproteinases, and immune cells significantly influence biofilm
formation and antimicrobial susceptibility in vivo (Richards et al., 2024, Fan et
al., 2025, Yucel-Lindberg and Bage, 2013, Vidakovic et al., 2023). Future models
could incorporate these elements through the addition of immune cells or wound

exudate to better recapitulate the host-pathogen interface.

Additionally, our models do not account for the anaerobic/microaerophilic
conditions often found in deeper wound tissues. Studies have demonstrated that
oxygen gradients within wounds influence microbial composition and metabolic
activity, with profound implications for treatment efficacy (Richards et al., 2024,
Klementiev, Jin and Whiteley, 2020, Thaarup et al., 2023, Percival et al., 2018).
Developing oxygen-controlled biofilm systems that simulate these gradients

represents an important direction for future research.

Furthermore, while our triadic biofilm model incorporates three key pathogens, it
still fails to capture the full diversity of wound microbiomes. Studies reveal that
wounds host dozens of microbial species, including obligate anaerobes
(Anaerococcus, Finegoldia, Peptoniphilus) and Gram-negative opportunists
(Proteus, Enterococcus), which thrive in hypoxic niches and engage in metabolic
cross-feeding with aerobic pathogens to enhance biofilm resilience (Maddocks,
2017, Bowler, Duerden and Armstrong, 2001, Choi et al., 2019). Non-albicans
Candida species (C. tropicalis, C. parapsilosis) and filamentous fungi
(Trichophyton rubrum, Aspergillus) are frequently identified in diabetic and burn
wounds, where they synergise with bacteria to degrade tissue and evade immune
responses (Ge and Wang, 2023, Kalan et al., 2016). For example, fungal B-glucan
matrices shield S. aureus from phagocytosis, while Proteus spp. alkalinize the
wound environment, activating proteases that impede healing (Kalan et al., 2016,
Bowler, Duerden and Armstrong, 2001). Excluding these species overlooks critical
interactions, such as pH-mediated resistance and hyphal penetration of dressings,
which are hallmarks of clinical infections (Ge and Wang, 2023, Kalan et al., 2016).
Developing models that incorporate anaerobic and fungal communities, alongside

aerobic bacteria; one such study recently published from our group, utilised a 11-
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multi-species wound biofilm mode (Brown et al., 2022), including these organisms
that would provide a much more complex system for testing in the future, and
will better replicate clinical complexity and improve preclinical therapeutic

testing.

6.2 Personalised biofilm models

An emerging concept in wound care is the recognition that each wound possesses
a unique microbiome signature, necessitating personalised approaches to
treatment. As demonstrated by Loesche et al. (2017) through metagenomic
analysis of chronic wound samples, the microbial composition varies dramatically
between patients and even between wounds in the same patient. This
heterogeneity suggests that standardised biofilm models, while valuable for

comparative studies, may not predict treatment outcomes for individual patients.

The development of patient-specific biofilm models represents a promising
approach to address this challenge. Recent work by Wang et al. (2025), Sharma et
al. (2024a) has explored the use of patient-derived microbiota to seed biofilm
models, creating personalised in vitro systems that better reflect individual wound
environments. Such models could potentially enable clinicians to test treatment
strategies against a patient's specific microbial community before
implementation, enhancing therapeutic precision. However, unculturability
reflects gaps in mimicking natural microenvironments rather than biological
impossibility. These microbes represent untapped phylogenetic and functional
diversity with implications for ecology, medicine, and biotechnology (Lloyd et al.,
2018). The inability to culture many microorganisms in laboratory settings stems
from their unique physiological and ecological requirements, which standard
cultivation methods fail to replicate. Some species depend on metabolites
produced by neighbouring microbes, nutrient and environmental specificities,
microbial competition, bacteria enter a dormant viable but non-culturable state,
resisting cultivation despite metabolic activity (Stewart, 2012). This state is
reversible under favourable conditions but often overlooked in standard assays.
For microbiome studies, neglecting these microbes risks incomplete understanding
of community dynamics, host interactions, and therapeutic targets (Kapinusova,
Lopez Marin and Uhlik, 2023).
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Our findings regarding strain-dependent responses to antimicrobial interventions
further emphasise the importance of personalised approaches. The observation
that different S. aureus strains exhibit varying levels of tolerance to CAP
treatment, with S. aureus (Newman and SH1000) showing particular tolerance,
highlights the potential pitfalls of generalising treatment efficacy across strains.
As shown by Klein et al. (2022), even within a single species, substantial genotypic
and phenotypic diversity exists that can influence treatment outcomes. This
underscores the need for strain-specific testing in preclinical evaluation and the
potential value of isolate characterisation in clinical settings. Future biofilm
models should therefore strive to balance standardisation for comparative
research with personalisation for clinical relevance. The integration of rapid
microbiome characterisation technologies with tailored biofilm model
development could potentially bridge this gap, allowing for more predictive
preclinical testing and informed treatment selection. However, reproducibility

may be reduced if using patient-species model systems as testing platforms.

6.3 Current status of CAP technology in clinical
applications

CAP technology has progressed significantly from laboratory curiosity to clinical
tool over the past decade (Laroussi, 2020). Our findings demonstrating the
significant efficacy of CAP against diverse microbial biofilms, including multidrug-
resistant pathogens like C. auris, highlight its potential value in wound care and
general nosocomial infection control. However, several practical considerations

must be addressed to facilitate widespread clinical adoption.

The optimal treatment parameters identified in our study specifically, a 5-minute
exposure time align with findings from recent clinical trials. Stratmann et al.
(2020) conducted a randomised clinical trial of CAP therapy for DFUs, applying a
2-minute treatment three times weekly and demonstrating significantly
accelerated wound healing compared to placebo. Similarly, Mirpour et al. (2020b)
implemented a protocol of 5-minute CAP treatments per week for diabetic ulcers,
reporting a 77.3% reduction in wound size after 3 weeks compared to 36.4% in
controls. Another clinical study on chronic wounds showed that a 2-minute CAP

treatment significantly reduced bacterial load, with no adverse effects, and was
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effective across different wound types and bacterial species (Isbary et al., 2012).
These studies suggested that the treatment duration established in our in vitro
work translates effectively to clinical settings without imposing impractical time

burdens.

Regarding device selection, several CAP systems have received regulatory
approval for wound treatment. The kINPen® MED (neoplas tools GmbH, Germany)
and SteriPlas (Adtec Healthcare, UK) represent examples of commercially
available plasma devices with established safety profiles (Jeyaratham and
McGovern, 2022, Breathnach et al., 2018). These systems differ in their
mechanisms of plasma generation (dielectric barrier discharge versus plasma jet)
(Nasiru et al., 2021), and gas compositions (argon, helium, or ambient air)
(Hoffmann, Berganza and Zhang, 2013), potentially influencing their antimicrobial
efficacy and tissue compatibility (Bakhtiyari-Ramezani et al., 2024). Our research
utilising an argon gas plasma system provides valuable data supporting the efficacy
of plasma devices. It is important to note that, while the specific device used in
our study has been described in published literature (Ghimire et al., 2021,
Ghimire, Szili and Short, 2022), it is not commercially available and has not yet

undergone clinical testing.

6.3.1 The importance of mechanistic research and strain-
dependent responses in treatment development

Our investigation into the mechanisms underlying CAP's antimicrobial effects,
particularly the correlation between H;0; production and microbial inactivation,
exemplifies the importance of mechanistic research in advancing clinical
applications. Understanding how antimicrobial technologies function at a
molecular level provides numerous advantages for optimising their therapeutic
use. Mechanistic insights enable rational optimisation of treatment parameters.
Our finding that increasing CAP exposure time correlates with H,0; production and
antimicrobial efficacy provides a clear rationale for the 5-minute treatment
duration identified as optimal. Similarly, the observation by Ghimire et al. (2021)
that specific plasma parameters modulate reactive species generation has
informed device design to maximise therapeutic species while minimising

potentially harmful by-products. Without this mechanistic understanding,
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optimisation would rely on empirical testing alone, dramatically increasing

development time and cost.

Furthermore, mechanistic knowledge facilitates prediction of potential tolerance
mechanisms. As demonstrated by Mai-Prochnow et al. (2015), understanding that
reactive oxygen species (ROS) target multiple cellular components simultaneously
explains the low incidence of resistance development against CAP treatment. This
contrasts with conventional antibiotics, where specific molecular targets often
enable rapid resistance evolution through single mutations (Igler, Rolff and
Regoes, 2021). This mechanistic insight suggests that CAP-based therapies may
maintain efficacy over longer periods than traditional antimicrobials, a critical

consideration in an era of increasing antimicrobial resistance.

In this work, CAP exposures and exogenous H;O, assays were performed as
separate experiments, which do not by themselves establish causality for H,0; in
our system. However, our interpretation for using H,0, is supported by published
mechanistic studies showing that this agent is a dominant, long-lived antimicrobial
in CAP-treated liquids and that catalase or H20; scavengers diminish CAP/PAW
killing, particularly under mildly acidic conditions where H;0;-nitrite (NO)
chemistry is most bactericidal (lkawa, Kitano and Hamaguchi, 2010, Oehmigen et
al., 2010, Oehmigen et al., 2011, Wende et al., 2015, Graves, 2014).
Complementarily, the gas source can reduce reactive nitrogen species (RNS) and
enrich RNS output: nitrogen (N)- or carbon dioxide (COz)-driven plasma jets
generate RNS-dominant chemistries that retain efficacy against catalase-positive
organisms, offering a practical alternative where high catalase burdens are
expected (Takamatsu et al., 2014, Bruggeman et al., 2016, Lukes et al., 2014).
Taken together, our data are consistent with this literature and highlight potential
future avenues for tests in our models (e.g., catalase addition during CAP,
selective scavengers for ROS/RNS, gas-source switching with quantitative RONS
profiling) to delineate species-specific contributions to killing in wound-relevant

biofilms.

The strain-dependent responses to CAP treatment observed in our study highlight
how laboratory insights can directly inform clinical practice. The finding that S.

aureus (Newman and SH1000) exhibits greater tolerance to CAP than other strains
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tested suggests that strain identification might predict treatment response,
potentially enabling personalised therapeutic approaches. Recent advances in
rapid diagnostic technologies have made strain-level identification increasingly
feasible in clinical settings. Yu et al. (2022) demonstrated that MALDI-TOF mass
spectrometry can differentiate between S. aureus strains with different virulence
and resistance profiles within hours rather than days. Combining such diagnostic
capabilities with strain-specific susceptibility data could enable clinicians to
select optimal treatment modalities based on the specific pathogens present in a

patient’'s wound.

6.3.2 Safety profile and regulatory considerations

The safety of CAP for human tissues is a paramount concern for clinical
translation, particularly as the technology moves from laboratory to bedside
applications (Xu et al., 2021). Multiple studies have established favourable safety
profiles for therapeutic plasma applications, with only minor and transient effects
such as mild erythema or warming sensations, which resolve quickly without
intervention (Xu et al., 2021). Mechanistic investigations have shown that
therapeutic plasma doses can selectively induce oxidative stress in microbial cells
while activating protective antioxidant responses in mammalian cells, creating a
therapeutic window that enables antimicrobial efficacy without host toxicity (Xu
et al., 2021, Wang et al., 2022). This selectivity is attributed to fundamental
differences in antioxidant defence systems between prokaryotic and eukaryotic
cells (Wang et al., 2022).

However, a growing body of literature-particularly from cancer biology-highlights
the need for caution. CAP has been extensively studied for its anti-cancer
properties, with numerous reports demonstrating that plasma-generated reactive
oxygen and nitrogen species (RONS) can induce DNA damage, apoptosis, and cell
death in a variety of cancer cell lines, both in vitro and in vivo (Min et al., 2022,
Yan et al., 2017, Murillo et al., 2023, Sun et al., 2024, Biscop et al., 2019, Hong
et al., 2017). While this is desirable in oncology, it raises concerns about potential
genotoxicity in non-malignant tissues. Notably, a study from Lancaster university
found that certain plasma devices, under specific conditions, induced markers of

DNA damage and chromosomal instability in normal cell lines, including
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micronuclei formation and increased necrosis-effects associated with carcinogenic
risk (Hong et al., 2017). Other investigations have confirmed that the genotoxic
and cytotoxic effects of plasma jets can vary significantly depending on cell type,
exposure time, and the composition of the surrounding medium, with some normal
cells showing increased sensitivity to indirect CAP treatment (Hong et al., 2017,
Biscop et al., 2019).

These findings underscore the importance of rigorous, context-specific safety
testing for each plasma device and clinical protocol. While current clinical and
preclinical data suggest that CAP is generally safe for short-term, controlled
therapeutic use, the possibility of long-term genotoxicity or cancer risk-especially
with repeated or high-dose exposures-cannot be excluded without further study
(Hong et al., 2017, Biscop et al., 2019, Xu et al., 2021). Future research should
prioritise long-term animal studies, sensitive genotoxicity assays, and careful
monitoring in clinical trials to ensure that CAP’s benefits for wound care and
infection control are not offset by unintended oncogenic effects or microbial
adaptation (Xu et al., 2021, Wang et al., 2022). It is important to note that,
prolonged CAP exposure may inadvertently drive tolerance/resistance
mechanisms in microbial communities, mirroring challenges seen with antibiotic
overuse. This emerging concern underscores the need for studies evaluating dose-
dependent responses and evolutionary pressures on pathogens during extended

treatment regimens.

Interpreting CAP safety in the clinical context requires acknowledging the
host-damage liabilities of standard antiseptics: randomized and controlled studies
show CAP can lower bioburden and accelerate healing without adverse effects
under short exposures. Conversely, commonly used agents such as chlorhexidine,
H,02, iodine, and silver present concentration-dependent trade-offs that can
impair host cells or underperform in mature biofilms (Chen et al., 2024, Thomas
et al., 2011, Paleczny et al., 2023). Thus, CAP may reduce reliance on cytotoxic

dosing of antiseptics when integrated into biofilm-based wound care pathways.

6.3.3 Ongoing clinical trials and animal models

Several clinical trials investigating CAP for wound treatment are currently in

progress, expanding the evidence base for this technology. A randomised
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controlled trial by Bakker et al. (2025) is evaluating the efficacy of direct CAP
therapy for venous leg ulcers (VLUs). Preliminary results suggested a greater
reduction in wound area after 12 weeks compared to standard care alone (referred
to the conventional management of VLUs, such as wound debridement and
cleaning, appropriate wound dressings and routine wound care assessments with
monitoring. Beyond this, additional clinical trials have demonstrated the broader
applicability of CAP for chronic wound management. For example, a randomised
clinical trial involving 62 DFUs found that CAP therapy significantly accelerated
wound healing compared to placebo, resulting in faster wound surface reduction
and earlier transition to ambulatory care (Stratmann et al., 2020). Preliminary
clinical trials have also reported that CAP can decrease bacterial load and speed
up the healing of chronic wounds without harming healthy tissues (Li et al., 2023).
Similarly, Mirpour et al. (2020a) reported significant improvements in wound
healing rates following CAP treatment in a randomised clinical trial. In addition,
a clinical investigation of chronic wounds demonstrated that a two-minute CAP
application led to a marked decrease in bacterial counts without causing any side
effects, and proved effective against various wound types and bacterial strains
(Isbary et al., 2012).

Animal models have also provided crucial insights into the potential of CAP therapy
for infected wounds. Recent murine studies demonstrate CAP’s dual therapeutic
action, showing both potent antimicrobial efficacy and enhanced wound healing.
For example, CAP treatment significantly reduces bacterial burden in S. aureus-
infected wounds while simultaneously promoting tissue regeneration through
increased neoepidermis length and ECM formation (Blaise et al., 2024). Beyond
murine models, in diabetic rat models, CAP demonstrates significant therapeutic
potential by accelerating wound closure, enhancing tissue regeneration, and
modulating inflammation. CAP treatment reduced wound area by improved
epithelialisation and promoted collagen organisation, while lowering
inflammatory cell infiltration and upregulating IL-8 mRNA (Curukoglu et al., 2023).
CAP alone was as effective as CAP combined with insulin, achieving comparable
wound contraction rates, suggesting its standalone sufficiency (Curukoglu et al.,
2023). Exposure durations of 60s or 120s daily yielded similar improvements in
contraction and epithelialisation (Tatlicioglu et al., 2023). In S. aureus-infected

diabetic rats, CAP accelerated healing with faster collagen formation and reduced
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inflammation, underscoring its dual antimicrobial and regenerative actions
(Dehghanpisheh et al., 2023). These studies collectively highlight CAP’s ability to
reduce bacterial load, enhance tissue repair, and control oxidative stress in
diabetic wounds. In canine models, cold atmospheric microwave plasma (CAMP)
increased keratinocyte migration and upregulated genes involved in wound
healing, supporting its application in veterinary medicine (Lertpatipanpong et al.,
2023, Yoo et al., 2023). Collectively, these diverse animal studies underscore
CAP’s broad-spectrum antimicrobial and pro-regenerative properties across
species and wound types, reinforcing its promise as a multimodal therapy for

complex and infected wounds.

The antimicrobial mechanism of CAP in vivo appears to work partly through
enhancing macrophage-mediated bacterial clearance, with CAP treatment
promoting the elimination of both methicillin-sensitive and methicillin-resistant
S. aureus strains by host immune cells (Duchesne et al., 2021). Beyond infection
control, CAP demonstrates direct wound healing benefits by altering keratinocyte
and fibroblast migration patterns, resulting in significantly accelerated wound re-
epithelialisation (days 3-9) compared to untreated controls (Schmidt et al., 2017).
These animal studies collectively validate CAP's potential as a multifaceted
therapeutic approach that addresses both the infectious and regenerative aspects

of wound healing.

Future clinical research should focus on optimising treatment protocols,
identifying patient populations most likely to benefit from CAP therapy, and
evaluating long-term outcomes (Raissi-Dehkordi et al., 2025). Additionally, the
development of portable or home-based plasma devices could potentially extend
treatment accessibility beyond clinical settings, though such applications would

require careful consideration of safety and usability factors (Kos et al., 2017).

6.3.4 Synergistic potential of combined approaches and future
directions

Our findings demonstrating superior efficacy of dual therapies compared to
monotherapies highlight the significant potential of combination approaches in
biofilm management. The KHS+CAP combination proved particularly effective

compared to modest reductions with either treatment alone. This synergistic
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effect aligns with emerging literature supporting combination strategies for

recalcitrant biofilm infections.

Recent work by Schramm et al. (2020) demonstrated that sequential application
of CAP followed by antibiotic treatment resulted in significantly greater
reductions in Enterococcus faecalis biofilms compared to either treatment alone.
Similarly, Maybin et al. (2023) reported synergistic effects when combining CAP
with conventional antimicrobial compounds against P. aeruginosa biofilms,
achieving complete eradication at concentrations that were individually
sublethal. These findings collectively suggested that CAP may disrupt biofilm
architecture or cellular defences, rendering microorganisms more susceptible to

secondary antimicrobial agents (Maybin et al., 2023).

The observation that CAP enhances the efficacy of KHS a compound not
traditionally used as an antimicrobial is particularly noteworthy. This suggests that
plasma treatment may expand the repertoire of effective antimicrobial agents by
overcoming resistance mechanisms that typically limit their efficacy (Vankova et
al., 2024). As demonstrated by He et al. (2019), He et al. (2020b), CAP treatment
can temporarily increase cell membrane permeability through lipid peroxidation,
potentially enhancing drug uptake and accounting for the observed synergistic

effects.

6.3.4.1 Potential delivery methods for combined therapies

The translation of combined CAP-antimicrobial therapies to clinical practice
necessitates the development of appropriate delivery methods. Several promising
approaches warrant consideration based on our findings and recent literature.
Plasma-activated solutions represent one potential delivery vehicle for combined
therapies. Agus et al. (2024) demonstrated that CAP treatment of saline or water
generates a stable solution containing RONS that retains antimicrobial activity for
several days when properly stored. Such solutions could be incorporated into
wound irrigation protocols or impregnated into dressings, potentially extending
the temporal effects of plasma treatment beyond direct application (Lee et al.,
2023). Notably, plasma water devices are now commercially available, while

extensive academic research continues to explore plasma-activated water's (PAW)
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antimicrobial efficacy (Zhang et al., 2024, Xia et al., 2024, Chen, Liang and Su,
2018).

Advanced wound dressings incorporating KHS or similar compounds could be
designed for sequential therapy, with compound release followed by CAP
treatment during dressing changes. Gaur et al. (2023) developed a drug-loaded
composite hydrogel dressing consisting of a hydrogel matrix containing gentamicin
that demonstrated enhanced efficacy when combined with CAP treatment. Similar
platforms could be developed incorporating repurposed compounds like KHS,
potentially enabling sustained release between CAP applications. Alternatively,
for systemic delivery, a review by Khalaf et al. (2024) suggested that CAP
treatment may enhance the penetration of topically applied compounds through
the stratum corneum, potentially improving bioavailability of topically applied
agents with systemic effects. However, true systemic administration of
compounds like KHS would require extensive pharmacokinetic and safety studies

beyond their topical application.

The identification of KHS originally developed as a neurogenic differentiation
inducer, while it is an effective antimicrobial agent highlights the value of drug
repurposing approaches in addressing biofilm infections (Abduljalil et al., 2022).
Our findings demonstrated significant activity against both planktonic and biofilm
forms of C. albicans and S. aureus strains, suggesting broad-spectrum potential.
The repurposing of existing drugs offers several advantages over de novo
antimicrobial development. As noted by Miré-Canturri, Ayerbe-Algaba and Smani
(2019) repurposed compounds typically have established safety profiles and
manufacturing processes, potentially accelerating their path to clinical
application. While drug repurposing has not yet directly led to the creation of
entirely new antibiotic classes, it has facilitated the development of novel
antibiotic formulations and combination therapies. For example, combining the
existing cephalosporin antibiotic (ceftazidime) with avibactam, a novel B-
lactamase inhibitor. This combination restored ceftazidime’s efficacy against B-
lactamase-producing Gram-negative pathogens, leading to FDA approval in 2015
(Boyd, Teng and Frei, 2021). This is particularly relevant given the current crisis
in antimicrobial development, with few new classes reaching market despite

increasing resistance (Murphy et al., 2022).
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Understanding the mechanism of KHS antimicrobial activity remains an important
research direction. While its primary pharmacological target in neural cells, Miré-
Canturri, Ayerbe-Algaba and Smani (2019) stated that KHS a compound targeting
the suppression of transforming acidic coiled-coil protein 3 (TACC3), is linked to
various forms of human cancer. It inhibits cellular proliferation, movement, and
cancer stem cell characteristics in breast cancer models, while promoting
programmed cell death. It modulates biological pathways, downregulating key
mitotic regulators. Similar investigations into KHS antimicrobial mechanism would
inform optimisation of combination therapies and potential chemical

modifications to enhance antimicrobial efficacy.

While KHS has been previously studied for its anticancer activity, no direct
evidence of antimicrobial activity exists in the literature, and its safety profile for
antimicrobial applications remains unexplored. Insights from oncology research—
such as its dose-limiting toxicities, off-target effects on host cells, and metabolic
stability challenges—could inform hypothetical antimicrobial repurposing efforts.
KHS binds and inhibits heat shock protein family D member 1 (HSPD1), a
mitochondrial chaperone critical for protein folding and metabolic regulation and
disrupts glycolysis and oxidative phosphorylation, depleting ATP in glioblastoma
(GBM) cells and Induces aggregation of metabolic enzymes (Polson et al., 2018).
Another rat study highlighted that the subcutaneous KHS (6 mg/kg) crossed the
blood-brain barrier and increased hippocampal neuronal differentiation without
immediate adverse effects. However, long-term consequences of forced
neurogenesis (e.g., circuit disruption, behavioural changes) were not evaluated
(Wurdak et al., 2010). Current research on KHS is confined to oncology, with no
evidence supporting antimicrobial activity. While its safety profile in cancer
models is promising, repurposing for infections would require mechanistic studies,
safety screens and resistance profiling to monitor for any mutations in target

pathway.

6.3.4.2 Future directions in mechanistic research

While our research has provided valuable insights into the mechanisms of CAP and
combination therapies, several questions remain that warrant further
investigation. Future mechanistic studies should explore the molecular basis of

strain-dependent responses to CAP treatment, potentially identifying genetic
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markers that predict susceptibility. Transcriptomic and proteomic analyses
comparing resistant and susceptible strains before and after treatment could

reveal specific defence mechanisms and potential targets for intervention.

Additionally, the precise mechanisms underlying the synergistic effects observed
between CAP and KHS require further elucidation, while these interactions were
investigated in chapter 4. Investigating whether this synergy results from
increased membrane permeability, altered metabolic states, or other factors
would inform the development of optimised combination protocols. Recent
advances in single-cell analysis techniques, as described by Korshoj and Kielian
(2024), could provide unprecedented insights into how individual cells within
biofilms respond to sequential treatments. Recent findings concluded that the
synergistic antimicrobial effects of PAW and RONS involve multiple mechanisms,
including membrane permeability enhancement, metabolic disruption, and
biofilm matrix degradation (Nikolaou et al., 2025). The synergy between
PAW/RONS and antimicrobial agents arises from combined physical disruption
(membrane/EPS) and biochemical stress (metabolic inhibition). Optimising
protocols requires tailoring RONS ratios, treatment sequencing, and surface-

specific approaches (Mai-Prochnow et al., 2021).

The long-term effects of repeated CAP exposure on microbial communities also
warrant investigation. While single treatments demonstrate significant efficacy,
chronic wounds typically require repeated interventions. To illustrate this, chronic
wounds typically require 4-6 treatment cycles for resolution, with 30-45% of cases
needing >10 clinical visits annually due to biofilm recurrence and antimicrobial
resistance (Guest, Fuller and Vowden, 2020). Infected wounds exhibit 45% healing
rates within 12 months versus 59% for non-infected wounds, highlighting the
impact of microbial burden on delayed recovery (Guest, Fuller and Vowden, 2020).
DFUs demand a median 12.5 weeks of care, with 25% recurring within six months,
often due to delayed identification and biofilm persistence (Brian et al., 2020).
Biofilms drive a 3.8x higher debridement frequency compared to non-biofilm
wounds, necessitating aggressive and repeated interventions (Phillips et al.,
2012). Understanding whether repeated plasma exposure selects for tolerant
subpopulations or alters community composition would inform clinical protocol

development. Furthermore, a study found that repeated applications of CAP on S.
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aureus biofilms demonstrated consistent antimicrobial efficacy (average 1.7-log1o
CFU reduction per cycle) without inducing microbial resistance or habituation
when administered over short intervals (Matthes, Assadian and Kramer, 2014). The
results support CAP as a promising option for treating infected wounds without

the risk of resistance development, even after multiple exposures.

Finally, expanding mechanistic investigations to include host responses would
provide a more comprehensive understanding of CAP's therapeutic effects. Recent
work by Zhai, Kong and Xia (2022), Apelqvist et al. (2023) suggested that plasma
treatment not only reduces microbial burden but also modulates host
inflammatory responses and promotes tissue regeneration through redox
signalling. Integrating these aspects into a holistic mechanistic model would

support truly translational applications of plasma technology in wound care.

6.3.5 Conclusion

The findings presented in this thesis contribute to an evolving paradigm in biofilm
management that emphasises the need for alternative therapies and integrated,

multi-modal approaches rather than single-agent treatments.

- CAP therapy is a potential alternative to standard wound care (as discussed
in general introduction), offering a non-antibiotic approach to managing

polymicrobial infections in chronic wounds.

- Dual therapy of CAP can break tolerance of otherwise recalcitrant
microorganisms, This synergy may reduce antibiotic doses needed for
efficacy which offering a strategic approach to mitigating antimicrobial

resistance (AMR), potentially slowing resistance development.

- H202 (e.g., CAP) with antibiotics may also provide an alternative route in
wound care. This approach could complement existing wound irrigation

protocols or advanced dressings.
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