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Abstract: Cold plasma is a promising alternative for water treatment owing to pathogen control
and a plethora of issues in the agriculture and food sectors. Shellfish pose a serious risk to public
health and are linked to large viral and bacterial outbreaks. Hence, current European regulations
mandate a depuration step for shellfish on the basis of their geographical growth area. This study
investigated the inactivation of relevant viral and bacterial pathogens of three plasma-activated
seawaters (PASWs), and their reactive oxygen and nitrogen species (RONS) composition, as being
primarily responsible for microbial inactivation. Specifically, F-specific (MS2) and somatic (φ174)
bacteriophage, cultivable surrogate (murine norovirus, MNV, and Tulane virus, TV), and human
norovirus (HuNoV GII.4) inactivation was determined using plaque counts and infectivity assays,
including the novel human intestinal enteroid (HIE) model for HuNoV. Moreover, the kinetic decay
of Escherichia coli, Salmonella spp., and Vibrio parahaemolyticus was characterized. The results showed
the complete inactivation of phages (6–8 log), surrogates (5–6 log), HuNoV (6 log), and bacterial
(6–7 log) pathogens within 24 h while preventing cytotoxicity effects and preserving mussel viability.
Nitrites (NO2

−) were found to be mostly correlated with microbial decay. This research shows that
PASWs are a suitable option to depurate bivalve mollusks and control the biohazard risk linked to
their microbiological contamination, either viral or bacterial.

Keywords: norovirus; vibrio; bivalve mollusks; inactivation; food safety; bacteriophages; food
processing technology; water quality; contamination

1. Introduction

The global demand for innovative technologies in the food sector is rising, driven
by regulatory reviews focusing on sustainability, long-term eco-safety, and human safety,
prompting food business operators (FBOs) to seek new technology interventions. Over the
last few decades, plasma science and technology has been increasingly investigated to solve
the challenges facing by the agriculture and food industry [1–4]. Non-thermal atmospheric
plasma, a technology with proven antibacterial effects [5–9], produces plasma-activated
water (PAW) upon application to water as a result of the chemical reaction between the
ionized gas and the adjacent liquid [10]. The primary factor responsible for such microbial
inactivation is a highly oxidizing environment with reduced pH and reactive oxygen and
nitrogen species (RONS), such as hydrogen peroxide (H2O2), nitrate (NO3

−), and nitrite
ions (NO2

−) [4,10–17]. Due to the absence of chemical residues (e.g., trihalomethanes
derived from chlorine disinfection) and the absence of a negative environmental impact,
along with diversity in its modes of application, PAW has been observed as a sustainable
candidate for use as a sanitizer on food surfaces, food preparation surfaces, and processing
equipment [18–23].
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Low-temperature treatments, the use of air as the working gas, short treatment times,
and remarkable antimicrobial efficacy represent the most promising features of applying
PAW technology in the food industry. However, challenges such as elevated investment
costs, limited knowledge regarding effective doses for various combinations of food matri-
ces and pathogens, and the understudied impact on food quality all present opportunities
for future research [1,24].

Based on their high filter-feeding activities, shellfish can bioaccumulate several food-
borne pathogens, representing a serious risk to public health since they are often consumed
raw or lightly cooked [25]. Epidemiological investigations, microbiological analyses, and
scientific evidence frequently confirm the presence of different microbial pathogens in
bivalve mollusks, with human norovirus (HuNoV) and Vibrio spp. being the etiological
agents most often implicated in outbreaks [12]. In Europe, the Rapid Alert System for
Food and Feed (RASFF) portal recorded seventy-five notifications of bivalve mollusks
contaminated by pathogenic microorganisms in 2023. Among them, HuNoV was linked
to more than thirty-five alerts, while Salmonella spp. and Escherichia coli were reported in
ten alerts and Vibrio spp. were reported in four [26]. In 2019, a European baseline survey
found that 34.5% and 10.8% of oysters from production areas and dispatch centers were
contaminated with HuNoV, respectively [27].

HuNoV causes acute diarrheal gastroenteritis frequently linked to large outbreak sizes
with a high number of human cases.

Vibrio spp. cause infections in humans via the oral route through the ingestion of
contaminated water or raw or undercooked contaminated seafood (in particular, Vibrio
parahaemolyticus and V. cholerae) [28,29]. V. parahaemolyticus is the most common pathogen
causing seafood-borne illnesses in many countries, and the strains harboring the tdh (en-
coding thermostable direct hemolysin) and trh (encoding tdh-related hemolysin) genes are
pathogenic in humans [30]. Vibrio spp. are one of the zoonotic agents listed in Annex I of
Directive 2003/99/EC to be monitored according to the epidemiological situation [31,32].
Moreover, FBOs must control the levels of fecal bacterial indicators such as E. coli and
Salmonella spp. [33]. Salmonellosis is the second most reported zoonosis in humans fol-
lowed by Listeria monocytogenes and Shiga toxin-producing E. coli (STEC), including the
O157, O26, O103, O146, O145, and O91 serogroups [34].

Considering this risk, the European Union (EU) laid down the criteria for the classi-
fication of shellfish harvesting areas and determined the level of post-harvest treatment
required before shellfish can be considered suitable for human consumption. The har-
vesting areas are classified into three sanitary levels (A, B, and C) (EU/2019/627), and
current European regulations mandate a depuration process for mollusks harvested in B
and C areas, ensuring compliance with the microbiological criteria included in EC Reg.
1441/2007 [33,35]. Specifically, while shellfish from A areas do not undergo depuration
(E. coli colony-forming units (CFUs) ≤ 230/100 g shellfish in 80% of samples), increased
levels of contamination are expected in B (E. coli CFUs ≤ 4600/100 g shellfish in 90% of
samples) and C areas (E. coli CFUs ≤ 46,000/100 g shellfish in 90% of samples), and a
depuration step is enforced [36]. Nevertheless, outbreaks still occur, and the scientific
community agrees on the inadequacy of current commercial shellfish depuration processes
for HuNoVs and Vibrio spp. [25,37,38].

To add complexity to this scenario, the standard procedure to detect HuNoV in
bivalve mollusks (ISO 15216-1:2017) [39] relies on molecular methods, which do not provide
information on viral infectivity. Indeed, the lack of a reliable propagation model for HuNoV
has been a significant roadblock to studying its stability, persistence, and inactivation [40].
To overcome this limitation, bacteriophages (e.g., MS2, and φ174) and cultivable surrogates
(e.g., murine norovirus, MNV, and Tulane virus, TV) have been historically used, even
though they provide biased data and still represent an indirect estimation for the actual
human viral pathogen [41–43]. Specifically, F-specific (e.g., MS2) and somatic (e.g., φ174)
bacteriophages have been commonly used as viral surrogates for viral inactivation and as
indicators for fecal contamination in Europe and the USA [44,45]. Recently, a novel three-
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dimensional cell culture technique based on stem cell-derived human intestinal enteroids
(HIEs) has been described and confirmed to support the replication of HuNoVs [46,47],
enabling the first inactivation studies [48–51].

While PAW has been applied in various foods, there are a lack of studies exploring the
production of plasma-activated seawater and its application for seafood depuration [52].
Given that electrical conductivity is directly associated with the number of ions generated in
solution following plasma treatment, the salinity of seawater presents additional challenges
for the production of RONS and maintaining their stability over time.

Taking all of these data together, we hypothesized that plasma-activated seawater
(PASW) may represent an eco-friendly option to depurate bivalve mollusks and control
the biohazard risk linked to their microbiological contamination. As a first step to prove
our hypothesis and given that experimental evidence on the efficacy of PASW to control
foodborne pathogens is limited, we investigated the physico-chemical, antibacterial, and
antiviral properties of three PASWs activated by different plasma exposures. Specifically, we
determined the kinetic in vitro inactivation of E. coli O157, Salmonella spp., V. parahemolyticus,
bacteriophages (MS2 and φ174), cultivable norovirus surrogates (MNV and TV), and
HuNoV exposed to three different PASWs using traditional and advanced cell culture
techniques to define and characterize bacterial and viral inactivation. RONS species were
also determined. Ultimately, the most effective PASW was evaluated for its impact on
cytotoxicity and mussel viability, simulating real-world applicability.

2. Materials and Methods
2.1. Production and Characterization of PASWs

Depurated seawater samples (SW) were collected from the clean seawater reservoir
tanks of a commercial depuration center in Bari (Mare Gioioso SRL, Monopoli Bari, Italy).
In particular, the depuration center collects seawater from the Adriatic Mediterranean Sea
and filters and UV treats it to remove suspended particles and microbial contaminants
before using it for mollusk depuration. The SW was collected in Pirex® glassware and
transferred to the laboratory.

An experimental jet–dielectric barrier discharge (DBD) plasma in a remote configu-
ration was used for the treatments (Renasco S.R.L., Bari, Italy). Specifically, the plasma
was ignited in atmospheric air used as the working gas (feed gas) and sustained within the
reactor. The jet nozzle was placed at 5 cm from the liquid surface to promote direct contact
between the plasma plume and the SW. Plasma was discharged from the plasma generator
with an input voltage of 230 V, a total output of 800 watts, and a frequency of 30 kHz. Each
batch consisted of 300 mL of SW in a 1000 mL beaker exposed to plasma treatment for
10 (PASW10), 20 (PASW20), or 30 (PASW30) min, obtaining three different PASWs. SW
was used as a control. When higher volumes of PASW were needed (e.g., mussel viability),
several batches of 300 mL were prepared, mixed together, and denoted as one batch.

Physico-chemical characterization of PASWs was carried out before and immediately
after each plasma treatment. The pH and temperature were monitored using a pH meter
(Hanna Instrument, Padova, Italy) and a digital thermometer probe (Fisherbrand™ Trace-
able™, Waltham, MA, USA), respectively. Electrical conductivity was measured using a
portable electrical conductivity probe (Hanna Instrument, HI 8633, Italy). Semi-quantitative
test strips were used for hydrogen peroxide (H2O2), nitrite (NO2

−), and nitrate (NO3
−)

(QUANTOFIX, Macherey-Nagel, Milano, Italy) measurements. All inactivation experi-
ments, including bacteria, phages, surrogates, and HuNoV, were carried out at a room
temperature of 22 ± 2 ◦C.

2.2. Phage Inactivation by PASWs

F-specific (MS2) and somatic (φ174) bacteriophages were initially used to investigate
the antiviral effect of PASWs. A double-layer plaque assay was used to quantify phage
inactivation using the E. coli CECT 9198 and E. coli WG5 strains as host strains for wild-type
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MS2 bacteriophage DSM 13767 (DSMZ, Braunschweig, Germany) and φ174 (Bluephage,
Barcelona, Spain), respectively [53].

Tryptone soy agar (TSA) (Oxoid, Thermofisher, Madrid, Spain) was used for the lower
layers, and semisolid tryptone soy broth (sTSB) (Oxoid, Thermofisher, Madrid, Spain) with
0.5% bacteriological agar (Oxoid, Thermofisher, Madrid, Spain) and 0.04 M magnesium
chloride was used for the upper layers. E. coli CECT 9198 and E. coli WG5 were initially
grown in TSB (Oxoid, Thermofisher, Madrid, Spain) at 37 ◦C until the log phase was
reached (optical density, OD = 0.3). Then, a 1 mL ten-fold serial dilution of phage sample
was added to 5 mL sTSB along with 1 mL of E. coli host strain (OD = 0.3), mixed, and
carefully plated on TSA. The plates were incubated overnight at 37 ◦C and the phage load
was determined as plaque-forming units per mL (PFUs/mL). Phage decay was calculated
as log10 S (N/N0), where N0 is the titer in the control sample and N is the titer in the
plasma-treated one. Phage decay following 24 h exposure to PASW10, PASW20, and
PASW30 was investigated for MS2 and φ174. Briefly, 100 µL of 7 log plaque-forming units
(PFUs)/mL for MS2 or from 6 log PFUs/mL for φ174 were mixed with 900 µL of each
PASW sample. Phage suspensions in phosphate-buffered solution (PBS) pH 7.4 and SW
were included as controls.

2.3. Surrogate Inactivation by PASWs

MNV and TV were used as human norovirus surrogates to investigate kinetic inac-
tivation due to exposure to PASWs. MNV (provided by Prof. H. W. Virgin, Washington
University School of Medicine, USA) and TV (provided by Prof. Farkas, Louisiana State Uni-
versity, LA, USA) were propagated and assayed respectively in RAW 264.7 and LLC-MK2
(ATCC CCL-7) cells as previously described in [50,54]. Briefly, MNV and TV were cultured
in Dulbecco’s modified Eagle medium (DMEM, Gibco Life Technologies, Madrid, Spain)
supplemented with 10% fetal bovine serum (FBS) and Opti-MEM (Gibco Life Technologies)
supplemented with 2% FBS.

Viral decay following exposure to PASW10, PASW20, and PASW30 was investigated
for each surrogate by collecting samples at 0, 0.5, 1, 3.0, 12, and 24 h to determine their kinet-
ical inactivation. Briefly, 100 µL of 5–6 log 50% tissue culture infectious dose (TCID50)/mL
was mixed with 900 µL of each PASW sample. Viral suspensions in PBS pH 7.4, PBS pH 5.0,
and SW were included as controls. Samples collected at selected time points were neutral-
ized by 1:10 (v/v) dilution in cell culture media supplemented with 10% FBS. Viral titer was
determined using the TCID50 assay inoculating 20 µL of 10-fold serial dilutions of MNV or
TV prepared in PBS pH 7.4 on eight wells with 70–80% confluent monolayers in 96-well
plates. After incubation for 1 h at 37 ◦C, 180 µL DMEM or Opti-MEM was added. After 2
to 5 days, cells showing cytopathic effect (CPE) were enumerated by visual inspection, and
the titer of infectious viruses was determined using the Spearman–Karber method.

2.4. Human Norovirus Inactivation by PASWs

HuNoV GII.4 decay following 24 h exposure to PASW10, PASW20, and PASW30 was
investigated using the HIE model. Three-dimensional (3D) HIE derived from human jejunal
biopsy (J2 cell line, provided by Prof. Mary K. Estes, Baylor College of Medicine, Houston,
TX) and differentiated monolayers were routinely maintained and produced as described
by Carmona and Randazzo [55]. The HuNoV GII.4 Sydney [P16]-positive fecal sample
(provided by Prof. Buesa, University of Valencia, Valencia, Spain) was de-identified, tested
for infectivity in the HIE system, and used for inactivation experiments. The experimental
design consisted of exposing 100 µL of 9 log genome copies (GC)/100 µL HuNoV GII.4
to 900 µL of each PASW sample for 24 h. HuNoV suspensions in PBS pH 7.4 and SW
were included as controls. Then, each sample was neutralized by mixing 1:10 (v/v) with
organoid differentiation medium (ODM) and infected in two sets of 96-well plates with
100% confluent 7–10 day-old differentiated HIE monolayers.

Undifferentiated 3D HIEs and differentiated monolayers were maintained and pro-
duced using commercial IntestiCult™ Organoid Medium Human media (STEMCELL
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Technologies Inc., Vancouver, CO, Canada) as already described [55]. Differentiated HIE
monolayers were typically 100% confluent after five to seven days and used for HuNoV
infections. Two sets of 96-well plates with 100% confluent differentiated HIE monolayers
were inoculated in triplicate with 100 µL of each HuNoV sample diluted at 1:10 (v/v)
in complete media without growth factors (CMGF-) supplemented with 500 µM sodium
glycochenodeoxycholate. After 1 h incubation at 37 ◦C, the inoculum was removed, mono-
layers were washed twice with CMGF-, and 100 µL of ODM was added to each well. For
each set of infections, one 96-well plate was immediately frozen at −80 ◦C (1 hpi) and the
second plate was incubated at 37 ◦C and 5% CO2 for 48 h (48 hpi) and then frozen. Three
technical replicates were included for each sample.

Finally, RT-qPCR was used to determine the amount of HuNoV RNA from HIE mono-
layers at 1 and 48 hpi to evaluate HuNoV replication. Briefly, viral RNA was extracted
using the Maxwell® RSC Instrument (Promega, Madrid, Spain) according to the manu-
facturer’s instructions. Then, it was detected in duplicate via TaqMan RT-qPCR using
the RNA UltraSense One-Step quantitative RT-PCR system (Invitrogen, Madrid, Spain)
on a LightCycler 480 instrument (Roche Diagnostics, Barcelona, Spain). The primers and
probe included in the ISO 15216-1, 2017 were used for detecting HuNoV GII [39]. Ten-fold
serial dilutions of synthetic gBlock gene fragments (IDT) were used to build an external
standard curve, and HuNoV RNA was quantified as genome equivalents (HuNoV GII:
y = −3.56x + 40.664, R = 0.997). Positive and negative amplification controls were included
in each RT-qPCR run, along with the inhibitory amplification control consisting of a 10-fold
diluted RNA for each sample.

2.5. Bacterial Inactivation by PASWs

The efficacy of PASW was investigated using E. coli, Salmonella spp., and V. para-
haemolyticus. Specifically, E. coli O157 and Salmonella spp. strains were maintained in sterile
glycerol solution at −80 ◦C in the laboratory collection. The V. parahaemolyticus 17802 ref-
erence strain was supplied by ATCC. E. coli O157 and Salmonella spp. were maintained in
tryptone soy broth (TSB, Oxoid, ThermoFisher, Milano, Italy) and Rappaport–Vassiliadis
medium (RV, Oxoid, ThermoFisher, Milano, Italy), respectively. V. parahemolyticus was
grown in TSB medium supplemented with 3% NaCl. Maximum recovery diluent (MRD,
Oxoid, ThermoFisher, Milano, Italy) medium was used to prepare ten-fold dilutions, and a
plate count assay was used for bacterial titration. Specifically, E. coli O157 and Salmonella
spp. were titrated after 24 h incubation in plate count agar (PCA, Oxoid, ThermoFisher,
Milano, Italy) at 37 ◦C, while V. parahaemolyticus was titrated after 24 h incubation in PCA
supplemented with 3% NaCl at 41 ◦C.

Bacterial decay following exposure to PASW30 was investigated for each bacterial
species, and samples were collected at 0, 0.5, 1.5, 2.5, 3.5, and 24 h to determine kinetic
inactivation. Briefly, 1 mL of 106 colony-forming units (CFUs)/mL overnight bacterial
suspension was added to 100 mL of PASWs. At each time point, 1 mL of sample was
collected, serial dilutions were performed to stop the reaction, and bacterial counts were
determined as previously detailed. Bacterial suspensions in PBS pH 7.4 and SW were
included as controls.

2.6. HIE Cytotoxicity

The cytotoxicity effect of PASW10, PASW20, and PASW30 on intestinal epithelial
cells obtained from the differentiation of 3D HIE was investigated. The HIE system was
maintained as previously described [55]. Each PASW sample was tested undiluted and
diluted at 1:10 (v/v) in CMGF-. HIE monolayers were inoculated with 100 µL of each
sample and incubated at 37 ◦C in a 5% CO2 incubator for 1 h. Then, monolayers were
washed twice with CMGF- and maintained at 37 ◦C and 5% CO2 for 48 h with ODM. The
potential cytotoxicity effect was monitored by visual inspection of monolayers using optical
microscopy for the duration of the experiment. Finally, HIE monolayers were infected
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with HuNoV, and viral replication was assessed as previously described to check for cell
functionality after exposure to different PASWs.

2.7. Mussel Viability

The effect of PASW30 on live mussels was investigated. Mediterranean mussels
(Mytilus galloprovincialis) harvested from an A area were purchased from a local market in
Bari (Italy). Forty mussels of similar size were selected, excluding under- and oversized
mollusks, and transferred into a plastic tank filled with 20 L SW as a control or PASW30 for
24 h. The seawater in the feeding tank was aerated continuously during the experiment
to preserve the physiological state of the mussels. The vitality of mussels was monitored
every 3 h, checking the opening of their valves and their responsiveness to external stimuli.

2.8. Statistical Analyses

All data were compiled from three independent experiments with three technical
replicates each. Statistical analyses of data were computed using GraphPad Prism software
version 8. A one-way analysis of variance (ANOVA) was performed with a subsequent
Tukey’s multiple comparison test by assuming a normal data distribution. The statis-
tical results of measurements are shown as the mean value ± standard deviation (SD).
p-values < 0.05 were considered statistically significant.

3. Results
3.1. Characterization of PASWs

Physico-chemical characterization of PASW10, PASW20, and PASW30 was carried
out to determine the main RONS families generated in SW following the three plasma
treatments (Table 1). The concentration of nitrites (NO2

−) increased according to the
duration of the plasma treatments, resulting in PASW10 < PASW20 < PASW30. On the
contrary, the content of nitrates (NO3

−) and peroxides (H2O2) was not directly correlated
with the duration of the plasma treatment applied to the seawater. However, acidification
of seawater samples was observed concomitant to the duration of the plasma treatment,
as the pH decreased from 8.13 in SW to 7.95 in PASW10 and 5.00 in PASW30. Electrical
conductivity resulted in 47.5 ± 1.23 µS/cm on average with no significant differences
among the tested PASWs (p > 0.05).

Table 1. Physico-chemical characterization of PASWs.

PASW NO2
−

(mg/L)
NO3

−

(mg/L)
H2O2
(mg/L) pH

SW 0 0 0 8.13 ± 0.31 b

PASW10 5 ± 0.5 b 25 ± 1 a 1 ± 0.2 b 7.95 ± 0.11 b

PASW20 0.5 ± 0.5 a 298 ± 3 b 5 ± 0.3 c 7.73 ± 0.17 b

PASW30 100 ± 0.5 c 310 ± 10 b 0.5 ± 0.1 a 5.00 ± 0.22 a

Different letters indicate significant differences among PASWs (p < 0.05). The data are shown as the mean
values ± standard errors of three independent physico-chemical determinations.

3.2. Phage Inactivation by PASWs

MS2 and φ174 phages were exposed to PASW10, PASW20, and PASW30 for 24 h
(Figure 1). PBS pH 7.4 and SW served as controls. The results of three independent
experiments showed comparable inactivation patterns for both phages. In particular,
exposure to PASW10 and PASW20 inactivated both phages by 0.95 to 1.65 log PFUs/mL. In
contrast, PASW30 inactivated MS2 and φ174 phages to undetectable levels within 24 h.
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Figure 1. Inactivation of phages in plasma-activated seawaters (PASW10, PASW20, and PASW30).
Phosphate-buffered solution (PBS) and seawater (SW) served as controls. (a) MS2 phage; (b) φ174
phage. Error bars indicate SDs; asterisks indicate significant differences between time points for each
sample (n = 9): ns, no significant; * p < 0.05; ** p < 0.01; *** p < 0.001.

3.3. Kinetic Inactivation of HuNoV Surrogates

The kinetic inactivation of TV and MNV, serving as surrogates for HuNoV, was
investigated, and the results are presented in Figure 2. Specifically, viral suspensions were
prepared in PBS pH 7.4, PBS pH 5.0, SW pH 8.2, SW pH 5.0, PASW10, PASW20, and
PASW30, and viral titers were monitored at 0 (control), 0.5, 1, 3, 6, or 24 h. In general, the
inactivation effect of PASWs on viruses was associated with the intensity of the plasma
treatment (PASW10 < PASW20 < PASW30). No statistical differences were noticed among
PBS pH 7.4, PBS pH 5.0, SW pH 8.2, and pH 5.0 used as experimental controls for either
MNV or TV.
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Figure 2. Kinetic inactivation of TV and MNV in plasma-activated seawaters (PASW10, PASW20,
PASW30). Phosphate-buffered solution (PBS pH 7.4) and seawater (SW) served as controls. (a) TV;
and (b) MNV.

The titer of TV gradually decreased during 24 h in all samples, including in the PBS
and SW controls. PASW10 showed comparable inactivation kinetics to those recorded for
SW, indicating a limited effect on TV. However, the inactivation measured in the PASW20
and PASW30 samples was significantly higher, resulting in reductions of 2.99 and 3.44 log
TCID50/mL after 6 h compared to PBS. This indicates that PASW30 inactivated TV after 6h
to non-detectable levels.

MNV ended up being kinetically more stable than TV over time (Figure 2b). However,
significant MNV decay was observed in PASW30, in which complete inactivation was
reached within 24 h. This implied a 3.13 log TCID50/mL reduction with respect to the PBS
pH 7.4 control. PASW30 completely inactivated the TV and MNV titers within 24 h.
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3.4. Inactivation of HuNoV

HuNoV GII.4 was mixed with PBS pH 7.4, SW, PASW10, PASW20, and PASW30,
and samples were collected at 0 and 24 h time points. These samples were used to in-
fect the HIE monolayers. HuNoV RNA was extracted and quantified from cell super-
natant at 0 and 48 hpi to calculate viral replication. The initial HuNoV concentration was
6.1 ± 0.1 log GC/100µL. All samples at time 0 showed replication at a comparable extent
to the PBS control, reaching a titer of 8.4 log GC/100 µL (Figure 3). Samples collected
after 24 h in PBS, SW, PASW10, M-PASW, and PASW30 showed different replication rates.
Specifically, HuNoV replication decreased by 0.76 and 0.86 log GC/100 µL in SW and
PASW10. Inactivation of 1.49 log GC/100 µL was observed in PASW20, and the complete
prevention of HuNoV replication was detected in PASW30 (2.37 log GC/100 µL reduction).
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Figure 3. Replication of HuNoV following exposure for 24 h to PASW10, PASW20, and PASW30.
Phosphate-buffered solution (PBS pH 7.4) and seawater (SW) served as controls. Error bars indicate
SDs; asterisks indicate a significant difference between the samples and the untreated control (PBS) at
analogous time exposure points: ns, no significant; * p < 0.05; ** p < 0.01; *** p < 0.001. The data are
shown as the mean values ± standard errors of three independent experiments (n = 9).

3.5. Kinetic Bacterial Inactivation

The kinetic inactivation of three bacterial pathogens exposed to PASW30 for 24 h is
shown in Figure 4. The average initial E. coli O157, Salmonella spp., and V. parahemolyticus
load was 6.63 ± 0.09, 6.69 ± 0.01, and 6.79 ± 0.12 log CFUs/mL, respectively. No statistically
significant reductions in bacterial titers were detected during 24 h in SW. In PASW30, the
initial load was statistically reduced by >5 log after 0.5 h. In particular, E. coli O157,
Salmonella spp., and V. parahemolyticus were reduced to 1.39 ± 0.01, 1.66 ± 0.00, and
1.60 ± 0.08 log CFU/mL, respectively. Residual bacterial counts steadily decreased during
the following 3.5 h monitoring period, and complete inactivation was reached within 24 h
for all three tested bacteria.
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Figure 4. Kinetic bacterial inactivation in plasma-activated seawater (PASW30). Untreated seawater
(SW) served as a control. (a) E. coli O157; (b) Salmonella spp.; (c) V. parahemolyticus.

3.6. HIE Cytotoxicity

Given the presence of different concentrations of RONS due to the intensity of each
plasma treatment in seawater, PASWs undiluted and diluted at 1:10 were tested on HIE
monolayers for 1 h exposure. When tested undiluted, PASWs affected the monolayer
integrity, and HuNoV infections were not conducted. On the contrary, no morphological
changes in the monolayer structure and uniformity were observed during the visual
monitoring of HIE exposed to PASW10, PASW20, and PASW30 diluted 1:10 in CGMF-. For
all tested diluted PASWs, the HuNoV replication rates (8.22 ± 0.82 log GC/100 µL) showed
no statistical differences (p > 0.05) compared to the PBS control (8.15 ± 0.75 log GC/100 µL).

3.7. Mussel Viability

Given the promising antibacterial and antiviral activity of PASW30 and its significant
concentration of RONS, its effect on mussel viability was investigated in vivo. A total of
40 mussels for each treatment condition (PASW30 and SW) were used in the experiment
owing to the need to monitor mortality within 24 h. All mussels in the depuration treat-
ments were observed to open their valves after being left undisturbed, demonstrating their
filter-feeding activity. However, a total of four mussels perished after 24 h in SW, possibly
due to weakness and being in an unfamiliar environment. In PASW30, all mussels survived
and were found to be responsive to external stimuli until 6 h of treatment, even though a
total of seven mollusks died at 24 h.

4. Discussion

Current European regulations and commercial depuration processes fail to fully guar-
antee the microbiological safety of shellfish [12,25–27,38]. Despite there being several
studies confirming the effectiveness of PAW in inactivating bacterial pathogens, our study
reports novel data on the production of PASW, its efficacy in controlling relevant foodborne
viruses and bacteria, and its potential application as a strategy for shellfish depuration.

Our investigation focused on the most relevant pathogens involved in shellfish out-
breaks, such as HuNoV and V. parahemolyticus, along with additional indicators of micro-
biological safety (e.g., E. coli and phages). Specifically, the DBD plasma device activating
SW for 30 min resulted in PASW30, which was able to completely inactivate E. coli O157,
Salmonella spp. and V. parahemolyticus, MS2 and φ174 phages, and TV, MNV, and HuNoV
within 24 h.

Notably, our experimental design included innovative techniques (e.g., an HIE system)
able to robustly inform us about HuNoV infectivity and inactivation. Previous studies
inferred HuNoV decay using molecular methods such as RT-qPCR or viability RT-qPCR,
which have not overcome the limitation of the sound correlation of infectivity and molecular
assays [56], including for plasma-mediated inactivation [57]. Alternatively, surrogates have
been employed, even though their use has been questioned and resulting patterns still need
to be correlated with HuNoVs infectivity. Our results indicate that MNV is more stable than
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TV over time when treated with PASWs (Figure 2). Comparing surrogates with HuNoV
GII.4, the viral response to the diverse tested PASWs was qualitatively comparable, with
PASW30 being able to completely prevent viral replication in the cell models. In addition,
complete inactivation of high titer MS2 and ϕ174 phages (6–8 log PFUs/mL) was observed
within 24 h for PASW30 but not for PASW10 or PASW20, providing further evidence of the
effectiveness of the treatment in controlling viral contamination.

PASW30 was demonstrated to be effective in inactivating bacterial pathogens, namely
E. coli O157, Salmonella spp., and V. parahemolyticus. Significant reduction (>5 log) was
achieved within the first 30 min of exposure, and complete inactivation was reached within
24 h for all tested bacteria. Comparing the kinetic datasets, bacteria and TV showed
consistent inactivation patterns, even though bacterial decay was faster than viral one.

Taking these data together, microbial inactivation was associated with the intensity
of the plasma treatment (with it being PASW10 < PASW20 < PASW30), and it was time
dependent. The physical–chemical characterization of PASWs indicated the production of
different concentrations of RONS generated in SW following plasma activation (Table 1).
Specifically, nitrites (NO2

−) increased according to the duration of the plasma treatments,
while the content of nitrates (NO3

−), and peroxides (H2O2) was not proportional. Thus,
our data suggest that nitrites may be the primary agent responsible for viral inactivation.

A comprehensive comparison of our data with the available literature is difficult as
wide differences have been found related to plasma technology (e.g., plasma sources and
gas type), type of water (e.g., water, salt water, simulated seawater, and seawater), tested
microorganisms, and inactivation conditions [24].

Only a few reports have investigated plasma-activated salt water or seawater, and its
use for microbial inactivation [58–63]. Salt concentration affects electrical conductivity, and
thus, it is directly related to the number of ions generated in solution during the plasma
activation process. This contributes to the production of RONS and other antimicrobial
compounds (e.g., singlet oxygen) responsible for microbial inactivation [11,63,64].

Focusing on PASWs, we successfully plasma-activated seawater using actual seawater,
with demonstrated antimicrobial activity (Figures 1–4) and characterized by concentrations
of NO3

− similar to a previous study carried out using simulated seawater [63]. Importantly,
the NO3

− concentrations of PASW30 (310 mg/mL) (Table 1) fall within the range reported
to avoid adverse effects on clams’ and oysters’ viability (320 mg/mL) [65].

Our viability assays on mussels provide additional evidence that PASW within the
aforementioned limit has a limited impact on mussels’ viability. Similar considerations
apply to pH as well. Indeed, the decrease in pH in PAW and PASW is attributed to the
formation of inorganic acids (e.g., HNO2 and HNO3) that contribute to altering microbial
and viral stability [66–71], while they can also affect shellfish viability [72]. Thus, PASW is
diluted or buffered to prevent premature shellfish mortality [62,63]. However, the pH of
PASW tested effectively in our study (PASW30 pH 5) is significantly different from pH < 3
reported previously [57,67]. This discrepancy is likely due to the diverse composition of
seawater samples, with natural seawater carrying unidentified elements with buffering
capacity (e.g., microalgae, organic matter, trace elements, or minerals) not included in the
simulated seawater used by other authors [62,63].

Regarding antimicrobial activity, the results of this study were compared to previous
studies using PAW, plasma-activated salt water, or simulated PASW since there are no
reports on PASW. Campbell and colleagues first reported the reduction of ~3 log CFUs/mL
E. coli treated with simulated PASW for 5 min [63]. The authors also reported that E. coli
reductions were higher in PAW than in PASW produced at the same plasma exposure time,
supporting the relevance of the water type in plasma activation as previously discussed.
Baek and colleagues observed a reduction > 4 log for E. coli O157:H7 after 5 min of exposure
to plasma-activated salt water (0.9% NaCl, w/v) [58]. Overall, these results are in accordance
with the data obtained in our study where E. coli O157 exposed to PASW30 was reduced
by >5 log after 30 min (Figure 4a). Yun reported the reduction of >3 log of three different
Vibrio strains after 3 h PAW treatment. In our study, we achieved >5 log V. parahemolyticus
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inactivation after 0.5 h of treatment with PASW30 (Figure 4c), as well as for Salmonella spp.
In contrast, other authors have reported the even faster inactivation of >5 log Salmonella
enterica exposed to PAW within 1 min [73]. As we investigated one isolate per studied
species, future works should evaluate the effect of PASWs against different strains or
isolates of the same species to provide a comprehensive overview of intraspecies sensitivity
to this technology.

A comprehensive and quantitative comparison of the viral inactivation measurements
of the present study cannot be provided because of the diverse models adopted (e.g., phages,
surrogates, and HIE), the different cell systems used, and techniques applied for viral
titration (e.g., plaque count vs. TCID50 vs. fold RNA increase upon replication), as well as
for the experimental design adopted (kinetic vs. endpoint measurements). Still, our dataset
provides novel experimental evidence of viral inactivation in SW due to plasma treatments.
Indeed, while reports on viral inactivation of PASW, either salt or simulated SW, are missing,
some information is available on viral inactivation using PAW as there is an increasing
research interest in the field [74]. For instance, Guo showed that PAW reduced MS2 and
ϕ174 phages by >4 log after 4 h of treatment [11]. Furthermore, Wu and colleagues [75]
demonstrated that MS2 inactivation was dependent on gas carriers and power levels and
achieved it within 3 min under the tested conditions. Enveloped, single-stranded RNA
animal viruses have also been tested in water solutions. Interestingly, Newcastle disease
virus was completely inactivated after 30 min either in water or salt (0.9% NaCl) water
solutions [60]. A significant 4.3 log TCID50/100 µL reduction in Feline calicivirus (FCV),
acting as a surrogate for human norovirus, was reported after 5 min treatment in sterile
water solution, even though weaker reductions of 0.9–2 log TCID50/100 µL were recorded
in buffered solution [17]. In addition, Pepper mild mottle virus (PMMV) and Tobacco
mosaic virus (TMV), non-enveloped plant viruses, have been successfully inactivated by
plasma in water, of interest for irrigation water decontamination [76,77].

This study expands the knowledge on the inactivation of the main viral foodborne
pathogen, namely HuNoV, using an infectivity assay to assess the efficacy of plasma
technology in seawater, which could be exploited in further investigations. Moreover, our
data showed the infectivity of HuNoV GII.4 and its surrogates after 24 h in SW. Although the
HuNoV, TV, and MNV concentrations were slightly reduced, their infectivity demonstrated
after 24 h in SW confirms the experimental evidence on the risk of viral transmissibility
through the water cycle [49,78,79].

The mechanism of viral inactivation was not investigated in this study. However,
several studies have reported that plasma-mediated virus inactivation is caused by RONS
that induce the perforation of viral capsid and a reduction in virus replication [11,71,77,80].
On the other hand, the effect and synergy of hydrogen peroxide in the inactivation process
of plasma treatments is not yet fully elucidated [11,81,82]. Besides the resistance of enteric
viruses to slight acid conditions (e.g., pH 4–5) [70], experimentally confirmed in the present
study as well, it cannot be excluded that the pH may exert an additive antiviral effect
along with RONS. Thus, it would be worth deeply investigating these viral inactivation
mechanisms in salt water solutions in future studies.

Our study provides evidence to exclude the potential adverse effects of the tested
PASW on biological organisms. Indeed, we tested the potential cytotoxicity of PASW on
cells using HIE. Diluted 1:1 PASWs were assessed as nontoxic as no structural damage of
monolayers was observed, and cell functionality was preserved as HuNov replication was
demonstrated to be supported. Previous studies used HepG2 cell lines or live, immunode-
ficient mice for similar purposes [76,83]. Besides the different characteristics of activated
waters and the biological models used for testing, these studies corroborate the need for
assessing the safety of PAW/PASW for its safe use and consumption.

Finally, we tested the viability of mussels in PASW30 within 24 h as the first step in
employing PASWs in shellfish depuration systems. Interestingly, Campell and colleagues
investigated the effective depuration of E. coli in bioaccumulated oysters and depurated in
PASW for 24 h [62]. The authors reported that 24 h PASW depuration of bioaccumulated
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oysters reduced total coliforms and E. coli by 3.9 and 3.4 logs, respectively, without any
negative effect on mollusk viability or quality. Thus, the use of bioaccumulated shellfish
with phages or norovirus surrogates and depurated with PASW could represent the next
research step to define effective operational procedures of depuration strategies for different
bivalve mollusk species.

5. Conclusions

This study proves PASWs to be an efficient technology to inactivate E. coli O157,
Salmonella spp., V. parahemolyticus, bacteriophages (MS2 and ϕ174), cultivable norovirus
surrogates (MNV and TV), and HuNoV. In particular, PASW activated for 30 min completely
inactivated the studied pathogens within 24 h, while preventing cytotoxicity effects and
preserving mussel viability. Future studies should validate this antiviral and antibacterial
effect of PASWs in bioaccumulated shellfish in a simulated depuration process.

Taking all of these results together, this research shows that PASW can be a suitable
option to depurate bivalve mollusks and control the biohazard risks linked to microbiologi-
cal contamination, either viral or bacterial, due to its high efficiency, short treatment period,
sustainability, and cost-effectiveness.
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