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ABSTRACT

This study presents a plasma-activated aerosol (PAA) system for microbial decontamination, combining a corona plasma source

with an ultrasonic nebulizer to generate reactive oxygen and nitrogen species (RONS) rich PAA from different liquids. Ina 4L

chamber, PAA produced from deionized water achieved a 4.51 +0.13 Log reduction of Staphylococcus epidermidis on glass

within 10 min. Additional treatments using phosphate-buffered saline solution and a DIW-sodium thiosulfate solution

(hydrogen peroxide scavenger) showed reduced antimicrobial efficacy, suggesting a key role for peroxynitrite in bacterial

inactivation. A scaled-up 14 L system enhanced treatment uniformity and demonstrated complete inactivation of S. epidermidis,
Escherichia coli, and Candida albicans on glass. These findings underscore the efficacy of PAA and its potential in microbial

decontamination.

1 | Introduction

In recent years, particularly since the COVID-19 outbreak, cold
plasma technologies (CAPs) have been extensively investigated
for their potential in microbial decontamination across various
sectors, including surface, air, and liquid decontamination
[1-5]. In fact, CAPs are very interesting in the field of
decontamination thanks to their ability to generate a varied mix
of components that have a strong antimicrobial action, such as
ions, radicals, and neutral and excited molecules [3, 6].

Moreover, contact between CAPs and a liquid leads to the
formation inside the liquid of a variety of reactive species,
including hydroxyl radicals (-OH), hydrogen peroxide (H,0,),
ozone (O3), atomic oxygen (-O), nitrites (NO,~), and peroxyni-
tritous acid (HONOO) [2, 7], which have potential in the anti-
microbial field. Of particular relevance to antimicrobial

applications is the use of CAP to generate plasma-activated
aerosols (PAA), also referred to as plasma-activated mist
(PAM). PAAs refer to liquid microdroplets that interact directly
with a plasma discharge or with a reactive environment gen-
erated by the discharge. PAAs are technologically attractive for
several reasons. The high surface-to-volume ratio of micro-
droplets enhances the diffusion of reactive species from the gas
phase to the droplets, thereby increasing the formation of
reactive species within each droplet [8-10]. Moreover, this
approach promotes the delivery of short-lived, highly reactive
species with strong antimicrobial activity, thereby enhancing
the overall efficacy of decontamination processes [10]. In
decontamination applications, the production of PAA enables
the remote generation of plasma discharge from the target
matrix, eliminating the delay between liquid activation and
subsequent use or nebulization. Recent studies demonstrate
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that PAA can effectively inactivate a wide range of micro-
organisms, including bacteria, fungi, and viruses [11-15].

Tumuluri et al. [13]evaluated the antimicrobial efficacy of PAM
produced from water by a dielectric barrier discharge (DBD)
plasma source on different surfaces, such as agar plates, glass
slides, and fresh produce with varying surface roughness (grape
tomatoes, limes, spiny gourds), inoculated with Listeria innocua
(Gram-positive) and Klebsiella michiganensis (Gram-negative).
Greater microbial reductions were observed on the smooth glass
surface, with decreases of 3.4 log for L. innocua and 5.7 log for
K. michiganensis. In contrast, the rough surfaces exhibited
lower reductions, reaching only 1.0 and 1.8log CFU, respec-
tively. Moreover, PAM was more effective against Gram-
negative bacteria. Zhao et al. [16] evaluated plasma-activated
nebulized mist (PANM) generated from water using gliding arc
and dielectric barrier discharge plasmas to inactivate micro-
organisms on various textiles. By producing NOx-rich, Os-rich,
and mixed gas compositions, they tested PANM on multiple
fabrics contaminated with bacteria, fungi, and viruses. The
mixed-gas PANM showed the highest antimicrobial perform-
ance, fully inactivating bacteria (methicillin-resistant Staphy-
lococcus aureus, Pseudomonas aeruginosa, and Bacillus subtilis)
and viruses (MS2 bacteriophage). At the same time, fungi
(Candida albicans, Aspergillus niger) were more resistant due to
their robust cell walls. The enhanced efficacy was attributed to
reactions between O; and nitrogen oxides that form N,Os, as
well as a suite of reactive species, including nitrite, nitrate,
peroxynitrite, hydroxyl radicals, and singlet oxygen. The
strongest effects were observed on non-woven and polyester
fabrics, suggesting that the pore size of the fabric had little
influence on PANM activity [16]. Tan et al. [14] evaluated the
antimicrobial efficacy of PAM generated using water and a
dielectric barrier discharge DBD source on organic surfaces,
including purple lettuce, kale, and baby spinach leaves con-
taminated with Enterobacter aerogenes. Their results showed
reductions ranging from 0.4 to 2log units, depending on the
type of produce. The study further demonstrated that the
effectiveness of PAM treatments is strongly influenced by sur-
face morphology: smooth and flat surfaces supported higher
inactivation levels, whereas curled, folded, or cracked surfaces
significantly reduced treatment efficiency due to the limited
ability of PAM to penetrate deeper or shielded regions [14].
Sysolyatina et al. [15] investigated the use of plasma-activated
water mist (PAWM) for decontaminating foodborne pathogens,
including Listeria monocytogenes, Salmonella typhimurium, and
Escherichia coli O157:H7. A 15-second treatment achieved in-
teresting microbial reductions, corresponding to factors of 35.5
for L. monocytogenes, 166 for S. typhimurium, and 266 for E. coli
0157:H7. The authors also examined the antimicrobial activity
of the corresponding PAWM condensate, which showed no
bactericidal effect. This finding supports the hypothesis that
short-lived reactive species play a central role in the rapid
inactivation [15]. Several authors [17-21] have proposed an
additional strategy to enhance bacterial inactivation by gener-
ating PAA starting from hydrogen peroxide solutions. Incor-
porating hydrogen peroxide into the nebulized liquid modifies
the reactive-species formation pathways, thereby favoring the
production of species known to be critical for microbial
inactivation. Zhou et al. [17] evaluated the antimicrobial effi-
cacy of plasma-activated hydrogen mist (PAHM) against

Staphylococcus aureus and Escherichia coli on agar plates,
comparing its performance with plasma-activated water mist
(PAWM) and a 3% H,O, solution. PAWM exhibited minimal
activity, achieving only a 0.1-0.2log reduction after 10 min,
several orders of magnitude lower than either untreated H,0,
or PAHM. Moreover, the untreated H,0, solution resulted in a
2-log reduction after a 10-min treatment. PAHM demonstrated
the highest efficacy, surpassing that of the untreated H,O,
solution in just 3 min and achieving greater than 5-log reduc-
tions in both bacterial species after 20 min of treatment [17].

In this work, a plasma-activated aerosol (PAA) module and treat-
ment chambers were designed for microbial decontamination, and
three liquids (distilled water, phosphate-buffered saline (PBS), and
a distilled water solution containing 5g/L sodium thiosulfate
(Na,S,05)) were employed to generate PAAs. The resulting PAAs
were analyzed to identify the reactive chemical species produced
and to evaluate their potential involvement in microbial
inactivation.

2 | Materials and Methods

2.1 | Plasma-Activated Aerosol Module and
Treatment Chambers

The PAA module consists of three main components: a corona
plasma source, an ultrasonic nebulizer, and a liquid tank
(Figure 1a). The plasma source is a pin-to-pin corona discharge
system consisting of two sharp electrodes made of AISI 304 L
stainless steel, one connected to a high-voltage generator
(AlmaPULSE; AlmaPlasma s.r.l.), through a 100 kQ ballast
resistor, and the other grounded. These electrodes are fixed on
two custom 3D-printed supports, with an interelectrode gap of
4mm, across which the plasma discharge is generated in
ambient air. Integrated into the plasma source is an ultrasonic
nebulizer that produces micrometer-sized aerosol droplets from
a liquid supplied by the tank. The distance between the nebu-
lizer and the interelectrode gap is 13mm. The nebulizer
employed a ceramic piezoelectric disc coupled to a micro-
perforated metal plate, operating at 108 kHz. Vibrations of the
disc produce pressure waves at the liquid surface, overcoming
surface tension and ejecting microdroplets [22]. The nebulizer
operates at a DC supply of 5V and 2'W.

The generated aerosol was directed through the plasma dis-
charge region, resulting in the formation of PAA.

PAA was used in two distinct treatment chambers. The first
chamber, with a total volume of 4 liters (Figure 1b), was
equipped with a single PAA module positioned at the top of the
chamber. Three different PAAs were tested inside the 4L
chamber, each produced using three different starting liquids:
distilled water (dPAA), phosphate-buffered saline (PBS)
(pPAA), and a distilled water solution containing 5 g/L sodium
thiosulfate (Na,S,03) (tPAA).

The second chamber (Figure 2) was designed to enhance
treatment uniformity and increase the effective volume by uti-
lizing a 14 L chamber equipped with 4 PAA modules (two po-
sitioned above and two below the chamber). In the 14L
chamber, only dPAA was used. A grid (230 X 160 mm?) was
installed inside both chambers to hold the samples during the
treatments.
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FIGURE1 | a)PAA module schematic and plasma discharge photo, and b) 4 L chamber equipped with a PAA module.
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FIGURE 2 | 14L chamber equipped with four PAA modules.

2.2 | Pin-To-Pin Plasma Source Electrical
Characterization

The setup reported in Figure 3 was used to evaluate the elec-
trical parameters of the plasma discharge. The pin-to-pin
plasma source was driven by a micropulsed high-voltage gen-
erator applying a peak-to-peak voltage (1(t)) of 17.4 £0.9 kV,_,
and a frequency (f) of 4kHz. The applied voltage (1(t)) and
current (i(t)) were measured using a high-voltage probe
(Tektronix P6015A) positioned on the high-voltage cable and a
current probe (Pearson 6585) placed on the ground cable.

HYV generator

Current
probe

Ballast resistor

100 kQ

Oscilloscope

FIGURE 3 | Experimental set-up for PAA module electrical
characterization.

The corresponding waveforms were recorded using a digital
oscilloscope (Tektronix MSO46). The average discharge power
(P) dissipated over the period (T) was calculated using the
formula (1).

1 T,
P= ?fo v(®)i(t)dt @

2.3 | Particle Distribution Evaluation

The real-time measurement of aerosol particle size distribution
at the outlet of the ultrasonic nebulizer, without plasma
discharge, was conducted using a laser diffraction system
(Spraytec, Malvern Panalytical, UK) [23, 24]. To minimize the
influence of evaporation, the measurements were taken 20 mm
downstream from the nebulizer outlet.
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Two characteristic diameters were evaluated: the Sauter diam-
eter (ds,), or surface-volume mean diameter, which represents
the diameter of a sphere with the same volume-to-surface ratio
as the entire droplet ensemble, and the De Brouckere diameter
(d43), or volume-weighted mean diameter, which is the mean
particle size weighted by volume. These were calculated
according to formulas (2) and (3).

Z’,q_ xd3
d — i=1"*1"1 2
Sl )
Z’j‘_ xd4
d — 1=1""™ 3
S d ©

where x; is the fraction of the total particle number associated
with a diameter d;, and N is the number of discrete size clas-
ses used.

Additionally, the number-based mean diameter (d;o) was also
considered. The d, is defined as the diameter below which 10%
of the particles fall. This parameter was analyzed to determine
whether the presence of plasma discharge influenced the
droplet size distribution, particularly through enhanced
evaporation of the smallest droplets.

The ds, and d;, were monitored continuously for 160s. For the
first 60 s, measurements were recorded without plasma discharge.
In the subsequent 100 s, the measurements were repeated in the
presence of plasma discharge to evaluate its effect on droplet size.

2.4 | PAA Chemical Analysis and
pH Measurement

To measure the reactive species produced by the system within
the aerosol particles and PAA pH, frozen glass slides were
placed on the sample grid to facilitate aerosol condensation and
subsequent sample collection. For the 4 L chamber, treatments
were performed by aerosolizing and activating the three dif-
ferent starting liquids at times of 1, 2.5, 5, and 10 min.

For the 14 L chamber experiments, treatments were performed by
aerosolizing and activating the deionized water aerosol for 10 or
20 min. The aerosol condensed onto the frozen glass slides, which
were then collected for analysis. During the 10-min treatment,
each of the four sources was operated individually and sequen-
tially for 2.5 min, resulting in a total exposure time of 10 min. For
the 20-min treatment, the same sources were used sequentially
for 5 min each, yielding a total exposure time of 20 min.

For the RONS measurements, PAA was sampled from the glass
slides and immediately diluted in PBS. The measured species
were Hydrogen Peroxide (H,0,) and nitrite ion (NO,"). H,0,
was measured through its reaction with Amplex® Red in the
presence of Horseradish Peroxidase, using the Amplex® Red
Hydrogen Peroxide/Peroxidase Assay Kit (Invitrogen™, USA)
and following the kit instructions. NO,” was measured using a
two-step reaction with Sulfanilamide and N-(—1-naphthyl)-
ethylenediamine, according to the Nitrite/Nitrate Colorimetric
Test (Roche, Swiss) kit and following the kit instructions. Both
these reactions yield colorimetrically detectable products,
which were placed in 96-well plates and measured by a plate
reader (Rayto, China) at a wavelength of 570nm. The

concentrations of reactive species were calculated from the
absorbance by referring to the calibration curves.

H,0, calibration curve was made by diluting H,0, (Sigma-
Aldrich, USA) in PBS at concentrations of 1.25, 2.50, 5.00, 10.00,
20.00 mg/l. NO, calibration curve was made by diluting
NaNO, (Sigma Aldrich, USA) in PBS at concentrations of 0.625,
1.250, 2.500, 5.000 mg/l. Following the respective procedures
described in this paragraph, absorbance values relative to the
chosen concentration were measured and employed to inter-
polate the calibration curves.

For the pH determination, undiluted samples were transferred
to 96-well plates, and the pH value was measured using a
pH meter (XS pH 7 Vio Portable pH meter).

2.5 | Evaluation of Antimicrobial Activity

The microbial inocula were cultured on tryptic soy agar (TSA)
(VWR International, Belgium) for Staphylococcus epidermidis
ATCC 12228 and Escherichia coli ATCC 25922, or Potato dextrose
agar (PDA) (Oxoid, USA) for Candida albicans ATCC 10231.
Inocula were cultured for 24 h at 37°C to produce master plates.
An aliquot from these plates was then suspended and adjusted in
PBS (Corning, USA) (S. epidermidis and C. albicans) or distilled
water (E. coli) to obtain a master suspension (MS) with a con-
centration of 10’-10° CFU ml™, confirmed by an OD600 reading
of 0.200 + 0.003 (S. epidermidis and E. coli) or 1.000 + 0.003 (C.
albicans), measured using a spectrophotometer (FullTech
Instruments, Italy). Glass slides (24 x 24 mm?) sterilized with 70%
ethanol (Sigma-Aldrich, USA) and UV light (Bio II Advance,
Telstar, Japan), were contaminated with one drop of 50 ul of the
MS and allowed to dry at 37°C for 15min. Both treated and
control samples were contaminated in this manner.

Contaminated glass samples were placed in the 4L or 14L
treatment chamber with the PAA system. The antimicrobial
efficacy was evaluated starting from the same liquids and for
the same times described in 2.5.

Control samples are treated following the same procedure, ex-
cept that the aerosols generated from the various solutions are
not exposed to plasma discharge.

Following plasma treatment, recovery steps were conducted.
Each sample was recovered by shaking in 6-well plates for
2 min in PBS (S. epidermidis and C. albicans) or distilled water
(E. coli), and in the presence of 5 g of glass beads for E. coli and
C. albicans. The recovered microorganisms were then serially
diluted and spread on agar plates. After 24 h of incubation at
37°C, the plate colonies were counted. The inactivation activity
of plasma treatment was evaluated using the following formula:

Log R = Log Ny — Log N;

Where N, and N; are the number of colony-forming units of
control and plasma-treated, respectively.

2.6 | Statistical Analysis

All experiments were performed in three independent replica-
tions. The results are presented as the mean + standard error of
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the mean (SEM). Significant differences in the results were
assessed using the Student’s t-test and specified with asterisks (*
p <0.05, ** p <0.001).

3 | Results and Discussion
3.1 | Electrical Characterization Results

Figure 4 presents the current and voltage waveforms over a
representative period of the plasma source’s electrical behavior
during antimicrobial treatments. Within the applied voltage
period (0.25ms), distinct current spikes were observed at
approximately 46 us and 169 us, corresponding to the active
phases of the corona discharge. Using Equation 1, the average
discharge powers were calculated to be 40.5 + 1.6 W for dPAA,
39.8 +0.8 W for pPAA, and 42.1 +0.9W for tPAA (Figure 5).
Statistical analysis (Student’s t-test, p > 0.05) highlighted no
significant differences among these values, suggesting that the
type of starting liquid does not influence the average discharge
power of the plasma source.

3.2 | Characterization of the Distribution of the
Droplets in the Aerosol and PAA

Real-time laser diffraction analysis showed ds, of 15.07 um and
a d43 of 20.04um. Figure 6a illustrates the frequency
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FIGURE 4 | Current and applied voltage waveforms at 17.4 +0.9
kV-p-p and 4 kHz.
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FIGURE 5 | Average discharge power of the plasma module using
the three different liquids at 17.4 + 0.9 kVp-p and 4 kHz.

distribution of droplet sizes, showing that the most prevalent
size class (approximately 34.8%) corresponds to droplets with a
diameter of 1.47 um. Figure 6b shows the distribution of the
liquid phase volume among the droplet size classes. As ex-
pected, the volume distribution shifts toward larger droplet
diameters compared to the frequency distribution shown in
Figure 6a. Specifically, 11.83% of the total liquid volume is
associated with droplets of 20.01 um in diameter. The activation
of the plasma discharge exerts a negligible influence on the
droplet size distribution, as indicated by the consistent Sauter
mean diameter before and after plasma ignition. Notably, even
the smallest droplets show no relevant change, as confirmed by
the behavior of d;, values (Figure 7).

3.3 | 4L Chamber
3.31 | PAA Chemical Composition and pH

Most cold plasma decontamination activity relies on the reactive
species produced by plasma interactions with the treated medium
[25]. Therefore, soluble long-lived reactive oxygen and nitrogen
species (RONS), specifically H,0, and NO,~, were measured in
the produced PAA. Moreover, since the pH of the solution is a key
factor in determining whether reactions occur [26], it was mea-
sured to understand which chemical phenomena take place
within the aerosol droplets. To assess the chemical dynamics
occurring during treatments, RONS and pH were measured at
different time points: 1, 2.5, 5, and 10 min.

To determine RONS concentrations and pH values under the
conditions for which the system was designed to operate,
treatments were conducted using DIW. Results show that in
dPAA, H,0, reaches higher values in the first phase of the
treatment, then diminishes over time (1 min: 0.546 + 0.083 mM;
2.5min: 0.410+0.050 mM; 5min: 0.134 +0.012 mM; 10 min:
0.087 +0.038 mM). In contrast, NO,~ values seem to grow
slowly while H,0, is abundant and increase faster when H,0,
concentration reaches lower values (1 min: 0.661 + 0.095 mM;
2.5min: 0.809 +0.042 mM; 5min: 0.987 +0.068 mM; 10 min:
1.336 + 0.102 mM). pH showed to decrease over time, reaching
acidic values (1 min: 3.29 +0.04; 2.5min: 2.99 + 0.04; 5 min:
2.82+0.01; 10 min: 2.72 +0.07) (Figure 8). Studies have dem-
onstrated that the reaction between H,0, and NO,~ in acidic
conditions leads to the formation of peroxynitrous acid
(ONOOH) [7, 25, 27]. This mechanism could explain the
observed behavior of RONS values in PAA and agree with the
reaction pathways proposed by Lukes et al. [27]for the forma-
tion of RONS in plasma-treated water. In particular, the accu-
mulation of nitrogen-derived species can be primarily attributed
to the dissolution of nitrogen oxides (NOx) generated in the gas
phase of air plasmas. Once transferred into the liquid phase, NO
and NO, undergo aqueous reactions (1) (2) that yield nitrite and
nitrate ions, while simultaneously releasing protons and
thereby promoting acidification [27]:

NOz(aq)+ NOz(aq)+H20(l) g NOz’ + NO3’ + 2H* (1,)

NO(aq)+ NO,(aq)+H,0(l) —» 2NO,- + 2H* 2"

This progressive decrease in pH is a critical factor shaping the
subsequent nitrogen chemistry, as it strongly affects nitrite
stability and the formation of secondary reactive intermediates.
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Under acidic conditions, nitrite exists in equilibrium with ni-
trous acid [7, 25, 27]:

NO,- +H* < HNO, (3"

In parallel, plasma interaction at the gas-liquid interface pro-
motes the generation of hydroxyl radicals (OH-), which rapidly
recombine to form hydrogen peroxide, one of the most per-
sistent reactive oxygen species in plasma-activated liquids
[7, 25, 27].

OH-+0H-—H,0, (4"

The coexistence of nitrite and hydrogen peroxide under acidic
conditions provides a favorable condition for the formation of
peroxynitrous acid through the following reaction [7, 25, 27].

NO,- +H,0; + H + -0 = NOOH + H,0 (5")

Peroxynitrous acid represents the protonated form of peroxynitrite
and constitutes a highly reactive nitrogen-oxygen intermediate
whose formation is strongly pH-dependent. Once formed, ONOOH
can decompose via proton-catalyzed pathways, producing second-
ary radicals (6) that amplify oxidative stress [7, 25, 27].

ds; and d,, before and after the ignition of the plasma discharge. Plasma OFF for 60s and plasma ON for 100s.

0 = NOOH < OH-+NO, (6

Additional peroxynitrite can be formed through other routes,
including the rapid reaction between nitric oxide and super-
oxide [27]:

02~ + NO-—-0 =NOO~ (7)
as well as direct radical recombination processes [27]:

OH-+NO,-—0 =NOO~ + H+ (8"

These pathways highlight peroxynitrous acid as a central
reactive intermediate in plasma-treated liquids. The simulta-
neous presence of nitrite, hydrogen peroxide, and acidic
pH favors its formation. Given its high reactivity and ability to
generate secondary radicals, such as OH- and NO,-, ONOOH is
likely to play a significant role in the oxidative and anti-
microbial activities observed in plasma-based decontamination
processes.

To test this hypothesis, other experiments were conducted
under conditions in which one of the three players involved in
ONOOH production was depleted, specifically by aerosolizing
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FIGURE 8 | Chemical analysis of the treated media in the 4 L box. (a) H,O, and NO,- values for treated dH,O at different times; (b) H,O, and
NO,- values for treated PBS at different times; (c) H,O, and NO, values for treated Na,S,0; at different times; (d) pH values for treated dH,0

(dPAA), PBS (pPAA) and Na,S,0; (tPAA) at different treatment times.

PBS (a pH buffer) or Na,SO; solution (a H,0, scavenger) [28]
instead of DIW, producing respectively pPAA and tPAA.

pPAA, as expected, did not show a significant decrease in
pH (1 min: 6.74+0.13; 2.5min: 6.69 +0.03; 5min: 6.53 +0.03;
10 min: 6.41 + 0.21). Moreover, the behavior of RONS differed from
that of dPAA. H,0, concentration increased up to reach a maxi-
mum after 10 min of plasma treatment (1 min: 0.255 + 0.027 mM;
2.5min: 0.361 +0.099 mM; 5min: 0.434+0.150 mM; 10 min:
0.530 + 0.114 mM). Moreover, NO,~ concentration grew faster and
showed higher values for each treatment time (1 min: 2.091 +
0.297 mM; 2.5min: 2.882 +0.412mM; 5min: 3.424 +0.325mM;
10 min: 3.861 +0.166 mM) (Figure 8). These results suggest that
higher RONS concentrations are detectable after treatments at
neutral pH, indicating that the lower values observed in dPAA can
be linked to a reaction between H,0, and NO,~ under acidic
conditions, as described by the ONOOH formation hypothesis [22].

In tPAA, H,0, was depleted by thiosulphate and no presence
was detected in samples. pH values were lower than the pPAA
ones but not acidic as dPAA (1 min: 4.88+0.03; 2.5min:
4.82+0.03; 5min: 4.82+0.05; 10min: 4.87+0.08). NO,~

concentrations were higher and grew faster compared to dPAA
and similar to PBS (1 min: 2.316 + 0.050 mM; 2.5 min: 3.304 +
0.102 mM; 5 min: 3.626 + 0.244 mM; 10 min: 4.106 + 0.325 mM)
(Figure 8). This suggests that the absence of H,0,, similar to
neutral pH conditions, leads to NO,~ accumulation. This could
be due to the lack of reaction between NO,~ and H,0, under
acidic conditions, as described in the mechanism of ONOO-
production.

3.3.2 | Antimicrobial Activity

The plasma system has been tested for its antimicrobial activity.
S. epidermidis, a Gram-positive bacterium, has been chosen for
this analysis. Results show that 10 min PAA treatments can
reach almost the maximum detectable LogR, with values of
4.51+0.13 on a control Log load (Ny) of a maximum of
4.54 + 0.14 (Figure 9).

To better understand which reactive species are involved in the
system’s microbial inactivation, 10-min treatments with the
same solutions used in the chemical analysis chapter have been
performed.
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FIGURE 9 | Antimicrobial activity measurements for S. epidermidis

treated with different media. “N,” is the Log load of controls. HCI
solution had a concentration of 1.9 mM and a pH of 2.72. Significant
differences were assessed using the Student’s t-test and specified with
asterisks (* p <0.05, ** p <0.001).

pPAA treatments showed lower microbial inactivation com-
pared with dPAA values, and tPAA showed to be less efficient
than both dPAA and pPAA values (pPAA: LogR = 1.93 +0.09,
No=4.75+0.15; tPAA: LogR = 0.76 + 0.27, Ny =4.57 + 0.22).
These values suggest that, while H,0, seems to partially con-
tribute to microbial inactivation, neither NO,~ nor the combi-
nation of NO,~ and H,O, in neutral pH conditions are
sufficient to achieve LogR comparable with the dPAA LogR
values (Figure 9).

To verify whether acidic pH alone can achieve inactivation rates
high as the dPAA ones, tests have been performed aerosolizing
a solution of HCl 1.9mM prepared in order to obtain a
pH comparable to the dPAA pH. Results showed that low
pH does not lead to any significant microbial inactivation
(LogR = 0.24 +0.05, No=5.53+0.05) (Figure 9), suggesting
that even acidity is not sufficient to achieve dPAA Log R.

All these results highlight that the only condition in which LogR
reaches values close to total inactivation is the one in which there
is a simultaneous production of H,0, and NO,~ and the acidifi-
cation of the solution, demonstrating that all three of them are
necessary to achieve higher microbial inactivation. Combining
this with the following facts: a) dPAA H,0, concentration
decreases over time and NO,~ concentration grows more slowly
in the early stages; b) ONOOH is known to be produced under
those conditions [25], and to be a potent antimicrobial agent [29].
It is possible to support the theory in which the production of
both H,0, and NO,~ leads to an acidic environment-driven
reaction in which they react to produce ONOOH, which acts as a
strong microbial inactivating agent.

Once the correlation between chemical mechanisms and anti-
microbial activity was established, the system was tested for its
decontamination efficacy using a shorter treatment time and
covering the entire volume of the treatment chamber.

5 min treatments were performed to determine the influence of
time on the inactivation rates. Results showed that shorter

* %k
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FIGURE 10 | Antimicrobial activity measurements for S. epidermi-

dis at different times and different positions in the 4L box. “ Ny”
indicates the Log load of controls. “UP” indicates the samples placed
with contaminated face upward, “DOWN” indicates the samples placed
with contaminated face downward. Significant differences were
assessed using the Student’s t-test and specified with asterisks (*
p <0.05, ** p <0.001).

treatments are less effective in S. epidermidis inactivation than
the 10 min treatments (LogR = 2.08 +0.13, N, =4.61 +0.22)
(Figure 10). This can be explained by the fact that, after 5 min,
H,0, has not yet fully reacted with NO,, resulting in a lower
presence of ONOOH.

Up to this point, the samples have been arranged in the chamber
so that the contaminated side is directly below the source. To
observe whether the source can maintain the same effectiveness
throughout the entire chamber, treatments were performed on
samples whose contaminated side was placed face down with
respect to the source. Results showed that, compared with face-up
treatments, face-down treatments are significantly less effective
(LogR = 1.54+0.02, Ny 4.78 +0.05) (Figure 10). This demon-
strates that, although the plasma source is effective, it is not
capable of generating a PAA that effectively acts within the entire
volume of the chamber, highlighting the need for a change in
system design.

3.4 | 14L Chamber

4L chamber results showed that the system had some limita-
tions regarding the treatment effectiveness within the whole
volume of the chamber, particularly for the sides of treated
samples which were not directly facing the plasma source
(Section 3.3-2). For this reason, a new system was designed to
achieve a high inactivation rate on both sides of the samples. It
presented four plasma sources (two on the upper side and two
on the lower side) that were activated alternately, along with a
wider treatment chamber (14 L).

3.4.1 | PAA Chemical Composition and pH

To verify that the changes in the system’s design do not alter the
chemical dynamics within the treated aerosol, chemical analy-
sis for the detection of H,0, and NO,~ and pH measurements
were performed for treatment times of 10 min and 20 min, in
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which the 4 plasma sources were activated sequentially,
respectively for 2.5 min and 5 min.

Results showed that, for 10 min treatments, the concentration
of H,0, is null and NO,~ concentration is lower compared to
the 4L chamber (1.048 +0.309 mM). At the same time, the
environment showed to be more acidic (pH 2.57 + 0.12). 20 min
treatment results showed a stable null concentration of H,0,,
an increase in NO,~ concentrations (1.719 +0.091 mM) and
stable pH compared to 10min treatments (pH 2.3140.09)
(Figure 11). Despite the small changes in the concentration
values, these results, in conjunction with those obtained in the
4L chamber, suggest that the supposed mechanism of forma-
tion through the reaction between H,0, and NO,~ in acidic
conditions had already reached a steady state at the time of
measurement.

3.4.2 | Antimicrobial Activity

In order to determine whether the new design of the system is
capable of producing a consistent antimicrobial effect within
the whole volume of the treatment chamber, 10 min and 20 min
treatments were performed as described in Section 3.4-1 for S.
epidermidis inocula placed upward and downward. Moreover
20 min treatments were performed for inocula placed at the
corners of the chamber.

Results showed that 10 min are not sufficient to obtain a LogR
comparable to the 4 L chamber treatments of the same time on
upward inocula (Upward: LogR = 2.92 +0.10, Ny = 5.29 + 0.10;
Downward: LogR = 2.67 +£0.34, Ny =5.07 + 0.26), otherwise,
20 min treatments showed to be highly effective for each posi-
tion in which inocula were placed, reaching total inactivation in
the central samples (Center: Upward Log R =5.53+0.27,
Np =5.53 +0.2; downward LogR = 5.01 + 0.18, Ny = 5.01 + 0.18;
Corners: upward LogR = 5.38 +0.11, Ny =5.47 +0.10, down-
ward LogR = 5.07 +£0.13 Ny =5.36 +0.07) (Figure 12). These
results enabled this system design to be chosen as the preferred
configuration for inactivating S. epidermidis.

Once the system was optimized for S. epidermidis, a Gram-
positive bacterium, it was tested for its efficacy in inactivating
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FIGURE 12 | Antimicrobial activity measurements for S. epidermi-

dis in the 14 L chamber at different times and different positions. “ N,”
indicates the Log load of controls. “UP” indicates the samples placed
with the contaminated face upward, “DOWN” indicates the samples
placed with the contaminated face downward. “Corners” indicate the
samples placed at the corners of the grid. Significant differences
were assessed using the Student’s t-test and specified with asterisks
(* p<0.05, ** p <0.001).

other kinds of microorganisms, particularly a Gram-negative
bacterium, E. coli, and a yeast, C. albicans. 20 min treatments
were performed as described in Section 3.4-1 for both micro-
organisms. Results showed that these treatments achieve a loga-
rithmic reduction in microbial load equal to the total inactivation
by the method employed (S. epidermidis: LogR =5.53 +0.27
Ny =5.53+0.27; E. coli: LogR =4.80 +0.10, Ny =4.80 + 0.10; C.
albicans: LogR = 4.66 + 0.20, N, = 4.66 + 0.20) (Figure 13), dem-
onstrating the high system'’s effectiveness for different kind of
microorganisms.

Plasma Processes and Polymers, 2026

9 of 11

85UBD 17 SUOWILLOD BAIIR1D 3|qedt|dde ay Aq pausonoh afe sapile YO ‘s JO Sa|nJ 1oy Akelq 1T auljuQ 43| UO (SUOIIIPUOD-PUR-SWLBYWOD"AB | 1M ARelq 1 RUI{UO//SANL) SUORIPUOD pUe WS | 8Y) 89S *[9202/20/92] Uo AfiqiauluQ A|Im ‘ el eueIyooD - 18| pwo | 03s90ueld Aq 10, dedd/z00T 0T/10p/woo A3 1M Afeiq 1 puljuo//sdiy wouy papeojumod ‘Z ‘9202 ‘69882TIT



1 Np
7_
6 5.53
| T am e
—— tb
X ,- >33 4.80 4.66
&
- 37
2
1
0 T T T
S.epidermidis  E.coli C.albicans
Treated microorganism
FIGURE 13 | Antimicrobial activity measurements for S. epidermi-

dis, E. coli and C. albicans in the 14 L chamber. Treatment time: 20 min.
“ Ny” indicates the Log load of controls.

In the end, to determine whether the treatments have a mi-
crobiocidal or microbiostatic effect, the same treatments were
repeated, and the cultured plates with the recovered microbes
were incubated for up to 72 h. No growth was detected in that
period (Not shown), demonstrating that the system has a high
microbiocidal effect.

4 | Conclusions

This work presents an efficient aerosol-based plasma system
designed for microbial inactivation. The system relies on the
plasma treatment of aerosolized liquid by a pin-to-pin plasma
source and the consequent diffusion of PAA within a treatment
chamber, where droplets containing reactive species interact with
the microorganisms. In general, the reactive species formed in the
liquid phase of PAA are influenced by many factors, including
the configuration of the plasma source, the choice of feed gas, the
liquid feed system, the physicochemical properties of the starting
solution (e.g., pH, conductivity, composition), and the treatment
time. In general, the reactive species formed in the liquid phase of
PAA are influenced by many factors, including the configuration
of the plasma source, the choice of feed gas, the liquid feed sys-
tem, the physicochemical properties of the starting solution (e.g.,
pH, conductivity, composition). In this study, a pin-to-pin corona
plasma source operating in ambient air was employed in com-
bination with an ultrasonic nebulizer capable of generating a fine
aerosol. However, the composition of the initial liquid subjected
to nebulization was varied, and the effects of different plasma
treatment durations were evaluated.

In particular, to better understand the chemical dynamics and
species involved in the microbial inactivation achieved by this
system, three different starting liquids (distilled water, PBS, and
a solution containing sodium thiosulfate) were employed for
the analysis in the first configuration of the system (4 L treat-
ment chamber, one plasma source).

Results showed that the inactivation activity is achieved
through the formation of peroxynitritous acid, resulting from
the reaction between hydrogen peroxide and nitrite ions in an
acidic environment. In this case, the system proved to be highly

efficient only for samples directly facing the plasma source and
affected by the treatment time.

Since the focus of this study was to develop a plasma system
capable of achieving a high antimicrobial effect throughout the
entire volume of the chosen treatment chamber, a new setup
comprising four plasma sources and a wider treatment chamber
(from a 4 L chamber to a 14 L chamber) was implemented. The
results obtained with the 14L system equipped with four
sources showed chemical dynamics consistent with those
observed in the first system, but with higher antimicrobial
efficacy. In particular, the system proved effective against both
upward- and downward-inoculated samples of different kinds
of microorganisms (Gram-positive bacteria, Gram-negative
bacteria, and yeasts) located in various regions of the cham-
ber, including the corners corresponding to the areas farthest
from the PAA inlet section. Thanks to its ability to act uni-
formly throughout the entire volume of the treatment chamber,
it could be ideal for treating three-dimensional objects, such as
food that undergoes various production phases. The next steps
in studying the effectiveness of this system will, in fact, be the
effects on food indigenous contaminants and the positive effects
of the treatments on the shelf life of the treated foods.
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