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Abstract

Objective: This study aimed to evaluate the effectiveness of PAW in inhibiting and eliminating four major
pathogenic bacterial species: Pseudomonas, Salmonella, Escherichia coli, and Staphylococcus aureus.
Materials and methods: Plasma-activated water (PAW) was generated using a dielectric barrier
discharge (DBD) cold plasma device (10 kV, 20 kHz, 4.5 L/min airflow). Two-pipette electrodes
generated plasma columns with reactive species. Water hardness, pH, and ozone were measured in
triplicate. Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, and Salmonella spp. were
cultured, suspended to 0.5 McFarland, diluted serially, and cultured using the pour plate method.
Plasma-generating electrodes were immersed in bacterial suspensions and treated for 2.5, 5, 10, and
15 minutes. Samples were cultured in triplicate using the pour plate method and colony counts were
analyzed using t-tests and ANOVA.

Results: Plasma-activated water (PAW) significantly altered pH and hardness and exhibited high
bactericidal activity. Hardness increased dramatically post-plasma, while pH decreased. Ozone levels
increased with plasma exposure. Duncan’s test (p < 0.05) confirmed significant bacterial reduction. PAW
completely eliminated some strains within 2.5-5 minutes. PAW eliminated Pseudomonas aeruginosa at
all time points. S. aureus was reduced to 78 + 9 CFU/mL at 2.5 minutes and eliminated thereafter.
E. coli was eliminated at 5-15 minutes, with 53 + 7 CFU/mL remaining at 2.5 minutes. Salmonella spp.
was reduced to 66 + 8 CFU/mL at 2.5 minutes and eliminated thereafter.

Conclusion: Increased ozone concentration along with ROS and RNS enhances disinfection, inactivating
Pseudomonas aeruginosa, Salmonella spp., Escherichia coli, and Staphylococcus aureus within 5 minutes.
Reactive species disrupt bacterial cell walls and membranes, providing antimicrobial effects. Plasma-
activated water offers a portable, user-friendly, and eco-friendly alternative to chemical disinfectants for
microbial decontamination in food, medical, sanitation, and hospital settings, while conserving water.
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Introduction Plasma, often referred to as the fourth state of matter,

is an ionized, quasi-neutral gas composed of free
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differentiate it from the other three states of matter
(solid, liquid, and gas) (1-3).

Atmospheric cold plasma (ACP) is a type of
low-temperature plasma generated at atmospheric
pressure. Due to the presence of reactive species and
its non-thermal nature, it has found wide applications
in medicine and biotechnology without causing
thermal damage to biological tissues. Recent studies
suggest ACP is effective in surface sterilization,
wound healing acceleration, treatment of skin
infections, and even combating cancer cells,
highlighting its potential in managing inflammatory
and infectious skin diseases (4).

Various methods exist for generating cold plasma,
with dielectric barrier discharge (DBD) being one of
the most common. This technique involves applying
high-frequency alternating voltage across two
conductive electrodes separated by a dielectric
barrier, creating microdischarges that produce diverse
reactive chemical species. These species play a
significant role in enhancing chemical processes and
controlling reactions (5, 6).

Plasma-activated water (PAW) refers to water that
has been exposed to a plasma field, leading to
modifications in its chemical properties. This process
generates reactive oxygen and nitrogen species
(RONS), electrons, ions, and ultraviolet radiation (7).
These components contribute to PAW’s disinfectant
properties by lowering pH, increasing oxidation-
reduction potential (ORP), and disrupting microbial
cell structures. PAW has demonstrated strong
antimicrobial activity against pathogens such as E.
coli and S. aureus. Owing to its high biocompatibility
and safety, PAW is increasingly applied in the food
industry, agriculture, and medical fields (8-10).

The bacterial species investigated in this study are
highly pathogenic and represent serious public health
threats. Escherichia coli is one of the most significant
human pathogens transmitted via contaminated water,
food, or contact with animals. While it naturally
resides in the intestines of humans and animals,
pathogenic strains can cause severe diarrhea, urinary
tract infections, and, in extreme cases, kidney failure,
especially in children and the elderly (11, 12).
Staphylococcus aureus is a major cause of hospital-
acquired infections and antibiotic resistance.
Commonly found on the skin, in the nose, throat, and
gastrointestinal tract, it is responsible for conditions
ranging from skin infections like impetigo and boils
to more serious diseases such as pneumonia (13, 14).
Pseudomonas species are frequently found in hospital
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environments, soil, and water, and can cause severe
infections in immunocompromised individuals (15).
Salmonella is a leading cause of foodborne illnesses
and gastrointestinal infections, often transmitted
through the ingestion of food or water contaminated
with animal or human feces. Infections may result in
diarrhea, fever, and abdominal pain, with increased
severity in children, the elderly, and
immunocompromised individuals (16, 17).

In this study, the effects of DBD-generated
plasma-activated water were evaluated against four
common  pathogenic  bacteria:  Pseudomonas,
Salmonella, E. coli, and S. aureus. These bacteria are
among the primary causative agents of
gastrointestinal and systemic infections in humans,
commonly transmitted through ingestion of
contaminated food, particularly raw vegetables. Each
bacterium was initially cultured on an appropriate
growth medium and subsequently treated with PAW.
The effectiveness of PAW in microbial inactivation
was systematically assessed.

Materials and methods

In this study, plasma-activated water (PAW) was
generated using a dielectric barrier discharge (DBD)
cold plasma device powered by an alternating
high-voltage source (10 kV, 20 kHz), coupled with an
aquarium air pump operating at a flow rate of
4.5 L/min. The system comprised two pipettes, each
containing an electrode connected to the high-voltage
power supply via conductive wires. Each pipette was
independently connected to an air inlet to allow for
consistent gas flow. Upon activation of the power
supply, plasma columns were formed inside the
pipettes, initiating microdischarges that led to the
formation of reactive species and free radicals in the
water. Figure 1 illustrates a schematic representation
of the plasma generation system and the formation of
plasma columns within the pipettes.

To monitor the physicochemical changes in water
following plasma treatment, total water hardness, pH,
and ozone concentration were measured using the
TDS-3 SMART handheld hardness meter, NP-345
digital pH meter, and Vaheb ozone test Kkit,
respectively. Each measurement was conducted in
triplicate to reduce variability and enhance the
reliability of results, with the mean values reported.

Following water parameter assessments, the
standard strains of Staphylococcus aureus (ATCC
29213), Escherichia coli (ATCC  25922),
Pseudomonas aeruginosa (ATCC 27853), and
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clinical isolates of Salmonella spp. were cultured on
nutrient agar and incubated at 37°C for 24 hours.

Steel Air entry

Pipette Pipette]

Erlen

~DBD plazsma
microdischarg
\ es

Water

Figure 1: Schematic diagram of the experimental
setup (right): plasma column formation within pipettes
connected to the air pump (left)

Post-incubation, bacterial colonies  were
suspended in 5 mL of sterile physiological saline to
achieve turbidity equivalent to 0.5 McFarland
standard. Figure 2 presents an example of the
bacterial dilution process.

Figure 2: Example of bacterial suspension and
dilution preparation

Next, 500 mL of physiological saline was poured
into a graduated cylinder, and 100 pL of the prepared
bacterial suspension (0.5 McFarland) was added. To
determine the initial bacterial load, serial ten-fold
dilutions (1:10) were prepared. From each dilution,
1 mL was mixed with 9 mL of molten nutrient agar
(approximately 45°C) and cultured using the pour
plate method. The inoculated plates were allowed to
solidify and then incubated at 37°C for 24 hours.
Figure 3 shows the sampling and culturing process.
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Figure 3: Sampling of bacterial suspensions (riht)
and inoculation of culture media using the pour plate
technique (left)

Following sample preparation, the plasma-
generating electrodes were immersed directly into the
bacterial suspension inside the graduated cylinder,
and the suspension was treated for 2.5, 5, 10, and
15 minutes. At each time point, samples were
withdrawn and cultured separately using the pour
plate method. Each time point was tested in triplicate
to ensure the accuracy and reproducibility of the data.
Figure 4 displays the bacterial dilution steps. All
colony counts were conducted via the pour plate
technique and statistically analyzed using t-tests and
one-way ANOVA.

Figure 4: Serial dilution of bacterial suspensions: a)
Escherichia coli, b) Staphylococcus aureus, c)
Pseudomonas aeruginosa, d) Salmonella spp

Vol. 19, No. 3, September 2025 169



Mazandarani et al.

Results

Water Parameters: Initially, the total hardness and
pH of the water were measured for both the control
sample and plasma-treated water. To reduce
measurement error, all readings were repeated three
times, and the mean values were recorded. According
to Figure 5 and Table 1, the total hardness of the
control sample (after addition of physiological saline)
was 347 ppm. After plasma treatment for 2.5, 5, 10,
and 15 minutes, the average total hardness increased
to 4545.3 ppm, 5911 ppm, 7159.6 ppm, and 7934
ppm, respectively.

The pH of the control sample was measured at
7.15, which decreased following plasma treatment to
average values of 5.3, 4.21, 3.28, and 2.48 for the
respective time points. Ozone concentration in the
untreated control was 0 mg/L. After plasma exposure
for 2.5, 5, 10, and 15 minutes, the average ozone
levels increased to 0.53 mg/L, 0.93 mg/L, 1.17 mg/L,
and 1.23 mg/L, respectively. These observations are
consistent with findings from previous studies (18).

—@— TDS (ppm) pH
9000

8000
7000
6000 8
5000
4000
3000
2000
1000
0

[
o [l N w B g o ~ o]

0 5 10 .15 20
Plasma Treatment Time (min)

Figure 5: Changes in pH and total hardness of water
as a function of plasma treatment time

Bacterial Enumeration: Following the culturing
of both control and treated samples, no atypical
microbial colonies were observed, and further
identification tests were deemed unnecessary.
Statistical comparison using Duncan’s test at a 95%
confidence level (p < 0.05) revealed a significant

reduction in bacterial colony counts in plasma-treated
samples compared to controls, indicating the
antimicrobial efficacy of plasma treatment. In the
control group, colony counts for all four bacterial
species at a 107 dilution exceeded 100 CFU, the
acceptable limit. In contrast, colony counts in
plasma-treated samples showed a dramatic reduction
across all time intervals. Table 2 presents the mean
reduction in microbial load after 2.5, 5, 10, and
15 minutes of plasma-activated water treatment.
Figures 6 and 7 illustrate the effects of plasma-
activated water treatment on Pseudomonas

aeruginosa, Staphylococcus aureus, Escherichia coli,
and Salmonella spp.

Figure 6: Effect of plasma-activated water treatment on
Pseudomonas aeruginosa: a) Treatment duration: 2.5
minutes, b) 5 minutes, ¢) 10 minutes, d) 15 minutes

Discussion

Air-based dielectric barrier discharge plasma
treatment of water significantly altered its properties.
Hardness, acidity, and ozone levels are likely time-
dependent. Specifically, plasma treatment increased
total hardness to 4545.3 ppm, 5911 ppm, 7159.6 ppm,
and 7934 ppm after 2.5, 5, 10, and 15 minutes,
respectively (Figure 5, Table 1).

Table 1. Measurements of pH, total hardness, and ozone concentration in plasma-

activated water at different treatment times

Plasma Treatment Time

pH 7.15+0.04 5.3+0.06 4.21+0.05 3.28+0.03  2.48+0.02
TDS (ppm) 347+6.8 4545.3%11.2 5911+39 7159.7#6.3 7934+14.8
Ozon (mg) 0 0.53+0.05  0.93+0.05 1.17+0.05 1.23+0.05
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Table 2: Comparison of mean microbial load reduction (CFU/mL) in
plasma-activated water treatments at different exposure times

Treatment

Control

15 min

25min  5min 10 min

Pseudomonas aeruginosa 1.05 x 10°¢ 0 0 0 0
Staphylococcus aureus 1.01 x 10° 78+9 0 0 0
Escherichia coli 93x10° 537 0 0 0
Salmonella spp. 147 x 105 66+8 0 0 0

=
3
S

igure 7 Contrl and plasma-treated culture plates
for a—b) Staphylococcus aureus, c—d) Escherichia
coli, e—f) Salmonella spp

Simultaneously, pH decreased to 5.3, 4.21, 3.28,
and 2.48, and ozone concentration increased to
0.53 mg/L, 0.93 mg/L, 1.17 mg/L, and 1.23 mg/L for
the same intervals. This increased hardness may
benefit agriculture, while the reduced pH enhances
antimicrobial activity and solid solubility, benefiting
pharmaceutical and agricultural applications. The
elevated ozone concentration improves disinfection,
expanding the water's utility. These findings are
consistent with prior research (18-20).

According to the results shown in Table 2 and
Figure 6, the colony count of Pseudomonas
aeruginosa in the control group was 1.05 x 10°
CFU/mL. After plasma-activated water treatment for
2.5, 5, 10, and 15 minutes, complete elimination of
bacterial colonies was observed at all time intervals.
These findings indicate that Pseudomonas aeruginosa
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is highly susceptible to plasma treatment, showing no
resistance under the tested conditions. The observed
reduction in pH, increase in ozone concentration, and
generation of various reactive free radicals in the
plasma-treated water environment collectively
contribute to creating unfavorable conditions for the
survival of Pseudomonas aeruginosa. Hence, plasma-
activated water can be considered a highly effective
medium for inactivating this pathogen.

As shown in Figures 7a and 7b, colony-forming
units (CFUs) of Staphylococcus aureus were
enumerated using plates containing 30-300 colonies.
In this experiment, dilutions of 10" and 10~ produced
more than 300 colonies and were thus uncountable.
The 10 dilution yielded fewer than 30 colonies, and
therefore, the 10 dilution plate—containing an
average of 101 colonies—was selected for analysis.

In the control group, the bacterial load of S.
aureus was calculated at 1.01 x 10° CFU/mL.
Following plasma-activated water treatment, a
substantial reduction in CFUs (78 + 9 CFU/mL) was
observed at the 2.5-minute mark. Complete
elimination was achieved from the 5-minute
treatment onwards. In a few plates, a single colony
was noted, likely due to environmental contamination
or experimental error, as no colonies were present in
the other replicates.

Figures 7c and 7d show the control and treated
cultures (5 and 10 minutes) for Escherichia coli.
According to Table 2, the colony count for E. coli in
the 1073 dilution was 93 colonies. Plasma-activated
water completely eliminated E. coli from the
suspension at 5, 10, and 15-minute treatments.
However, a remaining count of 53 + 7 CFU/mL was
recorded after 2.5 minutes. It is worth noting that
spots seen in image d are due to plate error.

Figures 7e and 7f present the culture plates of
control and treated samples (5 and 10 minutes) for
Salmonella spp. As shown in Table 2, the 10
dilution plate was selected, containing 147 colonies.
The initial bacterial count in the control was
measured at 1.47 x 10° CFU/mL. Plasma-activated
water reduced the microbial load to 66 + 8 CFU/mL
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after 2.5 minutes and completely eliminated
Salmonella in the 5, 10, and 15-minute treatments.
Salmonella, E. coli, and S. aureus exhibited
relatively higher resistance to plasma treatment than
Pseudomonas aeruginosa. These bacteria showed
reduced counts at 2.5 minutes but were not
completely eliminated. However, from 5 minutes
onward, no viable colonies of any of the tested
bacteria remained, indicating complete inactivation.

Conclusion

In conclusion, plasma-activated water represents an
innovative, effective, safe, and environmentally
friendly method for microbial decontamination,
particularly in the food industry, medical
environments, sanitation practices, and hospital
settings. This technology could function as an
alternative or adjunct to traditional chemical
disinfectants, with the added benefit of substantial
water conservation. Further studies are necessary to
investigate the long-term stability of reactive
compounds, potential effects on human health upon
contact, and optimization of production methods.
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