
1 
 

Cold atmospheric plasma 

interactions with biofilm cells 

and the extracellular matrix 

Binbin Xia 

 

School of Chemical and Biomolecular Engineering 

The University of Sydney 

2025 

 

 

A thesis submitted in fulfillment of the requirements for the degree of Doctor of Philosophy  



2 
 

Statement of Originality 

 

This is to certify that to the best of my knowledge, the content of this thesis is my own work. This 

thesis has not been submitted for any degree or other purposes. I certify that the intellectual content of 

this thesis is the product of my own work and contains no materials previously published or written by 

another person, except where the due reference has been made in the text.  

 

 

Binbin Xia 

2025  



3 
 

Author Attribution Statement 

Chapter 3 of this thesis has been published in the Environmental Chemical Engineering Journal: 

Binbin Xia, Heema Kumari Nilesh Vyas, Renwu Zhou, Tianqi Zhang, Jungmi Hong, Joanna G 

Rothwell, Scott A Rice, Dee Carter, Kostya Ken Ostrikov, Patrick J Cullen, Anne Mai-Prochnow. 

2023 The importance of superoxide anion for Escherichia coli biofilm removal using plasma-activated 

water 

 

Candidate contributions: first author, experimental design, performing all of the experiment, analysis, 

writing and editing the manuscript 

 

Chapter 4 of this thesis has been submitted and accepted in the special edition of Biofilm Journal: 

Binbin Xia, Heema KN Vyas, Scott A Rice, Timothy P Newsome, Patrick J Cullen, Anne Mai-

Prochnow. 2025, Antimicrobial mechanism of in-situ plasma activated water treatment of pathogenic 

Escherichia coli and Staphylococcus aureus biofilms 

Candidate contributions: first and corresponding author, experimental design, performing all of the 

experiment, analysis, writing and editing the manuscript 

 Authorship attribution  Percentage 

Chapter 2 Writing, experimental design and performing (Cell viability assay, RONS species 

measurement, stability testing of PAW) 

100% 

Chapter 3 Writing, experimental design and performing (Cell viability, IV measurement, RONS 

measurement, OES, Confocal microscope, scavenger assay) 

90% 

Chapter 4 Writing, experimental design and performing (Cell viability, biomass assay, EPS 

assay, confocal microscope, Membrane assay, Intracellular ROS assay) 

90% 

Chapter 5 Writing, experimental design and performing (Cell viability, protein quantification, 

SDS-page, LCMS analysis) 

90% 



4 
 

In addition to the statements above, in cases where I am not the corresponding author of a published 

item, permission to include the published material has been granted by the corresponding author. 

 

 

Binbin Xia 

2025 

 

As supervisor for the candidature upon which this thesis is based, I can confirm that the authorship 

attribution statements above are correct.  

 

 

Patrick J. Cullen 

2025  



5 
 

Gen AI Tools Statement 

During the preparation of this thesis, ChatGTP4 was used for the purposes of text enhancement, 

including sentence structure and paraphrasing in Chapter 1. Where any text was modified by 

generative AI, the author then reviewed the resulting content for any errors, inaccuracies or biases, 

and modified it as required. The author takes full responsibility for the submitted thesis and ensures 

the work is their own and has used generative AI within the parameters of use, see University of 

Sydney generative AI guide for researchers. 

 

 

Binbin Xia 

2025  

https://sydneyuni.service-now.com/sm?id=kb_article_view&sysparm_article=KB0031813
https://sydneyuni.service-now.com/sm?id=kb_article_view&sysparm_article=KB0031813


6 
 

Conference presentations 

Talk title:  Importance of superoxide anion for Escherichia coli biofilm removal using plasma-

activated water: antibiofilm mechanism investigation 

EuroBiofilm Conference, Copenhagen, Denmark, June 2024, 15 minute presentation and 5 minute 

panel for a Q+A 

 

Talk title: Physicochemical mechanisms study of plasma-activated water on Escherichia coli 

biofilm removal 

Biofilm SIG Conference, Sydney, Australia, October 2023, 10 minute presentation and 5 minute panel 

for a Q+A 

 

Talk title: Plasma activated water on bacterial biofilm removal  

JAMS student special Conference, Sydney, Australia, July 2023, 10 minute presentation and 5 minute 

panel for a Q+A 

 

Talk title: Importance of superoxide anion for Escherichia coli biofilm removal using plasma-

activated water  

ISPC25 Conference, Kyoto, Japan, June 2023, 30 minute presentation and 5 minute panel for a Q+A 

 

Poster title: Superoxide anion radical in plasma activated water 

NZI2022 Net Zero and Circular Economy Conference, Sydney, Australia, October 2022 

 

Poster title: Plasma activated water on bacterial biofilm removal 



7 
 

JAMS11 Symposium Conference, Sydney, Australia, September 2022 

 

Poster title: In situ flow cell plasma activated water generation  

Gaseous Electronics Meeting (GEM)2022 Hybrid Conference, Sydney, Australia, February 2022  



8 
 

Acknowledgements 

 

First and foremost, I would like to express my deepest gratitude to my advisor, Dr. Anne Mai-

Prochnow, Prof. Patrick J. Cullen, Dr. Heema Vyas, and A/Prof. Timothy Peter, for their exceptional 

guidance, unwavering support, and valuable insights throughout my research. Their patience, 

encouragement, and expertise have been instrumental in shaping this thesis and my academic growth. 

 

I would like to acknowledge the Faculty of Engineering Scholarship and Discovery Project from 

Australian Research Council for their financial support, which allowed me to conduct my research 

and complete this thesis.  

 

I am immensely grateful to students, staff, and researchers of the School of Chemical and 

Biomolecular Engineering whose camaraderie, discussions, and collaboration have made my 

academic journey both enjoyable and rewarding. Special thanks to Dr. Heema Vyas, A/Prof. Renwu 

Zhou, Dr.Jungmi Hong for their guide and support with SEM imaging, OES measurement, and 

COMSOL simulation experiments.  

 

A heartfelt thank you goes to my family, whose love and encouragement have been a constant source 

of strength. To my spouse Xi Cao and my three cats, Mellow, Brookie, and Cyan, I am truly grateful 

for your unwavering support and company with me, even during the most challenging times. 

Lastly, I would like to thank everyone else who has contributed in any way to the completion of this 

thesis. Your support, no matter how big or small, has made a significant impact on my work and my 

journey. 



9 
 

Abstract 

Microbial biofilms are a major source of contamination in various environments, such as pipelines, 

filtration systems, membranes, and food processing facilities. These biofilms represent a significant 

threat to human health and contribute to substantial costs associated with cleaning and maintenance. 

Cold plasma, a partially ionized gas, along with plasma-activated water (PAW), has shown potent 

antimicrobial properties. However, the ideal conditions for generating PAW and the mechanisms by 

which it exerts its antimicrobial effects remain poorly understood. This study aims to advance PAW 

as an innovative disinfectant for tackling microbial biofilm contamination. In this work, PAWs were 

produced using different gases in a plasma bubble spark discharge (BSD) reactor, and their 

effectiveness in biofilm removal was evaluated under both direct and indirect PAW treatments. The 

stability of PAWs was assessed through storage experiments. Results revealed that direct PAW 

treatment was more effective in eradicating biofilms, with further optimization achieved by altering 

the activated gases used. The physical and chemical properties of various PAWs were systematically 

optimized, and the underlying antimicrobial mechanisms were explored at both the intracellular and 

extracellular levels. A key finding was the significant increase in intracellular reactive oxygen species 

(ROS) levels in Escherichia coli (E. coli) ATCC 25922 biofilms treated with PAW generated with 

oxygen gas, where superoxide anion radicals (•O2
-) were identified as crucial contributors to biofilm 

inactivation. Confocal microscopy analysis confirmed the removal of the majority of biofilm cells 

from the surface, leaving only a small fraction of dead cells behind. Additionally, the study revealed 

that PAW effectively targets both the extracellular matrix and bacterial cells in biofilms from both 

Gram-negative E. coli UTI 89 and Gram-positive Staphylococcus aureus (S. aureus) NCTC 8325 

bacteria. A proteomic analysis further elucidated the response of E. coli and S. aureus biofilms to 

PAW-induced stress. Overall, the findings presented in this thesis demonstrate the potential of PAW 

as a novel solution for addressing biofilm-related contamination and its implications for public health 

improvement. 
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1 Chapter 1 General introduction 

1.1 Background of plasma 

Plasma is the fourth phase of matter in addition to solid, liquid, and gas. In 1928, it was first 

introduced as the term of “plasma” by Irving Langmuir to describe an ionized or charged particle 

(Tonks & Langmuir, 1929). The high energy input can lead to the ionization of gas molecule, and 

further form ions, photons, free electrons, excited atoms and etc (H. Tresp et al., 2013). When the 

temperature of the output plasma is <60 °C, plasma is generally referred to as non-thermal plasma or 

cold plasma (Xiao et al., 2014).  

Cold atmospheric pressure plasma (CAPP) is produced by applying an electrical discharge to a gas at 

room temperature and atmospheric pressure, resulting in the ionization, dissociation, and excitation of 

the gas's constituent atoms and molecules. This plasma consists of a variety of components, including 

electrons, both positive and negative ions, free radicals, as well as excited and non-excited atoms and 

molecules, along with ultraviolet photons. Furthermore, CAPP generates reactive oxygen and nitrogen 

species (ROS and RNS, or collectively RONS), such as ozone, superoxide, hydrogen peroxide, 

hydroxyl and peroxyl radicals, singlet oxygen, atomic oxygen, nitric oxide, and nitrogen dioxide 

(Gilmore et al., 2018). 

The reactive oxygen and nitrogen species (RONS) produced by cold atmospheric pressure plasma 

(CAPP) have demonstrated significant potential in effectively inactivating microorganisms (Brun et 

al., 2018; Delben et al., 2016). In addition to its cost-effectiveness, rapid treatment time, operational 

safety, and non-thermal nature, CAPP is regarded as an environmentally friendly antimicrobial 

method. It also offers the ability to enhance the microbiological quality of food and serves as an 

efficient means for decontaminating food packaging materials and surfaces that come into contact 

with food. (López et al., 2019).   

1.1.1 Generation of PAW 

The exposure of water to the action of plasma leads to the production of the plasma-activated water 

(PAW). There are two types of ways to form PAW, which including indirect contact of water with 
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plasma and direct contact of water with plasma (Mai-Prochnow et al., 2021). The principal reactor 

classes used in the literature are: (1) plasma jets (including atmospheric pressure plasma jets), (2) 

dielectric barrier discharge (DBD) systems (surface/air DBDs and submerged DBDs), and (3) corona 

or gliding arc discharges. Reactor geometry, feed gas composition (air, O2, N2, He, Ar), power, 

treatment time, distance/immersion mode (direct submerged discharge/indirect non-contact exposure), 

and water chemistry (pH, conductivity, dissolved organics) strongly influence the RONS spectrum 

and PAW properties (pH, ORP, H2O2, NO2
-/NO3

-, transient radicals) (Wong et al., 2023; Zhou et al., 

2020b).  

The relevant antimicrobial properties of PAW can persist for long periods of time, which is most 

likely due to the ability of the RONS generated in the plasma to diffuse and interact with each other or 

with water molecules, promoting the formation of new chemicals species. It is noteworthy that PAW 

provides a series of additional advantages when compared to the direct treatment of CAPP, including 

its straightforward generation and application, as well as its aptitude to be stored. This is leading to an 

increase of research around the world who are developing innovations related to the application of 

PAW in the food industry, antimicrobial development, and water treatment (López et al., 2019). 

1.1.2 Reactive species in PAW 

The antimicrobial activity is mainly attributed to the formation of reactive oxygen and nitrogen 

species (RONS) (Chen et al., 2018; D. Guo et al., 2021; Thirumdas et al., 2018; Zhao et al., 2022). 

RONS encompasses both transient species, such as hydroxyl radical (OH), atomic oxygen (O), 

peroxynitrite anion (ONOO-), and superoxide anion (O2
-), which have been shown to have a half-life 

of just a few seconds, or even less than one second, as well as more stable species like ozone (O3), 

hydrogen peroxide (H2O2), and nitrogen oxides (NOx), which can persist for several minutes, days, or 

even years (Zhou et al., 2020b). 

While plasma is generally effective, the optimal generating conditions and mode of action are still 

unclear. Diverse PAW production methods have been explored, including plasma discharge above the 

water surface, plasma discharges in bubbles dissolved in the water, and direct plasma discharges in 
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the water (Gao et al., 2022; Kaushik et al., 2018; Zhou et al., 2020b). The design and operating 

conditions significantly affect the plasma composition (Bălan et al., 2018; Man et al., 2022; 

Thirumdas et al., 2018; Wang et al., 2018; Zhou et al., 2020b). Not surprisingly, the use of different 

operating gases leads to the generation of different cocktails of active species, which determine the 

antimicrobial efficacy (Rathore et al., 2021a; Yahaya et al., 2021). While CAP can be generated using 

a range of gases or gas mixtures, different gases lead to the formation of unique combinations of 

reactive species. Air, argon, nitrogen and oxygen are frequently used as working gases (Cullen et al., 

2018; Li et al., 2022b; Muhammad et al., 2018; Stapelmann et al., 2008; Wang et al., 2021), and in 

particular, the addition of oxygen leads to the generation of ROS with strong antibacterial effects 

(Yahaya et al., 2021).  

 

1.2 Biofilms 

Biofilms are a complex 3D-sturcture communities, often consisting of several interacting species. The 

aggregating biofilms can flourish on either abiotic or biotic surfaces, such as medical devices, 

bathtubs, unbrushed teeth, and skin tissues. There might be some beneficial microbes biofilm on the 

gut, however, most of the biofilms are problematic. It was estimated that in Australia the annual cost 

of pathogens-associated public health burden was in excess of A$2.44 billion (Kolbe et al., 2024).   

Contamination of surfaces in contact with biofilm-forming bacteria is a major problem for drinking 

water supplies, industrial water processing systems, membranes, filters, and food processing stainless-

steel units (Dula et al., 2021; Lu et al., 2013; Wan et al., 2021). Biofilms are particularly hard to 

eradicate because of their higher resistance to antimicrobials and disinfectants compared to planktonic 

cells (Chakraborty et al., 2021; Costerton et al., 1999). Such contamination can lead to equipment 

failure, energy losses, product contamination, and environmental pollution, resulting in adverse 

human health outcomes and significant costs to industries (Cámara et al., 2022). Therefore, it is 

important to understand biofilm formation mechanisms, and a new decontamination method is 
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critically needed that can effectively decontaminate resistant biofilms, whilst also avoiding damage to 

the surface of the treated material or leaving toxic chemical residues.  

 

1.2.1 Biofilms formation 

In contrast to the free-living or planktonic bacteria commonly studies in the lab, most prokaryotes in 

natures settle down in a complex biofilm community. Bacterial communities form when free 

swimming bacteria reversibly or irreversibly attach to a surface. At high cell densities, many species 

trigger processes involved in microcolony biofilm formation, including production of extracellular 

polymer substances (EPS) matrix. The EPS is a sticky mixture of polysaccharides, protein and eDNA 

that adheres to bacteria to the surface and provides a protection shield from predators and antibiotics. 

As the biofilm matures, bacteria specialize into performing different tasks within the biofilm. Some 

individuals focus on reproduction to expand the colony, while others specialize in construction, 

forming polysaccharides and proteins that make up the EPS matrix. Other bacteria defend the 

community, enhancing biofilm structure that against competitors with toxins. When the biofilm 

community needs change, a subset of cells sprouts flagella and disperses from the community to 

colonize new surfaces.  

Biofilm formation including five stages: reversible attachment, irreversible attachment, microcolony 

adhesion, maturation of biofilm (Figure 1.1): quorum sensing and biofilm biomass formation, and 

biofilm dispersal due to environmental stress (Toyofuku et al., 2016). Bacteria cells initiate and 

adherent on the surfaces by some bacterial structures; such as type 1 fimbria and curli(Shineh et al., 

2023). The adherent cells start to accumulate through quorum sensing (QS) which is a regulatory 

system of cell-to-cell communication (Dula et al., 2021). Understanding the genetic factors of biofilm 

formation is essential for developing strategies to control biofilm-related infections and improve 

industrial processes such as wastewater treatment and biofilm-based bioremediation. 

Reversible attachment 
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Biofilm formation is a sequential process that begins with the adhesion of cells to surfaces (Saharan et 

al., 2024). The first contact between planktonic forces (van der Waals, electrostatic and hydrophobic 

interactions) and by cell appendages (flagella, pili) that mediate surface exploration and initial 

tethering. At this stage, cells can readily detach and return to the planktonic phase. However, surface 

sensing mechanisms can trigger regulatory changes that commit cells to a sessile lifestyle (Sauer et 

al., 2022).  

 

Irreversible attachment 

Irreversible attachment follows when adhesins, fimbriae, or secreted polymers form stable bonds with 

the surface and with neighboring cells, accompanied by transcriptional shits that upregulate matrix 

components and downregulate motility. Production of early EPS components, such as 

exopolysaccharides, proteins, and extracellular DNA, to stabilise the attached monolayer and prevents 

easy detachment, marking a point of no return for many cells (Campoccia et al., 2021; Sauer et al., 

2022).   

Microcolony formation 

Attached cells proliferate and recruit additional cells to form microcolonies which is a three-

dimensional cluster. Intercellular signalling (notably QS), metabolic interactions and localized EPS 

deposition coordinate microcolony architecture. Microcolonies establish nascent channels and 

heterogeneity in nutrient and oxygen availability, laying the groundwork for larger-scale biofilm 

structure (Luo et al., 2022; Saharan et al., 2024).  

Biofilm Maturation 

Once microcolonies are established and the EPS matrix is well developed, the biofilm matures into a 

three-dimensional architecture. Key features include water channels (for nutrient and waste transport), 

differentiated microenvironments (e.g., oxygen and nutrient gradients), metabolic heterogeneity, 

higher biomass and often increased resistance to antimicrobials and environmental stress (Sauer et al., 
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2022). A recent study discusses how in Enterococcus spp. The maturation stage depends on capsule 

production, surface adhesins, and QS to maintain biofilm size and stability (Ruhal et al., 2024).  

Dispersal/Detachment 

Dispersal is the stage by which cells or aggregates leave the biofilm to colonize new sites. It can be 

active (regulated by genetic programs, enzymatic degradation of EPS, changes in nutrient or oxygen 

levels, quorum sensing signals) or passive (due to shear or physical disruption). Ma et al. (2023) 

examines how dispersal contributes not only to colonization of fresh sites but to disease dissemination 

in hosts. They show that dispersal is not just a simple detachment, but involves population dynamics 

that affect which subpopulations spread. Also, another work reveals a specific molecular trigger (a 

toxin-antitoxin system) for dispersal in thermophilic archaea, indicating that dispersal regulation is 

widespread and can be highly specialized (Lewis et al., 2023). Therefore, dispersal is essential for 

spread, survival under stress, and rejuvenation of biofilm life cycles.  
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Figure 1.1. The biofilm life cycle 

1.2.2 Biofilm EPS matrix  

There is no clear high-resolution image of the internal structure of biofilms. It was generally believed 

that it is consisted of tolerant cells, resistant cells, perister cells, viable but nonculturable cells, matrix 

exopolysaccharides, extracellular DNA, and functional proteins (Karygianni et al., 2020). McConnell 

observed a meandering network through the interior of Escherichia coli biofilm colony. These 

conduits were suggested to transport nutrients, oxygen and other resources into the biofilm core, and 

might be exploited to maneuver antibiotics into the center of the biofilm (McConnell et al., 2016).  
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Extracellular nucleic acids (eDNA) 

eDNA is now recognized as a ubiquitous and multifunctional constituent of the EPS. Far from being a 

passive residue, eDNA contributes mechanically to matrix cohesion, mediates adhesion to surfaces, 

binds divalent cations and extracellular proteins, and can act as a scaffold for other EPS polymers 

(Panlilio & Rice, 2021). In many species, eDNA is released via regulated autolysis, membrane 

vesicles, or active secretion and is essential during initial attachment and for the structural integrity of 

mature biofilms, enzymatic degradation of eDNA (e.g., DNase I) frequently weakens biofilm 

architecture and increases susceptibility to antimicrobials. Beyond mechanical roles, eDNA can act as 

a source of nucleotides and as a signaling or damage-associated molecular patten (DAMP) influencing 

community behavior (Sharma & Rajpurohit, 2024). 

Polysaccharides 

Polysaccharides composited predominately to the biofilm matrix (Flemming & Wingender, 2010). 

One prominent exopolysaccharide is N-acetylglucosamine polymer found in the biofilms of E. coli, S. 

aureus, and S. epidermidis (Nguyen et al., 2020; Wang et al., 2004), with the ability of forming a 

capsule on the cell surface, serving not only to bind cells to surfaces but also as an adhesin to stabilize 

the biofilm structure (Flemming & Wingender, 2010; Sharma et al., 2016). 

The inhibition of biofilm formation can be achieved by either interference with the QS mechanism, 

adhesion mechanism, or disruption of EPS. The antimicrobial mechanism of cold plasma has been 

studied via planktonic Pseudomonas aeruginosa (Liu et al., 2022), and E. coli (Wang et al., 2023) via 

planktonic bacteria cells perspective.  

Proteins 

Proteins are essential for the impenetrable core of antibiotics sneaking into the biofilm. For example, 

pyocyanin, a type of phenozine which is a group of metabolites expressed as the beginning of P. 

aeruginosa biofilm clumping, was found to encourage bacterial cells to interact. Destroying procyanin 

using the enzyme PodA made biofilms more vulnerable to antibiotics, but PodA is unstable and 

synthesized naturally in minute quantities (Costa et al., 2017).  
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1.2.3 Redox gradients and microenvironmental heterogeneity of biofilms 

Biofilms are microscale chemical landscape: steep gradients of oxygen, redox potential, pH and 

nutrients develop over tens to hundreds of micrometres, creating functionally distinct strata (Jo et al., 

2022). Cells in oxic surface layers differ markedly in physiology from anoxic core populations, which 

drives spatial division of labour (aerobic respiration and fermentation/anaerobic metabolisms), 

differential gene expression, and phenotypic heterogeneity (persister formation). These gradients 

determine local metabolic fluxes and modulate EPS composition and function (Sies et al., 2024). 

Notably, redox stratification also alters susceptibility to oxidant-based disinfectants and shapes 

electron transfer pathways in electroactive biofilms (Yates et al., 2018).  

A growing number of works emphasize the ecological and physiological importance of redox-active 

metabolites, such as phenazines (e.g., pyocyanin), flavins, quinones and other secondary metabolites 

(Abdelaziz et al., 2023; Thalhammer & Newman, 2023). Redox-active small molecules (RAMs) can 

shuttle electrons across redox gradients, enabling cells in hypoxic zones to dispose of reducing 

equivalents to more oxidised niches or to extracellular acceptors; this electron shuttling facilitates 

metabolic coupling and can expand the viable habitat within thick biofilms (Ciemniecki & Newman, 

2020). RAMs also function as intercellular signals and competitive weapons by modulating biofilms 

morphology, promoting dispersal or suppression of competitors, and generating localized oxidative 

stress that affects both producers and surrounding cells (Thalhammer & Newman, 2023).  

1.2.4 Beneficial and ecosystem services provided by biofilms 

While much attention focuses on deleterious biofilms (infections, biofouling), biofilms perform 

indispensable ecological and biotechnological roles (Philipp et al., 2024). Environmental biofilms 

drive nutrient cycling (carbon, nitrogen, sulfur), catalyse biogeochemical transformations, stabilize 

soils, and support primary colonization on surfaces that seed successional communities (Ünal Turhan 

et al., 2019). In engineered systems, biofilms are harnessed for wastewater treatment, bioenergy 

production (microbial fuel cells), bioremediation of organic pollutants and metal recovery (Qureshi, 

2009). The above studies emphasize the potential to harness beneficial biofilms for pollutant 
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degradation, plant growth promotion, and resilient microbial consortia. However, recognition of 

controlling undesirable spread or gene transfer is needed. 

1.3 Current studies of PAW on biofilm inactivation   

Recent methodological advances of PAW might vary in different PAW generators. In-situ submerged 

discharges and surfaces DBDs that create PAW with high RONS concentrations rapidly (Rathore et 

al., 2022). There are also some comparative studies show different RONS profiles and antimicrobial 

efficacies depending on DBD configuration (Rathore et al., 2021a). Moreover, portable, recirculating 

PAW reactors and industrial-scale prototypes (plasma jet-based and RF-driven jets) that increase 

throughput and RONS yield, moving the technology beyond benchtop experiments (Agus et al., 

2024). These prototypes often focus on adjustable power, gas flow, and water recirculation to 

maximize RONS generation while managing energy use. Notably, hybrid approaches such as plasma 

bubble discharge (BSD) to enhance retention and delivery of reactive species, and combinations with 

additives (e.g., iodide) to potentiate antimicrobial action (McClenaghan et al., 2025; Tiwari et al., 

2025). Such hybrids aim to improve PAW stability and mass transfer into biofilms.  

1.3.1 Inactivation kinetics of PAW on bacterial biofilms 

Quantitative inactivation results for biofilms vary with microbial species, biofilm age/thickness, 

surface/material, PAW composition, and exposure protocol (direct PAW contact vs. plasma post-

exposure). Several recent experimental reports document multi-log reduction (often 3-7 log10) of 

culturable cells in model mono-species biofilms (e.g., E. coli, L, innocua, L. monocytogenes, 

Salmonella) after sufficient long PAW exposure (Rothwell et al., 2022; Rothwell et al., 2023; Vyas et 

al., 2023). A small but growing body of work reports D-values for biofilm cell exposed to PAW; these 

D-values can differ substantially by species and by which RONS dominate (e.g., superoxide 

importance highlighted for E. coli ATCC25922 biofilms) (Wang et al., 2023; Xia et al., 2023). 

Moreover, Gram-negative versus Gram-positive differences are commonly observed (differences in 

outer membrane, EPS composition and biofilm architecture affect susceptibility), and thicker/older 
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biofilms generally require longer exposures or stronger PAW (higher RONS) to achieve the same log 

reduction (Mai-Prochnow et al., 2021; Zhao et al., 2021). 

1.3.2 Interaction of PAW with biofilms 

Contemporary mechanistic work indicates that PAW exerts anti-biofilm action through multiple and 

complementary pathways, including RONS-mediated oxidative attack, membrane lipid peroxidation 

& permeability increase, intracellular macromolecular damage, physical dispersal and EPS 

degradation, and synergistic/indirect effects. Long-lived species in PAW (H2O2, NO2
-/NO3

-, 

peroxynitrite precursors) and short-lived radicals (•OH, O2
-, ONOOH) oxidise EPS components and 

bacterial biomolecules (Mai-Prochnow et al., 2021; Xia et al., 2023). Oxidation of polysaccharides 

and proteins in the EPS weakens the matrix, facilitating detachment and improving penetration of 

antimicrobials (Chen et al., 2017). RONS could also cause damage to cell envelopes (lipid 

peroxidation, protein oxidation), compromising membrane integrity and leading to leakage, loss of 

membrane potential and cell death (Wang et al., 2023; Zhao et al., 2025). Oxidative lesions to proteins 

and nucleic acids, and interferences with metabolic processes, are reported in transcriptomic and 

biochemical analyses after PAW exposure (Vyas et al., 2025). Beyond killing, PAW can promote 

detachment/dispersion of biofilm fragments by degrading EPS; this dispersal effect can be beneficial 

in biofilm removal but may transiently release cells into bulk fluid if not coupled with downstream 

inactivation (Mai-Prochnow et al., 2021). PAW often acts synergistically with conventional 

disinfectants, enzymes (EPS-degrading), or phages: EPS weakening increases access for other agents, 

and combinations can reduce required doses or exposure times (McClenaghan et al., 2025).   

1.3.3 Translational studies of PAW and limitations 

Researchers are actively investigating the applications of PAW in real-world use, such as food 

industry sanitation, healthcare (wound care, device decontamination), water/wastewater and 

membrane cleaning, biofouling, agriculture and postharvest disinfection, and etc (Moreno-Couranjou 

et al., 2018; Soni et al., 2021; Wang & Salvi, 2021; Zhao et al., 2021). Promising lab and pilot studies 

investigated PAW as a wash or surface sanitizer to reduce pathogen loads on produce, equipment, and 
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food contact surfaces (Basiri et al., 2023; Zhao et al., 2021), but scale-up, contact times, and 

regulatory approvals remain further investigation. PAW and plasma-treated liquids are being tested 

for wound disinfections and for reducing device biofilms (Abdo et al., 2025; Vyas et al., 2023). An in-

vivo PAW generation model has shown potent biofilm reduction in model systems, through clinical 

translation demands safety and biocompatibility data (Zhou et al., 2017). PAW (and enzyme 

combined with PAW) were examined for pre-treatment and membrane biofouling mitigation. This 

research indicates that PAW can be integrated into periodic cleaning-in-place (CIP) regimens or as 

pretreatments step to reduce biofilm formation on membranes (Shah et al., 2024). PAW was 

investigated for seed treatment, fungal/bacterial suppression on crops, and postharvest wash water 

(Guo et al., 2022). Pilot results are promising but further exposure protocols and research on the 

impacts of residue and minimal quality are required. 

1.3.4 Research gaps of antibiofilm activity of PAW 

The reporting antibiofilm activity of PAW varies from the generation method, RONS concentrations, 

input gases, pH, and different biofilm models. Therefore, a reproducible comparison study is required 

to help with developing a standard protocol for PAW generation. Moreover, the quantification of 

mechanism of antibiofilm activity remained further studied. For example, using scavenger assays, 

isotopic labelling, and high-resolution transcriptomics/proteomics to quantify the roles of RONS in 

biofilm matrix degradation and direct bactericidal action that on extracellular protein, eDNA, 

exopolysaccharides, and bacterial membrane specifically. Removal from single-species, thin biofilms 

to aged, multispecies, and soiled biofilm models representative of realistic biofilm models materials 

that applied in food production, water treatment, and clinical devices.
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1.4  Research aims and thesis outline 

To fill the research gaps mentioned above, this thesis will define the interaction of cold atmospheric 

plasmas with biofilms, with the aim of biofilm eradication and ultimately offering an environmentally 

friendly alternative to current detergents and antibiotics.  

Bacteria strains selection 

In this study, E. coli and S. aureus were selected as representative bacterial strains commonly used in 

wastewater treatment research due to their distinct physiological characteristics and taxonomic 

classification (Anastasi et al., 2012; Waller et al., 2023).  E. coli is a Gram-negative, rod-shaped 

facultative anaerobe typically found in the lower intestines of warm-blooded organisms and it serves 

as a key indicator organism for fecal contamination in environmental water samples. In contrast, S. 

aureus is a Gram-positive and spherical bacterium known for its thick peptidoglycan-rich cell wall 

and its capacity to form resilient biofilms, which contribute to its resistance against various 

environmental stressors and antimicrobial treatment. By evaluating the efficacy of PAW treatment 

against both E. coli and S. aureus, this study provides a comparative and comprehensive assessment 

of PAW’s antimicrobial potential across Gram-negative and Gram-positive bacteria biofilm in the 

context of wastewater treatment.  

Table 1. Biological sample and PAW condition applied in each chapter. 

 Biological sample PAW condition 

Chapter 2 24 h-grown E. coli ATCC25922 0-10min air gaseous PAW 

Chapter 3 48 h-grown E. coli ATCC 25922 0-10 min air/N2/O2/Argon PAW 

Chapter 4 48 h-grown E. coli UTI89 and S. aureus NCTC8325 0-20 min air PAW 

Chapter 5 48 h-grown E. coli UTI89 and S. aureus NCTC8325 0-20 min air PAW 

 

The research will elucidate the fundamental mechanisms of action for plasma intervention 

technologies that are sufficiently active to cope with the resistant nature of biofilms, yet are of low 
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energy, do not adversely affect surface properties and critically leave no residual chemistry. This will 

be achieved through the following objectives  

• Optimize the condition of plasma activated water generation  

• Map the structural and biomolecular changes induced by atmospheric plasma within the 

biofilm architecture.  

• Determine the plasma-induced effect on different bacteria biofilm communities 

• Determine the cellular responses of plasma-stressed bacteria to the chemically and 

structurally biofilm  
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2 Chapter 2 Comparison study of the antibiofilm activity of direct- and indirect- PAW 

treatment 

 

2.1 Abstract 

Cold plasma, a partially ionized gas, and plasma-activated water (PAW) have demonstrated potent 

antimicrobial activity. The bubble spark discharge (BSD) plasma reactor is an effective method for 

generating PAW. However, the optimal conditions for using the BSD reactor to treat biofilms remain 

unclear. In this study, both direct and indirect PAW treatments were applied to Escherichia coli 

(ATCC 25922) biofilms. We evaluated cell viability after different PAW treatment methods and 

exposure times. Additionally, the stability of PAW activity during storage was assessed, including the 

measurement of reactive oxygen and nitrogen species (RONS)—such as H2O2, NO3
-, and NO2

-—in 

PAW, as well as cell enumeration. Our results show that a 10-minute direct PAW treatment generated 

using air was the most effective for E. coli biofilm removal on stainless steel surfaces. We also 

demonstrated that RONS levels in PAW remained stable for up to 24 hours when stored at 4°C. Even 

after storage, PAW retained its ability to inactivate E. coli biofilms. This study highlights the 

importance of optimizing PAW application for biofilm removal, maximizing RONS production under 

real-world and industry-relevant conditions. 
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2.2 Introduction 

Biofilms, composed of microbial communities embedded in an extracellular matrix, pose significant 

challenges in both clinical and industrial settings due to their enhanced resistance to conventional 

disinfectants and antibiotics (Toyofuku et al., 2016). Traditional methods for biofilm removal, such as 

chemical treatments and physical disruption, often fail to achieve complete eradication, leading to 

persistent contamination and increased risk of infections (Cámara et al., 2022; Carrascosa et al., 

2021). In recent years, non-thermal plasma technologies, including cold plasma and plasma-activated 

water (PAW), have gained attention as promising alternatives for biofilm control due to their unique 

mechanisms of action (Mai-Prochnow et al., 2021). 

 

Cold plasma, a partially ionized gas consisting of reactive species such as electrons, ions, and 

photons, has been widely investigated for its antimicrobial properties(Handorf et al., 2021; Park et al., 

2017; Xu et al., 2020). Plasma-activated water (PAW), generated by exposing water to cold plasma, 

exhibits enhanced disinfectant capabilities through the generation of reactive oxygen and nitrogen 

species (RONS), such as hydrogen peroxide (H2O2), nitrate (NO3
-), and nitrite (NO2

-). These reactive 

species have been shown to effectively disrupt microbial cells and biofilms by oxidizing cellular 

components and impairing vital processes (Djemaoune et al., 2019). Moreover, PAW has been found 

to retain its antimicrobial activity even after storage, making it a potentially practical solution for 

biofilm treatment in real-world applications (Wang & Salvi, 2021). 

 

One promising approach for generating PAW is the bubble spark discharge (BSD) plasma reactor, 

which utilizes an electrical discharge in the presence of gas bubbles in liquid to produce reactive 

species (Zhou et al., 2020a). The BSD reactor has been demonstrated to generate PAW with high 

levels of RONS, contributing to its effectiveness in biofilm removal, particularly in challenging 

environments such as stainless steel surfaces commonly used in food processing and medical devices 

(Zhou et al., 2020a). Recent studies have shown that both direct and indirect PAW treatments can 
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significantly reduce biofilm biomass and bacterial viability, highlighting the potential of BSD-

generated PAW as a novel and effective biofilm control method (Vyas et al., 2023; Xia et al., 2023). 

 

The importance of reactive species in PAW’s antimicrobial activity cannot be overstated. RONS play 

a crucial role in the inactivation of biofilms by disrupting the structural integrity of the extracellular 

matrix and penetrating bacterial cells to cause oxidative damage (Mai-Prochnow et al., 2021; Nicol et 

al., 2020). The concentration and stability of these species are key factors influencing the efficacy of 

PAW in biofilm removal (Ghimire et al., 2021). Understanding the optimal conditions for generating 

and applying PAW, including factors such as treatment time, storage stability, and the nature of the 

biofilm matrix, is essential for maximizing its biofilm eradication potential in both laboratory and 

industrial settings. 

 

2.3 Materials and Methods 

2.3.1 Strain and biofilm formation 

Escherichia coli ATCC 25922 was routinely maintained on tryptic soy agar (TSA) (tryptone 

(pancreatic digest of casein) 17.0 g/L, soytone (peptic digest of soybean) 3.0 g/L, glucose 2.5 g/L, 

sodium chloride 5.0 g/L, dipotassium phosphate 2.5 g/L, agar 15 g/L). One colony from a fresh agar 

plate was inoculated into 10 mL tryptic soy broth TSB) and incubated for 14 h at 37 °C, shaking at 

160 rpm. For biofilm formation, the overnight cultures were diluted 1/100 to obtain an approximate 

cell density of 10E5 CFU/mL. 1 mL of the diluted culture was inoculated into wells of a 24-well plate 

containing sterile stainless-steel coupons (diameter: 12.7 mm and thickness: 3.8 mm from BioSurface 

Technologies, Bozeman, Montana, USA). Plates were incubated for 24 h at 37 °C with 110 rpm 

shaking to allow for cell attachment and subsequent biofilm formation.  

2.3.2 PAW generation 
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The plasma bubble reactor (PlasmaLeap Technologies, Sydney) consists of a metal rod high voltage 

electrode inside a quartz tube (Figure 2.1) with four holes (2 µm diameter) evenly spaced at the 

immersed end to allow for the plasma discharge to contact the water. The gas flow was controlled by 

a digital M series mass flow meter (Alicat Scientific, United States). 

The plasma-activated water (PAW) was generated as previously described (Rothwell et al., 2022). 

Briefly, a Leap100 (PlasmaLeap Technologies, Sydney) power source was used with an input voltage 

of 150 V, a discharge frequency of 1500 Hz, a resonance frequency of 60 kHz and a duty cycle of 100 

µs. The treatment time was 10min with 1 standard liter per minute (slm) of compressed air gas flow. 

 

Figure 2.1. A schematic illustration of the plasma-activated water (PAW) generated by a bubble spark discharge 
(BSD) plasma reactor. The BSD generator includes glass sheath, high voltage electrode, ground electrode and Leap100 

plasma power source. There are 4 holes (2 µm diameter) on the glass sheath to allow water bubbling. 

 

 

2.3.3 Direct and indirect PAW treatment on E. coli biofilm 

Coupons with the attached biofilm were aseptically removed from the well plate and placed into 250 

mL Schott bottles containing 100 mL sterile MilliQ (Figure 2.2) The plasma bubble reactor was 

submerged in the water containing the coupons for 10 min direct plasma chemical experiment. As 

comparison, the PAW was generated as shown in Figure 2.1. Then 1 ml of 10-min generated PAW 
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was added into the 24-well plates containing coupons with the attached biofilm for 1, 30, and 60 

minutes, respectively (Figure 2.2).  

 

Figure 2.2. A schematic illustration of direct and indirect PAW treatment on E. coli biofilm. 

 

2.3.4 Cell enumeration 

Immediately following the PAW treatment, coupons were extracted from the treatment bottle and 

placed into a Falcon tube containing 2 mL 1x phosphate buffered saline (PBS). The biofilm was 

removed from the coupon surface by scraping it with a sterile flat-end spatula and placed into falcon 

tubes. The Falcon tubes were then submerged in a sonicating water bath for 3 min at 45 kHz followed 

by 10 s vortexing to ensure complete dislodgement of biofilms. This did not affect cell viability (data 

not shown). Serial dilutions were then drop-plated (10 µL) onto TSA in triplicates. Plates were 

incubated overnight at 37 °C before determining the colony-forming units (CFU).  

2.3.5 Cell viability of biofilms cells on coupon surfaces and in the surrounding solution 

To further evaluate the antibiofilm activity of PAW against E. coli, the viability of biofilm cells was 

quantified both on the coupons surfaces and in the surrounding water. Briefly, the 24h grown E. coli 

biofilms were exposed to direct PAW treatment (as described in Method 2.3.2) for 10 min. Following 
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treatment, the surviving biofilm cells remaining on the coupon surfaces and those released into the 

PAW solution were enumerated separately by CFU counting,   

2.3.6 PAW reactive species measurements 

Concentrations of hydrogen peroxide (H2O2), nitrate (NO3
-), and nitrite (NO2

-) were assessed in the 

PAW generated using air gas 10 min. The concentration of H2O2 was measured by a titanium sulphate 

method (Zhou et al., 2021) where H2O2 reacts with titanium oxysulphate (TiOSO4) resulting in a 

yellow-coloured complex (pertitanic acid) that is quantified with UV-Vis spectroscopy at 408 nm (the 

standard curve of H2O2 is shown in supportive information Fig. S1). NO3
- and NO2

- species were 

measured using a Hanna Instrument multiparameter photometer (HI83399) with colorimetric nitrate 

kit (HI93766-50) and colorimetric nitrite reagent (HI93708-0), respectively. All standards were 

prepared in MilliQ water.  

2.3.7 PAW stability measurement 

To assess the stability of PAW, the cell enumeration and reactive species were measured under 10 

min-generated PAW which stored at 4°C for 0, 1, 5, and 24 h, respectively. Briefly, the 24h grown E. 

coli biofilms were exposed to 1, 5, and 24 h-stored PAW treatment for 60 min. Following treatment, 

the surviving biofilm cells remaining on the coupon surfaces and those released into the PAW 

solution were enumerated separately by CFU counting. The concentrations of H2O2, NO3
-, and NO2

- 

were measured by the method described in 2.3.6. MQ water and bubbling water (without Plasma) 

were also stored at 4°C, as the control. 

2.3.8 Statistical analysis 

Experiments were performed 3 times and values are expressed as mean ± standard deviation (𝜇𝜇 ± 𝜎𝜎). 

A parametric, unpaired t-Test (2 tail, p<0.05) or a One-way ANOVA (with Tukeys multiple 

comparisons test, p<0.05) was performed where appropriate to identify significant differences in log 

reduction of each sample compared to the control.   
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2.4 Results  

2.4.1 Biofilm removal under direct PAW treatment 

Biofilms grown on stainless steel coupons were placed into Schott bottles during the 10-minute PAW 

generation period. Following treatment, the remaining viable cells were enumerated by colony-

forming unit (CFU) counting. A significant reduction in CFU was observed for the PAW-treated 

samples compared to the control (Figure 2.3), with a 5-log reduction (mean value) achieved for the 

direct PAW treatment. 
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Figure 2.3. Reduction of E. coli biofilms under direct PAW treatment. (P < 0.05, unpaired t-Test, n=3). 

 

2.4.2 Biofilm removal under indirect PAW treatment 

For the indirect PAW treatment, biofilms grown on stainless steel coupons were placed into 24-well 

plates, and 1 mL of 10-mingenerated PAW was applied for 1, 30, and 60 minutes. The viable cells 

were then enumerated by CFU counting. A significant reduction in CFU was observed after 30 and 60 
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minutes of treatment compared to the control (Figure 2.4), with a 1-log reduction (mean value) for the 

indirect PAW treatment. 
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Figure 2.4. Reduction of E. coli biofilms under indirect PAW treatment. (P < 0.05, unpaired t-Test, n=3). 

Viability of biofilm cells on coupon surfaces and in the surrounding solution 

E. coli biofilms grown on stainless steel coupons were subjected to direct PAW treatment for 10 min. 

Viable cell counts were subsequently determined for both the coupon surfaces and the surrounding 

solution, A substantial reduction in CFU was observed in both compartments, with an average 

decrease of approximately 5 log units. These findings indicate that PAW is highly effective not only 

in reducing biofilms attached to stainless steel surfaces but also in inactivating biofilm-associated 

cells dispersed into the surrounding environment.  

(A)  (B)   

Figure 2.5. Reduction of E. coli biofilms under direct 10 min PAW treatment on (A) stainless steel coupon surfaces 
and (B) surrounding PAW solution (P < 0.05, unpaired t-Test, n=3). 
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2.4.3 Characterisation of PAW stability: ability to remove biofilm cells 

Biofilms grown on stainless steel coupons were placed into 24-well plates and treated with 1 mL of 

PAW stored for 0, 1, 5, and 24 hours for 30 minutes. The remaining viable cells were enumerated by 

colony-forming unit (CFU) counting. A significant reduction in CFU was observed for all stored 

PAWs compared to the control (Figure 2.5), with an approximate 1-log reduction (mean value) across 

all conditions. Notably, PAW was also able to inactivate the dispersed biofilm cells in the surrounding 

solution. This finding suggests that indirect PAW treatment shows a mild inactivation rate compared 

to the direct PAW treatment. Further modification of PAW generation or combining with other 

antimicrobial agents that improving PAW activity against biofilm cells are required. 

 

 

Figure 2.6. CFU counting of E. coli biofilm cells on both of coupon surfaces and in the surrounding solution under 
PAW stored at 4°C for 0, 1, 5, and 24 hours. (P < 0.05, unpaired t-Test, n=3). 

 

2.4.4 Characterisation of PAW stability: activity of reactive species  

As shown in Figure 2.6, reactive oxygen and nitrogen species (RONS) were detected under all stored 

PAW conditions. Notably, high levels of nitrate (NO3
-) were present in the PAW, with 82.36 ppm 
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detected in the 5-hour stored PAW. A low concentration of nitrite (NO2
-) was detected in freshly 

generated PAW (0.55 ppm), but it was undetectable after storage (Table 2.1). Hydrogen peroxide 

(H2O2), a known antimicrobial RONS generated in PAW, was also present in the stored PAWs. 

Specifically, after 24 hours of storage, H2O2 concentrations fluctuated between 23.47 and 25.57 ppm 

(Table 2.1). 

MQ 

Bubble 

0h
-st

ored
 PAW

1h
-st

ored
 PAW 

5h
-st

ored
 PAW 

24
h-st

ored
 PAW 

0

20

40

60

80

100

C
on

ce
nt

ra
tio

n 
(p

pm
) NO2-

H2O2
NO3-

 

Figure 2.7. The reactive species H2O2, NO2-, and NO3- activity of PAW after 0, 1, 5, and 24 h storage at 4°C.  

 

Table 2.1. Reactive species concentration (ppm) measurement of stored PAW 

Sample NO2
- (ppm) NO3

- (ppm) H2O2 (ppm) 

24h PAW  0 82.24 25.57 

5h PAW  0 82.36 24.16 

1h PAW  0 82.32 25.57 

0h PAW 0.55 81.90 23.47 

Bubbling MQ  0 0.00 0.00 

MQ  0 0.00 0.00 
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2.5 Discussion  

In this study, the direct PAW treatment showed the greatest antibacterial activity against 24h E. coli 

biofilms, compared to the biofilm treated with indirect PAW treatment. The indirect PAW treatment 

exhibited time-dependent antibacterial activity, demonstrating a significant 1-log reduction after 60 

min treatment. While for direct treatment, a 5-log reduction was observed on the viability of biofilm 

cells and even to a non-detectable level compared to the control. Notably, this antibacterial activity of 

direct PAW treatment not only observed on biofilm cells that grown on coupon surfaces, but also on 

dispersed cells in the surrounding solution. There is one research also compared the direct and indirect 

PAW efficacy against bacterial planktonic cells (E. coli, L, monocytogenes, and Salmonella enterica), 

which reported a similar result as ours that the direct PAW was more effective to inactivate bacteria 

cells (Rothwell et al., 2022). 

While several studies have found PAW to be strongly antibacterial for planktonic cells (Rathore et al., 

2021a; Shen et al., 2016a), the reduction of biofilm cells to a low level is a rare finding. Here, after 

only a 10-min direct treatment, we have demonstrated the efficacy of our PAW is around 5-log 

reduction, which is a very promising result given that biofilms are highly resistant to most 

antimicrobials and removal strategies. Sen and Mutlu (2013) investigated a DBD plasma treatment 

that can effectively inactivate E. coli grown on stainless steel surfaces with 5-log reduction under 

22.9±3.3 minutes treatment when powered by 100 Watt plasma. Another study by Fernández-Gómez 

et al., (2023) achieve a comparable reduction (5.6-log) for L. monocytogenes biofilms in a stainless 

steel exposed to PAW generated by surface DBD (SDBD) cold plasma reactor for 30 minutes.  

It is widely accepted that RONS produced in the PAW are responsible for their antibacterial effect 

(Girard et al., 2018; Mai-Prochnow et al., 2015; Sergeichev et al., 2021). The formation of RONS in 

PAW is complex as there are many physical and chemical properties in play. In our plasma-

generating experimental design, using a BSD electrode, a constant gas flow results in the plasma 

being bubbled through four small holes at the bottom of the glass cover for the electrode. The gaseous 

plasma surrounding the electrode contains several reactive species. The contact of the plasma bubble 

with the water then leads to the generation of a large amount of short- and long-lived ROS and RNS, 
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mainly including reactive oxygen atoms, anion and ions, including (O, O(1D), 1O2, O2
+, and O2

-), •OH, 

ONOO-, NO, H2O2, NO2
-, NO3

-, O3 (Mai-Prochnow et al., 2021).  

High amounts of NO3
- were detected in the freshly generated PAW and all of the other stored PAWs. 

NO2
- were non-detectable in the stored PAWs. According to a previous study (Rathore et al., 2021a), 

NO2
- in the PAW reacts with dissolved ozone and H2O2 to give NO3

-, which makes NO2
-  less stable 

than NO3
- in the PAW. At first, it seems unusual for the PAW-air to have a higher NO3

- /NO2
- content 

than the H2O2. However, other authors reported a similar result where a 20% ratio of O2/(O2+N2) (-

equivalent to air) gas composition generated more NO3
- and NO2

-. One possible mechanism is that 

with the addition of O2 in the gas, the atomic oxygen O emission can react with excited nitrogen 

species to form •NO, resulting in generation of more abundant NO3
- and NO2

- species (Girard et al., 

2018).  

This work also expands the PAW activity against bacterial biofilm over storage condition. We found 

that the 24h stored PAW still exhibited a 1-log reduction on the 24h E. coli biofilm cells grown on 

both of coupon surfaces and in the surrounding solution, which is similar to the antibacterial activity 

of the freshly generated PAW. The presence of H2O2, NO3
-, and NO2

- generated in the PAW were 

widely studied as the mechanisms behind the antibacterial activities of the PAW (Thirumdas et al., 

2018). While H2O2, NO2
-, and NO3

- were detected by quantitative tests and they are strong oxidants, 

their impacts were limited in our system. More studies are needed to understand the antibiofilm 

activity of PAW treatment. 

2.6 Conclusions 

In summary, the direct treatment of plasma-activated water (PAW) can effectively remove 5-log of 

24h E. coli biofilms grown on stainless-steel surfaces. The indirect PAW treatment achieved 1-log 

reduction after 30 minutes. The 10 min-generated PAW remain antibiofilm activity after 24h storage 

at 4°C. The long-live reactive species, especially H2O2 and NO3-, remain active under the storage.    

This research presents new knowledge on the use of BSD reactor to generate PAW and its efficacy on 

bacterial biofilms removal of direct and indirect application. It also presents the stability of stored 
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PAW and long-lived reactive species in the observed antibacterial efficacy. This has implications for 

drinking and wastewater water treatment, as well as possible treatment of food products or medical 

devices where conventional disinfection or sanitation is neither suitable, nor effective. 

Utilising compressed atmospheric air as a gas input source is an economically viable option when 

generating PAW. This further underscores its attractiveness for use. Lastly, the plasma source used in 

this work also has the advantage of being small and portable making it suitable for diverse 

applications in the water treatment industry, food industry, clinical equipment sterilization, medicine, 

and environment. 
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Supplementary information 

S2.1 Standard curves of H2O2, NaNO3, and NaNO2 for RONS measurement 

A serial dilution of H2O2, NaNO3, and NaNO2 solurion were prepared. The absorbance of these 

solutions were determined by UV-vis spectroscopy. The standard curves were calculated for further 

RONS measurements for PAW.  

 

Figure S2.1 Standard curve of NaNO2 solution. Concentration unit is ppm. Absorbance was determined at 526 nm.  

 

 

 

Figure S2.2 Standard curve of NaNO3 solution. Concentration unit is ppm. Absorbance was determined at 220 nm. 
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Figure S2.3 Standard curve of H2O2 solution. Concentration unit is ppm. Absorbance was determined at 408 nm. 

 

S2.2 Comparison of cell viability under different treatments 

The viability of biofilm cells exposed with indirect PAW treatment for 1 h was compared with bubble 

water, MilliQ control, and tap water. There was approximately 61% reduction rate of PAW treated 

biofilm cells compared to the MilliQ control. While for other treatment, there was no significant 

difference between bubbling water and tap water compared to the control.  

(A) (B)  

Figure S2.4 Cell viability of 24h E. coli ATCC25922 biofilm cells under PAW, bubbling water, MilliQ water, and Tap 
water treatment for 1 h. (A) Spot plating images; (B) CFU counting bar plot (P<0.05, n=3). 
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3 Chapter 3 The importance of superoxide anion for Escherichia coli biofilm removal using 

plasma-activated water 
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3.1 Abstract 

Microbial biofilms cause contaminations in different environmental settings, including pipelines, 

filters, membranes, food and processing infrastructure. They ultimately pose a major risk to human 

health and necessitate costly cleaning and repair. Cold plasma, a partially ionised gas, and plasma-

activated water (PAW) exhibit powerful disinfectant activity. However, the optimal generating 

conditions, such as the choice of gas used to produce PAW, remain unclear. Here, a range of different 

PAWs were generated from argon, nitrogen, air, and oxygen in a plasma bubble spark discharge 

(BSD) reactor capable of directly treating Escherichia coli (ATCC 25922) biofilms directly. We 

measured the reactive oxygen and nitrogen species (RONS) (H2O2, NO3
-, NO2

-) in PAW and the 

excited species via optical emission spectroscopy (OES). PAW generated using oxygen (PAW-O2) 

was the most effective and completely removed E. coli biofilms on stainless steel surfaces. Confocal 

microscopy demonstrated that PAW treatment removed most biofilm cells from the surface with only 

a few dead cells remaining. We demonstrated that intracellular ROS level increases significantly in 

the PAW-O2-treated biofilms. Using molecular scavengers, we showed that superoxide anion radical 

(•O2
-) played a critical role in the inactivation of E. coli biofilms. We also confirmed the generation of 

•O2
- in the PAW-O2 via electron paramagnetic resonance (EPR) spectrometry. The potential chemical 

reactions that occurred in PAW were hypothesized via optical emission spectra (OES). Our results 

demonstrate the importance of input gas and plasma operating conditions to maximise effective 

RONS production for optimal biofilm removal under real environmental and industry-relevant 

conditions.    
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3.2 Introduction 

Contamination of surfaces in contact with biofilm-forming bacteria is a major problem for drinking 

water supplies, industrial water processing systems, membranes, filters, and food processing stainless-

steel units (Dula et al., 2021; Lu et al., 2013; Wan et al., 2021). Biofilms are particularly hard to 

eradicate because of their higher resistance to antimicrobials and disinfectants compared to planktonic 

cells (Chakraborty et al., 2021; Costerton et al., 1999). Such contamination can lead to equipment 

failure, energy losses, product contamination, and environmental pollution, resulting in adverse 

human health outcomes and significant costs to industries (Cámara et al., 2022). Therefore, a new 

decontamination method is critically needed that can effectively decontaminate resistant biofilms, 

whilst also avoiding damage to the surface of the treated material or leaving toxic chemical residues.  

One promising treatment method with these characteristics is cold atmospheric plasma (CAP) 

processing. Plasma is the fourth state of matter and is generated when a gas is exposed to an electric 

field voltage, leading to the ionisation of gas molecules and the generation of diverse excited and 

reactive species (Mai-Prochnow et al., 2021). CAP presents a broad range of antimicrobial activity, 

including antibacterial, antiviral, and antifungal actions (Chen et al., 2018; Gilmore et al., 2018; Jenns 

et al., 2022; Renn et al., 2022; Xu et al., 2023). The antimicrobial activity is mainly attributed to the 

formation of reactive oxygen and nitrogen species (RONS) (Chen et al., 2018; D. Guo et al., 2021; 

Thirumdas et al., 2018; Zhao et al., 2022). RONS encompasses both transient species, such as 

hydroxyl radical (OH), atomic oxygen (O), peroxynitrite anion (ONOO-), and superoxide anion (O2
-), 

which have been shown to have a half-life of just a few seconds, or even less than one second, as well 

as more stable species like ozone (O3), hydrogen peroxide (H2O2), and nitrogen oxides (NOx), which 

can persist for several minutes, days, or even years (Zhou et al., 2020b). 

An innovative way of using CAP as an antimicrobial technology is to generate the plasma discharge 

in water to produce plasma-activated water (PAW) (Mai-Prochnow et al., 2021). PAW has the 

potential to be used as a washing step and is suitable for large-scale applications in chemical 

engineering industries (Lin et al., 2021). It is appropriate for disinfecting sensitive and hard-to-access 
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surfaces, including food and heat-sensitive devices (Mai-Prochnow et al., 2020; Rathore & Nema, 

2021). 

While plasma is generally effective, the optimal generating conditions and mode of action are still 

unclear. Diverse PAW production methods have been explored, including plasma discharge above the 

water surface, plasma discharges in bubbles dissolved in the water, and direct plasma discharges in 

the water (Gao et al., 2022; Kaushik et al., 2018; Zhou et al., 2020b). The design and operating 

conditions significantly affect the plasma composition (Bălan et al., 2018; Man et al., 2022; 

Thirumdas et al., 2018; Wang et al., 2018; Zhou et al., 2020b). Not surprisingly, the use of different 

operating gases leads to the generation of different cocktails of active species, which determine the 

antimicrobial efficacy (Rathore et al., 2021a; Yahaya et al., 2021). While CAP can be generated using 

a range of gases or gas mixtures, different gases lead to the formation of unique combinations of 

reactive species. Air, argon, nitrogen and oxygen are frequently used as working gases (Cullen et al., 

2018; Li et al., 2022b; Muhammad et al., 2018; Stapelmann et al., 2008; Wang et al., 2021), and in 

particular, the addition of oxygen leads to the generation of ROS with strong antibacterial effects 

(Yahaya et al., 2021).  

An important aspect when generating PAW is the electrode design. Most PAW studies to date 

typically use a plasma discharge that is generated close to the water surface (Haghighat et al., 2017; Li 

et al., 2017; Ma et al., 2015). Such a design can limit the penetration of the plasma species that are 

formed in the gas phase into the water. On the other hand, our previous research demonstrated that an 

underwater plasma discharge-generated PAW provided a higher antimicrobial reactivity compared to 

conventional plasma jet reactors (Royintarat et al., 2019). The current study utilises a submerged 

PAW system called a bubble spark discharge (BSD) (Rothwell et al., 2022) which allows a much 

larger surface area for reactive species to diffuse into the water via plasma gas bubbles in a system. 

This BSD system has previously shown to exhibit acute antimicrobial activity against planktonic 

bacteria directly using air as the discharge gas (Rothwell et al., 2022). Other underwater plasma 

discharge electrodes have also been shown to have antimicrobial activity against planktonic bacteria 

cells (Mai-Prochnow et al., 2020; Rathore et al., 2021a). 
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While most of the research studies have investigated the antimicrobial efficacy of PAW against 

planktonic bacteria, the bacteria biofilm state that survives on surfaces thrives the real threat to several 

industries. Therefore, it is critical to test the antimicrobial efficacy of PAW against biofilms. In the 

present study, E. coli biofilms grown on stainless-steel surfaces were chosen to study the disinfectant 

efficacy of the PAW generated with different gas sources (argon, nitrogen, oxygen, and atmospheric 

air). We found that the physical and chemical properties and the resulting antimicrobial efficacy of the 

generated PAW vary depending on the chosen gas source. Therefore, in this study, our focus was to 

identify the chemical species formed in the PAW generated via the differing gas inputs and study their 

pH, oxidation-reduction potential (ORP), and electrical conductivity (EC). Then E. coli biofilms 

treated with the PAW were investigated for their viability (colony forming units, live/dead staining 

coupled with confocal microscopy), and intracellular biofilm ROS accumulation.  

3.3 Materials and Methods 

3.3.1 Strain and biofilm formation 

Escherichia coli ATCC 25922 was routinely maintained on tryptic soy agar (TSA) (tryptone 

(pancreatic digest of casein) 17.0 g/L, soytone (peptic digest of soybean) 3.0 g/L, glucose 2.5 g/L, 

sodium chloride 5.0 g/L, dipotassium phosphate 2.5 g/L, agar 15 g/L). One colony from a fresh agar 

plate was inoculated into 10 mL tryptic soy broth TSB) and incubated for 14 h at 37 °C, shaking at 

160 rpm. For biofilm formation, the overnight cultures were diluted 1/100 to obtain an approximate 

cell density of 10E5 CFU/mL. 1 mL of the diluted culture was inoculated into wells of a 24-well plate 

containing sterile stainless-steel coupons (diameter: 12.7 mm and thickness: 3.8 mm from BioSurface 

Technologies, Bozeman, Montana, USA). Plates were incubated for 48 h at 30 °C with 110 rpm 

shaking to allow for cell attachment and subsequent biofilm formation.  

3.3.2 Plasma treatment 

The plasma bubble reactor (PlasmaLeap Technologies, Sydney) consists of a metal rod high voltage 

electrode inside a quartz tube (Figure 3.1) with four holes (2 µm diameter) evenly spaced at the 

immersed end to allow for the plasma discharge to contact the water. The gas flow was controlled by 
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a digital M series mass flow meter (Alicat Scientific, United States). Coupons with the attached 

biofilm were aseptically removed from the well plate and placed into 250 mL Schott bottles 

containing 100 mL sterile MilliQ (Figure 3.1). The plasma bubble reactor was submerged in the water 

containing the coupons for direct plasma chemical experiment (Lin et al., 2021). 

The plasma-activated water (PAW) was generated as previously described (Rothwell et al., 2022). 

Briefly, a Leap100 (PlasmaLeap Technologies, Sydney) power source was used with an input voltage 

of 150 V, a discharge frequency of 1500 Hz, a resonance frequency of 60 kHz and a duty cycle of 100 

µs. The treatment time was 10min with 1 standard liter per minute (slm) of gas flow. Four different 

gases were tested, including argon (Ar), nitrogen (N2), air, and oxygen (O2). As a control, coupons 

were placed into 100 mL sterile MilliQ for 10min. 

 

Figure 3.1. A schematic illustration of the in-situ biofilm treatment using plasma-activated water (PAW) generated by 
a bubble spark discharge (BSD) plasma reactor. An E. coli biofilm was grown on a stainless-steel coupon and placed at 

the bottom of the Schott bottle containing 100mL of MilliQ water. The plasma bubble reactor consists of a high-voltage 
electrode and a glass sheath. To generate spark discharge plasma, the high-voltage electrode was powered by 

PlasmaLeap100. The voltage and current of the power source are monitored by the oscilloscope equipped with a high-
voltage probe and a current monitor.  
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3.3.3 Cell enumeration 

Immediately following the PAW treatment, coupons were extracted from the treatment bottle and 

placed into a Falcon tube containing 2 mL 1x phosphate buffered saline (PBS). The biofilm was 

removed from the coupon surface by scraping it with a sterile flat-end spatula and placed into falcon 

tubes. The Falcon tubes were then submerged in a sonicating water bath for 3 min at 45 kHz followed 

by 10 s vortexing to ensure complete dislodgement of biofilms. This did not affect cell viability (data 

not shown). Serial dilutions were then drop-plated (10 µL) onto TSA in triplicates. Plates were 

incubated overnight at 37 °C before determining the colony-forming units (CFU). 

3.3.4 PAW reactive species measurements 

Concentrations of hydrogen peroxide (H2O2), nitrate (NO3
-), and nitrite (NO2

-) along with pH, 

temperature, and electrical conductivity were assessed in the PAW generated using argon, N2, air, and 

O2 gases for 10 min. The concentration of H2O2 was measured by a titanium sulphate method (Zhou et 

al., 2021) where H2O2 reacts with titanium oxysulphate (TiOSO4) resulting in a yellow-coloured 

complex (pertitanic acid) that is quantified with UV-Vis spectroscopy at 408 nm (the standard curve 

of H2O2 is shown in supportive information Figure S3.1). NO3
- and NO2

- species were measured using 

a Hanna Instrument multiparameter photometer (HI83399) with colorimetric nitrate kit (HI93766-50) 

and colorimetric nitrite reagent (HI93708-0), respectively. All standards were prepared in MilliQ 

water. pH, temperature, electrical conductivity (EC), and oxidation-reduction potential (ORP) were 

measured using a Hanna Instrument pH/ISE/EC meter (HI5522) supplied with a double junction pH 

electrode (HI12300), temperature probe (HI7662-W), a four-ring conductivity probe (HI76312), and 

an OPR electrode (HI3131), respectively.  

3.3.5 Optical emission spectroscopy 

The optical emission spectra (OES) of the plasma discharges generated in nitrogen, air, argon, and 

oxygen at 150 V, 1500 Hz were obtained by a spectrometer (Andor Shamrock SR-500i optical 
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emission spectrometer, Oxford Instruments, UK) referred to a recent published method (Li et al., 

2022a).   

3.3.6 Molecular scavenger experiments 

To investigate the effect of specific active species that were generated in the plasma, a range of 

molecular scavengers were used as previously described (Rothwell et al., 2022), including 200 mM 

Mannitol (scavenges hydroxyl radical), 100 µm uric acid (scavenges ozone), 20 mM Tiron (scavenges 

superoxide anion), 100 mM N-Acetyl-L-cysteine (general antioxidant and free radical scavenger), and 

10 mM Sodium pyruvate (scavenges hydrogen peroxide). The scavengers were added directly into the 

treatment bottle before the plasma generation commenced. 

3.3.7 EPR measurement of superoxide anion radicals 

The formations of superoxide and superoxide-related hydroxyl radicals were detected with an electron 

paramagnetic resonance (EPR) spectrometer (Bruker Elexys E580, Bruker Inc., Billerica, MA, USA) 

using a spin trap DMPO (5,5-dimethylpyrroline-N-oxide). Spectra were recorded at room 

temperature, with microwave power at 10 dB and a modulation amplitude of 2.0 Gauss. The scanning 

time was 60 s and repeated 5 times in all experiments. The PAW was activated in 100 mL of MilliQ 

water using 4-hole bubble spark dielectric plasma reactor with an oxygen flow rate of 1slm. After 60s 

of activation, 125 µL of the PAW-O2 was collected and was measured immediately by EPR after 

mixing with 11.5 µL of pure DMPO.  The PAW-O2 with 20 mM Tiron (PAW-O2 + Tiron) and MilliQ 

water bubbled with O2 gas (but no plasma) with the same amount of DMPO were used as the control.  

3.3.8 Confocal microscopy 

Live/dead staining was performed on the biofilms formed on the coupon surfaces (Syto9 for viable 

cells and propidium iodide for dead cells, Invitrogen) according to the manufacturers’ instructions. 

Briefly, 10µL of the staining solution was added directly to the coupons with the attached biofilms 

and incubated in the dark for 10 min. The coupons were then transferred to a microscopy dish with a 

glass coverslip bottom and examined using a Nikon Ti-E confocal microscope equipped with a 40x 
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objective. The Excitation/Emission wavelengths (Ex/Em) for Syto9 and PI are 480/500nm and 

490/635nm, respectively. 

3.3.9 Detection of intracellular ROS  

Biofilms were stained with 2’,7’-dichlorofluorescin diacetate (DCFDA) to assess intracellular ROS 

according to the manufacturers’ instructions. Briefly, a 96-well plate containing 48h E. coli biofilms 

was washed once with 150 µL MilliQ and challenged for 30 min with control (MilliQ), PAW-O2, and 

PAW-O2 + Tiron scavenger. Biofilms were then stained with 150 µL of 20 µM DCFDA solution (or 

150 µL MilliQ for background controls) and incubated in the dark for 30 min. Once stained, the excess 

stain was removed, and biofilms were washed once with 150 µL MilliQ. Fluorescence was detected via 

ClarioStar plate reader at an Ex/Em of 485-15 nm/535-15 nm.  

3.3.10 Statistical analysis 

Experiments were performed 3 times and values are expressed as mean ± standard deviation (𝜇𝜇 ± 𝜎𝜎). 

A parametric, unpaired t-Test (2 tail, p<0.05) or a One-way ANOVA (with Tukeys multiple 

comparisons test, p<0.05) was performed where appropriate to identify significant differences in log 

reduction of each sample compared to the control.   
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3.4 Results and Discussion 

3.4.1 Biofilm removal using different input gases for the generation of PAW  

Biofilms grown on stainless steel coupons were placed into the Schott bottle during the 10 min PAW 

generation time and remaining viable cells were enumerated by CFU counting. A significant 

reduction in CFU was observed for the PAW generated with all of the 4 gases when compared to the 

control (Figure 3.2), with a 2-log reduction for the PAW-air, 1 log for the PAW-N2 and 0.5 log for the 

PAW-Ar. A complete reduction in viability was only seen for biofilms treated with PAW-O2 (6-log 

reduction). To further characterize the kinetic inactivation of PAW on 48h-grown E. coli biofilm, the 

D-value (Decimal value: exposure time to achieve 1-log reduction) was calculated. Our results show 

that PAW-O2 exhibited the shortest D-value (1.72 minutes), followed by PAW-Air (5.29 minutes), 

PAW-N2 (10.91 minutes), and PAW-Ar (15.56 minutes). Several other studies use a D-value to shed 

light on the inactivation kinetics of cold plasma mediated cell death (Flynn et al., 2019; Soni et al., 

2021) . Interestingly, the achieved D-values ranges considerably, depending on the initial bacterial 

concentration, attachment surface and plasma treatment conditions. A study by Sen and Mutlu (2013) 

calculated the D-value of pure oxygen DBD plasma that can effectively inactivate E. coli grown on 

stainless steel surfaces. The most efficient result with the fastest kinetics had a larger D-value of 

22.9±3.3 minutes when powered by 100 Watt plasma compared to our study. Recent research by 

Fernández-Gómez et al., (2023) achieved a D-value of 11.3 min for L. monocytogenes biofilms with a 

final comparable (5.6-log) reduction in a stainless steel exposed to PAW generated by a surface DBD 

cold plasma reactor for 30 minutes. 
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Figure 3.2. Reduction of E. coli biofilms using PAW generated in argon, nitrogen, air, and oxygen assessed by CFU. 
48h biofilms were grown on stainless steel coupons and treated with PAW generated with different gases in a bubble 

reactor. All four treatment conditions were significantly different from the control, but only PAW-O2 caused a 
complete loss of biofilm viability (P < 0.05, unpaired t-Test, n=3). 

 

While several studies have found PAW to be strongly antibacterial for planktonic cells (Rathore et al., 

2021b; Shen et al., 2016b), the reduction of biofilm cells to undetectable levels is a rare finding. Here, 

after only a 10-min treatment, we have demonstrated the efficacy of our PAW, which is a very 

promising result given that biofilms are highly resistant to most antimicrobials and removal strategies. 

As summarised in Table 3.1, Pan et al(Pan et al., 2017) achieved a comparable (6-log) reduction of 

Enterococcus faecalis biofilm in a dental unit waterline system treated by the PAW generated by 

260L/h of air plasma jet, however, this consumed around four times more gas than this study. The 

PAW generated by BSD reactor supplied with Argon exhibited biofilm removal activity on both 

gram-positive and gram-negative bacteria-formed biofilm, ranging from 2-3.6 log reduction (Mai-

Prochnow et al., 2016). Other studies report considerably more modest reductions in biofilms by 

PAW (Tan & Karwe, 2021).  

The inactivation kinetics of E. coli biofilms when exposed to plasma are suggested to have a three 

phases mechanism, including the destruction of DNA by UV irradiation, erosion of the 

microorganism through intrinsic photo-desorption, and etching (Sen & Mutlu, 2013). However, as the 
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treatment has complex effects on cells, for example, gene regulation that affect the metabolism of 

starch and sucrose and thus carbohydrate transport and metabolism functions (Fernández-Gómez et 

al., 2023), determining the survival curve of bacterial biofilms that are exposed to plasma remains a 

challenging task.  

Table 3.1 Comparisons between the results of this study and other relevant research  

Reactor PAW-supplied gas 
(input volume) 

Biofilm bacteria 
strains  

Reduction 
(log10) 

Reference 

BSD Argon (3.1 L/min) Pseudomonas 
aeruginosa (PAO1) 
Pseudomonas 
libanensis 
Enterobacter cloacae 

3.3-3.6 log  (Mai-Prochnow et 
al., 2016) 

BSD Argon (3.1 L/min) Kocuria carniphila 2 log  (Mai-Prochnow et 
al., 2016) 

Plasma 
jet 

Air (260L/h) Enterococcus faecalis 6 log  (Pan et al., 2017) 

Plasma 
jet 

Air (42.5L/h) Enterobacter 
aerogenes 

3.0-3.8 log  (Tan & Karwe, 
2021) 

BSD O2 (1L/min) E. coli (ATCC25922) 6.1 log  This study 
 

3.4.2 Characterisation of PAW generated with different gases 

We have demonstrated that the PAW-O2 leads to the highest CFU reduction of E. coli biofilms, but 

the PAW generated with three other gases (Ar, N2, and air) also showed antimicrobial activity. It is 

widely accepted that RONS produced in the PAW are responsible for their antibacterial effect (Girard 

et al., 2018; Mai-Prochnow et al., 2015; Sergeichev et al., 2021). The amount and type of RONS in 

the different PAW types will significantly affect antimicrobial activity. The formation of RONS in 

PAW is complex as there are many physical and chemical properties in play. In our plasma-

generating experimental design, using a bubble spark discharge (BSD) electrode, a constant gas flow 

results in the plasma being bubbled through four small holes at the bottom of the glass cover for the 

electrode. The gaseous plasma surrounding the electrode contains several reactive species. The 

contact of the plasma bubble with the water then leads to the generation of a large amount of short- 

and long-lived ROS and RNS, mainly including reactive oxygen atoms, anion and ions, including (O, 

O(1D), 1O2, O2
+, and O2

-), •OH, ONOO-, NO, H2O2, NO2
-, NO3

-, O3 (Mai-Prochnow et al., 2021). 

Because the highest CFU reduction was observed when biofilms were treated with the PAW-O2, we 
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hypothesised a higher concentration of certain antimicrobial species were generated in the PAW-O2 

compared to the other PAWs. To characterise the physical and chemical properties of the four 

different PAW, types of ROS (H2O2), and RNS (NO2
-, NO3

-) as well as the pH, temperature, 

electronic conductivity, and ORP were determined. 

H2O2 (a known antimicrobial RONS generated in PAW) was predominant in the PAW-Ar and the 

PAW-O2 (Figure 3.3A). Specifically, after 10 min plasma treatment, PAW-Ar showed the highest 

amount of H2O2 (54.94 ± 1.39 mg/L) while the PAW-air showed the lowest amount of H2O2 (4.10 ±

0.19 mg/L. The PAW-O2 (15.09 ± 0.38 mg/L) showed a similar amount of H2O2 compared to the 

PAW-N2 (13.95 ± 0.24 mg/L). A high ROS concentration such as H2O2 is often linked to bactericidal 

efficacy of the PAW (Ghimire et al., 2021). However, our CFU results indicate the highest 

antimicrobial activity for the PAW-O2 and not the PAW-Ar that had the highest H2O2 levels, 

indicating that H2O2 is not the main reactive species responsible for biofilm removal in our study. 

Nevertheless, H2O2 may still contribute to bacterial inactivation. In the acidic environment of the 

PAW, H2O2 concentration along with the O2
- radical contributes mostly to the oxidation properties of 

the PAW (Thirumdas et al., 2018). However, in contrast to our results, it was found that the PAW 

(air) generated a higher amount of H2O2 compared to the PAW (nitrogen) (Rathore et al., 2021a). The 

authors contributed this to the formation of more NOx species in air spark plasma leading to the 

consumption of H2O2 in the PAW (air) compared to the PAW (nitrogen). 

High amounts of NO3
- and NO2

- were detected  in  the PAW-air (NO3
-: 101.40 ± 1.56 mg/L; NO2

-: 

2.00 ± 1.00 mg/L) and lower amounts in the PAW-N2 (NO3
-: 23.53 ± 3.49 mg/L; NO2

-:1.67 ±

0.58 mg/L), (Figure 3.3A), NO3
- and NO2

- were non-detectable in the PAW-Ar and the PAW-O2. 

According to a previous study (Rathore et al., 2021a), NO2
- in the PAW reacts with dissolved ozone 

and H2O2 to give NO3
-, which makes NO2

-  less stable than NO3
- in the PAW. At first, it seems 

unusual for the PAW-air to have a higher NO3
- /NO2

- content than the PAW-N2. However, other 

authors reported a similar result where a 20% ratio of O2/(O2+N2) (-equivalent to air) gas composition 

generated more NO3
- and NO2

-  than 100% N2. One possible mechanism is that with the addition of O2 
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in the gas, the atomic oxygen O emission can react with excited nitrogen species to form •NO, 

resulting in generation of more abundant NO3
- and NO2

- species (Girard et al., 2018).  

 

  

Figure 3.3. Physical and chemical characterisation of PAW-Ar, PAW-N2, PAW-air and PAW-O2. A) reactive oxygen 
and nitrogen species of hydrogen peroxide (H2O2), (NO3-), and nitrite (NO2-), B) pH and temperature, C) electric 

conductivity, and D) oxidation-reduction potential (ORP) values of PAW using four different gas sources (argon, N2, 
air, and O2) at 10 minutes treatment time. Error bars represent standard deviation of three experiment repetitions.  

 

PAW has been shown to have a low pH and this may further contribute to its antimicrobial activity 

(Ma et al., 2015; Xu et al., 2020). The negative charge of some  RNS (NO3
- and NO2

-) can lead to the 

acidification of the solution (Royintarat et al., 2019), which might catalyze the antibacterial activity of 

PAWs (Chen et al., 2018; D. Guo et al., 2021; Zhao et al., 2022). As shown in Figure 3.3B, the lowest 
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pH value was obtained when the PAW is generated using air (3.55 ± 0.16) with similarly low pH 

values (p>0.05) for the PAW-N2 (3.67 ± 0.09) and the PAW-O2 (5.29 ± 0.54)  In contrast the pH of 

the PAW-Ar (7.67 ± 0.02) remained similar to the control (7.41 ± 0.02) which is due to the lack of 

NOx species (Bolouki et al., 2021). A recent study of plasma water with Ar gas using a DBD plasma 

jet reactor obtained a similar pH compared to our result (pH ranging from 6 to 8) (Bolouki et al., 

2021). The PAW-O2 obtained a higher pH value than the PAW-N2 and the PAW-air. This is similarly 

due to the lack of nitrogen which results in lower concentrations of NO3
- and NO2

- ions in the PAW 

(Rathore et al., 2021a). Notably, there is no significant difference in the temperature among four types 

of PAWs used in this study, ranging from 41.27 ± 0.15 ℃ to 44.50 ± 0.36 ℃ (Fig. 3B). Other 

studies also found that the effect of temperature can be insignificant on the antimicrobial activity 

against bacteria biofilms (Handorf et al., 2020).  

To further characterise the PAW activity, the electrical conductivity (EC) of the PAW generated using 

different gases was determined. EC is a measure of how easily an electrical charge can pass through a 

material or liquid (e.g., water). A higher EC may be related to enhanced antimicrobial activity (Rehan 

et al., 2020). We have observed a significantly (p<0.05) higher EC of the PAW when air (240.30 ±

31.98 µS•cm-1) and N2 (125.10 ± 12.34 µS•cm-1) were used as the plasma-forming gas. This can be 

attributed to a larger amount of NOx (resulting in a lower pH) present in the plasma phase in 

comparison to the PAW-Ar (20.96 ± 8.65 µS•cm-1) and the PAW-O2 (14.20 ± 6.69 µS•cm-1). A 

similar result where the conductivity of MilliQ water increases after the plasma treatment was 

reported elsewhere (Rathore et al., 2021a).  The EC follows a similar trend to NOx (Figure 3.3A) 

which supports the reliability of the results since the EC and NOx are strongly interdependent with 

each other.  

Another indicator for antibacterial activity is ORP as it provides a measure of how oxidizing the PAW 

is and thus shows its potential to inactivate microorganisms. Our data show an increase in ORP for all 

four PAW types compared to the MilliQ control (Figure 3.3D). The highest ORP was measured for 

the PAW-O2. This correlates with the highest CFU reduction of the PAW-O2 compared to the other 

gases. Several studies have demonstrated an ORP increase with increasing the PAW generation time 
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and that was correlated with a higher antimicrobial activity (Guo et al., 2017; J. Guo et al., 2021; Pan 

et al., 2017).  

3.4.3 Optical emission spectra of PAW discharge 

 

Figure 3.4. Optical emission spectroscopy for A) air, B) nitrogen, C) argon, and D) oxygen bubble spark discharge 
plasma in interaction with MilliQ water.  

 

The representative emission spectrum and the identified emission bands of the bubble discharge 

plasma ranging from 200 to 900 nm of wavelength was shown in Figure 3.4. The OES spectra of air 

and nitrogen BSDs (Figure 3.4. A and B) exhibited predominantly excited nitrogen species, including 

the second positive system (SPS) of molecule nitrogen N2 (C3Πu→ B3Πg) at 300-470nm, the first 

negative system (FNS) of molecular nitrogen ion N2
+ (B2Ʃu

+ → X2Ʃg
+) at 391 and 427nm, and the first 

positive system (FPS) of molecular nitrogen N2 (B3Πg→ A3Ʃ+) ranging between 500nm and 800nm. 

The emission spectra of Ar discharge in Figure 3.4. C shows higher emission intensity from hydroxyl 
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radicals (306.5 nm and 600-650nm) and excited oxygen (777 nm and 844 nm) and hydrogen atoms 

(656 nm) as overall emission intensity significantly higher compared to the rest. A recent study 

(Bolouki et al., 2021) of dielectric discharge barrier plasma with argon, oxygen, nitrogen, and air 

gases interaction with distilled water presented similar optical emission spectra to air and nitrogen 

discharge (Figure 3.4. A and B) from this work, while their OH emission results do not agree with the 

emission of the energy state OH(A) to ground state OH(X) in Ar and O2 BSDs observed in this work 

(Figure 3.4. C and D). The emission spectra of O2 discharge (Figure 3.4D) exhibited a lower radical 

density compared to that of Ar BSD, which might be due to low ionization, vibrational and electronic 

excitation as well as H2O dissociation reaction of O2 plasma compared to Ar plasma (see in supportive 

information Fig. S3.5). Moreover, from our V-I measurement (Fig. S3.4) and energy loss fraction 

calculation (see in supportive information Table. S1, and Fig. S5), Ar BSD generated the highest 

average power in comparison with air, N2, and O2 BSDs, which enables high-density excited OH(A) 

resulting in enhanced emission intensity of OH(A→X). 

Based on the OES measurement results, we summarised the possible important gas phase reactions in 

PAW-N2, PAW-air, PAW-Ar, and PAW-O2 BSD plasmas interacting with water molecules within gas 

bubbles.  

𝑒𝑒 + 𝐻𝐻2𝑂𝑂 →∙ 𝑂𝑂𝑂𝑂 + 𝐻𝐻 + 𝑒𝑒 (1) 

𝑒𝑒 + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻2𝑂𝑂∗ + 𝑒𝑒 (2) 

𝑒𝑒 + 𝐻𝐻2𝑂𝑂∗ → 𝐻𝐻2𝑂𝑂+ + 2𝑒𝑒 (3) 

𝐻𝐻2𝑂𝑂 + 𝐻𝐻2𝑂𝑂+ →∙ 𝑂𝑂𝑂𝑂 +  𝐻𝐻3𝑂𝑂+ (4) 

𝐻𝐻2𝑂𝑂 + ℎ𝑣𝑣 →∙ 𝑂𝑂𝑂𝑂 + 𝐻𝐻 (5) 

𝐻𝐻2𝑂𝑂 + 𝑀𝑀∗ →∙ 𝑂𝑂𝑂𝑂 + 𝐻𝐻 + 𝑀𝑀 (6) 

The M* represents the excited neutral species, such as excited nitrogen, oxygen and argon species, in 

reaction 6. 

In nitrogen BSD plasma, excited nitrogen atoms and molecules take important roles to sustain reactive 

plasma conditions as well as electron interactions such as dissociation and excitation. 
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𝑁𝑁2 + 𝑒𝑒 → 𝑁𝑁 + 𝑁𝑁 + 𝑒𝑒 (7) 

𝑁𝑁2 + 𝑒𝑒 → 𝑁𝑁2∗ + 𝑒𝑒 (8) 

𝑁𝑁∗ + 𝐻𝐻2𝑂𝑂 → 𝑁𝑁 +∙ 𝑂𝑂𝑂𝑂 + 𝐻𝐻 (9) 

𝑁𝑁∗ + 𝐻𝐻2𝑂𝑂 → 𝑁𝑁𝑁𝑁 +∙ 𝑂𝑂𝑂𝑂 (10) 

𝑁𝑁2∗ + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻 +∙ 𝑂𝑂𝑂𝑂 +  𝑁𝑁2 (11) 

Regarding oxygen BSD plasma, various forms of reactive oxygen species can be generated including 

excited oxygen molecular and atomic species, ions and ozone, superoxide anion radicals and also 

hydrogen radicals through the interaction with water or its derivatives such as OH- or HO2 (Bolouki et 

al., 2021): 

𝑂𝑂2 + 𝑒𝑒 → 𝑂𝑂+ + 𝑂𝑂 + 2𝑒𝑒 (12) 

𝑂𝑂2 + 𝑒𝑒 → 𝑂𝑂− + 𝑂𝑂 (13) 

𝑂𝑂 + 𝑂𝑂2 → 𝑂𝑂3 (14) 

𝑂𝑂 + 𝐻𝐻2𝑂𝑂 → 2𝑂𝑂𝑂𝑂 ∙ (15) 

𝑂𝑂3 + 𝑂𝑂𝑂𝑂− → 𝐻𝐻𝐻𝐻2− + 𝑂𝑂2 (16) 

𝑂𝑂3 + 𝐻𝐻𝐻𝐻2− → 𝑂𝑂𝑂𝑂 ∙ +𝑂𝑂2− + 𝑂𝑂2 (17) 

In the case of air BSD plasma, on top of the above-mentioned important reactions in N2 and O2 

plasma, additional chemical reactions between nitrogen and oxygen species need to be addressed to 

explain NOx generation (Bolouki et al., 2021; Xiao et al., 2014). 

𝑁𝑁 + 𝑂𝑂 + 𝑀𝑀 →∙ 𝑁𝑁𝑁𝑁 + M (18) 

𝑁𝑁 + 𝑂𝑂2 →∙ 𝑁𝑁𝑁𝑁 + 𝑂𝑂 (19) 

𝑂𝑂 + 𝑁𝑁2 →∙ 𝑁𝑁𝑁𝑁 + 𝑁𝑁 (20) 

In Reaction (18), M indicates background molecules such as N2 or O2 species in air discharge as a 

third body to absorb released energy. 

In the argon BSD plasma, the presence of high-density metastable Ar* species is demonstrated by the 

measured strong optical emission between 690 to 912nm (Fig. 4C) from the transition Ar(4p) to 

Ar(4s) states. As shown in the reaction (23), high energy Ar*(11.55 eV) metastables can induce 
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further ionization which is fundamentally important characteristics of Ar discharge to sustain high-

density plasma even at low applied voltage conditions. This metastable Ar* species contribute to 

effectively generating hydroxyl radicals by the interaction with water molecules(Wang et al., 2018). 

𝐴𝐴𝐴𝐴 + 𝑒𝑒 → 𝐴𝐴𝐴𝐴+ + 𝑒𝑒 + 𝑒𝑒 (21) 

𝐴𝐴𝐴𝐴 + 𝑒𝑒 → 𝐴𝐴𝐴𝐴∗ + 𝑒𝑒 (22) 

𝐴𝐴𝐴𝐴∗ + 𝐴𝐴𝐴𝐴∗ → 𝐴𝐴𝐴𝐴∗ + 𝐴𝐴𝐴𝐴+ + 2𝑒𝑒 (23) 

𝐴𝐴𝐴𝐴∗ + 𝐻𝐻2𝑂𝑂 → 𝐴𝐴𝐴𝐴 +∙ 𝑂𝑂𝑂𝑂 + 𝐻𝐻 (24) 

Overall, the above OES measurement combined with the suggested mechanism from the literature 

supports the experimental observations on the generation of reactive species such as OH ∙, O2
−, NO ∙, 

and excited atoms in the gas phase of BSDs plasma, which then leads to the solvation and diffusion of 

RONS at the bubble-water interface and formation of activated water. 

3.5 The use of molecular scavengers to detect reactive species in PAW 

Measuring H2O2, NO3
-, NO2

- and other physical characteristics of the PAW helps shed some light on 

the antibacterial effects of the generated PAW. However, these measurements do not fully explain 

why the PAW-O2 has the highest CFU reduction. We, therefore, used several molecular scavengers, 

including mannitol (scavenges OH ∙), uric acid (UA, scavenges O3), Tiron (scavenges O2
−), N-Acetyl-

L-cysteine (NAC, scavenges ROS), and sodium pyruvate (SP, H2O2) to selectively remove reactive 

species from the PAW-O2, and observed its effect on reducing for E. coli biofilms viability (Figure 

3.5). If removing a reactive species from the PAW-O2 caused it to lose its antibacterial effect, it can 

be concluded that the scavenged specie(s) was responsible for the observed effect. The addition of the 

scavengers UA (O3) and mannitol (˙OH) did not affect the CFU numbers, with no viable cells 

detected after their addition (Fig. 5). NAC (ROS) and SP (H2O2) prevented the complete removal of 

biofilm cells exposed to the PAW-O2 with a few viable cells detected after the addition of those 

scavengers, however, this was not statistically significant compared to PAW-O2 without scavengers. 

Only Tiron, the scavenger for the O2
- radicals, was able to significantly prevent biofilm killing from 

exposure to the PAW-O2 (Rothwell et al., 2022; Taiwo, 2008) (Fig. 5).  
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According to our findings (Figure 3.5), the elimination of biofilm might be attributed to the presence 

of O2
- radical and H2O2 within the ROS. A previous study has indicated that CAP-generated O2

- 

radical and H2O2 can cause a considerable amount of tumour cell death, although their toxicity 

towards tumour cells was found to be inadequate when used alone (Xu et al., 2015). Moreover, the O2
- 

radical is highly active and has been previously shown to substantially enhance the bactericidal effects 

of the PAW (Ma et al., 2020; Rothwell et al., 2022). The oxygen toxicity of •O2
- radicals is thought to 

be responsible for their antibacterial activity(Winterbourn, 2020). Though whether the detrimental 

effect of •O2
- on the bacteria biofilm could be the inactivation of the bacterial dehydratases, an 

iron/sulphur clusters of proteins that are responsible for synthesizing branched-chain amino acids 

(Imlay, 2003), its interaction with bacteria biofilm is still actively debated (Winterbourn, 2020).  

 

Figure 3.5. CFU reduction of E. coli biofilms using PAW generated in oxygen with the addition of scavengers. 48h 
biofilms were grown on stainless steel coupons and treated with PAW generated in oxygen in a bubble reactor. 

Scavengers (Tiron, NAC, SP, UA and Mannitol) were added directly to the PAW during generation. CFU reduction 
for PAW-O2 with the superoxide anion scavenger Tiron is significantly different from the PAW-O2 treatment without 

scavenger (P < 0.01, unpaired t-Test). 

 

3.5.1 Detection of superoxide anion radicals in PAW  
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The fact that the addition of the superoxide scavenger Tiron to the PAW-O2 was able to prevent 

biofilm removal suggests that superoxide is a major factor in the antibacterial activity of the PAW-O2. 

We, therefore, aimed to detect •O2
- in the PAW-O2 using electron paramagnetic resonance (EPR) 

spectroscopy.  

 

Figure 3.6. Electron paramagnetic resonance spectra of 800mM of DMPO with A)60s O2 bubbling MQ water; B) 60s 
PAW-O2 treated MQ water; C) 60s PAW-O2 treated MQ water with 20mM Tiron. 

 

EPR combined with spin trap reagents (e.g. DMPO) has been broadly used in the detection of short-

lived •O2
− radicals (Hu et al., 2021). However, the DMPO also reacts with •OH forming a relatively 

poor stable spin adducts DMPO-OH (Zhou et al., 2020b). Thus, the resulting signal may also be 

attributed to •OH radicals. To overcome this and selectively detect •O2
− species, the Tiron scavenger 

was used as a negative control to capture the potential •O2
- in the PAW. Our EPR spectra results 

indicate that the DMPO had no hyperfine interaction with the non-plasma control (O2 bubbling water) 

with only a small one-peak signal (Figure 3.6A), while the DMPO showed four strong peaks with the 

ratio of 1:1:1:1 in the PAW-O2 (Figure 3.6B). These peaks are strongly associated with •O2
− because 
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these species were not observed when Tiron was added to the PAW-O2 and thus no •O2
− species was 

present (negative control) (Figure 3.6C).   

3.5.2 E. coli biofilm imaging characterisation 

To investigate the effect of direct PAW treatment on E. coli biofilms, cells were stained with 

live/dead kit after the treatment and observed under a confocal microscope (Figure 3.7A). The 

untreated control E. coli biofilms consisted of mainly live (green) cells with only a few dead cells 

(red) present. This was similar for the PAW- N2 and the PAW-Ar (Figure 3.7B and C) samples. In 

contrast, a significant number of dead cells occurred in biofilms treated with the PAW-air (Figure 

3.7D).  While there were not many cells left on the PAW-O2 treated biofilms, most of the cells were 

dead and approximately 91.4% of reduction in biofilm thickness compared to the control (Figure 3.7A 

and E).  When Tiron (O2
- scavenger) is added to the PAW-O2 sample leading to a loss of efficacy of 

suspected superoxide species, more viable biofilm cells can be observed (Figure 3.7F), which 

confirms the results of the scavengers’ assay (Figure 3.5). O2
- radicals were apparently only able to 

form in the plasma generated using pure oxygen and not in other mixtures of O2 and N2 gases (Helena 

Tresp et al., 2013). These fluorescent staining results, along with the results of the cell enumeration 

where the PAW-O2 had the lowest CFU numbers n (Figure 2.3), correlate with the activity of O2
- 

radicals. It appears that direct PAW treatment can remove biofilms from the coupon, and cells that are 

still present are killed. This has been previously observed for a Listeria monocytogenes biofilm model 

(Chen et al., 2018; Handorf et al., 2021), after 15min plasma water treatments, with the inactivation 

occurring in the biofilm centre and expanding to the edges. That study also showed that the treated 

biofilm matrix appeared as a homogenous structure with a 60 % reduction in thickness compared to 

the control (10 µm).  
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Figure 3.7. PAW-induced E. coli biofilm removal. Biofilms were stained using live/dead kit and observed with an 
inverted Nikon Ti-E confocal microscope. 3D Z-stack images (upper and lower side of coupon surfaces) are presented 
on the right column. All images were taken with a x40 magnification. The scale bar is 50 µm. A) control, B) PAW-N2, 

C) PAW-Ar, D) PAW-air, E) PAW-O2 and F) PAW-O2 + Tiron scavenger. Experiments were repeated three times 
and a minimum of five images were taken for each observed stainless-steel coupon.  

 
3.5.3 Intracellular detection of RONS in E. coli biofilms 
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Figure 3.8. Detection of intracellular ROS in E. coli biofilms following treatment with PAW-O2, PAW-O2 + Tiron, 
and Control. ROS was measured using DCFDA staining of the 48 h biofilms. The presence of ROS is significantly 
higher in biofilms treated with the PAW-O2 compared to biofilms treated with the PAW- O2 + Tiron and control 

(MilliQ) (P<0.05, One-Way ANOVA with Tukey’s multiple comparisons test). 

 

To investigate the role of oxidative stress induced by the PAW-O2, fluorescence staining with 

DCFDA was used to detect the accumulated ROS in E. coli biofilm. DCFDA is a cell-permeable and 

upon oxidation (e.g., via RONS created in the PAW) is converted to the fluorescent 

dichlorofluorescein (DCF) that can be measured in a plate reader. After treatment with the PAW-O2 

(Figure 3.8), ROS levels were increased significantly by approximately 4.5-fold compared to the 

control. While the addition of 20 mM of Tiron (O2
- scavenger) to the PAW-O2 treated biofilms 

resulted in significantly less accumulation of ROS (Figure 3.8). These data suggest that O2
- radicals 

play an important role in intracellular ROS accumulation and may be responsible for the significant 

biofilms removal caused by PAW-O2. However, the mechanism of O2
- radicals penetrating the biofilm 

matrix is still unclear. One study found that the O2
-  radicals could penetrate and attack the targeted 
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bacteria membrane under an acidic environment (Korshunov & Imlay, 2002). This might lead to the 

accumulation of ROS within the biofilm cells.  

In this study, the PAW generated with O2 showed the greatest antibacterial activity against 48h E. coli 

biofilms, demonstrating a 6-log reduction, compared to biofilms treated with   PAW generated with 

inputs of air, N2, and Argon. The confocal microscopy images also revealed the removal of biofilms 

from the coupon surface with only dead cells remaining after the PAW-O2 treatment. An acidic pH, a 

higher ORP, and the presence of H2O2, NO3
-, and NO2

- generated in the PAW were widely studied as 

the mechanisms behind the antibacterial activities of the PAW (Thirumdas et al., 2018). However, the 

presence of superoxide anion radical appears to play a major role in PAW-mediated biofilm removal. 

While H2O2, NO2
-, and NO3

- were detected by quantitative tests and they are strong oxidants, their 

impacts were limited in our system because their concentrations are less than the effective biofilm 

killing concentration of 1000mg/L of HNO3 and H2O2 in this study (see supportive information Fig. 

S3.2). We also confirm that the elevated levels of intracellular ROS in E. coli biofilms after PAW-O2 

treatment suggesting that superoxide anion radical plays a crucial role in inducing a high intracellular 

oxidative stress within E. coli biofilms cells in response to the PAW-O2 treatment.  

 

3.6 Conclusions 

In summary, a bubble spark discharge (BSD) with an input gas of oxygen generated plasma-activated 

water (PAW) can completely remove 48h E. coli biofilms grown on stainless-steel surfaces. The 

short-lived superoxide anion radical was found to be a decisive factor in the antimicrobial effect 

caused by direct exposure to PAW-O2. Input gas sources of atmospheric air, argon, and nitrogen were 

used to generate PAW, and were found to generate a mixture of reactive species with variable biofilm 

removal efficacy.   

This research presents new knowledge on the use of PAW to remove bacterial biofilms and points to 

the importance of short-lived reactive species in the observed antibacterial efficacy. This has 

implications for drinking and wastewater water treatment, as well as possible treatment of food 
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products or medical devices where conventional disinfection or sanitation is neither suitable, nor 

effective. Utilising compressed atmospheric air (or oxygen) as a gas input source is an economically 

viable option when generating PAW. This further underscores its attractiveness for use. Lastly, the 

plasma source used in this work also has the advantage of being small and portable making it suitable 

for diverse applications in the water treatment industry, food industry, clinical equipment sterilization, 

medicine, and environment. 
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3.7 Supporting Information 

S3.1. Measurement of H2O2 concentrations in PAW  
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Figure S3.1. H2O2 measurement via UV-vis measurement method. A. standard curve of various concentrations of 
H2O2 solutions. B. The concentrations of H2O2 generated in MilliQ water activated by argon, nitrogen, air, and 

oxygen gases. 

To quantify the H2O2 levels in different PAWs, a serials concentration of H2O2 (0-300 mg/L) solution 

was prepared and measured by a titanium sulphate method (Zhou et al., 2021) where H2O2 reacts with 

titanium oxysulphate (TiOSO4) resulting in a yellow-coloured complex (pertitanic acid) that is 

quantified with UV-Vis spectroscopy at 408 nm. The standard curve was calculated as shown in 

Figure S3.1A. 

Absorbance = 0.01109 ∗ H2O2concentration [
mg
L

] − 0.01522       𝑅𝑅2 = 0.9999 (Eq. S1) 

According to Equation (S1), the absorbance of PAW-Ar, PAW-N2, PAW-air, and PAW-O2 was 

transferred to relevant H2O2 concentration as shown in Figure S3.1B. 
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S3.2. The biofilm viability of HNO3/H2O2 mixture treatment 
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Figure S3.2. The viability of 48h E.coli biofilm grown on the coupon after treatment of HNO3 (20mg/L, 50mg/L, and 
100mg/L), and H2O2 (10mg/L, 20mg/L, 50mg/L, and 100mg/L). C1: 20mg/L H2O2+25mg/L HNO3; C2: 10mg/L 

H2O2+100mg/L HNO3. *P<0.05. 

To investigate antibiofilm activity of the main long-lived reactive species generated in different 

PAWs, differing concentration of HNO3, H2O2 and HNO3/H2O2 mixture corresponding to different 

PAWs were investigated (Figure 3.3A). The combination of HNO3/H2O2 of C1 and C2 represents that 

of PAW-N2 and PAW-air, respectively. While 50mg/L of H2O2 represents PAW-Ar and 20mg/L of 

H2O2 represents PAW-O2.  As shown in Fig. S2, only 1000 and 2000 mg/L of HNO3 and H2O2 

observed a significant reduction of biofilm viability (~1.5-2 log). However, no concentration assessed 

in this study was able to completely eradicate the 48h E. coli biofilm. Therefore, the H2O2 and HNO3 

play a non-significant role in deactivation of biofilm in the BSDs reactor. 
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S3.3 Voltage and current measurement of BSD reactor 

The time-series voltage and current across BSD reactor supplied with Ar, N2, air, and O2 gases were 

measured using a North StarPVM-6 high voltage probe and a HET10AB15U10 current probe, 

respectively, sampled by a RIGOL DS6104 oscilloscope as shown in the experimental setup of Fig. 

S3.  

 

Figure S3.3. A schematic illustration of plasma-activated water (PAW) generated by a bubble spark discharge (BSD) 
plasma reactor. The plasma bubble reactor consists of a high-voltage electrode and a glass sheath. To generate spark 
discharge plasma, the high-voltage electrode was powered by PlasmaLeap100. The voltage and current of the power 

source are monitored by the oscilloscope equipped with a high-voltage probe and a current monitor.  

The complex formation of RONS in the PAW depends on many physical and chemical parameters 

and processes. The measured voltage and current include important information on the electron 

energy distribution and the density which governs the formation of RONS. Although exactly the same 

input power conditions were applied, the actual high voltage and current response appeared different 

for all four gases. This is because different electron energy distributions and plasma chemistry in 

different gas compositions affect the final composition of reactive species in that given plasma 

system. To characterise and compare the different plasma conditions with different gas input voltage 

and current measurements (V-I) were performed. As shown in Figure S3.4, the different gas sources 
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presented unique V-I characteristics. The N2 and O2 plasmas show similar V-I characteristics whereas 

a plasma discharge in air shows a faster decrease of current and is therefore expected to have a fast-

decreasing electron density profile. The plasma argon discharge shows a significant difference from 

the other three gases with a lower peak voltage and current response, but high power by sustaining the 

effective discharge for a longer time of period. These characteristics for argon plasma are likely due to 

the influence of high energy metastable Ar* species that enable it to sustain a high energy electron 

distribution and density even at low electric field conditions by Penning ionization (Lieberman & 

Lichtenberg, 2005) and result in an overall enhanced density of reactive plasma species.  
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Figure S3.9. Electrical waveforms of the voltage (left axis) and the current (right axis) of bubble spark discharge 
plasma reactor supplied with different input gases. A) Air gas; B) Argon gas; C) Nitrogen gas; and D) Oxygen gas; 

The actual output power (W) of the plasma reactor supplied using different gases E) Air gas; F) Argon gas; G) 
Nitrogen gas; and H) Oxygen gas; I) The summary table of maximum voltage, current, and power, as well as average 

power output of different gas supplied plasma reactors.  



97 
 

 

The differences in V-I characteristics can help explain the difference in our measured H2O2, NO2
- and 

NO3
- concentrations as each of these RONS production will be governed by electron density and 

energy distribution, which is determined by the reduced electric field E/N (Fig. S4 and S5), where E is 

electric field strength and N is the number density of molecules. For example, Yuan et al. (2017) 

found that •OH radicals were favoured to form at higher discharge voltages during 100 min of 

dielectric barrier discharge (DBD) plasma treatment. As mentioned above, we observed a high H2O2 

concentration in the PAW-Ar and this is likely linked to the formation of high density •OH radicals in 

the Ar discharge (Figure S3.4I) due to the high electron energy distribution as estimated from the 

results of our measurement of V-I characteristics.  
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S3.4. Comparison of electron energy loss fraction in different gas discharges 

In order to understand the different plasma characteristics of discharges from different gas element, 

electron energy loss fraction was calculated using Boltzmann equation solver BOLSIG+ (Hagelaar & 

Pitchford, 2005). A set of reactions are included from Biagi database for N2, O2 and Ar (Biagi, 2010) 

and Itikawa database for H2O (Itikawa, 2012; Itikawa & Mason, 2005). 

 

Figure S3.5. Calculated electron energy loss fraction in different gas discharge (a) Air/H2O = 0.99: 0.01 
(b) N2/H2O = 0.99:0.01, (c) Ar/H2O = 0.99:0.01, and (d) O2/H2O = 0.99:0.01 where the gas temperature was 
assumed 300 K, the subscript ‘vib.’ ‘elec.’ ‘ionz.’ ‘Att.’, ‘diss.’ and ‘diss.emiss’ indicates vibrational and 
electronic excitation, ionization, electron attachment, molecule dissociation without optical emission, 
dissociation associated with optical emission respectively. H2OAtt. includes 3 different electron interaction to 
generate H-, O- and OH- ion from H2O and O2

2Att. presents O2- ion formation by 2 body interaction different 
from 3 body interaction. Elastic collision and rotational excitation also are included in the calculation but not 
shown in the plot. The reduced electric field ranges from 30Td to 60Td is presented in shade to show a 
comparison clearly between different gas plasma system as a possible spatial and temporal average values.    

 

Figure S3.5. shows how much electron energy was used for each different electron interaction in the 

given plasma discharge. It is presented as a function of reduced electric field E/N which indicates the 
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effective electric field strength E in the discharge gap divided by the number density of gas molecules 

N and it is an important governing factor to determine the electron energy distribution of the plasma 

system.  

Considering the possible interaction of spark   discharge with H2O vapour inside the bubble volume, 

1%vol. of H2O concentration was assumed as possible average. 

Firstly, it is noticeable the contrast of Ar/H2O discharge in comparison to the rest with significantly 

high ionization, vibrational and electronic excitation as well as H2O dissociation reaction. Therefore, 

it is expected to have higher density of electrons and OH radicals in Ar discharge which explains the 

measurement results on high density H2O2 production.  However, for the dissociation reaction 

associated with optical emission, O2 plasma shows higher values of electron energy loss fraction. This 

includes several different optical emission processes related to excited hydrogen and oxygen atoms, 

and OH radicals as provided Table S3.1. As shown in Figure S3.4, the dissociation reaction of H2O 

with optical emission from excited H and O atoms still shows higher reaction coefficient in Ar 

discharge in comparison to O2 discharge which supports the measurement results as shown in Fig. 4. 

On the contrary, the calculation result predicts higher transition reaction coefficient of energy state 

OH(A) to ground state OH(X) in O2 discharge which seemingly does not agree with the OH emission 

intensity observed at 306.5 nm.  However, considering the fact that the energy loss fraction can only 

be a direct indicator to describe the different characteristics of plasma when the same electron density 

is assumed. From the calculated higher degree of ionization at the same reduced electric field E/N as 

an input value and the measured highest current density and average power in Ar discharge, it is 

considered that it may sustain higher electron density in comparison to N2, O2 and Air discharge. It is 

again worthwhile to stress the important role of high energy metastable Ar* species which can 

generate more electrons by Penning ionization and also enables high density excited species including 

OH(A) states as it results in enhanced emission intensity. In this electron energy loss fraction 

calculation, only electron related interactions are included.  More accurate prediction of gas product 

composition and important mechanism, full plasma chemistry model may be required including 

different chemical reaction between neutral gas species.  
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Table S3.1. Optical emission reaction included in the calculation for the electron energy loss fraction.  

 Process Related light emission Reference 
Dissociation of H2O with optical emission from excited atomic hydrogen   

R1 e + H2O → e + H + OH + γ Hydrogen Balmer alpha line at 656.3 nm 
(Itikawa & 
Mason, 
2005) 

R2 e + H2O → e + H + OH + γ Hydrogen Lyman alpha line at 121.6 nm 
(Itikawa & 
Mason, 
2005) 

R3 e + H2O → e + H + OH + γ Hydrogen Balmer beta line at 486.1 nm 
(Itikawa & 
Mason, 
2005) 

R4 e + H2O → e + O + H + H + γ Oxygen emission at 130.4 nm 
(Itikawa & 
Mason, 
2005) 

R5 e + H2O → e + O + H + H + γ Oxygen emission at 777.4 nm 
(Itikawa & 
Mason, 
2005) 

R6 e + H2O → e + O + H + H + γ Oxygen emission at 844.7 nm 
(Itikawa & 
Mason, 
2005) 

R7 e + H2O → e + OH + H + γ OH emission at 306.4 nm 

(Itikawa & 
Mason, 
2005) 

    

where the product indicated in bold font are the source elements to generate optical emission through 

transition from electronically excited states to ground states and γ indicates photon emission.  
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Figure S3.6. Comparison of energy loss coefficient of different electron interaction with H2O between Ar-H2O and 
O2-H2O plasma system where the solid curve indicates Ar-H2O and the dotted curve presents O2-H2O plasma  

Apart from the significance of dissociation, vibrational and electronic excitation, ionization of H2O by 

electron interaction, the interaction with H2O+ ion, high energy photons and excited neutrals are 

considered to be important in order to enhance reactive species such as ∙OH radicals and hydrogen 

and oxygen atoms (Bolouki et al., 2021; Wang et al., 2021).  
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4.1 Abstract 

This study investigated the efficacy and mechanisms of inactivation of against Escherichia coli UTI89 

and Staphylococcus aureus NCTC8325 through an in-situ plasma-activated water (PAW) treatment. 

PAW was prepared by discharging atmospheric pressure cold plasma beneath the surface of sterile 

distilled water. The study investigated the inactivation of biofilm cells and biofilm matrix. A complete 

killing of biofilm cells was achieved on both of E. coli (6.76 ± 0.01 log CFU/mL) and S. aureus (6.82 

± 0.02 log CFU/mL). This process happened earlier in S. aureus. Simultaneously, PAW treatment 

disrupted the biofilm structure, inducing a significant reduction in general biofilm biomass and 

extracellular polymer substances (EPS) matrix. With the disruption of EPS, PAW was enabled to 

further interact with the bacterial membrane, causing a significant increase in membrane permeability 

and disrupted membrane structure. Finally, PAW treatment led to a significant accumulation of 

intracellular reactive oxygen and nitrogen species within the biofilm cells. Collectively, these findings 

indicate that PAW effectively inactivates biofilms by targeting the biofilm EPS matrix and biofilm 

cells in both gram-negative and gram-positive bacteria. Given that PAW damages various components 

of bacterial biofilms, it emerges as an effective strategy for controlling biofilms in water treatment.  
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4.2 Introduction 

Pathogenic biofilms pose a significant challenge in healthcare settings and various industries. They 

are the main cause of the rise in microbial contamination forming in water distribution systems, 

including pipes, tanks, and filters (Dula et al., 2021). Drinking contaminated water or engaging in 

water activities like swimming, sailing, and other water sports in contaminated waters can result in 

waterborne diseases caused by bacteria and other pathogenic microorganisms (Carrascosa et al., 2021; 

Dula et al., 2021; Shineh et al., 2023). Unlike planktonic cells, bacterial biofilms, form structured 

communities with a protective matrix, rendering them 1000-fold more resistant to conventional 

cleaning and disinfection methods (Billings et al., 2015; Cámara et al., 2022). The protective matrix 

of the biofilm limits the penetration of disinfectants, and bacterial cells within the biofilm may enter a 

dormant state, making them less susceptible to chemical treatments. 

At the core of biofilm architecture lies the extracellular polymeric substance (EPS). This matrix, 

secreted by microorganisms themselves or captured from host components, plays a crucial role in 

shaping the behaviour, resilience, and functionality of biofilms. The EPS matrix can be comprised of 

polysaccharides, DNA, RNA, proteins, and lipids, which affect the permeability and mechanical 

properties of the biofilm (Billings et al., 2015; Karygianni et al., 2020; Limoli et al., 2015).  All of 

these polymers act as the adhesive that binds microbial cells together, providing structural integrity to 

the biofilm community (Danese et al., 2000; Horvat et al., 2019). Most antimicrobial agents kill cells, 

but the matrix may be left behind and that may help  with biofilm regrowth and recruitment of new 

cells (Campoccia et al., 2021). Therefore, it is important to find a treatment that will get rid of the 

matrix as well as kill cells.  

Innovative approaches are continuously sought to combat biofilm-related issues. One promising 

solution that has garnered attention is plasma-activated water (PAW) (Chen et al., 2018; D. Guo et al., 

2021). Plasma, often referred to as the fourth state of matter, is a highly energetic state of ionized 

gases, including excited and neutral atoms, electrons, free radicals, ions, and high-energy photons 
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(Jenns et al., 2022; Muhammad et al., 2018). When applied to water, plasma generates a reactive 

mixture rich in oxidizing species and free radicals. These physiochemical reactions occur between 

gaseous substances and liquid molecules and during the transfer of gaseous substances to liquids, 

resulting in a higher density of reactive oxygen and nitrogen species (RONS) of PAW (Mai-Prochnow 

et al., 2021; Zhou et al., 2020b). This unique composition enables PAW to exhibit potent 

antimicrobial properties, providing a potential avenue for disrupting and eradicating biofilms. 

Despite the well documented bactericidal effect of PAW against biofilms of several species, including 

Escherichia coli, Pseudomonas aeruginosa, Listeria monocytogenes, and Staphylococcus aureus (L. 

Guo et al., 2021; Handorf et al., 2021; Vyas et al., 2023; Ziuzina et al., 2015), there remains a notable 

gap in understanding the mechanism of PAW's antibacterial effect on biofilms. Current research 

suggests that PAW mechanically induces an etching effect to prompt the detachment of biofilms from 

surfaces. Subsequently, RONS present in PAW, (e.g., peroxide, nitrate, OH radicals) are free to 

further penetrate the EPS matrix and disrupt the cell membrane integrity (Mai-Prochnow et al., 2021). 

The activity of PAW varies depending on factors such as the type of plasma generated, bacterial 

strains, and the biofilm EPS matrix components. At this stage, it remains unclear why the effects of 

PAW differ for these factors. 

Our objective was to investigate the efficacy and mechanisms of direct PAW activity against E. coli 

UTI89 and S. aureus NCTC8325 biofilm. Even though PAW generated with O2 showed the highest 

reduction of biofilms in Chapter 3, considering the balance of antibiofilm efficacy and the cost of real-

life application, PAW generated with air was applied in this chapter. We demonstrate that PAW 

initially eliminates a significant portion of E. coli and S. aureus biofilm cells, resulting in disruption 

of biofilm structure, specifically EPS matrix. By proving its efficacy against both Gram-positive and 

Gram-negative bacterial biofilms and exploring its mechanisms of action, our results highlight the 

potential of PAW in biofilm control strategies and alleviate the associated challenges in healthcare, 

food safety, and water treatment. 

4.3 Materials and Methods 
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4.3.1 Bacterial strains and cultivation  

Uropathogenic E. coli UTI89 and pathogenic S. aureus NCTC8325 were chosen as the Gram-negative 

and Gram-positive strains, respectively. E. coli and S. aureus were routinely cultured on Luria-Bertani 

(LB) agar, consisting of 10.0 g/L pancreatic digest of casein tryptone, 10.0 g/L sodium chloride, 5.0 

g/L yeast extract, and 7.5 g/L agar powder. A single colony from a freshly streaked agar plate was 

inoculated into 5 mL of LB broth and incubated overnight at 37°C with agitation at 160 rpm. 

4.3.2 Biofilm formation  

E. coli and S. aureus biofilms were formed on sterile stainless-steel coupons (Thickness = 3.8 mm, 

Diameter = 12.7mm; BioSurface Technologies, USA) placed in a 24-well plate. 1 mL of the diluted 

culture (~ 5x106 CFU/mL) was inoculated into each well of the plate and then incubated for 48 hours 

at 37 °C without shaking to facilitate cell attachment and subsequent biofilm formation. 

4.3.3 PAW generation and treatment 

PAW was produced using a bubble spark discharge (BSD) reactor, following the procedure outlined 

in our prior research (Xia et al., 2023). Briefly, the BSD reactor was immersed in 100 mL of sterile 

MilliQ water contained within a 250 mL Schott bottle, with coupons bearing attached biofilms (Figure 

4.1). A high-voltage power source (Leap100, PlasmaLeap Technologies, Sydney) was utilized to 

discharge plasma into the water, employing an input voltage of 150 V, a discharge frequency of 1500 

Hz, a resonance frequency of 60 kHz, and a duty cycle of 100 µs. Treatment durations ranged from 1 

to 20 min with a compressed air gas flow of 1 standard liter per minute (slm). Coupons with biofilms 

were immersed in 100 mL of sterile MilliQ water and subjected to plasma treatment. As a control, 

coupons were submerged in 100 mL of sterile MilliQ water without plasma discharge. 
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Figure 4.1. A schematic illustration of the direct biofilm treatment using plasma-activated water (PAW) generated by 
a bubble spark discharge (BSD) plasma reactor. E. coli UTI89 biofilm and S. aureus NCTC8325 biofilm were formed 

on stainless-steel coupons and positioned at the bottom of a Schott bottle containing 100 mL of MilliQ water. The 
BSD reactor comprises a high-voltage electrode and a glass sheath. To induce spark discharge plasma, a flow rate of 
1 standard liter per minute (slm) of compressed air was utilized to bubble the water, while the high-voltage electrode 

was energized by the PlasmaLeap100 power source.  

4.3.4 Biofilm cell viability  

Immediately following the PAW treatment, coupons were retrieved from the treatment bottle and 

transferred into a Falcon tube containing 1 mL of 1x phosphate-buffered saline (PBS). The biofilm 

was detached from the coupon surface by gently scraping it with a sterile flat-end spatula. 

Subsequently, a 3 min water bath sonication at 45 kHz, followed by 10 s of vortexing, was employed 

to ensure complete dislodgment of biofilms. It is noteworthy that this procedure did not affect cell 

viability (data not shown). Serial dilutions were then drop-plated (10 µL) onto LB agar in triplicates. 

The plates were subsequently incubated overnight at 37 °C before determining the colony-forming 

units (CFU). The CFU log10 reduction (Equation 1) and percentage of reduction (Equation 2) were 

calculated as follows: 

Equation 1 

𝐶𝐶𝐶𝐶𝐶𝐶 𝑙𝑙𝑜𝑜𝑜𝑜10 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝑙𝑙𝑙𝑙𝑙𝑙10(𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝐶𝐶) − 𝑙𝑙𝑙𝑙𝑙𝑙10(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐶𝐶𝐶𝐶𝐶𝐶) 

Equation 2 
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𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = �1 −
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐶𝐶𝐶𝐶𝐶𝐶
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐶𝐶𝐶𝐶𝐶𝐶

� × 100% 

4.3.5 Biofilm biomass crystal violet assay 

Following PAW treatment, coupons were retrieved from the treatment bottle and transferred into a 

Falcon tube containing 1 mL of 1× PBS. The biofilms were then air-dried thoroughly at room 

temperature for 30-40 min or until completely dried. Subsequently, the air-dried biofilms were stained 

with 900 µL of 0.2% crystal violet (v/v, Sigma-Aldrich, USA) dissolved in distilled water 

supplemented with 1.9% ethanol (v/v, Sigma-Aldrich) for 10 min at room temperature under static 

conditions. After staining, excess crystal violet was removed, and the biofilms were gently washed 

three times with 900 µL of PBS. The crystal violet stain incorporated into the biofilm was re-

solubilized by adding 900 µL of 1% sodium dodecyl sulfate (SDS) (w/v, Sigma-Aldrich, USA), 

followed by a 10 min incubation at room temperature in the dark. Biofilm biomass was quantified by 

spectrophotometrically measuring the re-solubilized crystal violet stain, which had previously 

incorporated into the sample, at OD540 nm/570 nm using a CLARIOStar microplate reader. The 

biomass measurement encompasses both bacterial cells and the EPS matrix. 

4.3.6 Biofilm EPS matrix 

EPS matrix 

To qualitatively visualize the distribution of biofilm extracellular polymeric substance (EPS) 

components, including extracellular DNA (eDNA), protein, and polysaccharides, additional 

fluorescent probes were utilized: Sytox Blue (S11348, Invitrogen, USA), Sypro Ruby (F10318, 

Invitrogen, USA), and Concanavalin A (Con A) Alexa Fluor 647, respectively (Costa Oliveira et al., 

2017; Vyas et al., 2020).  

Confocal laser scanning microscopy  

Briefly, prior to staining, the PAW-treated biofilms were washed three times with 0.5 mL of PBS. 

EPS matrix of eDNA and protein were stained with 1 mL of 5 µM Sytox Blue and 1x concentration of 

Sypro Ruby stain, respectively, for 30 minutes in the dark. Meanwhile, the polysaccharide component 
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of the matrix was stained with 5 µg/mL Con A Alexa Fluor 647 for 15 minutes in the dark. Coupons 

without biofilm served as controls for background staining. Upon completion of the staining process, 

the stained biofilms were visualized using an inverted Nikon Ti-E confocal microscope equipped with 

a 20 x objective. Specifically, Sytox Blue was imaged at Ex/Em 440nm/482nm, SYPRO Ruby at 

Ex/Em 450nm/610nm, and Con A Alexa Fluor 647 at Ex/Em 625nm/680nm. Fluorescent imaging 

was done in triplicate (n=3). Random positions of each sample were imaged. The EPS matrix 

response to PAW was quantified via ImageJ analysis as expressed in relative fluorescence intensity 

and intensity changes.  

4.3.7 Scanning electron microscopy 

Scanning electron microscopy (SEM) imaging was performed to evaluate the morphological and 

architectural alterations induced in E. coli and S. aureus biofilms following 1 and 5 min direct PAW 

treatment, with comparisons made to a MilliQ control treatment. Briefly, as modified from (Vyas et 

al., 2023), 48 h biofilms air dried and pre-fixed for 30 min at 4 °C, and then fixed for 1 h at 4 °C. 

Post-fixation, washed biofilms were dehydrated via graded ethanol series (25%, 50%, 75%, and 3 × 

100%). Critical point dried biofilm samples were then sputter coated with 10 nm of gold using a 

CCU-010 HV high compact vacuum coating system (Safematic, Switzerland). Samples were imaged 

using the Zeiss Sigma VP HD scanning electron microscope (ZEISS, Germany) at 500 x and 15000 x 

magnification. Images were captured at random positions to minimize bias.  

4.3.8 Membrane permeability study  

The outer membrane permeability of E. coli and S. aureus was assessed using the N-phenyl-1-

naphthylamine (NPN) uptake assay following the method described by Halder (2015).  Both E. coli 

and S. aureus were cultured to logarithmic phase, reaching approximately 108 cells/mL. Subsequently, 

100 μL of the bacterial suspension (≈5 × 106 CFU/mL) was dispensed into each well of a 96-well 

plate. The plate was then centrifuged at 3900 g for 15 min, and the supernatant from each well was 

carefully removed and replaced with 50 µL of 10 µM NPN solution (dissolved in PBS). The stained 

cells were subsequently exposed to 200 µL of PAW and control Bubble water, with fluorescence 
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measurements taken at various time points (0, 30, 60, 120, and 180 min). As a positive control, 20 

µg/mL of cetyltrimethylammonium bromide (CTAB) was used (Halder et al., 2015). The change in 

NPN fluorescence was quantified at excitation/emission wavelengths of 350-15 nm/420-15 nm. All 

experiments were performed in triplicate for statistical analysis. Membrane permeability was 

determined by calculating the difference between the fluorescence intensity of NPN-stained cells and 

the background fluorescence intensity of the cell suspension without NPN. 

Membrane depolarization in E. coli and S. aureus was evaluated using 3,3'-diethylthiadicarbocyanine 

iodides (2 μmol/L; Sigma), a fluorogenic dye capable of measuring changes in transmembrane 

potential as previously described (Vyas et al., 2023). The dye was allowed to incorporate into bacteria 

cells for 20 minutes at 37°C. Subsequently, the bacteria were washed and exposed to PAW, as well as 

control treatments (MilliQ and Bubble). Fluorescence intensity was measured at excitation/emission 

wavelengths of 600-15/660-15 nm using a ClarioStar microplate reader, and membrane depolarization 

was quantified in arbitrary units. As a positive control, 200 µg/mL of cetyltrimethylammonium 

bromide (CTAB) was utilized (Halder et al., 2015). Membrane depolarization was determined by 

subtracting the fluorescence intensity of stained cells from the background fluorescence intensity of 

the stainless cell suspension. 

4.3.9 Intracellular ROS and RNS detection 

The accumulation of intracellular ROS and RNS PAW-treated E. coli and S. aureus biofilm cells were 

investigated using 2′,7′–dichlorofluorescin diacetate (DCFDA; Sigma Aldrich, Australia) and 4,5-

diaminofluorescein diacetate (DAF-FM; Sigma-Aldrich, Australia) staining assays, as previously 

described (Vyas et al., 2023). In brief, 48 h E. coli and S. aureus biofilms were exposed to 200 µL of 

PAW or MilliQ water (MQ) as a control for 15 minutes. Following PAW exposure, the biofilms were 

stained with 150 µL of 20 µM DCFDA or 5 µM DAF-FM for 30 minutes. The levels of intracellular 

ROS and RNS were quantified in triplicate using a microplate reader at Ex/Em of 485-15 nm/545-15 

nm and Ex/Em 495-15 nm/515-15 nm, respectively. The final fluorescent intensity was determined by 

subtracting the background intensity from the fluorescent intensity of the stained cell solution.  
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4.3.10 Statistical analysis  

Experiments were performed 3 times and values are expressed as mean ± standard error of mean (𝜇𝜇 ±

𝜎𝜎𝑥̅𝑥). A parametric, One-way ANOVA (with Tukeys multiple comparisons test, p<0.05) was 

performed where appropriate to identify significant differences in log reduction of each sample 

compared to the control. Two-way ANOVA (with Tukeys multiple comparison test, p < 0.05) was 

performed where appropriate to identify significant differences in bacterial membrane permeability 

and intracellular ROS and RNS level of each sample.  

4.4 Results  

4.4.1 Direct PAW treatment inactivates biofilm cells  

The efficacy of PAW in inactivating biofilms of E. coli UTI89 and S. aureus NCTC 8325 bacterial 

strains was evaluated. A time-dependent inactivation of biofilm cells was observed upon direct PAW 

treatment. A complete reduction of CFU was achieved after 13 min of treatment for E.coli (6.76 ± 

0.01 log CFU/mL) and after 11 min of treatment for S. aureus biofilms (6.82 ± 0.02 log CFU/mL) 

(Figure 4.2). PAW treatment for 5 min (5min-PAW) already resulted in a significant log reduction in 

both E. coli (3.06 ± 0.06 log CFU/mL) and S. aureus (3.78±0.03 log CFU/mL), corresponding to 

over 99% reduction compared to the initial CFU. The biofilm populations of E. coli exhibited greater 

susceptibility than S. aureus biofilms within the first minute of PAW treatment. However, S. aureus 

biofilm cells were reduced to below the detection limit of 1.0 log10 at 11 min, while it took 13 min 

for E. coli biofilms to reach the same level. No significant difference was observed in the reduction of 

overall biofilm populations between these two bacterial species.  
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Figure 4.2 Inactivation efficacy of PAW with different plasma discharge time on 48h E. coli UTI89 biofilm and S. 
aureus NCTC8325 biofilms. Different letters indicate significant differences between groups (p<0.05). The data are 

represented as mean  ± SEM (n=3). 

4.4.2 Effect of PAW on biofilm biomass 

The total biofilm biomass is another critical factor in studying inactivation efficiency. Biofilm 

biomass was assessed using the crystal violet staining assay. As shown in Figure 4.3, biofilms formed 

by both E. coli and S. aureus were reduced significantly after PAW treatment. More specifically, the 

biomass of E. coli biofilms decreased rapidly by 48.4% after 1 min of in-situ PAW treatment and 

reduced by up to 53.5% after 15 min of PAW treatment compared to the control (0-min treatment). 

Similarly, PAW-treated S. aureus biofilm biomass exhibited a time-dependent reduction, with 

reductions of 23.6% after 1 min of PAW treatment and 50.2% after 15 min of PAW treatment 

compared to the control (0 min- treatment). However, after the initial decrease in biomass detected by 

CV, no further reduction was observed and the absorbance numbers for the 15 min treatment are not 

significantly different to the 5 min treatment.  
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Figure 4.3 Change in biofilm biomass of E. coli UTI89 and S. aureus NCTC8325 biofilm challenged by 0 to 15 min of 
direct PAW treatment. Data represents mean ± SEM. Different letters indicate significant differences between 

groups (p<0.05); n =2 biological replicates, with 2 technical replicates each.   

 

4.4.3 EPS matrix response to PAW treatment 

To better understand the effect of PAW on the biofilm, the EPS matrix was assessed using a 

fluoroprobe, Con A Alexa Fluor 647, known for its reactivity with aldehydes in polysaccharides. As 

shown in Figure 4.4, PAW treatment notably reduced the EPS matrix in both E. coli and S. aureus 

biofilms in a time-dependent manner., significant differences in polysaccharides response to PAW 

treatment were observed and the EPS was reduced by 80.69% for E. coli and 79.08% for S. aureus 

after 15 min PAW treatment. 

Polysaccharides are the predominant component of the biofilm matrix (Flemming & Wingender, 

2010). One prominent exopolysaccharide is N-acetylglucosamine polymer found in the biofilms of E. 

coli, S. aureus, and S. epidermidis (Nguyen et al., 2020; Wang et al., 2004), with the ability to form a 

capsule on the cell surface, serving not only to bind cells to surfaces but also as an adhesin to stabilize 

the biofilm structure (Flemming & Wingender, 2010; Sharma et al., 2016). The significant removal of 

extracellular polysaccharides from the EPS matrix might contribute to the oxidative reaction between 

PAW RONS and the cells within the biofilm, leading to its destruction. For instance, the hydroxyl and 

carboxyl groups in polysaccharides may trap the plasma-generated OH radicals, resulting in hydrogen 
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abstraction and subsequent molecular damage to polysaccharides (Khosravian et al., 2014). This also 

helps to explain the reduction in biofilm biomass through PAW treatment.  

   

Figure 4.4 Time-dependant general EPS matrix deduction of E. coli UTI89 and S. aureus NCTC8325 biofilms 
challenged by 0 to 15 min of direct PAW treatment. Different letters indicate significant differences between groups 

(P<0.05).  Data represents mean ± SEM; n = 3.   

In addition to the quantitative polysaccharides assessment, the PAW treated biofilms were stained 

with fluorescent probes to visualize for polysaccharides, eDNA and protein components of the EPS 

matrix using a fluorescent microscope (Figure 4.5). The polysaccharides (Con A staining) of E. coli 

and S. aureus biofilms exhibited a significant decrease compared to the untreated biofilms after 1, 5 , 
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and 15 min treatment. From the images, some polysaccharide debris was observed after PAW 

exposure, confirming the results of the quantitative EPS matrix evaluation above. 

Sytox Blue, impermeable to live cells but able to stain the extracellular nucleic acid of dead cells or 

the matrix, was utilized for staining eDNA. The fluorescence intensity of the eDNA stain in E. coli 

and S. aureus decreased rapidly after 1 min of PAW treatment, followed by a notable increase in 

fluorescence intensity at 5 min-PAW treatment, after which its fluorescent signal significantly 

decreased.  Alongside the log reduction results (Figure 4.2), the observed increase in blue 

fluorescence might be attributed to the DNA released by dead cells following PAW exposure. eDNA 

serves as a cohesive agent, binding the biofilm matrix with the cells, which is crucial for structural 

stability (Flemming & Wingender, 2010). Upon eDNA removal, the biofilm cells are more prone to 

detachment from the matrix, rendering them more susceptible to oxidative exposure from PAW 

(Patange et al., 2021). The observed changes in eDNA levels suggest that PAW initiates biofilm cell 

detachment as early as the first minute of treatment by removing eDNA, subsequently disrupting the 

bacterial cells to release intracellular DNA, thus facilitating the complete eradication of biofilm cells. 

In contrast to the consistent reduction observed in exopolysaccharides and eDNA, the protein matrix 

in E. coli and S. aureus biofilms remained present even when cells were undetected. As shown in the 

images under red fluorescence in Figure 4.5, extracellular proteins were clustered and evenly spread 

across the steel surface. Following 1 min-PAW treatment, a significant portion of these protein 

clusters was removed, revealing an evenly distributed protein signal resembling the shape of cells. 

Subsequently, an increase in protein fluorescence was noted at the 5 min-PAW treatment point. One 

possible explanation could be the release of proteins by dead cells, akin to the eDNA dynamics 

mentioned earlier, as the cell wall comprises a significant proportion of glycoproteins. Oxidative 

agents in PAW (e.g., hydrogen peroxide, a long-lived ROS generated in PAW) have demonstrated the 

ability to oxidise proteins, disrupting protein and DNA (da Cruz Nizer et al., 2021). Additionally, the 

reactive species in PAW might inhibit the enzyme activity of producing catalase enzymes and 

superoxide dismutase which can convert harmful ROS within the cell before they induce damage 

(Finnegan et al., 2010).  
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Figure 4.5 The EPS matrix fluorescent images of E. coli UTI89 and S. aureus NCTC8325 under non-treatment 
(control), 1 min, 5 min, and 15 min-PAW treatment. EPS matrix of extracellular DNA, protein, and polysaccharides 
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were stained using Sytox Blue, Sypro Ruby, and Con A Alexa fluo 647, respectively. Experiments were repeated in 
triplicates and random positions were taken. Scale bar = 100 µm. 

4.4.4 Biofilm morphology changed after PAW treatment   

To visualise the effects of direct PAW treatment on the biofilm and the cell structure, SEM imaging 

was conducted (Figure 4.6). As biofilm cells were completely removed after 15 min treatment, 

therefore, cells under 1 min and 5 min PAW treatment were imaged by SEM. Qualitative analysis 

demonstrates a discernible decrease in the number of physically adhered E. coli and S. aureus biofilm 

cells on the stainless-steel surface following both 1 min and 5 min PAW treatments, as compared to 

the MilliQ control. Additionally, PAW treatments induce morphological alterations in both E. coli and 

S. aureus biofilm cells, resulting in a flattened appearance that is particularly evident in E. coli cells.  

 

 MilliQ (control) 1 min PAW  5 min PAW  

E
. c

ol
i    

   

 



125 
 

S.
 a

ur
eu

s    

   

Figure 4.6 PAW treatment physically dislodges E. coli and S. aureus bacterial biofilm cells and is altering the 
bacterial cell morphology. SEM imaging was utilised to visualise the architectural and morphological changes 

induced by 1 and 5 min treatments. A MilliQ control was included for comparison. Both 1 and 5 min treatment time 
points resulted in significant bacterial cell removal from the stainless steel surface, with some cells exhibiting a 

flattened cell morphology.  

4.4.5 Membrane response to PAW 

The alterations in membrane permeability and extracellular membrane potential enable bacteria to 

respond to environmental stress by connecting intracellular reactions to external conditions (Mingeot-

Leclercq & Décout, 2016). Following this principle, the NPN-based assay and DiSC3(5) stains were 

used to elucidate the mode of action of PAW on the membrane permeability and membrane 

depolarization of E. coli and S. aureus cells (Figure 4.7). NPN fluorescence increases as the dye 

enters the cell due to the disruption of the membrane that leads to an increase in permeability. In 

PAW-treated E. coli and S. aureus suspensions a time-dependent increase in the fluorescence of NPN 

was observed. Compared to the MilliQ control, the fluorescence of NPN of E. coli and S. aureus 

suspensions rapidly increased after approximately 1 min treatment. NPN uptake fluctuated but 

remained not significantly different until 30 min.  

DiSC3(5) can evaluate the polarization state of cells, as it can penetrate the lipid bilayer of membrane 

and further accumulate in cells intracellularly (Buttress et al., 2022). An increased fluorescence of 

DiSC3(5) under PAW treatment was observed in both of E. coli and S. aureus cells (Figure 4.7). More 

specifically, the membrane of S. aureus cells exhibited significant depolarization at 1 min PAW 
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exposure (P≤0.0001). This effect gradually increased until 20 min and remained consistent until 30 

min. Conversely, PAW induced a less pronounced depolarization of the E. coli cell membrane 

compared to S. aureus. The membrane of E. coli gradually depolarized until 15 min (P<0.05), with 

this effect remaining stably until 30 min compared to the MilliQ control.   

 

 

Figure 4.7  The response of bacterial E. coli UTI89 and S. aureus NCTC 8325) membrane permeability (A and B: 
assayed by NPN staining) and membrane depolarisation (C and D: assayed by DiSC3(5) staining) in the presence of 

control (negative control of Milli- Q water ), PAW ( ), and CTAB  (positive control, ).  

4.4.6 PAW induces an increase in intracellular RONS level 

The accumulation of intracellular ROS and RNS  within the PAW-treated E. coli and S. aureus 

biofilms was assessed using fluorescence probes DCFDA (ROS, Figure 4.8A) and DAF-FM (RNS, 

Figure 4.8B), respectively., A significant increase in DCFDA fluorescence (P ≤ 0.0001) was observed 

in both E. coli and S. aureus biofilm cells compared to the control, indicating that 15 min-PAW 

treatment induced the accumulation of ROS within both E. coli and S. aureus biofilms. However, the 
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amount of intracellular ROS increased even more significantly (P ≤ 0.01) in S. aureus biofilms 

compared to E. coli biofilms. The fluorescence of DAF-FM-stained E. coli and S. aureus biofilms 

challenged by PAW treatment was also significantly increased (P ≤ 0.0001), but there was no 

significant difference in intracellular RNS accumulation between E. coli and S. aureus biofilm.  

 

Figure 4.8 PAW induces the intracellular accumulation of ROS and RNS within bacterial (E. coli UTI89 and S. 
aureus NCTC8325) biofilm cells. (A) DCFDA staining assay and (B) DAF-FM staining assay was performed to detect 

the intracellular ROS and RNS under 15 min-PAW treatment (grey bar). Milli Q water was applied as the control 
(black bar). Data represents mean ± SEM, * (P<0.05), **(P<0.01), ***(P<0.001), and ****(P<0.0001); n =3 biological 

replicates, with 3 technical replicates for each.   

4.5 Discussion 

4.5.1 The viability of biofilm cells and biofilm biomass was significantly reduced by in-situ PAW 

treatment 

The antibacterial efficacy of PAW varies among different bacterial strains. In this study, PAW was 

able to eradicate biofilm cells completely for both of E. coli and S. aureus. However, this process 

happened 2 min quicker in S. aureus than E. coli.  Previous studies have indicated that Gram-negative 

bacteria (such as E. coli and P. aeruginosa) are generally less resistant to PAW treatments compared 

to Gram-positive bacteria (such as Bacillus subtilis and Staphylococcus. epidermidis) (Hozák et al., 

2018; Mai-Prochnow et al., 2016; Ziuzina et al., 2015). However, non-selective activity of PAW on 

both S. aureus (Gram +) and P. aeruginosa (Gram -) has also been reported (Brun et al., 2018). In 

contrast to our findings, it has been observed that Gram-positive cells are more resistant to gaseous 

plasma treatment, likely due to the physical protection provided by the thicker peptidoglycan layer of 
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Gram-positive cells (Mai-Prochnow et al., 2021). The variations in antibacterial biofilm efficacy 

reported may be attributed to differences in the chemical reactive species present in PAW generated 

under different systems and the structural differences among bacterial cells. 

Despite the absence of viable CFU cells of E. coli and S. aureus biofilms after 15 min-PAW treatment 

(Figure 2), approximately 50% of the biofilm biomass remained on the coupon surface. This suggests 

that while PAW treatment kills all biofilm cells, it may only remove a portion of the bacterial biofilm 

structure from the steel surface. Several studies have similarly found that the biofilm structure persists 

and biofilm biomass retained the same or even slightly increased after PAW treatment (Chen et al., 

2017; Hozák et al., 2018). This phenomenon might be due to increased metabolic activities caused by 

a high concentration of NO3
- in PAW used as nitrogen nutrition (Chen et al., 2017). Together, it could 

be hypothesized that the reactive stress from PAW may detach a portion of the biofilm biomass, 

exposing the biofilm cells, and allowing diffusion of reactive plasma species into biofilms through the 

protective matrix that then leads to the killing of the inner cells. However, the mechanisms of action 

of PAW on the bacterial biofilm EPS matrix remain unclear and warrant further investigation. 

4.5.2 Antimicrobial mechanisms of PAW against bacterial biofilm  

Mechanistically, the impact of PAW on the EPS matrix exhibits variability across different 

components. In this study, the interaction of PAW with the biofilm initiates the disruption of the 

extracellular polysaccharide structure, followed by the neutralization of extracellular proteins and 

removal of eDNA, weakening the biofilm structure and facilitating the release of planktonic cells 

(Mai-Prochnow et al., 2021). These released cells are subsequently more susceptible to the oxidative 

activity of PAW compared to the cells within biofilms (Fernández-Gómez et al., 2023). Regarding the 

remaining EPS matrix, the surplus RONS in PAW could further permeate the biofilm and react with 

biofilm cells (Chen et al., 2017). While the response of the EPS matrix of E. coli and S. aureus to 

PAW treatment was similar in this study, variations in the thickness, composition, and quantity of 

EPS may occur depending on the microorganism type, potentially influencing the efficacy of PAW 

inactivation. 
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PAW treatment involves physical dislodgement as well as flattening of the individual cells. These 

physical effects are likely due to the reactive oxygen species present in the PAW, with ROS known to 

disrupt the microbial membrane (Heema Kumari Nilesh et al., 2019; Rothwell et al., 2023). We have 

previously shown that within 1 min-PAW treatment, E. coli biofilm cell membranes are rapidly 

depolarised, and the outer membrane is significantly permeabilised (Vyas et al., 2023). Other research 

also found that the outer membrane of S. aureus cells was significantly damaged due to the oxidative 

stress created in cells during PAW treatment (Rathore et al., 2021a). However, as noted by Vyas et al., 

(2023) PAW that was applied post-generation did not physically remove biofilm, suggesting that the 

direct treatment utilised in this study has the additional benefits of physical forces that can weaken 

and disrupt biofilm structures. This highlights an advantage of direct treatment, as it may enhance 

biofilm susceptibility to subsequently applied antimicrobials (e.g., antiseptics, disinfectants). 

The oxidative stress (ROS and RNS) created in cells during PAW results in cell death (Gunes et al., 

2022). Plasma-induced membrane damage involves the cumulative impact of several long- and short-

lived ROS, such as superoxide anion radicals, hydroxyl radicals, hydrogen peroxide, and ozone. 

These can act on membrane-associated proteins, further triggering oxidative stress within biofilm 

cells, and DNA damage within cells (Balcerczyk et al., 2005; Carpenter & Schoenfisch, 2012). We 

have previously shown that PAW generated with air (mixture of mostly nitrogen and oxygen, some 

argon) as an input gas source results in significant intracellular RONS accumulation for E. coli 

biofilms (Vyas et al., 2023), whilst ROS significantly predominate within biofilms treated with PAW 

that is generated with pure oxygen (Xia et al., 2023). Further studies should examine PAW generated 

with differing input gas sources (e.g., pure oxygen, nitrogen or argon) for their effects on intracellular 

RONS accumulation and how biofilm viability, biomass, and EPS may be impacted differently. 

4.6 Conclusion 

This study demonstrated that PAW treatment exhibits a generally non-selective inhibitory effect on 

pathogenic S. aureus NCTC8325 biofilms and E. coli UTI89 biofilms. The study also contributes 

novel insights into PAW's mechanisms of action, particularly its impact on the EPS matrix and the 

matrix components (i.e., exopolysaccharides, eDNA, and protein), enhanced membrane permeability 
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and depolarization, and intracellular RONS accumulation in both Gram-positive and Gram-negative 

biofilms. These findings highlight PAW’s potential as a promising strategy for biofilm control across 

diverse microbial species. This is the first time a comparative and systematic investigation has been 

undertaken to uncover the anti-biofilm mechanisms of PAW against both Gram-positive and Gram-

negative bacterial strains to in situ BSD-generated PAW treatment. Future research should extend this 

work by evaluating the efficacy of PAW against a broader range of species, including additional 

Gram-positive bacteria such as Salmonella and Listeria, as well as other Gram-negative pathogens 

like Pseudomonas and Klebsiella, particularly in the context of mixed-species biofilms. Moreover, 

further research into the specific interactions between PAW components and the EPS matrix will 

provide valuable insights for optimizing PAW-based treatments against biofilm-related challenges in 

antimicrobial development and water system decontamination. 
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5 Chapter 5 Proteomic analysis of pathogenic Escherichia coli and Staphylococcus aureus 

biofilms subjected to in-situ plasma activated water treatment  

 

5.1 Abstract 

Plasma-activated water (PAW), a new technology, has shown promise in killing both biofilm and 

non-biofilm bacteria due to its mix of reactive oxygen and nitrogen species (RONS). However, the 

specific proteomic mechanisms behind PAW’s effectiveness, especially against biofilms, are not yet 

fully understood. Here, we examine Escherichia coli UTI89 biofilm and Staphylococcus aureus 

NCTC 8325 proteomic stress responses to direct 1 min PAW treatment and 5 min PAW treatment. A 

marked variation in protein regulation was observed of 5 min PAW treated biofilms when compared 

to 1 min PAW treatment and controls. Specifically, 5 min PAW treatment resulted in 78 upregulated 

genes (> 1.5 log2FC) in E. coli biofilm and 59 upregulated genes (> -1.5 log2FC) in S. aureus biofilm 

compared to control. Biological process enrichment analysis revealed significant upregulation of 

revealed i) cell adhesion, ii) negative regulation of translational elongation, iii) pilus, and iv) dimethyl 

sulfoxide reductase complex for E. coli biofilms treated with PAW compared to control, and metal ion 

binding and hydrolase activity for S. aureus biofilms treated with PAW compared to control. This 

study gives a detailed insight into how E. coli biofilms and S. aureus biofilms respond to stress 

induced by PAW via protein perspective. Overall, our findings shed light on the specific genes and 

pathways that help E. coli biofilms and S. aureus biofilms survive and respond to PAW treatment, 

offering a new understanding of plasma technology and its anti-biofilm mechanisms. 
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5.2 Introduction 

Biofilms are complex microbial communities embedded within an extracellular polymeric substance 

(EPS) matrix that serves as a protective barrier, facilitating bacterial survival under hostile conditions. 

The EPS matrix is primarily composed of polysaccharides, proteins, lipids, and extracellular DNA, all 

of which play critical roles in biofilm formation, stability, and resistance to antimicrobial agents 

(McDougald et al., 2012). Among the components of the EPS matrix, proteins are of particular 

importance due to their involvement in cell-to-cell communication, structural integrity, and 

interactions with the environment (Flemming & Wingender, 2010). Proteins in the EPS matrix can 

also mediate adhesion to surfaces and the formation of microbial aggregates, contributing to the 

persistence and pathogenicity of biofilms (Sheng et al., 2010). As such, targeting these proteins within 

the EPS matrix is a promising strategy for disrupting biofilms and mitigating biofilm-associated 

infections. 

 

Recent advancements in biofilm control have highlighted the potential of non-thermal plasmas, such 

as plasma-activated water (PAW), as effective antimicrobial agents. PAW, generated by exposing 

water to cold plasma, contains reactive oxygen and nitrogen species (RONS) such as hydrogen 

peroxide (H2O2), nitrate (NO3−), and nitrite (NO2−), which have been shown to exert strong 

bactericidal effects (Vyas et al., 2023; Xia et al., 2023)These reactive species are known to interact 

with various biomolecules, including proteins and lipids within the EPS matrix, leading to biofilm 

disruption. The effectiveness of PAW in biofilm removal is attributed to its ability to oxidize key 

components of the EPS, thereby weakening the structural integrity of the biofilm and enhancing the 

penetration of antimicrobial agents (Xu et al., 2020). 

 

Studies have demonstrated the ability of PAW to reduce biofilm biomass and bacterial viability, 

particularly in pathogens such as Escherichia coli and Staphylococcus aureus. For instance, Xu et al. 
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(2020) observed that a 60 min treatment with PAW resulted in a significant reduction of biofilm 

formation by S. aureus achieving up to around 4.74-log reduction in viable cells. Furthermore, PAW 

was shown to inactivate E. coli O157:H7 grown on a stainless surface, which indicate a potential of 

real life application (Khan et al., 2016). These findings underscore the role of RONS in breaking 

down the EPS matrix and enhancing the accessibility of PAW to bacterial cells, contributing to its 

effectiveness in biofilm control. 

 

Despite the promising results, the precise mechanisms by which PAW interacts with the EPS matrix 

remain an area of active investigation. Research has shown that PAW-induced oxidation of protein, 

polysaccharide and DNA components in the EPS matrix can lead to changes in biofilm architecture 

and a reduction in biofilm thickness (Khan et al., 2016). Additionally, the ability of PAW to modulate 

the levels of specific proteins involved in biofilm adhesion, such as outer membrane proteins (e.g., 

OmpA in E. coli), may further contribute to the disruption of biofilm integrity (Chowdhury et al., 

2022). However, the full spectrum of interactions between PAW and the biofilm matrix, as well as the 

optimal conditions for its application, remains to be fully elucidated. 

 

This study aims to investigate the effectiveness of PAW in biofilm removal and the role of PAW 

stress in modifying the EPS matrix, with a focus on protein-mediated interactions. Proteomics 

analysis will be applied to provide insights into understanding the molecular characteristics of 

bacteria, which contributes to developing useful strategies for controlling the pathogenic microbial 

biofilms. The effect of cold plasma on the proteomic profile of bacteria biofilms were addressed by 

some studies (L. Guo et al., 2021; Yau et al., 2018), but proteomic analysis of the response of them to 

bubble spark discharge (BSD) generated PAW treatments has not been described. This study aims to 

investigate the effects of PAW treatment on proteomic profile of E. coli UTI89 and S. aureus 

NCTC8325 biofilms, searching for possible mechanisms of biofilm removal and response to this 

treatment.  
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5.3 Methods 

5.3.1 Bacterial strains and cultivation  

Uropathogenic Escherichia coli UTI89 and pathogenic Staphylococcus aureus NCTC8325 were 

chosen as the Gram-negative and Gram-positive strains, respectively. E. coli and S. aureus were 

routinely cultured on Luria-Bertani (LB) agar, consisting of 10.0 g/L pancreatic digest of casein 

tryptone, 10.0 g/L sodium chloride, 5.0 g/L yeast extract, and 7.5 g/L agar powder. A single colony 

from a freshly streaked agar plate was inoculated into 5 mL of LB broth and incubated overnight at 

37°C with agitation at 160 rpm. The E. coli UTI89 stain was from J. Moller-Jensen (University of 

Southern Denmark), with 5077 proteins identified in proteome (Chen et al., 2006). The S. aureus 

NCTC8325 strain was from NCTC, with 2889 proteins identified in proteome.  

5.3.2 Biofilm formation  

E. coli and S. aureus biofilms were formed on sterile stainless-steel coupons (Thickness = 3.8 mm, 

Diameter = 12.7mm; BioSurface Technologies, USA) placed in a 24-well plate. 1 mL of the diluted 

culture (~ 5x106 CFU/mL) was inoculated into each well of the plate and then incubated for 48 hours 

at 37 °C without shaking to facilitate cell attachment and subsequent biofilm formation. 

5.3.3 PAW generation and treatment 

PAW was produced using a BSD reactor, following the procedure outlined in prior chapter 4. Even 

though PAW generated with O2 showed the highest reduction of biofilms in Chapter 3, considering 

the balance of antibiofilm efficacy and the cost of real-life application, PAW generated with air was 

applied in this chapter. Briefly, the BSD reactor was immersed in 100 mL of sterile MilliQ water 

contained within a 250 mL Schott bottle, with coupons bearing attached biofilms (Figure 5.1). A high-

voltage power source (Leap100, PlasmaLeap Technologies, Sydney) was utilized to discharge plasma 

into the water, employing an input voltage of 150 V, a discharge frequency of 1500 Hz, a resonance 

frequency of 60 kHz, and a duty cycle of 100 µs. Treatment durations ranged from 1 to 20 min with a 

compressed air gas flow of 1 standard liter per minute (slm). Coupons with biofilms were immersed in 
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100 mL of sterile MilliQ water and subjected to plasma treatment. As a control, coupons were 

submerged in 100 mL of sterile MilliQ water without plasma discharge. 

 

Figure 5.1 A schematic illustration of the in-situ biofilm treatment using plasma-activated water (PAW) generated by 
a bubble spark discharge (BSD) plasma reactor. E. coli UTI89 biofilm and S. aureus NCTC8325 biofilm were formed 

on stainless-steel coupons and positioned at the bottom of a Schott bottle containing 100 mL of MilliQ water. The 
BSD reactor comprises a high-voltage electrode and a glass sheath. To induce spark discharge plasma, a flow rate of 
1 standard liter per minute (slm) of compressed air was utilized to bubble the water, while the high-voltage electrode 

was energized by the PlasmaLeap100 power source.  

5.3.4 Biofilm cell viability  

Immediately following the PAW treatment, coupons were retrieved from the treatment bottle and 

transferred into a Falcon tube containing 1 mL of 1x phosphate-buffered saline (PBS). The biofilm 

was detached from the coupon surface by gently scraping it with a sterile flat-end spatula. 

Subsequently, a 3 min water bath sonication at 45 kHz, followed by 10 s of vortexing, was employed 

to ensure complete dislodgment of biofilms. It is noteworthy that this procedure did not affect cell 

viability (data not shown). Serial dilutions were then drop-plated (10 µL) onto LB agar in triplicates. 

The plates were subsequently incubated overnight at 37 °C before determining the colony-forming 

units (CFU).  
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5.3.5 Quantitative proteomics of data-independent acquisition (DIA) 

1min PAW treatment showed 1log reduction. To ensure sufficient protein samples for proteomic 

analysis, 5 individual samples under 1min and 5 min PAW-treated E. coli and S. aureus biofilm were 

collected to study the mechanism of PAW on protein perspective. The biofilm immersed in sterile 

water was used as the control group.  

(1) Protein extraction and quantitation  

PAW-treated biofilm cells were collected at 10,000 xg for 20 min at 4 °C. Then the supernatant was 

collected and added with 200 µL lysis buffer (containing 6 M urea, 2 M thiourea, and 100 mM 

HEPES at pH 7.5), followed by 10 s sonication with tip probe sonicator at 30% output with 10 s ice 

between sonication for triplicates. The cell debris were removed via 10 min centrifuge at 10,000xg, 

4 °C. The supernatant was kept, and the protein was quantitated via BCA assay (Pierce™ BCA 

Protein Assay Kits, 23225) followed by the manufacture instruction. 

(2) Protein digestion 

The supernatant was kept and precipitated protein with 800 µL ice-cold acetone overnight at -30°C. 

The acetone was removed by 10 min centrifuge at 10,000 xg 4 °C, and the reasonable sized protein 

pellet was kept. The protein was resuspended in 100 µL of lysis buffer (6 M urea, 2 M thiourea, and 

100 mM HEPES at pH 7.5), followed by 30 min reduction with 10 µL 100 mM DTT (10 mM DTT 

final conc.) and 30 min alkylation with 10 µL 250 mM IAA (25 mM IAA final conc.) in the dark. 

The alkylated samples were performed qubit. Briefly, 30 µg of each sample were taken for digestion 

and made sample volume up to 63 µL. Samples were diluted by 4 volumes (252 µL) 100 mM HEPES 

at pH 7.5 followed by 16 h digestion at 37 °C shaking at 700 rpm on Thermomix with 1.2 µg trypsin 

(1:25 ratio; added 6 µL of trypsin resuspended at 20 µg in 100 µL 100 mM HEPES at pH 7.5). The 

samples were stored at 4 °C after digestion. Samples were then acidified with 10% TFA to 1 % final 

concentration (adding 31.5 µL 10% TFA) and centrifuged at 16,000x g for 5 min. A HLB was used to 

clean up the sample. In short, the HLB was equilibrated with 500 µL of pure methanol. Second 

equilibration was rinsed with 500 µL of pure acetonitrile. The HLB was then washed by 500 µL of 

0.1% of TFA for three times. The washed HLB was then loaded with samples and further washed 
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with 500 µL of 0.1% of TFA for three times. After that, the samples were eluted with 200 µL of 50% 

ACN/0.1% TFA. The samples were dry to completion overnight.  

(3) DIA and protein identification 

Among LC-MS/MS-based quantitative proteomics strategies, data-independent acquisition (DIA) is a 

recent-developed technique that is believed to have the strengths of both high sensitivity, 

reproducibility and broad protein coverage (Li et al., 2021).   

The dried samples were resuspended in 90 µL of 3% ACN and 1% FA followed by 5 min of vortex 

and bath sonication. 5 µL of samples were added into 195 µL of Qubit buffer followed by 5 min of 

centrifuge at 16,000 x g. Approx. 0.5 µg of peptide for each sample was transferred to a 96 well plate, 

and the volume was made up to 20 µL for each sample. 2 µL of sample (~50 ng) was injected into 

with a 90 min DIA method.  

PD2.6 and Mascot 2.8 were used to analyzed the LC-MS/MS data for label-free quantitation. Peptides 

and proteins were accepted with a false discovery rate < 0.01. Identified proteins were filtered using at 

least 2 of the identified peptides. Data analysis and gene ontology (GO) analysis was performed on 

the PC Omoikane on Spectronaut version 19.0.240606. 

5.3.6 Statistical analysis  

Experiments were performed 3 times and values are expressed as mean ± standard error of mean (𝜇𝜇 ±

𝜎𝜎𝑥̅𝑥). A parametric, One-way ANOVA (with Tukeys multiple comparisons test, p<0.05) was 

performed where appropriate to identify significant differences in log reduction of each sample 

compared to the control. 

5.4 Results 

5.4.1 PAW antibiofilm activities 

Previous chapter has determined that 10 min PAW generated with air is rich in ROS, crucial for its 

antimicrobial effectiveness against biofilms. In this study, we examine the proteomic response of E. 

coli biofilms and S. aureus biofilms to PAW. 1 min of direct PAW treatment was deemed sub-lethal, 
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achieving around 1 log reduction of biofilm cell death compared to the MQ control (Figure 5.2 and 

Figure 5.3). Biofilms treated for 5 min with PAW achieved around 50% of both of the E. coli biofilm 

and S. aureus biofilm cell death.  
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Figure 5.2 E. coli biofilm viability under 1-16 min direct PAW treatment compared to MQ control. Data represents 
mean ± SEM, *(P < 0.05); n = 3 biological replicates, with 2 technical replicates each. 
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Figure 5.3 S. aureus biofilm viability under 1-16 min in direct PAW treatment compared to MQ control. Data 
represents mean ± SEM, *(P < 0.05); n = 3 biological replicates, with 2 technical replicates each. 
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5.4.2 Protein differentiation on the PAW-treated biofilm cells 

Analysis revealed only a few difference in protein expression in E. coli (Figure 5.4) and S. aureus 

(Figure 5.5) biofilms formed on steel surfaces when exposed direct to 5 min PAW treatment as 

depicted by volcano plot. 5 min PAW treatment resulted in 78 upregulated proteins (> 1.5 log2FC) 

and 47 downregulated proteins (< -1.5 log2FC) compared to MQ control treated E. coli biofilm cells, 

while 92 upregulated proteins (> 1.5 log2FC) and 54 downregulated proteins (< -1.5 log2FC) 

compared to 1 min PAW treated E. coli biofilm cells (Figure 5.4). 5 min PAW treatment also resulted 

in 59 upregulated protein (> 1.5 log2FC) and 50 downregulated genes (< -1.5 log2FC) compared to 

MQ control treated E. coli biofilm cells, while 53 upregulated protein (> 1.5 log2FC) and 30 

downregulated genes (< -1.5 log2FC) compared to 1 min PAW treated E. coli biofilm cells (Figure 

5.4). While 1 min PAW treatment resulted in a relatively fewer regulation in protein expression on 

both of E. coli biofilm and S. aureus biofilm.  

 

 

Figure 5.4 Differential protein expression analysis of E. coli biofilm during 1 min and 5 min direct treatment with 
PAW and bubbling MQ water. Volcano plot compared to 1min PAW and control bubble, 5 min PAW and control 
bubble, 1min PAW and 5 min PAW. The log-fold (base 2) change is plotted on the x-axis and the negative log of P-
value (base 10) is plotted on the y-axis. Data shows individual Log FC changes in expression between pooled E. coli 

biofilms (each comprising 3 pooled replicates). Up- and down- regulated proteins are represented by red circles, 
while non-significant proteins are represented by grey circles.  



145 
 

 

 

Figure 5.5 Differential protein expression analysis of S. aureus biofilm during 1 min and 5 min direct treatment with 
PAW and bubbling MQ water. Volcano plot compared to 1min PAW and control bubble, 5 min PAW and control 
bubble, 1min PAW and 5 min PAW. The log-fold (base 2) change is plotted on the x-axis and the negative log of P-

value (base 10) is plotted on the y-axis. Data shows individual Log FC changes in expression between pooled S. aureus 
biofilms (each comprising 3 pooled replicates). Up- and down- regulated proteins are represented by red circles, 

while non-significant proteins are represented by grey circles. 

5.4.3 GO enrichment analysis of the upregulated protein 

Given that the E. coli and S. aureus biofilm viability data (Figure 5.2 and Figure 5.3), differential 

gene expression analysis (Figure 5.4 and Figure 5.5), and heatmap (Supporting Information) revealed 

a few regulations between PAW and MQ control, these were combined and used for comparison to 

PAW treatment in pathway enrichment and biological process enrichment analysis (Figure 5.6 and 

Figure 5.7).  

In E. coli biofilms treated with 5-min PAW vs control (MQ) (Figure 5.6), cell adhesion involved in 

single-species biofilm formation (GO ID: 0043709) rich factor (0.62) was the highest compared to 

any other pathway. Similarly, genes involved in negative regulation of translational 

elongation/pilus/dimethyl sulfoxide reductase complex were relatively upregulated (fold enrichment 

values ranging 0.05-0.16). Notably, in E. coli biofilms treated 5-min PAW vs 1-min PAW, the 

defence response to bacterium (GO ID: 0042742) also shows a high upregulated enrichment.  
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Figure 5.6 GO enrichment analysis of the upregulated differentially expressed genes of PAW-treated E. coli. The top 
GO terms annotated in the biological process category for the upregulated genes are selected based on their 

dispensability values. Color bar representing dispensability ratio. EP5 represents E. coli under 5 min PAW treatment 
group; EP1 represents E. coli under 1 min PAW treatment group; and EMQ represents E. coli under MQ control 

group. 

Unlike the active upregulation pathway, the upregulation pathway of S. aureus showed only a few 

changes via GO enrichment. The highest enrichment occurs in metal ion binding (GO ID: 0046872) 

when 5-min PAW treated S. aureus compared to control, as well as 5-min PAW treated S. aureus 

compared to 1-min PAW treated S. aureus (rich factor: 0.26) (Figure 5.7). A hydrolase activity (GO 

ID: 0016787) was also observed under GO enrichment when 5-min PAW vs 1-min PAW. 
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Figure 5.7 GO enrichment analysis of the upregulated differentially expressed genes of PAW treated S. aureus. The 
top GO terms annotated in the biological process category for the upregulated genes are selected based on their 
dispensability values. Color bar representing dispensability ratio. SP5 represents S. aureus under 5 min PAW 

treatment group; SP1 represents S. aureus under 1 min PAW treatment group; and SMQ represents S. aureus under 
MQ control group. 

5.5 Discussion 

In this study, we show that a 1 min direct PAW treatment is a sub-lethal dose and reduces biofilm 

viability by 1-log reduction and 5 min direct PAW induced 50% reduction of biofilm viability of both 

of E. coli and S. aureus. PAW’s highly oxidising environment, rich in potent ROS can cause 

disastrous biological effects on microbial membranes, lipids, enzymes, proteins, and nucleic 

acids(Patange et al., 2019). As found in Chapter 3 and Chapter 4, superoxide (and its by-products 

hydrogen peroxide and hydroxyl radicals) cause membrane disruption leading to an increase of 

intracellular ROS levels. Other research found PAW treatment is able to reduce quorum sensing 

related virulence genes expression in E. faecalis biofilm development (Li et al., 2019), reduce the 

gene expression of early stage of biofilm formation (csgD, agfA, fimA, lpfE, and rpoS) in S. enteritidis 

planktonic cells (Basiri et al., 2023), inhibit the activities of antioxidant enzymes including superoxide 

dismutase (SOD), catalase (CAT), and nitrite reductase (NiR) of P. aeruginosa (Cai et al., 2025). 

However, the finding of regulated protein is very limited.  

Our proteomic analysis revealed i) cell adhesion, ii) negative regulation of translational elongation, 

iii) pilus, and iv) dimethyl sulfoxide reductase complex as some of the major pathways to be 

significantly upregulated for E. coli biofilm cells exposed to 5 min direct PAW treatment. While for S. 

aureus biofilm, the major pathways to be upregulated is metal ion binding and hydrolase activity. 

Gene OmpA has been recognized as a highly conserved and immunogenic antigen, playing a crucial 
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role in the adhesion phenotype of E. coli O157:H7 and promoting bacterial aggregation (Monteiro et 

al., 2023), due to the genes ompA, ompC, ompD, and ompF, is responsible for encoding porins on the 

outer membrane(Chowdhury et al., 2022). A recent study found PAW stress can upregulated the 

expression of OmpA in Salmonella Newport (Sun et al., 2024), which is corresponding to our finding. 

5.6 Conclusion 

This study presents, for the first time, new insights into PAW’s mechanisms of action. Providing 

novel knowledge of the proteomic stress responses E. coli biofilms and S. aureus biofilm under BSD-

generated PAW stress conditions. Within just 1 min direct PAW treatment, biofilm viability is 

significantly decreased. In 5 min direct PAW treatment, a complex cellular response is prompted by 

upregulating 78 proteins and 59 proteins for E. coli and S. aureus biofilms, respectively. These results 

underscore PAW’s utility as an anti-biofilm agent. Further work is warranted to better understand 

long-term effects over multiple generations of E. coli and S. aureus biofilm bacteria.  

5.7 Supporting information 

5.7.1 Cell sample protein quantification and SDS page gel blotting 

The bacterial pellets were resuspended in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 1% Triton X-

100, pH 8.0) supplemented with protease inhibitors (e.g., PMSF, EDTA). The suspension was 

incubated on ice for 30 minutes, followed by sonication (3 cycles of 30 seconds with a 30-second rest) 

to break the cells. The lysates were clarified by centrifugation at 12,000 × g for 15 minutes at 4°C, 

and the supernatant was collected for protein analysis. Protein concentration was determined using the 

Bradford assay (Bio-Rad, Hercules, CA, USA) following the manufacturer’s instructions. Bovine 

serum albumin (BSA) was used as a standard. 

The protein samples were mixed with 2× SDS-PAGE loading buffer (containing 100 mM Tris-HCl, 

pH 6.8, 200 mM DTT, 4% SDS, 0.2% bromophenol blue, 20% glycerol) and boiled at 95°C for 5 

minutes to denature the proteins. Equal amounts of protein (15 uL per lane, equal to approximately 10 

ug) were loaded onto a 12% SDS-PAGE gel. Equal amount of protein ladder was loaded as control 

(PageRuler™ Prestained Protein Ladder, 10 to 180 kDa, 26616). Electrophoresis was performed at 
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120 V for 90 minutes in running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) until the dye front 

reached the bottom of the gel. The gel was stained with Coomassie Brilliant Blue R-250 or silver stain 

for protein visualization if required. Protein bands were detected using Bio-rad universal hood 

imaging system according to the manufacturer’s instructions.  

0 500 1000 1500 2000 2500
0

1

2

3

Con. (ug/ml)

O
D5

62

 

Figure S5.1 BCA standard curve of BSA. 

Table S5.1 Protein quantification via BCA assya of E. coli and S. aureus biofilm cells after PAW treatment. 

Bacteria strain Treatment* Mass of protein/µg† No. coupon‡ 

E. coli UTI89 

Control 50.23±0.11 12 

PAW-1 74.31±4.01 12 

PAW-5 27.56±1.38 24 

S. aureus NCTC8325 

Control 44.53±3.07 12 

PAW-1 78.16±1.99 12 

PAW-5 54.04±18.45 24 

*Treatment of control is MQ treatment without any plasma discharge; PAW-1 is In-situ PAW 

treatment of 1 min; PAW-5 is In-situ PAW treatment of 5 min.  

†Mass of protein is quantified by BCA assay (n=3, standard error of mean).  
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‡The no. of coupon is the no. of samples that combinates to concentrate more protein.   

 

 

Figure S5.2 SDS page gel blotting image of lysed E. coli and S. aureus. Treatment of C is MQ treatment without any 
plasma discharge; P1 is In-situ PAW treatment of 1 min; P5 is In-situ PAW treatment of 5 min. 
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Figure S5.3 Heatmap of LCMS data showing all differentially expressed proteins in E. coli biofilms treated with 
PAW vs MQ control. Data represents mean-centred log2 transformed expression values measured in RPKM units. 

 

 

Figure S5.4 Heatmap of LCMS data showing all differentially expressed proteins in S. aureus biofilms treated with 
PAW vs MQ control. Data represents mean-centred log2 transformed expression values measured in RPKM units.



152 
 

5.8 Reference  

Basiri, N., Zarei, M., Kargar, M., & Kafilzadeh, F. (2023). Effect of plasma-activated water on the 
biofilm-forming ability of Salmonella enterica serovar Enteritidis and expression of the 
related genes. International Journal of Food Microbiology, 406, 110419. 
https://doi.org/10.1016/j.ijfoodmicro.2023.110419   

 
Cai, Z., Zhang, W., Liao, G., Huang, C., Wang, J., & Zhang, J. (2025). Inhibiting mechanism of 

Pseudomonas aeruginosa biofilm formation-An innovational reagent of plasma-activated 
lactic acid. Journal of Water Process Engineering, 69, 106613. 
https://doi.org/10.1016/j.jwpe.2024.106613   

 
Chen, S. L., Hung, C.-S., Xu, J., Reigstad, C. S., Magrini, V., Sabo, A., Blasiar, D., Bieri, T., Meyer, R. R., 

Ozersky, P., Armstrong, J. R., Fulton, R. S., Latreille, J. P., Spieth, J., Hooton, T. M., Mardis, E. 
R., Hultgren, S. J., & Gordon, J. I. (2006). Identification of genes subject to positive selection 
in uropathogenic strains of Escherichia coli: A comparative genomics approach. Proceedings 
of the National Academy of Sciences, 103(15), 5977-5982. 
https://doi.org/doi:10.1073/pnas.0600938103   

 
Chowdhury, A. R., Mukherjee, D., Singh, A. K., & Chakravortty, D. (2022). Loss of outer membrane 

protein A (OmpA) impairs the survival of Salmonella Typhimurium by inducing membrane 
damage in the presence of ceftazidime and meropenem. Journal of Antimicrobial 
Chemotherapy, 77(12), 3376-3389. https://doi.org/10.1093/jac/dkac327   

 
Flemming, H.-C., & Wingender, J. (2010). The biofilm matrix. Nature reviews microbiology, 8(9), 623-

633. https://doi.org/10.1038/nrmicro2415   

 
Khan, M. S. I., Lee, E.-J., & Kim, Y.-J. (2016). A submerged dielectric barrier discharge plasma 

inactivation mechanism of biofilms produced by Escherichia coli O157: H7, Cronobacter 
sakazakii, and Staphylococcus aureus. Scientific Reports, 6(1), 37072. 
https://doi.org/10.1038/srep37072   

 
Li, J., Smith, L. S., & Zhu, H.-J. (2021). Data-independent acquisition (DIA): An emerging proteomics 

technology for analysis of drug-metabolizing enzymes and transporters. Drug Discovery 
Today: Technologies, 39, 49-56. https://doi.org/10.1016/j.ddtec.2021.06.006   

 
Li, Y., Pan, J., Wu, D., Tian, Y., Zhang, J., & Fang, J. (2019). Regulation of Enterococcus faecalis biofilm 

formation and quorum sensing related virulence factors with ultra-low dose reactive species 
produced by plasma activated water. Plasma Chemistry and Plasma Processing, 39, 35-49. 
https://doi.org/10.1007/s11090-018-9930-2   

 
McDougald, D., Rice, S. A., Barraud, N., Steinberg, P. D., & Kjelleberg, S. (2012). Should we stay or 

should we go: mechanisms and ecological consequences for biofilm dispersal. Nature 
reviews microbiology, 10(1), 39-50. https://doi.org/10.1038/nrmicro2695   

 

https://doi.org/10.1016/j.ijfoodmicro.2023.110419
https://doi.org/10.1016/j.jwpe.2024.106613
https://doi.org/doi:10.1073/pnas.0600938103
https://doi.org/10.1093/jac/dkac327
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1038/srep37072
https://doi.org/10.1016/j.ddtec.2021.06.006
https://doi.org/10.1007/s11090-018-9930-2
https://doi.org/10.1038/nrmicro2695


153 
 

Monteiro, R., Chafsey, I., Caccia, N., Ageorges, V., Leroy, S., Viala, D., Hébraud, M., Livrelli, V., Pizza, 
M., & Pezzicoli, A. (2023). Specific Proteomic Identification of Collagen-Binding Proteins in 
Escherichia coli O157: H7: Characterisation of OmpA as a Potent Vaccine Antigen. Cells, 
12(12), 1634. https://doi.org/10.3390/cells12121634   

 
Patange, A., O’Byrne, C., Boehm, D., Cullen, P., Keener, K., & Bourke, P. (2019). The effect of 

atmospheric cold plasma on bacterial stress responses and virulence using Listeria 
monocytogenes knockout mutants. Frontiers in Microbiology, 10, 2841. 
https://doi.org/10.3389/fmicb.2019.02841   

 
Sheng, G.-P., Yu, H.-Q., & Li, X.-Y. (2010). Extracellular polymeric substances (EPS) of microbial 

aggregates in biological wastewater treatment systems: a review. Biotechnology advances, 
28(6), 882-894. https://doi.org/10.1016/j.biotechadv.2010.08.001   

 
Sun, Y., Gao, R., Liao, X., Shen, M., Chen, X., Feng, J., & Ding, T. (2024). Stress response of Salmonella 

Newport with various sequence types toward plasma-activated water: Viable but 
nonculturable state formation and outer membrane vesicle production. Current Research in 
Food Science, 8, 100764. https://doi.org/10.1016/j.crfs.2024.100764   

 
Vyas, H. K. N., Xia, B., Alam, D., Gracie, N. P., Rothwell, J. G., Rice, S. A., Carter, D., Cullen, P. J., & Mai-

Prochnow, A. (2023). Plasma activated water as a pre-treatment strategy in the context of 
biofilm-infected chronic wounds. Biofilm, 6, 100154. 
https://doi.org/10.1016/j.bioflm.2023.100154   

 
Xia, B., Vyas, H. K. N., Zhou, R., Zhang, T., Hong, J., Rothwell, J. G., Rice, S. A., Carter, D., Ostrikov, K., 

Cullen, P. J., & Mai-Prochnow, A. (2023). The importance of superoxide anion for Escherichia 
coli biofilm removal using plasma-activated water. Journal of Environmental Chemical 
Engineering, 11(3), 109977. https://doi.org/10.1016/j.jece.2023.109977   

 
Xu, Z., Zhou, X., Yang, W., Zhang, Y., Ye, Z., Hu, S., Ye, C., Li, Y., Lan, Y., & Shen, J. (2020). In vitro 

antimicrobial effects and mechanism of air plasma‐activated water on Staphylococcus 
aureus biofilm. Plasma Processes and Polymers, 17(8), 1900270. 
https://doi.org/10.1002/ppap.201900270   

 

https://doi.org/10.3390/cells12121634
https://doi.org/10.3389/fmicb.2019.02841
https://doi.org/10.1016/j.biotechadv.2010.08.001
https://doi.org/10.1016/j.crfs.2024.100764
https://doi.org/10.1016/j.bioflm.2023.100154
https://doi.org/10.1016/j.jece.2023.109977
https://doi.org/10.1002/ppap.201900270


154 
 

 

6 Chapter 6 Conclusions and Future Directions 

6.1 Overview and conclusions 

The primary objective of this thesis is to investigate and improve the efficacy of biofilm removal with 

bubble spark discharge generated plasma-activated water. The PAW is a green method that only 

requires water, air gas, and electricity to reach the antibiofilm activity, which does not generate toxic 

residues. By addressing the specific aims outlined in the introduction and discussed in the following 

sections, the findings of this thesis may contribute to green and clean water treatment to help reduce 

the contamination of bacterial biofilm. 

In chapter 2, we investigated and compared direct and indirect PAW treatment to Escherichia coli 

(ATCC 25922) biofilms, assessing cell viability, reactive oxygen and nitrogen species (RONS) levels, 

and PAW stability during storage. Results showed that a 10-minute direct PAW treatment using air 

was most effective in removing E. coli biofilms on stainless steel. PAW retained stable RONS levels, 

including H2O2, NO3
-, and NO2

-, for up to 24 hours at 4°C and continued to effectively inactivate 

biofilms post-storage. The findings emphasize the importance of optimizing PAW treatments to 

enhance biofilm removal in practical, real-world conditions. 

Following this work, a more detailed investigation of directPAW on biofilm removal was undertaken 

in chapter 3. In this study, various PAWs were generated from argon, nitrogen, air, and oxygen using 

a plasma bubble spark discharge (BSD) reactor to treat Escherichia coli (ATCC 25922) biofilms. 

PAW-O2 was found to be the most effective in completely removing biofilms on stainless steel 

surfaces. Confocal microscopy revealed that PAW treatment removed most biofilm cells, leaving only 

a few dead cells. Intracellular ROS levels significantly increased in PAW-O2
-treated biofilms, and 

superoxide anion radicals (•O2
-) were identified as key contributors to biofilm inactivation. The study 

highlights the importance of optimizing input gases and plasma conditions to enhance biofilm 

removal efficiency. 
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In chapter 4, a detailed insight into antibiofilm mechanisms of PAW-O2 was investigated to EPS 

matrix. This study evaluated the effectiveness of plasma-activated water (PAW) in inactivating 

Escherichia coli UTI89 and Staphylococcus aureus NCTC8325 biofilms. PAW was generated by 

discharging atmospheric pressure cold plasma into sterile distilled water. The treatment completely 

killed biofilm cells of both bacteria (6.76 ± 0.01 log CFU/mL for E. coli and 6.82 ± 0.02 log CFU/mL 

for S. aureus), with faster inactivation in S. aureus. PAW disrupted the biofilm structure, reducing 

biomass and EPS. The treatment increased membrane permeability and caused significant 

intracellular reactive oxygen and nitrogen species accumulation, demonstrating PAW's potential for 

biofilm control. 

Last but not least, a further investigation was conducted on proteomic stress responses of Escherichia 

coli and Staphylococcus aureus biofilms to 1 min and 5 min plasma-activated water (PAW) 

treatments. The 5 min PAW treatment caused significant protein regulation changes, with 78 

upregulated genes in E. coli and 59 in S. aureus compared to controls. Biological process enrichment 

analysis showed that E. coli biofilms upregulated genes related to cell adhesion, translational 

elongation, pilus formation, and dimethyl sulfoxide reductase complex, while S. aureus biofilms 

upregulated genes for metal ion binding and hydrolase activity. These findings provide insight into the 

genes and pathways involved in biofilm survival and stress response to PAW. 

6.2 Future work 

Despite the recent considerable progress in the development and optimization of PAW for biofilm 

removal, more fundamental issues should be addressed. 

1. Optimization of PAW Treatment Parameters for Biofilm Removal 

Future studies should focus on identifying the optimal parameters for PAW generation and 

application, including the effects of gas composition, treatment time, and storage conditions. 

Investigating the influence of different factors on the efficacy of PAW in biofilm removal will help to 

refine its use for various industrial and clinical applications. 
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2. Mechanistic Studies on Biofilm Disruption by PAW 

Further research is needed to elucidate the specific mechanisms by which PAW disrupts biofilms. 

Understanding how reactive species, such as H2O2, NO3−, and NO2−, interact with the extracellular 

matrix and microbial cells will provide insights into the molecular targets and pathways responsible 

for biofilm inactivation. 

 

3. Evaluation of PAW Efficacy Against Mixed-Species Biofilms 

While many studies have focused on single-species biofilms, future work should investigate the 

effectiveness of PAW in removing mixed-species biofilms, which are more representative of real-

world environments. This would include testing on biofilms formed by both pathogenic and non-

pathogenic organisms to assess the broad-spectrum potential of PAW. 

 

4. Long-Term Stability and Reusability of Stored PAW 

Investigating the long-term stability of PAW’s antimicrobial properties after multiple storage cycles is 

crucial for practical applications. Studies should focus on the potential for reusing stored PAW in 

multiple treatment rounds and its effectiveness over time, especially in large-scale industrial settings. 

 

5. Integration of PAW with Other Biofilm Control Methods 

Combining PAW with other biofilm control techniques, such as enzymatic treatments or conventional 

cleaning agents, could enhance its effectiveness and broaden its application scope. Future research 

should explore synergistic effects and the development of combined treatment strategies that can be 

implemented in medical and industrial settings to tackle biofilm-related issues more efficiently. 
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