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Abstract 

Globally, approximately 18.6 million individuals develop diabetic foot ulcers each year, with an 
estimated 50–60% of these cases subsequently becoming infected. Diabetes-related foot infections (DFI) 
are a common and serious complication for patients with diabetes, often resulting in gangrene, lower 
extremity amputation and eventually death. Multidrug resistance among DFI pathogens aggravates 
treatment failure, driving up healthcare costs and morbidity. Addressing this multifaceted challenge 
necessitates the development of novel, synergistic, and innovative therapeutic strategies. Plasma-
activated water (PAW) is an emerging solution, produced by treating water with cold plasma; an 
ionized gas that generates a complex mixture of reactive oxygen and nitrogen species. PAW elicits 
potent broad-spectrum antimicrobial and antibiofilm activity against a wide range of pathogens 
implicated in chronic wound infections, including DFI. Moreover, PAW has been shown to accelerate 
wound healing through modulating immune cell activity and promoting epithelial cell proliferation 
and migration into wounds. In this review, we summarize: (i) the prevalence and recurrence of DFIs, 
(ii) methods for PAW generation and its physicochemical properties, (iii) the antimicrobial and 
antibiofilm efficacy of PAW against clinically relevant DFI pathogens, (iv) its effects on cellular 
behavior, including immune modulation and promotion of epithelial regeneration, (v) PAW as a stand-
alone or synergistic therapy (vi) current limitations in PAW application, including standardization, 
delivery, and regulatory hurdles. Together, this rationale highlights the notion that PAW holds 
significant potential as a next-generation therapeutic approach for DFIs and other chronic wounds. 

Keywords: antimicrobial resistance; biofilm; chronic wounds; diabetes-related foot infections; 
plasma-activated water; plasma medicine 
 

1. Introduction 

Chronic wounds represent a significant global health challenge, affecting millions of individuals 
and imposing substantial economic and social burdens. Specifically in Australia, more than 450,000 
Australians suffer from chronic wounds which cost the health and aged care systems $6.6 billion 
yearly, with each patient spending an average of $4000 in out-of-pocket cost (Wounds Australia, 
2024). Diabetes-related foot ulcers (DFUs) are among the most serious form of chronic wounds, as 
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they recur frequently, are prone to persistent microbial infections, and often culminate into lower 
extremity amputation (LEA) (Armstrong et al. 2017; 2023; Narres et al. 2017; Ezzatvar and García-
Hermoso 2023). Each year, an estimated 18.6 million individuals worldwide develop DFUs, with 
infection occurring in approximately 50–60% of cases (Armstrong et al. 2023). In North America 
alone, diabetes-related foot infections (DFIs) affects up to 13% of DFU patients (Zhang et al. 2017), 
highlighting both their global prevalence and disproportionate regional burden. Healing is often 
delayed by biofilm infections and rising antimicrobial resistance, limiting treatment options. 
Nevertheless, mortality rates following LEA are comparable to those of several major cancers like 
breast and lung cancers, underscoring the seriousness of this complication (McDermott et al. 2023). 
This is because, LEA carries a 5-year mortality risk (≈ 50–70%) which exceeds the pooled 5-year 
mortality for other major cancers like lung and breast cancer (≈  31%) (Armstrong et al. 2020). 
Patients with DFU, arterial ulcers, and venous leg ulcers typically suffer from underlying 
immunodeficiency, peripheral neuropathy, and vascular disease, which compromise the healing 
process and predispose them to chronic, recurrent infections (Australian Journal of General Practice, 
2020). The rise of multidrug-resistant (MDR) pathogens, particularly methicillin-resistant 
Staphylococcus aureus (MRSA), further undermines treatment success and increases the urgency for 
innovative, non-antibiotic therapies (Schaper et al. 2024).  

Current wound care strategies face significant limitations because they rely on painful and 
possibly damaging debridement, unsuccessful and improper dressings, systemic antibiotics, and 
antiseptic solutions (Sood et al. 2014). However, most antiseptics in clinical use are cytotoxic, impair 
wound healing, and are not recommended for chronic wounds (Norman et al. 2017; Wilkins and 
Unverdorben 2013). In spite of this, silver-based dressings remain widely used in wound care and 
management due to the broad-spectrum antimicrobial activity against both Gram positive and 
Negative bacteria as well as antibiotic-resistant strains (May et al. 2022; Yousefian et al. 2023). The 
multimodal mechanism of action of silver-based dressings includes disruption of bacterial 
membranes, inducing oxidative stress, binding to nucleic acids, interfering with protein synthesis, 
prompting damage to various cellular organelles essential for bacterial gene transcription and cell 
wall synthesis (Obagi et al. 2019; Yousefian et al. 2023; May et al. 2022; Haidari et al. 2020). On the 
other hand, silver-based dressings have presented significant benefits in wound healing, with both 
preclinical and clinical studies reporting reduced microbial burden, improved epithelialization, and 
lower rates of infection, particularly in burn wounds (Davies et al. 2017; May et al. 2022). They are 
also highly essential in chronic wounds with impaired vascular supply and where systemic 
antibiotics may have limited penetration (Leaper 2006). However, there are concerns regarding 
cytotoxicity, particularly with prolonged use or uncontrolled accruement in wound areas which can 
inhibit skin cell proliferation and impair wound healing (AshaRani et al. 2009; Haidari et al. 2020). 
To address this, advancement in silver-based wound dressings led to the development of silver 
nanoparticles (AgNPs) that supply silver in small, controlled releases into wounds to exert efficacy 
and improve safety without compromising its antimicrobial and wound healing properties (Haidari 
et al. 2020; May et al. 2022). Yet, silver-based dressings like AgNPs are significantly expensive and 
raise environmental concerns due to the energy-intensive and waste-generating processes involved 
in nanoparticle production (Fahim et al. 2024).  

Conversely, antibiotic therapy is increasingly undermined by MDR pathogens, while biofilm 
formation shields microbes from host immunity and antimicrobials. These limitations underscore the 
need for alternative or complementary antimicrobial strategies that are dual-action and can eradicate 
infection while stimulating tissue regeneration without significant adverse effects.  

Plasma-activated water (PAW) made from cold plasma technology, presents a promising next-
generation therapy capable of overcoming several challenges associated with antibiotics and 
alternative therapeutics. For instance, PAW generates a mixture of reactive oxygen and nitrogen 
species (RONS) that exert potent antimicrobial and antibiofilm effects. Moreover, PAW has low 
cytotoxicity and minimal risk of promoting resistance, highlighting its potential as an effective 
adjunct therapy. 
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Cold Plasma Technology 

Cold plasma also known as non-thermal or atmospheric-pressure plasma, is a rapidly evolving 
technology that uses ionized gases for diverse applications in healthcare, materials science, 
agriculture, and electronics (Tanaka et al. 2021; Okyere et al. 2022; Reema et al. 2022; Rao et al. 2023; 
Kolbe et al. 2024). In contrast to thermal plasmas, which are generated at very high temperatures, 
cold plasma is produced by ionizing gases with strong electric fields, resulting in plasma successfully 
being generated at temperatures below 40°C (Laroussi 2020; Tabares and Junkar 2021). The non-
thermal nature makes cold plasma safe for direct application to biological tissues for several minutes 
without causing heat damage (von Woedtke et al. 2020). Cold plasma devices typically contain 
electrodes and a power source that generate high-voltage fields to ionize gases such as air, O₂, N₂, 
He, or Ar (Starikovskiy 2015; Nwabor et al. 2022). The resulting plasma is a complex mixture of 
radicals, free electrons, ultraviolet radiation, charged ions, and excited molecules (von Woedtke et al. 
2020). This unique composition confers broad antimicrobial activity, the ability to regulate 
inflammation, and stimulation of epithelial tissue growth (Abdo et al., 2022; Dubey et al., 2022; Gan 
et al., 2021). Several cold plasma devices are now clinically approved in Europe for wound therapy, 
and accumulating clinical evidence supports their use in wound healing and oncology (Stratmann et 
al. 2020; Faramarzi et al. 2021; Min et al. 2022; Nguyen et al. 2022; Strohal et al. 2022; Abu Rached et 
al. 2023; Bolgeo et al. 2023; Sabrin et al. 2024). 

PAW is a promising derivative that extends the application of cold plasma. When cold plasma is 
discharged into water, it produces PAW, an acidic and oxidative liquid enriched with RONS. PAW has 
demonstrated potent antimicrobial, antibiofilm, anti-cancer, and wound-healing properties (Kim and 
Kim 2021; von Woedtke et al. 2025). Its liquid form offers practical advantages over direct cold plasma, 
such as easier storage, transport, and integration into conventional wound cleansing protocols. In 
preclinical studies, PAW has been shown to eradicate biofilms, including those formed by MDR 
pathogens like MRSA, while also promoting cellular proliferation, immune modulation, and tissue 
regeneration (Kaushik et al. 2018; Xu et al. 2020; Kim and Kim 2021; Mai-Prochnow et al. 2021; Abdo et 
al. 2022; Oliveira et al. 2022; Abdo et al. 2023; Lee et al. 2023; Vyas et al. 2023). Despite these advances, 
the clinical efficacy of PAW remains untested, and further research is required to optimize generation 
methods, dosing, and safety protocols (Cheng et al. 2020; Li et al. 2022; Woedtke et al. 2022). 

This review summarizes current evidence and future directions for PAW in chronic wound 
management. We focus particularly on its relevance to DFUs and DFIs, highlighting antimicrobial 
and antibiofilm efficacy, effects on host cells and wound healing, and limitations that must be 
addressed for clinical translation. With the first-in-human clinical trial of PAW for DFU about to 
commence (ACTRN12625000902493), this is a timely opportunity to critically evaluate its potential to 
evolve from an experimental plasma-derived liquid into a clinically validated therapy for biofilm-
associated chronic wounds. 

2. Diabetes-Related Foot Ulcer 

The prevalence data from the International Diabetes Federation (“IDF Diabetes Atlas 2025,”) 
found that an estimated 589 million adults aged 20-70, representing 11.1% of this age group, were 
living with diabetes. This number is projected to rise to 852.5 million by 2050 (“IDF Diabetes Atlas 
2025,”). A significant morbidity in a high proportion of patients with diabetes is DFU; an open, 
chronic, non-healing wound often situated at the plantar surface of the foot of a person with diabetes 
(Singer et al. 2018). DFU arise from a combination of peripheral neuropathy, angiopathy, immune 
impairment, and biomechanical and vascular factors, which prevent wound healing and increase 
susceptibility to microbial infection (Ziegler et al. 2014; Aumiller and Dollahite 2015; Volmer-Thole 
and Lobmann 2016; Armstrong et al. 2023). These complications not only compromise patient 
outcomes but also impose a substantial burden of care.  

Diabetes-related foot infections (DFIs), frequently associated with DFUs, are typically 
polymicrobial, comprising diverse Gram-positive (e.g., Staphylococcus aureus/MRSA, Enterococcus 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 March 2026 doi:10.20944/preprints202603.0938.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202603.0938.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 28 

 

 

faecalis including vancomycin-resistant strains, Streptococcus pyogenes, Streptococcus agalactiae), Gram-
negative bacteria (e.g; Pseudomonas aeruginosa, Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, 
Acinetobacter baumannii), alongside anaerobic bacteria (e.g; Bacteroides fragilis, Peptostreptococcus spp., 
Clostridium spp), and fungal species (e.g; Candida albicans, Aspergillus spp.) (Lipsky et al. 2012; Henig 
et al. 2018; Morton and Coghill 2024). However, a plethora of studies indicate that S. aureus/MRSA 
remains a prevalent pathogen in chronic wound infections like DFIs (Messad et al. 2013; Dunyach-
Remy et al. 2016; Viswanathan et al. 2019; Lipsky et al. 2020; Reina-Bueno et al. 2020; Chen et al. 2023; 
Morton and Coghill 2024). According to Dunyach-Remy et al., 2016, MRSA commonly colonizes soft 
tissues and bones, with most infections localized to the feet. These localized infections further impair 
wound healing, and can rapidly progress into deeper tissues and bone, causing osteomyelitis. If 
untreated, this cascade often culminates in LEA, severely reducing quality of life and increasing 
mortality risk (Zubair et al. 2012; Frykberg and Banks 2015). According to Armstrong et al., about 
20% of people with DFU will undergo a lower extremity amputation, either minor (ie, part of the 
foot) or major (ie, above foot) (Armstrong et al. 2023).  

The upsurge in MDR amongst DFI pathogens results in treatment failures, increased disease 
incidence and severity, leading to escalated healthcare costs (López-Montesinos et al. 2020; Wozniak 
et al. 2022). A major culprit for this problem is biofilms which further exacerbate the severity of the 
problem. Biofilms are clusters of microbes embedded in a protective extracellular matrix that enables 
bacteria to: (i) withstand chemical and physical stress from external factors, (ii) communicate and 
exchange materials via nutrient and water channels, and (iii) become tolerant to antibiotics while 
sharing antimicrobial resistance genes via horizontal gene transfer (Hussain et al. 1993; Costerton et 
al. 1995; Munita and Arias 2016; Kragh and Richter 2022). Biofilm formation serves as a microbial 
tolerance mechanism that hampers antibiotic penetration and efficacy, often leading to sublethal 
exposure that fosters resistance among the microbes shielded within (Boahen et al. 2022; Jefferson 
2004; Sharif and Yadav 2025).  

While wound debridement is the gold standard method for physically removing biofilms and 
necrotic tissues in wound management, it is not adequate as a stand-alone measure as residual 
biofilm fragments can rapidly re-establish biofilms and perpetuate infection (Schwartz et al. 2014). 
This is due to the fact that biofilms can extend into deeper tissue layers where debridement cannot 
reach and restore biofilms often within 24–72 hours (Wolcott et al. 2010). Moreover, debridement is a 
physical process that may not remove all planktonic cells from the wound bed purulence (Schwartz 
et al. 2014). The surviving pathogens in the wound area and deeper tissues sustains characteristics of 
a biofilm and can therefore continue to endure antibiotics and the host defenses (Tian et al. 2023). 
Here, PAW’s potent antimicrobial action makes it a potential adjunct after debridement, helping to 
remove remaining pathogens and reduce the risk of re-colonization or infection. 

2.1. Diabetes-Related Foot Ulcer Recurrence 

By definition, a recurrent foot ulcer is defined as any new ulceration, irrespective of its 
anatomical location or the time elapsed since the previous event (Cheng et al. 2021). Approximately 
40%, 60% and 65% of diabetes patients experience ulcer recurrence within 1, 3 or 5 years after the 
ulcer healed, respectively (Armstrong et al. 2017). The recurrence of DFU is a significant concern for 
individuals with diabetes, as a prior foot ulcer greatly increases the risk of recurrence compared to 
those without a history of DFU, particularly when preventive measures are not consistently followed 
(Armstrong et al. 2017). Inadequate wound care, including improper cleaning and dressing changes, 
can delay healing and increase the risk of infections (Nagle et al. 2023). Current management and first 
line therapy of DFU involves wound cleaning and dressing to prevent infection, offloading to 
minimize weight on foot, debridement of dead tissue, glycaemic control, and reperfusion of lower 
extremity ischemic tissue to restore blood flow (Armstrong et al. 2023; Alexiadou and Doupis 2012; 
Lim et al. 2017; Yang et al. 2022). Patients with DFU are often immunocompromised and have other 
diabetes-related comorbidities requiring management, including hypertension, neuropathy, renal 
disease, ischaemic heart disease, peripheral artery disease (PAD), stroke and obesity (Nowakowska 
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et al. 2019; Pearson-Stuttard et al. 2022) that can also impact wound healing dynamics and limit 
surgical or pharmacological treatment options, response, and prognosis (McDermott et al. 2010; 
Fowkes et al. 2013; Frykberg et al. 2017; Arora et al. 2019; Verma et al. 2021). Patient factors, such as 
age, ethnicity, overall health status, adherence to treatment, lifestyle factors (e.g., smoking, nutrition, 
sedentary lifestyle, socioeconomic status) and geography (rural, remote, urban living) also affect the 
risk of DFI onset and recurrence (Guo and Dipietro 2010).  

2.2. Prevalence of Diabetes-Related Foot Infections 

DFI are a common and serious complication of DFU, with 50–70% of DFU becoming infected 
during the course of the disease (Del Core et al. 2018; Edmonds et al. 2021). The prevalence of DFI 
varies depending on factors such as the size and depth of the ulcer, presence of neuropathy or PAD, 
glycaemic control, foot deformities, trauma, previous history of infections and the quality and 
frequency of wound care (Schaper et al. 2020; Akkus and Sert 2022). These factors contribute to 
impaired wound healing and weakened immune activity that create an environment conducive to 
microbial colonization, biofilm growth and infection (Scalise et al. 2015). The most common 
pathogens isolated from infected DFU include Gram-positive staphylococci (including MRSA), 
streptococci, enterococci (including Enterococcus faecalis), Actinomyces spp. and aerobic Gram-
negative bacilli species (Pseudomonas aeruginosa), Enterobacteriaceae (Escherichia coli, Klebsiella 
pneumoniae, Enterobacter spp.) and Acinetobacter spp. (Dwedar et al. 2015; Sadeghpour Heravi et al. 
2019). As shown in Figure 1, infections caused by these microorganisms in DFU, especially MRSA, 
are characterized by biofilms which are commonly polymicrobial (Percival et al. 2018; Du et al. 2022; 
M. S. Khan et al. 2023). This is because the colonizing bacteria has the potential to coordinate with 
other microorganisms through quorum sensing (QS), to create a symbiotic environment for growth 
and survival (Pouget et al. 2020; Afonso et al. 2021). This strategy may also include the expression 
and horizontal gene transfer of resistance genes and the secretion of toxins into the microenvironment 
to protect their existence whilst allowing the pathogen to exhibit its virulence (Mottola et al. 2016). 

The severity of DFI can range from mild to severe, with severe cases progressing to deep tissue 
infections, abscess formation, osteomyelitis and sepsis (Giurato et al. 2017). Severe infections can also 
lead to significant morbidity, tissue necrosis, thrombosis of small vessels and localized gangrene that 
may necessitate hospitalization, or LEA (Lauri et al. 2020; Boulton et al. 2020; Izumi 2018). Patients 
with DFI have a higher risk of hospitalization and longer hospital stays compared to those without 
infections, because DFI can become chronic and recurrent, especially if not adequately treated or if 
underlying risk factors are not addressed (Hicks et al. 2016). As a result, a multidisciplinary approach 
to treatment is encouraged to reduce incidence and severity of DFI to prevent lower extremity 
ischemia and amputations (Schaper et al. 2024). Novel therapeutics such as direct cold plasma or 
PAW together with adjuvant therapies may produce effective therapeutic options to prevent DFI and 
its recurrence. 
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Figure 1. Biofilm-related diabetic foot infection. Wound healing goes through the stages of haemostasis (1), 
inflammation (2), proliferation (3) and remodelling (4). For chronic wounds like diabetic foot ulcer wounds do 
not progress from the inflammatory phase and remain open and inflamed for a prolonged period. The onset of 
infection (2a) prevails due to factors such as suboptimal or poor hygiene and wound care, elevated pH, 
immunological factors and patient lifestyle which accommodate bacteria (e.g., methicillin-resistant 
Staphylococcus aureus) attachment and proliferation at the wound surface. (2b) Multiple other microorganisms 
(e.g., E. coli, P. aeruginosa) can form nascent polymicrobial biofilms through quorum sensing to prevent high 
drug concentrations reaching the residing cells and acquiring resistance genes through horizontal gene transfer, 
thereby progressing the infection. (2c) Eventually, polymicrobial biofilms mature, wound healing fails, infection 
infiltrates deeper into the blood (bacteraemia/sepsis) and/or bones (osteomyelitis), which can lead to lower- 
extremity amputation and eventually death. Created in BioRender (https://BioRender.com). 

3. Plasma-Activated Water Generation and Physicochemical Properties 

Cold plasma is generated by applying an electric field to a gas, such as air, N2, O2, He or Ar, or 
a pure gas spiked with O2 or air, at atmospheric pressure (Woedtke et al. 2022; Tendero et al. 2006). 
The specific method is dependent on the desired RONS formed, the application requirements, and 
device design (Hadinoto et al. 2023). As such, cold plasma devices may adjust parameters such as 
voltage, frequency, operating gas, gas flow rate, and treatment duration to optimize plasma 
generation and treatment outcomes (Laroque et al. 2022). Cold plasma generates RONS in PAW, 
including short-lived species like hydroxyl radicals (OH•), superoxide (O2•), nitric oxide (NO•), 
singlet oxygen (1O2) and peroxynitrite (OONO-), and long-lived species like hydrogen peroxide 
(H2O2), ozone (O3) and nitrate/nitrate ions (NO2-/NO3-) which influence the pH, conductivity and 
oxidation-reduction potential (ORP) of PAW (Chauvin et al. 2017; de Jager et al. 2017; Borkar et al. 
2023; Pandey et al. 2023; Rahman et al. 2022). However, spiking noble gases with other molecular 
gases (e.g., O2, N2, air) can result in increased production of ROS compared with RNS (Lietz and 
Kushner 2018). Analogous to cold plasma, the choice of method (i.e., direct, or indirect) for generating 
PAW also depends on factors such as the desired chemical properties of PAW and specific application 
requirements (Mirpour et al. 2020; Bradu et al. 2020; Jungbauer et al. 2021). In the direct method, the 
cold plasma plume is discharged straight into water, whereas the indirect method generates reactive 
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species in the gas phase, which subsequently dissolve into the liquid or react at the gas-liquid 
interphase to create PAW (Milhan et al. 2022).  

Cold plasma devices typically utilize one of several methods to generate plasma, including 
dielectric barrier discharge (DBD), corona discharge, plasma jet, gliding arc, microwave, and 
piezoelectric direct discharge (PDD) (Dasan et al. 2017; Šimončicová et al. 2019; Korzec et al. 2021; 
Bae et al. 2022; T. M. Khan et al. 2023). Using DBD to generate PAW uses a high voltage alternating 
current, passes between two electrodes, separated by a dielectric barrier (Figure 2a). During PAW 
production, water itself is a dielectric medium and so acts as the dielectric barrier for producing PAW 
(Wang et al. 2022; Dhakal et al. 2023). Corona discharge involves applying a high-voltage electric field 
to a fine-tipped point of an electrode, creating an electrically conductive region of air around the 
electrode tip that becomes ionised and interacts with the water (Figure 2b) (Korachi et al. 2010; Lazra 
et al. 2020). Plasma jets generate plasma using gas flowing through a nozzle with high-voltage 
electrodes and typically utilize one of the aforementioned cold plasma generator designs to ionize a 
gas under high flow rate through a narrow channel to propel the cold plasma discharge into the liquid 
(Bae et al. 2022; Rupf et al. 2010). The plasma jet can be submerged or directed onto the surface of the 
water to create PAW (Figure 2c). The gliding arc method involves creating a high-voltage electric arc 
that slides along a pair of diverging electrodes. The arc ‘glides’ from the narrowest to the widest parts 
of the electrodes, ionizing the gas to plasma to create PAW (Figure 2d) (Elaragi 2015; Marcinauskas 
et al. 2024). An operating gas can also be introduced into a microwave cavity resonator that produces 
microwave radiation to generate cold plasma directly in contact with water or above the water 
surface (Figure 2e) (Lebedev 2010; Mallick et al. 2020). The PDD is a newer type of atmospheric 
pressure cold plasma discharge that uses a piezoelectric material to produce high voltage when 
mechanically stressed with pressure or vibration, creating an electric discharge that ionizes the 
surrounding gas or directly ionizes the water to form PAW (Figure 2f) (Korzec et al. 2021).  

Depending on the conditions used in PAW generation, different physicochemical characteristics 
can be observed. The RONS composition and concentrations in PAW depend on the cold plasma 
design, gas feed composition, gas flow rate, power, voltage, exposure time and liquid volume 
(Rotondo et al. 2025). The RONS reduces the pH and increases the ORP and conductivity of the water 
(Zhao et al. 2020). The combined effects of acidic pH, high conductivity and elevated ORP make PAW 
a potent antimicrobial and oxidative agent (Guo et al. 2022). Once generated, PAW can be stored 
before use, with its stability depending on factors such as storage temperature, exposure to light, 
degree of cold plasma activation and the intended end-use ((Risa Vaka et al. 2019; Shen et al. 2016; 
Smet et al. 2019; Tsoukou et al. 2020). 
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Figure 2. Representative images of plasma-activated water generating devices and their components with no 
exception to plasma jet (a), corona discharge (b), gliding arc (c), piezoelectric direct discharge (d), dielectric 
discharge barrier (e), microwave (f). 

4. Applications of Plasma-Activated Water 

PAW can be generally applied for medical surface or equipment disinfection and sanitization 
(Soni et al. 2021; Park et al. 2017; Bălan et al. 2018; Sakudo et al. 2019), as demonstrated by the potent 
antimicrobial/antibiofilm activity against a wide range of infectious pathogens (Abdo et al. 2023; Lin 
et al. 2020; Darmanin et al. 2020; Lee et al. 2022; Rahman et al. 2022; Abdo et al. 2025). The mechanism 
of action involves disrupting microbial cell membranes, inhibiting enzyme activity, impairing QS, 
preventing or disrupting biofilm formation, and inducing oxidative stress, which together lead to 
microbial inactivation or cell death (Zhang et al. 2013; Royintarat et al. 2019; Zhang et al. 2024). PAW 
also shows promise as a disinfectant for medical equipment (e.g. endoscopes, dental waterlines) and 
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surfaces (Lee et al. 2023; Bălan et al. 2018; Abuzairi et al. 2018; Noopan et al. 2019). It may also be 
useful for oral hygiene (Milhan et al. 2022; Qiao et al. 2022), and disinfection and irrigation of wounds 
(Xu et al. 2020; Busco et al. 2020; Wang et al. 2021; Fink et al. 2023).  

The prospect to combine antimicrobial properties, immune activation and tissue regeneration 
potencies of PAW may enhance wound healing outcomes. This makes PAW a potentially valuable 
preliminary treatment or adjuvant to the current therapeutic arsenal for DFU. There is ongoing in 
vitro and in vivo research that continue to refine PAW generation, application, and efficacy by 
exploring the optimal chemical conditions against biofilm-infected wounds, and its long-term safety 
and effectiveness in wound care. Currently, a world-first Phase I clinical trial 
(ACTRN12625000902493) using PAW as a dual-action wound cleanser is currently underway, aiming 
to validate its effectiveness in simultaneously reducing microbial burden and accelerating healing. 

4.1. Plasma-Activated Water Antibiofilm Efficacy in Diabetes-Related Foot Infections  

PAW is garnering interest particularly in treating chronic and hard-to-heal wounds like DFU 
due to broad spectrum antimicrobial activity and the ability to enhance various aspects of the wound 
healing process (Lee et al. 2023; Abdo et al. 2025; Wang et al. 2021; Shen et al. 2016). RONS produced 
in PAW have a diverse role in disrupting biofilm formation to help prevent and treat wound infection 
(Figure 3).  

The composition of PAW has been reported in various studies to impede biofilms of several 
microorganisms in vitro (e.g., E. coli, P. aeruginosa, and MRSA) that are relevant to chronic wound 
infections like DFU (Pereira et al. 2017; Wu et al. 2019; Su et al. 2022). This ‘cocktail’ of reactive species 
in PAW can disrupt biofilms by penetrating the biofilm matrix and inducing oxidative stress in 
microbial cells, resulting in damage to cell membranes, proteins, and DNA and eventually cell death 
(Charoux et al. 2020; Fasnacht and Polacek 2021). Some studies also demonstrated that cold plasma 
solutions can disrupt early stages of biofilm formation, by downregulating genes involved in 
bacterial motility and adherence (Joshi et al. 2010; 2015; Han et al. 2016). This broad-spectrum activity 
of the components of PAW is also beneficial in treating polymicrobial biofilms because they can 
interrupt QS between microbial cells (Cáp et al. 2012; Ali et al. 2023). Moreover, the interplay between 
ROS, RNS and water can further result in the generation of acids and oxidants such as nitric acid 
(HNO3), peroxynitrous acid (ONOOH) and hydrogen peroxide (H2O2), respectively, which are 
responsible for the pH decrease of water (Lukes et al. 2014; Tibbits et al. 2022). PAW has low pH, and 
chronic wounds are reported to have a relatively alkaline environment (Sim et al. 2022). As such, an 
acidic environment rather promotes the healing process and inhibits many skin pathogenic microbes 
(Qi et al. 2018; Wallace et al. 2019; Derwin et al. 2022; Sim et al. 2022). Despite its acidity, PAW can be 
made safe for application on the skin (Abdo et al. 2025; Wang et al. 2021). H2O2 can degrade the 
extracellular polymeric substances that constitute the biofilm matrix (Noh et al. 2020), making the 
biofilm structure more permeable and easier to eradicate within biofilms (Tibbits et al. 2022). H2O2 

also causes oxidative stress by generating additional ROS within the cells, leading to protein 
denaturation, lipid peroxidation, and DNA strand breaks (Cadet and Wagner 2013; Ransy et al. 2020). 
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Figure 3. Application of plasma-activated water (PAW) in wound healing. PAW treatment exposes microbes to 
reactive oxygen and nitrogen species, that have antibiofilm and antimicrobial effects, interrupting quorum 
sensing, decreasing pH, encouraging angiogenesis and killing planktonic cells to prevent new colonization of 
wounds. By chemically disrupting biofilms, PAW may help reduce the reliance on antibiotics. Direct application 
of PAW to the wound site, such as soaking or dressing wounds with PAW, may diminish and ultimately 
eliminate microbial biofilms to maintain a biofilm-free environment (Sen et al. 2021). Created in BioRender 
(https://BioRender.com). 

4.2. Cellular Effects of Plasma-Activated Water-Derived Reactive Species 

Physiological RONS have a direct and active role in promoting cell survival, proliferation and 
migration of epithelial cells like keratinocytes to promote wound healing (Abdo and Kopecki 2024). 
In addition to its antibiofilm properties, PAW-derived RONS play crucial roles in cellular signalling 
pathways, influencing processes such as cell migration, proliferation, self-killing (apoptosis), self-
eating (autophagy) and the release of growth factors and both pro- and anti-inflammatory 
cytokines/chemokines (Hsieh and Yang 2013; Bekeschus et al. 2016; Redza-Dutordoir and Averill-
Bates 2016; Zarkovic 2020; Checa and Aran 2020). RONS can enhance collagen synthesis, and the 
proliferation and migration of major cell types (i.e., keratinocytes and fibroblasts) involved in wound 
healing tissue repair/regeneration (Wende et al. 2014; Schmidt et al. 2017; Bhartiya et al. 2021; 
Khorsandi et al. 2022). For instance, a study by Wende et al. (2014) using direct cold plasma therapy 
on keratinocytes found that DNA oxidation occurred, which subsequently promoted cell 
proliferation. The study demonstrated that longer treatment times led to more pronounced effects 
such as cell cycle arrest and greater extent of apoptosis. Inversely, shorter treatment times caused no 
detectable damage, as low doses of ROS were well tolerated by the cells, with no apparent effects 
after 24 hours (Wende et al. 2014). Although these findings were observed with direct cold plasma 
therapy, PAW exhibits a comparable RONS chemistry to cold plasma and may elicit similar 
responses. 

Similarly, Schmidt et al. (2017) showed that lower cold plasma exposure led to restoration of 
cells and tissues as compared to longer cold plasma exposure that resulted in apoptosis. This was 
confirmed by identification of several proteins and growth factors by proteomics, including the 
upregulation of angio-associated migratory cell protein, a key driver of increased skin cell motility 
(Schmidt et al. 2017). Bhartiya et al. (2021) confirmed that lower cold plasma exposure is fitting for 
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epithelial skin cell motility and proliferation and stimulates expression and upregulation of 
important genes involved in cell migration for skin repair.  

The skin defends itself against redox-active elements (e.g., UV, ionizing radiation) that can 
induce DNA damage directly or stimulate intracellular reactive species generation. However, 
supratherapeutic exposure to cold plasma could modify or destroy the structure and function of 
lipids, proteins and DNA that can disrupt cell signaling pathways (Xu et al. 2017). As a result, 
downstream signaling cascades are triggered, leading to altered cytokine release and aggravating 
inflammatory skin diseases, as well as the development of non-healing wounds (Khorsandi et al. 
2022; Xu et al. 2017). For instance, chronic wounds like DFU exhibit impaired phosphatidylinositol 3-
kinase/protein kinase B (PI3K/Akt) signaling (an important, redox-sensitive intracellular signaling 
pathway with diverse regulatory functions in cell survival, angiogenesis, and tumorigenic processes 
(Kasowanjete et al. 2024), resulting in reduced cell survival and growth factor release that would 
otherwise stimulate wound healing (Jere et al. 2019). Plasma-activated media (PAM; cell media 
exposed to cold plasma with similar chemical properties to PAW) was shown to promote 
PI3K/Akt/mTOR cell signaling in keratinocytes in vitro (Wu et al. 2023), while direct cold plasma 
exposure promoted Akt activity in vivo (Zhu et al. 2025). Furthermore, PAM led to elevated Akt 
expression and phosphorylation (activation), with reduced p53 (master tumor suppressor protein 
that modulates cell cycle and initiates caspase-dependent apoptosis (Aubrey et al. 2018) activity to 
promote survival of skin-derived mesothelial cells (Holl et al. 2022). As a result, Akt promotes cyclin 
D expression to tilt cell cycle to G1/S (proliferative) phase (Hwang et al. 2021) and could be a factor 
that facilitates epithelial and mesothelial cell proliferation to close non-healing wounds. 

Other cell signaling pathways, such as the nuclear factor erythroid-2 related factor 2 (Nrf2), 
mitogen-activated protein kinase (MAPK) and the unfolded protein response (UPR) pathways could 
also play a role in wound healing stimulated by PAW, as has been the case with direct cold plasma 
therapy (recently reviewed in (Abdo and Kopecki 2024). Particularly, the redox-sensitive Nrf2 and 
UPR have been shown to be the most enriched signaling pathways induced in epithelial cells in 
response to cold plasma exposure, promoting survival by inhibiting apoptosis (Scharf et al. 2019). 
The Nrf2 pathway activates the antioxidant response element (ARE) encodes a plethora of 
antioxidant enzymes to protect cells for oxidative stress, while the UPR, in response to endoplasmic 
reticulum stress, expresses chaperones that repair protein misfolding from oxidative stress (Suzuki 
and Yamamoto 2015; Liu et al. 2022; Hetz 2012). These pro-survival pathways in epithelial cells could 
help build an adaptive response to oxidative stress in the chronic wounds and possibly transition 
them to acute wounds that heal. Unfortunately, a similar analysis of cell signaling pathways involved 
in PAW therapy for wound healing is yet to be reported and is an open avenue for research. 

These studies highlight the potential use of cold plasma treatment for medical applications, 
particularly in modulating cell growth (Bekeschus et al. 2016), migration (Arndt et al. 2015), 
inflammation (Bekeschus et al. 2021) and repairing tissue (Brun et al. 2014). This depends on the level 
of exposure, as excessive RONS exposure can induce various oxidative stress stimuli resulting in 
cellular dysfunction, trigger apoptotic effects, and promote excessive leukocyte/neutrophil 
transmigration into inflamed areas by upregulating the expression of cell adhesion molecules (Wende 
et al. 2014; Khorsandi et al. 2022; Xu et al. 2017; Hasse et al. 2016). 

4.3. Wound Healing Studies of Plasma-Activated Water 

To date, only a few studies have explored the general application of PAW in wound healing and 
the treatment of wound infections (Xu et al. 2020; Lee et al. 2023; Vyas et al. 2023; Abdo et al. 2025; 
Wang et al. 2021), which are summarized in Table 1. In a study by Xu et al. (2020), PAW produced by 
a DBD device eradicated common wound infection pathogens (P. aeruginosa, E. coli, S. aureus and S. 
paratyphi-B) in vitro and significantly accelerated wound healing compared to the vehicle control 
group in a mouse model with full-thickness skin wounds. By day 17, wounds in the PAW-treated 
group were fully healed, whereas those in the control group reached approximately 80% wound 
closure (Xu et al. 2020). Furthermore, histological analysis revealed that wounds treated with PAW 
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had fewer inflammatory cells, suggesting reduced infection and inflammation, thus aiding in wound 
healing (Xu et al. 2020). Additionally, DNA sequencing of wound bacteria showed that PAW 
significantly reduced bacterial abundance. The authors also tested wound healing potency in a mouse 
model with PAW generated using a portable surface discharge plasma device compared to vehicle 
control (water) and medical alcohol-treated groups (Wang et al. 2021). PAW significantly accelerated 
wound closure as compared to both the alcohol-treated and control groups, reaching wound closure 
approximately 4 – 5 days faster than the control and comparison groups (Wang et al. 2021). This was 
linked to PAW promoting the expression of pro-inflammatory (IL-1β, IL-6) and anti-inflammatory 
(IL-10) cytokines and vascular endothelial growth factor (VEGF), leading to faster blood vessel 
formation and wound recovery to enhance wound healing (Wang et al. 2021). Finally, both studies 
showed no significant adverse effects in the internal organs such as the heart, liver, spleen, lung and 
kidney, or blood biochemical markers of the treated mice (Wang et al. 2021; Xu et al. 2017). 

Table 1. Overview of PAW as an antibiofilm and/or antimicrobial agent in wound healing studies. 

 

Vyas et al. (2023) researched the potential use of PAW as a pre-treatment for biofilm infected 
wounds in vitro (Vyas et al. 2023). It was demonstrated that PAW can significantly enhance the 
effectiveness of topical antiseptics povidone-iodine (PI), polyhexamethylene biguanide (PHMB) and 
medical-grade manuka honey, against E. coli biofilms (Vyas et al. 2023), which are notoriously 
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difficult to eradicate in chronic wounds. PAW alone also exhibited bactericidal activity on both plastic 
and keratinocyte monolayers but demonstrated substantially more biofilm-eradicating power when 
combined with the other antiseptics, reducing the effective biofilm-killing concentration of these 
agents. Interestingly, scavenging of PAW-derived ROS (O2•-, O3, •OH) during PAW production 
almost completely abolished its antibiofilm activity against E. coli (Vyas et al. 2023). However, it 
remains unclear whether this finding diminishes the role of RNS, since their formation depends on 
the generation of precursory O2•-, •OH and O3 (Mai-Prochnow et al. 2021). Overall, PAW’s antibiofilm 
efficacy appears to be primarily driven by RONS-induced oxidative stress, which leads to rapid outer 
membrane permeability, depolarization, and ultimately cell death. Additionally, PAW exposure 
caused notable morphological changes in biofilm cells, including membrane blebbing and flattening, 
indicating severe membrane disruption (Vyas et al. 2023).  

Another study assessed the effects of PAW produced by a microwave-generated low-pressure 
plasma system on skin cell migration and wound healing in vitro and in vivo (Lee et al. 2023). PAW 
treatment enhanced keratinocyte and fibroblast migration without harming cell viability, while 
increasing metalloproteinase-2 activity involved in tissue remodeling in vitro. PAW also boosted 
integrin β-subunits expression, and phosphorylation of FAK and paxillin proteins, which promoted 
cytoskeletal reorganization and cell migration of the skin cells (Lee et al. 2023). These cellular 
responses to PAW were completely ablated by preloading cells with the ROS-scavenger N-
acetylcysteine, indicating that intracellular ROS generated by mitochondria and NADPH oxidase 
were involved (Lee et al. 2023). Additionally, PAW treatment also accelerated wound healing by 
enhancing epithelial regeneration and integrin-dependent signaling pathways related to cell 
adhesion and migration in vivo in rats (Lee et al. 2023). 

Another study has investigated both the antimicrobial activity and effects of wound healing of 
PAW in a wound infection model in vivo (Abdo et al. 2025). Balb/c mice with partial-thickness scald 
wounds were infected with bioluminescent MRSA and allowed to form a biofilm over 24 hours, 
before applying twice-daily PAW or vehicle (water) treatment for 7 days with continuous daily 
infection monitoring by bioluminescence (Abdo et al. 2025). PAW significantly reduced bacterial 
infection from day 4–7, with biofilm bacteria count at day 8 finding a 1.33 log10 (CFU/g) reduction 
compared to vehicle treatment (Abdo et al. 2025). Macroscopic wound healing rates did not differ 
significantly between PAW and control groups, however, histological analysis showed significantly 
greater re-epithelialization in PAW-treated wounds compared to vehicle (Abdo et al. 2025). These 
results indicate that PAW is not only antimicrobial and biocompatible but also capable of promoting 
wound healing. In contrast, most wound antiseptic solutions currently in clinical use impair healing 
and are therefore not recommended for chronic wounds (Norman et al. 2017; Wilkins and 
Unverdorben 2013), highlighting PAW’s potential advantages over conventional antiseptics.  

Overall, the studies above conclude that PAW is a promising, effective, and safe approach for 
promoting wound healing, with no reported side effects and a lower risk of driving antimicrobial 
resistance. However, PAW’s efficacy in treating chronic wounds like DFU/DFI are to be elucidated in 
clinical trials. Beyond DFU, PAW shows potential for broader application in chronic wounds, 
including burns, pressure ulcers and venous leg ulcers, where biofilm formation commonly obstructs 
healing (Bekeschus et al. 2021; Versey et al. 2021; Oliver et al. 2024). Moreover, PAW could reduce 
postoperative complications by serving as a prophylactic agent against surgical site infections. 
Preliminary evidence supports its value as an adjunct therapy, particularly for chronic wounds 
unresponsive to conventional treatments (Abu Rached et al. 2023). Importantly, a first-in-human 
Phase I clinical trial (ACTRN12625000902493) is about to commence, evaluating PAW as a dual-action 
wound cleanser for diabetic foot ulcers in comparison with standard-of-care treatments, aiming both 
to destroy bacteria and to accelerate wound healing. Further clinical trials are needed to confirm 
safety and efficacy of PAW, determine long-term adverse effects, establish standardized treatment 
protocols and validate the benefits of PAW across diverse patient populations. 
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Together, this growing body of evidence underscores the translational potential of PAW, 
advancing it from an experimental plasma-derived liquid towards a clinically validated therapy for 
biofilm-associated chronic wounds. 

4.4. Integrating Plasma-Activated Water into Wound Management Protocol 

The International Working Group on Diabetic Foot (IWGDF) publishes evidence-based 
guidelines for the diagnosis and treatment of DFI (Senneville et al. 2024; Schaper et al. 2024). In these 
current guidelines (updates 2023), prophylactic use of systemic or local antibiotics, topical antiseptics 
(including silver, honey, bacteriophages or negative pressure wound therapy), and topical 
application of antibiotics at the site of infection is not recommended (Recommendation 11, 23 and 24, 
respectively). Therefore, there are limited non-surgical strategies clinicians are recommended to 
perform to complement the surgical debridement of wounds. The overarching rationale of these 
recommendations is based on low quality of evidence, high risk of bias, and that most topical 
treatments either do not benefit or impede wound healing (Senneville et al. 2024). As a result, the 
IWGDF conclude that a key area of concern for the management of wound healing is the potential of 
topical antimicrobial administration to limit the use of systemic antibiotics (Senneville et al. 2024). 

PAW could potentially benefit patients with DFU by promoting wound healing, as we discussed 
in Section 4.3. Additionally, PAW as a wound healing solution could also act pleiotropically in this 
use to help prevent infection in non-infected DFU due to its potent antimicrobial properties. This 
could also help limit reliance on systemic antibiotic use to address the IWGDF concern of systematic 
antibiotic risks of adverse effects, associated costs and propagation of antimicrobial resistance. 
Currently, all evidence of PAW therapy for wound healing are in cell and animal models; the efficacy 
of PAW in treating DFI and in healing DFU has not been reported in clinical trial but are starting 
(ACTRN12625000902493). 

5. Limitations in PAW Applications 

To date, animal studies of PAW in wound healing have primarily focused on acute wounds, 
which are predisposed to heal spontaneously and therefore do not address whether PAW can initiate 
healing in chronic wounds. Additionally, acute wound models fail to accurately reproduce the 
immunological and pathological profiles of non-healing wounds. Only a limited number of animal 
models adequately mimic human non-healing wounds such as DFU. Among these, the db/db mouse 
strain, carrying a mutation in the leptin receptor gene that causes hyperphagia, obesity, 
hyperglycemia and pancreatic β cell atrophy in C57BLKS/J mice, closely mimics diabetes (Saeed and 
Martins-Green 2024). C57BLKS/J db/db mice also exhibit significantly reduced wound 
revascularization and re-epithelialization, resulting in delayed wound closure of approximately 4 
weeks compared to 10 days in wild-type controls, thereby providing at least a partial model of 
chronic, non-healing wounds (Michaels et al. 2007).  

Pig models are considered the most suitable animal models for human wounds due to high 
similarity in skin morphology, immune response and wound healing processes (Summerfield et al. 
2015; Al-Deen Said et al. 2022). Hence, pig models of chronic wounds, including infected wounds, 
have been explored (Roy et al. 2009; 2014; Nowak et al. 2021). These models produce slow-healing 
wounds that more closely replicate the characteristics of human non-healing wounds, including those 
associated with diabetes, and could therefore be valuable for testing the efficacy of PAW in chronic 
wound treatment. However, large animal models require specialized facilities, are costly and are not 
widely accessible, underscoring the need for more practical and affordable models to fill this gap. 

Despite its promising properties, the practical implementation of PAW faces challenges related 
to scalability, stability, shelf-life and safety. Variability in the generation and composition of PAW 
can affect its consistency and reliability. More research is needed to fully understand the mechanisms 
through which PAW exerts its effects on wound healing (Abdo and Kopecki 2024; Konchekov et al. 
2023). Although PAW is generally considered safe for human cells at certain exposure times or 
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frequency, excessive levels of RONS can be cytotoxic and may damage healthy tissues if not carefully 
controlled (Abdo and Kopecki 2024; Balzer et al. 2015; Girard et al. 2016). Hence, wound treatment 
with PAW will be acute and intermittent. Additionally, since PAW is a surface disinfectant, it may 
not be able to penetrate into deeper tissues to clear deep tissues or bone infections. However, it may 
have bystander effects on surrounding tissues by regulating inflammatory responses which will help 
create a more favorable healing environment around the wound. Moreover, while the general 
antimicrobial mechanisms of PAW are known, the specific interactions between RONS and different 
types of pathogens at the molecular level are not fully understood, potentially hindering optimization 
and safe translation of PAW into clinical practice. Despite PAW treatment alone being likely limited 
in cases of advanced infection, the favorable safety profile of PAW also makes it useful as a 
prophylactic treatment in preventing infection without damaging wounded or surrounding healthy 
tissue. Accordingly, PAW should not be viewed as a stand-alone antimicrobial solution; rather, it 
represents a valuable addition to the clinician’s toolbox, complementing rather than replacing 
established wound care and infection management strategies. 

6. Concluding Remarks 

PAW is a promising tool for chronic wound management, offering broad-spectrum 
antimicrobial activity with a reduced risk of resistance development compared to conventional 
antibiotics. Its dual ability to control infection while modulating inflammation and promoting tissue 
regeneration positions PAW as a valuable adjunct to existing antimicrobial therapies and wound 
dressings. The synergistic effects of PAW also highlight its potential for managing and treating other 
wound types, including burns and surgical wounds. To realize this potential, further research is 
needed to optimize treatment protocols and conduct rigorous clinical trials that confirm efficacy and 
safety across diverse clinical settings. Part of clinical trials will also be to identify the best 
concentrations, preparations, and methods of PAW application, which is another gap in existing 
studies. In parallel, long-term safety studies will be critical to establish PAW’s suitability for 
widespread adoption in healthcare. 
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Abbreviations 
AgNPs Silver nanoparticles 
APPJ Atmospheric pressure plasma jet 
ARE Antioxidant response element 
DBD Dielectric barrier discharge 
DFI Diabetes-related wounds infection 
DFU Diabetes-related foot ulcers 
LEA Lower extremity amputation 
MAPK Mitogen-activated protein kinase 
MDR Multidrug resistance 
MRSA Methicillin-resistant Staphylococcus aureus 
Nrf2 Nuclear factor erythroid-2 related factor 2 
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PAD Peripheral artery disease 
PAW Plasma-activated water 
PDD Piezoelectric electric discharge 
PI3K/Akt Phosphatidylinositol 3-kinase/protein kinase B 
QS Quorum sensing 
RNS Reactive nitrogen species 
RONS Reactive oxygen and nitrogen species 
ROS Reactive oxygen species 
UPR Unfolded protein response 
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