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Abstract: Recently, our in vitro study on the effects of plasma-activated simulated seawater (PASW)
demonstrated its potential as a novel, alternative disinfectant in oyster depuration. In this current
study, PASW’s physicochemical and antimicrobial properties were identified and its effects on
oyster quality were observed. Simulated seawater (SS) activated by plasma for 10 min (PASW10)
increased in temperature, oxidation reduction potential, and electrical conductivity with a decrease
in those parameters after 1:1 dilution with SS (PASW10 (1:1)). The pH decreased immediately after
plasma activation and subsequently increased after dilution. Nitrate and nitrite concentrations
were higher in PASW10 (1:1) compared to PASW10 (3:1). No free available chlorine was detected
in undiluted PASW10. Processing using SS and PASW10 (1:1) depuration and refrigeration of E.
coli-bioaccumulated oysters was observed. Significantly higher reductions in total coliform and E. coli
were noted for PASW10 (1:1) treated oyster samples after 24 h compared to refrigerated samples. No
significant differences in values for condition index or biting force of oyster meats were observed
for the processed samples after 24 h. Overall, the novel and environment-friendly PASW could be
used as an alternative antimicrobial disinfectant in oyster depuration systems because it does not
negatively affect an oyster’s viability or quality.

Keywords: depuration; disinfectant; Escherichia coli; oysters; plasma-activated simulated seawater;
total coliform

Key Contribution: PASW is a novel and environment-friendly alternative disinfectant that could
possibly be used in oyster depuration. The application of PASW during depuration could support
microbiologically safer raw oysters for human food products.

1. Introduction

Non-thermal plasma-activated liquids have been investigated extensively recently
for applications in medical, food, and agricultural industries [1–12]. These solutions are
created as a result of the chemical reaction between non-thermal atmospheric plasma
(partially ionized gas at atmospheric pressure) and the adjacent liquid [5,13]. Due to the
absence of chemical residue and negative environmental impact, plasma-activated water
(PAW) has been observed as a candidate for use as a sanitizer on food surfaces, food
preparation surfaces, and processing equipment [2,14,15]. Studies showed PAW can be
used in various steps of the food production process such as pre-harvest and post-harvest
processing [16–18]. PAW also offers diversity in modes of application, as it can be utilized
as a dip, spray, droplet, or in larger volumes of standing solution [19–22]. Previous studies
explained the benefits and drawbacks of PAW on foods [5,23].
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Although PAW has been broadly applied to many different foods, studies examining
its use on seafood are still lacking and the opportunity for more information still exists [24].
Moreover, oysters and other bivalve molluscan shellfish often undergo a process called
depuration that can reduce endogenous bacteria and viruses by exploiting the organism’s
filtering process in a clean seawater environment. Additionally, to maintain freshness,
many aquatic organisms are kept alive in tanks of seawater before processing to delay
the rigor mortis stage [25]. Thus, non-thermal plasma applied to natural and simulated
seawater could be useful for the extension of good oyster quality.

Our previous study reported that plasma-activated simulated seawater (PASW) could
possibly be utilized as a disinfectant for live seafood because of its ability to inactivate
pathogens in simulated seawater (SS) solution in vitro [11]. However, the study lacked
evidence to support the benefits of this claim as the effect of PASW on oyster mortality
was not studied [11]. One study, however, described the non-fatal and non-toxic effects of
orally-administered PAW in live, immunodeficient mice for safety purposes, thus providing
promise for PASW use on live oysters [26]. The PAW used in their study was generated by
treating water for 15 min with a dielectric barrier discharge plasma instrument [26].

To continue our investigation of the antimicrobial ability of the novel PASW, an in vivo
study in live oysters was conducted. Similar to our previous study, plasma treatment of
SS produced very acidic PASW solutions, so in order to prevent premature mortality, the
PASW was diluted (which increased the pH). The objectives of this present study were to
first determine the physicochemical properties of diluted PASW and the concentrations of
key reactive nitrogen species in the solution. Second, the impact of PASW on oyster viability
was observed and the microbial inactivation efficacy of diluted PASW on total coliform and
E. coli in live oysters was analyzed in a laboratory bench-scale, static depuration. Finally,
quality indicators such as condition index and biting force helped quantify the effects of
PASW depuration treatment on the oysters.

2. Materials and Methods
2.1. Preparation of Simulated Seawater (SS)

Simulated seawater (SS) was prepared in a manner similar to our previous study [11].
SS was prepared using Crystal Sea® Marinemix, (Marine Enterprises International, LLC.,
Baltimore, MD, USA) a proprietary brand synthetic sea salt containing sodium chloride
among other trace elements and minerals (e.g., aluminum, manganese, nickel, and molyb-
denum) in deionized (DI) water. All SS used in this study was 31 ppt to match the water
conditions used to grow the oysters and to prevent shocking the animals. SS was kept at
room temperature (~22.0 ± 2 ◦C) unless noted otherwise.

2.2. Plasma Generator Setting and Plasma-Activated Simulated Seawater (PASW) Generation

Plasma-activated simulated seawater (PASW) was prepared in a similar fashion to
our previous study with some modifications [11] using an FG5001 plasma generator and
RD1004 Openair Jet (Plasmatreat USA, Inc. Heyward, CA, USA). For instance, the plasma
nozzle was 3.5 cm above the surface of the 400 mL SS sample to prevent the nozzle from
coming into direct contact with the SS. Additionally, the SS was treated with plasma for
10 min and thus denoted as PASW10 (plasma-activated simulated seawater with 10 min
treatment time). Due to the high velocity of the plasma jet above the solution, the solution
occasionally splashed out of the 1000 mL beaker. To make PASW10 (3:1), 150 mL of the
PASW10 solution was mixed with fresh, room temperature SS (450 mL) to make a total
of 600 mL. This diluted PASW10 was cooled for about 10 min (final temperature 24 ◦C).
Likewise, out of the 400 mL treated PASW10 solution, 300 mL was mixed with 300 mL
fresh refrigerated SS to make 600 mL total solution. This solution was denoted as PASW10
(1:1). The volume of the total PASW10 (1:1 and 3:1) solutions was raised to 600 mL to cool
the liquid immediately after plasma activation, to slightly raise the pH of the PASW10 to
prevent early oyster mortality, and to ensure the solution would sufficiently submerge the
live oysters.
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2.3. Analysis of Physicochemical Properties of Diluted PASW10

The physicochemical properties of diluted PASW such as temperature, oxidation reduc-
tion potential, electrical conductivity, and nitrate and nitrite concentrations were measured
as previously reported [11]. The temperature of the solution sample was measured using a
digital thermometer probe (Fisherbrand™ Traceable™, Waltham, MA, USA) placed in the
middle and center of the PASW and control solutions. Oxidation reduction potential and
pH of the solution were measured using a benchtop pH probe (Thermo Scientific™ Orion
Star™ A211, Waltham, MA, USA). Electrical conductivity was measured using a portable
electrical conductivity probe (Thermo Scientific™ Orion Star™ A325, Waltham, MA, USA).

Nitrate and nitrite concentrations were measured according to the method developed
by Miranda et al. (2001) [27]. After the SS was activated by the plasma for 10 min and
diluted (1:1 and 3:1), the total nitrate and nitrite concentration (mM) of the sample was
determined by transferring 100 µL aliquots of the PASW sample to a 96-well, clear plate.
Next, in rapid successive order, 100 µL aliquots of vanadium (III) chloride (VCl3) (0.8 g/dL
in 1 M HCl) were transferred to each well, then 50 µL sulfanilamide (SULF) (0.1% in DI wa-
ter) and 50 µL N-(1-Naphthyl)ethylenediamine dihydrochloride (2% in 5% HCL). After 30
min incubation, absorbance was measured using a spectrophotometer (Thermo Scientific™
Multiskan EX, Waltham, MA, USA) set to 540 nm. Nitrite absorbance was determined in a
similar fashion excluding VCl3. Concentrations of total nitrate and nitrite, in addition to
nitrite alone, were determined by referring the sample absorbance to their corresponding
dilution factor and standard curve data. Nitrate concentration was obtained by subtracting
the nitrite concentration value from the total nitrate and nitrite concentration value.

These properties were measured in the SS before activation with the plasma (control),
immediately after plasma activation, and after plasma activation and dilution. Free avail-
able chlorine in the diluted PASW10 solutions was measured according to the instructions
included in a chlorine kit (CHEMets® visual test kit, CHEMetrics, Midland, VA, USA). The
minimum detection limit for free available chlorine was 10 ppm.

2.4. Oyster Preparation

About 80 aquacultured Eastern oysters, Crassostrea virginica, were obtained from the
Bogue Sound in Morehead City, North Carolina, in June 2022, courtesy of the North Carolina
Shellfish Mariculture Demonstration Center at Carteret Community College and North
Carolina State University (NCSU) Center for Marine Sciences and Technology. Oysters
were stored on ice (<10 ◦C) during transport from the coast. Before oyster conditioning,
oysters were scrubbed under room temperature tap water to remove fouling organisms.
About 13 oysters each were held in six tanks in about 5 L of SS and were fed a microalgae
solution mix (5 mL) containing Isochrysis, Pavlova, Tetraselmis, and Thalassiosira weissflogii
and pseudonana (Shellfish diet 1800®, Reed Mariculture Inc., Campbell, CA, USA) daily
until experimentation for about four days. Some oysters died after transport and after
oyster conditioning. Upon retrieval for microbial and quality testing, the average mass,
length, and width of oysters were recorded.

2.5. Bacterial Culture Preparation and Bioaccumulation in Oysters

Two strains of E. coli (ATCC 700728™ and ATCC 33625™) were used in this study.
Stock cultures stored at −80 ◦C were revived after streaking on separate tryptic soy agar
(TSA, BDTM, Franklin Lakes, NJ, USA) plates stored at 4 ◦C for less than four weeks
until use. To increase the inoculum concentration, a modified method from the U.S. En-
vironmental Protection Agency was used [28]. Upon testing, cultures were enriched
in two separate 15 mL centrifuge tubes with 10 mL of tryptic soy broth (TSB, BDTM,
Franklin Lakes, NJ, USA) in an incubator set to 37 ± 1 ◦C overnight (20–24 h). The en-
riched culture of O157:H7 was then streaked on 12 TSA plates and the ATCC 33625™ was
streaked on another 13 TSA plates. The 25 plates were incubated overnight at 37 ± 1 ◦C.
Sterile, buffered peptone water (BPW, 5 mL) was added to each plate, and sterile, L-shaped
spreaders were used to gently resuspend the colonies in the BPW. The resuspended colonies
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were combined into about seven centrifuged tubes each, for O157:H7 and ATCC 33625™.
The tubes were then centrifuged at 1300 rpm at approximately 4 ◦C for 15 min. The result-
ing pelleted cells were resuspended in 5.2 L of SS for oyster bioaccumulation. This volume
of SS allowed for total submergence of oysters in the water.

After about 10 min, a water sample was collected and 1:10 serial dilutions were
performed in sterile deionized water. Diluted water samples were plated in duplicate on
E. coli/Coliform count Petrifilm (3M™, St. Paul, MN, USA). Petrifilms were held for about
20–24 h in an incubator set to 37 ± 1 ◦C. Colony-forming units (CFUs) were expressed
as log CFU/mL. Oysters were left for 72 h to bioaccumulate suspended E. coli inoculum
in a tank with two air stones. After the bioaccumulation period, another water sample
was retrieved from the tank and the aforementioned dilution and plating was repeated to
determine concentrations of coliform and E. coli after bioaccumulation and at the start of
the depuration process. This step also served the purpose of ensuring the bacterial strains
were still viable after 72 h.

2.6. Depuration Setup and Processing

Six glass bowls were set up to function as static depuration systems (Figure 1). Each
bowl held up to three oysters and 600 mL of either SS or PASW10. Each system was
equipped with one air stone to provide air to the depurating oysters. After physicochemical
testing it was found that PASW10 (1:1) had a slightly higher temperature, lower pH, higher
oxidation reduction potential, electrical conductivity, and nitrate and nitrite concentrations
compared to PASW10 (3:1). As a result of the increased antimicrobial potential of PASW10
(1:1), this particular dilution was used to conduct the depuration and quality experiments.
After plasma activation in a 1000 mL beaker, 300 mL of PASW10 was added directly to the
bowl of oysters and 300 mL of cooled SS was added immediately after to prevent oyster
mortality. After 1 and 3 h, the used PASW10 (1:1) was discarded and newly prepared
PASW10 (1:1) was added to the system as previously mentioned. Depuration took place
over 24 h. Other oysters were put in an open plastic container on damp paper towels and
were left undisturbed at the bottom of a refrigerator at 5 ◦C during the processing period.
Refrigerated and SS depurated oysters served as controls.

Figure 1. Schematic of laboratory bench-scale, static depuration setup for live oysters. Three glass
bowls were filled with 600 mL of SS or PASW10 (a total of six bowls). Each bowl contained three
oysters and a small air stone.

2.7. Determination of Microbial Inactivation Efficacy of PASW10 (1:1) against Total Coliform and
E. coli in Oysters

Microbial tests were conducted over the 24 h oyster processing period at intervals 0,
1, 3, and 24 h for all treated oysters. Refrigeration processing followed the same pattern
of oyster sampling. At the aforementioned time intervals, treated oysters were gathered
and shucked in an aseptic manner. One oyster was treated at a time and a total of three
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oysters were used per time interval for each treatment. Oyster meat was transferred to
a sterile Whirl-Pak® homogenizer blender filter bag and weighed. A 1:10 dilution was
made by adding sterile BPW to the oyster meat. The diluted oyster sample was placed in a
paddle blender (Seward™ Stomacher™ Model 80 Biomaster Blender 110V, Worthington,
West Sussex, UK) set to the normal setting for 120 s. After blending, 1:10 serial dilutions in
sterile deionized water were performed and aliquots of sample were plated in duplicate on
E. coli/Coliform count Petrifilm (3M™, St. Paul, MN, USA). Petrifilms were held overnight
(20–24 h) in an incubator set to 37 ± 1 ◦C. Total coliform and E. coli colonies were counted
and expressed as log CFU/g of oyster meat.

2.8. Oyster Quality Testing

Condition index and biting force tests were measured as indicators of overall oyster
quality. To reduce variability between samples, oysters were sorted and weighed and
oysters within the same weight ranges were used per treatment. Oyster quality measure-
ments were conducted at the beginning (0 h) and end (24 h) of processing in a separate
experiment from microbiological testing. One oyster was treated at a time and a total of
three oysters were used for each treatment. Refrigerated, SS depurated, and PASW10 (1:1)
oysters used in quality tests were not inoculated with bacteria prior to experimentation.
Biting force analyses were conducted using a TA.XTPlus texture analyzer (Stable Micro
Systems, Godalming, Surrey, UK). The load cell used was 5 kN. A knife blade with a 45◦

chisel end was used as the shear fixture. Shucked oyster meat was positioned perpendicular
to the knife blade on a TA-90 heavy duty platform with an aluminum plate with the thickest
part of the oyster’s ventral side directly under the blade. Exponent Stable Micro Systems
software (Version 6.1 Build 10 Issue 0, Godalming, Surrey, UK) was used to plot peak force
(N) over time (s). The test speed was set to 1.0 mm/s and distance was 1.0 mm, enough for
the blade to touch the platform. Values for peak force were recorded per sample.

Condition index testing for the treated oysters followed the procedure described by
Larsen et al. (2013) and Lawrence and Scott (1982) [29,30]. Whole wet oysters, alive in
the shell, were weighed and their mass was recorded. After shucking, oyster meats were
placed in a convection oven (Precision Scientific 25EM, Chicago, IL, USA) set to 80 ◦C for
48 h. Oyster shells were left to air dry at room temperature (~22.0 ± 2 ◦C) for 48 h. After
drying, both oyster meat and shells were weighed. Using the study by Larsen et al. (2013),
condition index was calculated using Equation (1):

Oyster′s dried tissue weight
(Oyster′s whole wet weight−Oyster′s dried shell weight)

× 100 = Condition Index (1)

2.9. Data Analysis

Experiments were performed in triplicate. Statistical analysis of data was performed
using Tukey’s honest significance difference test (α = 0.05) and one-way analysis of variance
in R Project for Statistical Computing software version 3.6.3 [31].

3. Results
3.1. Physicochemical Properties of PASW10 (3:1 and 1:1)

Values for the physicochemical properties of PASW10 3:1 and 1:1 are shown in Table 1.
For PASW10 (3:1), the temperature of SS increased immediately after activation with plasma
but decreased after cooled SS was added to dilute the PASW10 solution. Similarly, values for
oxidation reduction potential and conductivity followed the same trend before activation,
immediately after activation, and upon the addition of SS diluent. Values for pH, however,
began in the basic region at 9.06 for SS and were reduced to the acidic region at 2.93 after
plasma activation. After dilution with SS, pH was 5.49.
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Table 1. The physicochemical properties of simulated seawater (SS) before plasma activation, imme-
diately after activation by plasma for 10 min (denoted as PASW10), and PASW10 after dilution with
SS (3:1 or 1:1) to a total volume of 600 mL.

Treatment Temperature
(◦C) pH

Oxidation
Reduction
Potential

(mV)

Conductivity
(µS/cm)

PASW10 (3:1)

Before activation 18.7 ± 0.6 Bc 9.06 ± 0.0 Bc −116.6 ± 0.3 Bc 44.0 ± 0.1 Bc
Immediately after activation 55.3 ± 1.5 Cb 2.93 ± 0.0 Db 249.8 ± 2.1 Cb 57.5 ± 0.6 Db

After dilution with SS 23.0 ± 0.0 Ea 5.49 ± 0.0 Fa 76.30 ± 0.6 Ea 46.4 ± 1.4 ACa

PASW10 (1:1)

Before activation 19.0 ± 0.0 Bc 9.00 ± 0.0 Cc −114.0 ± 0.8 Bc 44.6 ± 0.0 BCc
Immediately after activation 48.3 ± 1.5 Db 2.99 ± 0.0 Eb 243.0 ± 0.6 Db 52.2 ± 1.0 Eb

After dilution with SS 27.0 ± 0.0 Aa 3.43 ± 0.0 Aa 201.4 ± 0.3 Aa 47.2 ± 0.4 Aa

Data shown are the mean values ± standard errors of three independent experiments. Within a particular
treatment, means lacking a common lowercase letter are significantly different (p < 0.05). Between both treatments
and within a column, means lacking a common uppercase letter are significantly different (p < 0.05).

Within treatments for PASW10 (3:1), all temperature, oxidation reduction potential,
conductivity, and pH values were significantly different. Likewise, values for temperature,
oxidation reduction potential, and conductivity increased and decreased after plasma
activation and dilution, respectively. The value of pH decreased and increased after plasma
activation and dilution, respectively. Within treatments for PASW10 (1:1), all values for tem-
perature, oxidation reduction potential, conductivity, and pH were significantly different.
When comparing PASW10 (3:1) to PASW10 (1:1), significant differences between the two
treatments were observed in temperature and oxidation reduction potential values immedi-
ately after plasma activation and after dilution with SS, respectively. When comparing the
pH values of PASW10 3:1 and 1:1, all values were significantly different before activation,
after plasma activation, and after dilution. Conductivity values were only significantly
different immediately after plasma activation for both PASW10 3:1 and 1:1.

Reactive nitrogen species such as nitrate and nitrite generated in PASW10 (3:1 and 1:1)
and an SS control are given in Table 2. The values for nitrate and nitrite concentrations for
PASW10 (1:1) were higher than those of PASW10 (3:1). All values for nitrite and nitrate
concentrations were significantly different for all treatments and the control. No free
available chlorine was detected in either PASW10 3:1 or 1:1.

Table 2. Concentrations (mM) of nitrate, NO3
−, and nitrite, NO2

−, in PASW10 (3:1 and 1:1).

Treatment NO3− (mM) NO2− (mM)

SS (control) 0.00 ± 0.00 b 0.00 ± 0.00 b
PASW10 (3:1) 5.21 ±1.84 c 6.71 ± 0.01 c
PASW10 (1:1) 34.3 ±1.43 a 11.3 ± 0.11 a

Data shown are the mean values ± standard errors of three independent experiments. Within a column, means
lacking a common letter are significantly different (p < 0.05).

3.2. Oyster Physical Properties and Mortality

A total of 43 oysters were used in the experiment owing to mortality before experi-
mentation and after bioaccumulation (Table 3). After bioaccumulation, of the 43 oysters,
the average mass was 32.9 g, length was 5.57 cm, and width was 3.30 cm. Three oysters
perished after conditioning in the 31 ppt oyster tanks before experimentation, possibly due
to weakness and being in an unfamiliar environment.
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Table 3. Averages of physical properties of oysters used in this study.

# of Oysters Mass (g) Length (cm) Width (cm)

Processing tests 30 33.8 ± 6.96 5.84 ± 0.68 3.38 ± 0.44
Quality tests 13 30.8 ± 6.70 5.00 ± 0.54 3.15 ± 0.59

Average 32.9 ± 6.94 5.57 ± 0.75 3.30 ± 0.49

3.3. Bacteria Bioaccumulation in Oysters

At the start of bioaccumulation in the oysters, concentrations of total coliform and
E. coli in the SS were 7.91 ± 0.0 and 7.83 ± 0.0 log CFU/mL, respectively. After 72 h of
bioaccumulation in the oysters, concentrations of total coliform and E. coli in the SS were
reduced to 3.85 ± 0.1 and 3.62 ± 0.0 log CFU/mL, respectively. The lower concentration of
bacteria may have possibly hinted at the uptake of E. coli in the oysters.

3.4. Microbial Inactivation Efficacy of PASW10 (1:1) against Total Coliform (TC) and E. coli (EC)
in Oysters

The initial total coliform (TC) count at hour 0 was 5.6 ± 0.4 for all treatments with no
significant differences across treatments (Figure 2a). After hour 1, TC counts were 5.2 ± 0.4,
5.6 ± 0.4, and 4.3 ± 2.6 log CFU/g for refrigerated, SS, and PASW10 oyster samples, re-
spectively. No significant differences were observed across treatments. TC counts were
6.2 ± 0.8, 5.0 ± 1.6, and 3.7 ± 1.9 log CFU/g for refrigerated, SS, and PASW10 oyster
samples, respectively, after hour 3 with no significant differences. Lastly, after 24 h, TC
counts were 5.4 ± 0.2, 4.8 ± 0.2, and 4.7 ± 0.2 log CFU/g oyster for refrigerated, SS, and
PASW10 samples, respectively. After 24 h of processing, the TC in oysters were reduced by
0.2, 0.8, and 0.8 log CFU/g in refrigerated, SS, and PASW10 samples, respectively. Signifi-
cant differences were observed for SS and PASW10 samples compared to the refrigerated
samples. Across the 24 h period, the highest reductions in TC were observed in PASW10
treated oysters.

The initial E. coli (EC) count was 6.2 ± 0.0 log CFU/g for all treatments at hour
0 treatments with no significant differences across treatments (Figure 2b). After hour 1, EC
counts were 5.3 ± 0.4, 6.4 ± 0.3, and 6.1 ± 0.7 log CFU/g for refrigerated, SS, and PASW10
oyster samples, respectively, with no significant differences across treatments. EC counts
were 7.1 ± 1.6, 6.1 ± 0.5, and 4.6 ± 2.0 log CFU/g for refrigerated, SS, and PASW10 oyster
samples, respectively, after hour 3 with no significant differences across treatments. Lastly,
EC counts were 5.6 ± 0.2, 5.1 ± 0.3, and 4.8 ± 0.1 log CFU/g oyster for refrigerated, SS,
and PASW10 samples, respectively, after 24 h of processing. Again, significant differences
were observed for SS and PASW10 samples compared to the refrigerated samples. After
24 h, EC concentrations were ultimately reduced by 0.6, 1.1, and 1.4 log CFU/g oyster
for refrigerated, SS, and PASW samples, respectively, when compared to hour 0 samples.
Across the 24 h period, the highest reductions in EC were observed in PASW10 treated
oysters. At the end of processing, there were no oyster mortalities for all treatments.

3.5. Oyster Quality

Condition indices of oysters before and after depuration and refrigeration processing
are shown in Table 4. After 24 h of processing, oysters that underwent SS depuration
retained the highest condition index value (a higher condition index is most desirable).
Refrigeration, SS depuration, and PASW10 depuration experienced condition index re-
ductions of 1.86, 0.36, and 2.16, respectively. Overall, however, there were no significant
differences between processing treatments.

Biting force values, recorded as peak force, for oysters before and after processing
treatment are presented in Table 5. After 24 h, peak force values of oyster meats were
greatest as a result of refrigeration. Following refrigeration, peak force values were in-
creased in PASW10 depuration samples, then SS depuration samples when compared to
the control. No significant differences were observed among processing treatments or the
control, however.
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Figure 2. Microbial reduction efficacy of refrigeration, simulated seawater (SS) depuration, and
plasma-activated simulated seawater (PASW) depuration processing on (a) total coliform and
(b) E. coli in live oysters over 24 h. Data shown are the mean values ± standard errors of three
replications. Means lacking a common lowercase letter are significantly different (p < 0.05) at a
specific time point among treatments. Means lacking a common uppercase letter are significantly
different over the 24 h processing period (p < 0.05).

Table 4. Condition index (CI) of oysters before (0 h) and after 24 h of processing.

Treatment CI ∆ CI

Control (0 h) 5.51 ± 2.49 –
Refrigeration 3.65 ± 1.11 −1.86
SS depuration 5.15 ± 1.49 −0.36

PASW10 depuration 3.35 ± 0.87 −2.16
Data shown are the mean values ± standard errors of three replications and were not significantly different
(p > 0.05).

Table 5. Biting force of oysters before (0 h) and after 24 h of processing.

Treatment Peak Force (g/mm) ∆ Peak Force (g/mm)

Control (0 h) 177 ± 3.54 —
Refrigeration 339 ± 147 +162
SS depuration 117 ± 7.72 −60.0

PASW10 depuration 198 ± 49.0 +21.0
Data shown are the mean values ± standard errors of three replications and were not significantly different
(p > 0.05).
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4. Discussion
4.1. Physicochemical Properties of PASW10 (3:1 and 1:1)

Increases in temperature, oxidation reduction potential, and conductivity, and nitrate
and nitrite concentration of SS immediately after plasma activation and a decrease in pH
after the creation of PASW were similar to the chemical mechanisms and results from our
previous in vitro study [11]. These physicochemical trends were also similar to other studies
that applied plasma to phosphate-buffered saline and saline solutions [32–34]. Unlike the
study by Baek et al. (2020), which used a 0.9% w/v NaCl plasma-activated solution and
generated 0.54–0.58 mg/L of free available chlorines, none were generated in our study.
This could be the result of reactions between the various minerals (e.g., aluminum, nickel,
etc.) in the proprietary synthetic sea salt brand used in this study. In addition, the method of
detection limit may have been too high at 10 ppm, so another method of detection may need
to be used in the future. The increased concentrations of nitrate and nitrite after plasma
activation compared to the PASW in vitro study could be due to the increased volume of SS
used to create PASW in this work [11]. While the increased nitrate and nitrite in PASW10
(1:1) offered antimicrobial benefits, careful consideration was taken when generating these
reactive nitrogen species. Nitrite concentrations close to 20 mM affected oyster pumping in
a previous study, but did not kill the oysters [35]. While concentrations in this study did
not reach the aforementioned level, in a future scaled up system, this challenge would need
to be considered for effective depuration processing. Likewise, nitrate species should not
harm oysters as long as they are below 186 mM, as demonstrated in a previous study [35].

4.2. Oyster Physical Properties and Mortality

Prior studies have demonstrated low cumulative mortality of oysters held at about
room temperature seawater and a moderate salinity of 15 ppt or lower, so the increased salin-
ity in this study may have contributed to oyster mortality (about 7%) alone before process-
ing [36,37]. Out of the total 43 oysters used in testing, no oysters perished after processing.

4.3. Bacteria Bioaccumulation in Oysters

E. coli (ATCC 11303) was used to inoculate natural seawater pumped in from the Bogue
Sound, NC, USA, for uptake in Crassostrea virginica oysters sourced from the sound in a
previous study [38]. Initial E. coli concentration in the seawater was about 9 log CFU/mL,
slightly higher than the approximately 8 log CFU/mL concentration in our study [38]. This
could possibly be due to the varying seawater conditions. In the study by Love et al. (2010)
water salinity was 28 ppt compared to 31 ppt used in this study [32].

4.4. Microbial Inactivation Efficacy of PASW10 (1:1) against Total Coliform (TC) and E. coli (EC)
in Oysters

The microbial reduction trend for TC in oysters demonstrated a slight decrease in the
refrigerated sample and increases in the SS and PASW10 samples after 1 h. After 3 h, TC
concentration in the refrigerated and SS sample increased, while the PASW10 decreased.
After 24 h, all samples demonstrated decreases in TC with PASW10 yielding the greatest
reduction in TC in the depurating oysters. After 1 h, the slight decrease in TC in the
refrigerated samples could be due to the inhibition of TC proliferation because of the 5
◦C storage condition; this effect was similar a previous study [39]. The increase in TC in
SS and PASW10 samples could be due to the effects of the room temperature water in SS
and slightly higher temperature of the PASW10 solution. Further, the salt in the PASW
solution combined with the higher temperature could have provided an iso-osmotic barrier
around the bacterial cells to insulate them from cellular destruction [40,41]. After 3 h, the
increase in TC in the refrigerated and SS samples could follow this same pattern as the
samples at 1 h and has been noted before in a study examining coliform after high pressure
processing treatment and storage at 2–4 ◦C over time [42]. It should be noted that oysters
in depurated treatments were observed to open their valves after being left undisturbed,
which might suggest their filtering resumption. However, nitrate and nitrite are short-lived
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reactive species and decreases in nitrite concentration and lessened antimicrobial efficacy
against E. coli and L. innocua over 60 min at 22 ◦C were noted in a PAW study [2]. A similar
reduction trend was observed in EC bioaccumulated oyster samples over the 24 h period.

Replacing the PASW10 treatment at 1 and 3 h with fresh treatment seemed to slow TC
and EC growth over time, especially by 24 h compared to refrigerated treatment. While
reductions in TC and EC were greater in PASW10 treated oysters after 24 h, they were not
significantly different from SS treated oysters. In a study by Ren and Su, depurated oysters
treated with electrolyzed oxidizing water containing 1% NaCl every hour, significantly
reduced inoculated Vibrio vulnificus and Vibrio parahaemolyticus after 4 h when compared to
0 h [41]. However, past 4 h and up to 8 h, no significant changes were demonstrated in their
study. The authors hypothesized that while the salt may encourage the filtering mechanism
in the oysters, it may have also decreased the antimicrobial ability of the electrolyzed
oxidizing water. The authors also mentioned that the particular group of oysters may not
have been immediately active when resuming their filtering process, which contributed
to a longer period for the reduction of Vibrio in the oysters. This possibility could be
the same in our study since the SS and PASW10 depurated oysters’ highest reductions
appeared after the 24 h process and were not significantly different from each other. If the
oysters in our study were not immediately pumping in and out the PASW10 water, the
reactive nitrogen species, oxidation reduction potential, electrical conductivity, lowered pH,
and other short-lived species may have dissipated over time as demonstrated in the PAW
storage study by Wang and Salvi [2]. In order to fully inactivate any bacteria, the PASW10
treatment solution needed to be circulated through the intestines of the oyster [41]. If the
oysters were initially inactive upon the introduction of the PASW10 treatment, this may
have contributed to the reduced inactivation of TC and EC in the oysters over time when
compared to the SS treatment.

Nevertheless, these results were comparable to a study that determined the reduction
in EC in oysters during depuration after environmental contamination [43]. Their recir-
culating depuration system consisted of a 39 W ultra-violet sterilizer with a sand filter
that fed 400 L of seawater held at a temperature ranging from 11.2–12.8 ◦C and salinity
ranging from 32.4–33.4 ppt into a tank at 10 L/min. After 24 h of depuration, EC counts
in Crassostrea gigas oysters were reduced by 1.1 log MPN/100 g [43]. In another study,
Crassostrea madrasensis oysters in a static depuration system with 200 L seawater at a pH
of 8.1, salinity of 32.5, and temperature of 30.3 ◦C were measured to quantify microbial
reductions in TC and EC after a 48 h period [44]. Static depuration took place either near
the surface of the water or at the tank’s bottom. For TC counts after 24 h, reductions were
1.98 and 0.57 log MPN/g oyster at the surface and bottom, respectively. For EC counts
after 24 h, reductions were 2.28 and 1.32 log MPN/g oyster at the surface and bottom,
respectively. Significant differences in TC and EC microbial reduction were only noticed up
to 24 h and not at 36 or 48 h [44].

Considering the novelty of this study, these results and preliminary results can provide
a basis for future studies of PASW-oyster depuration efforts (Supplementary Figure S1).
However, a few studies have examined cold atmospheric plasma applied directly to oyster
meat [45,46]. In the study by Csadek et al. (2021), their cold atmospheric plasma treatment
inactivated enveloped RNA virus in blended oyster meat slurry. EC counts in untreated,
shucked oyster controls were ~5–6 log CFU/g in the study by Choi et al. (2022). After
treatment for 10 min with dielectric barrier discharge, non-pathogenic EC and EC O157:H7
were reduced by 0.31 and 0.18 log CFU/g, respectively. While the aforementioned studies
only treated the surfaces of the oysters unlike in our study, both the antimicrobial effects
of cold atmospheric plasma and PASW were attributed to radical species such as reactive
nitrogen species, lowered pH, reactive oxygen species, and other short-lived reactive
chemical species creating perforations in the cell membrane of the bacteria [47].

In the future, freshly generated PASW10 treatment should be introduced at more
frequent time intervals to increase contact time with the oysters and hopefully allow the
oysters to comfortably resume their filtering processes. This method could lead to increased
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reductions in endogenous bacteria. In addition, static depuration processing at colder
temperatures (<20 ◦C) could act as an additional hurdle in reducing bacteria in oysters.

4.5. Oyster Quality

A higher condition index value is indicative of a greater amount of oyster meat in the
shell and a generally healthy oyster [48]. Since the oysters used in this experiment were
small in size, condition indices were smaller than larger oysters in a previous study [29].
However, these results followed a similar trend in relation to former oyster depuration
studies in which condition indices were reduced but not significantly different after pro-
cessing [29,49–51]. Even in depuration trials where oysters were fed, condition index
values after processing were not significantly different from values before processing [50].
Ruano et al. (2012) noted that higher glycogen, protein, and triacylglycerols contribute to
higher energy reserves in some bivalve mollusks, making them more resistant to significant
reductions in condition index values. Moreover, depuration at temperatures lower than
25 ◦C can help reduce oyster respiration and wasteful energy expenditure [52]. Oysters in
this study were held at room temperature, about 22.0 ± 2 ◦C, and were not significantly
stressed after 24 h of depuration or refrigeration enough to reduce glycogen, protein, and
triacylglycerol levels.

Although there are no studies that report the effects of depuration on an oyster’s
cutting/biting force properties, previous studies’ textural analyses still provide some
insight into the processing’s effects on oyster meats. In a study that examined the storage
temperature’s effects on shellstock oysters over a period of 10 days, an increase in peak force
on shucked oyster samples was observed after storage at 5, 10, and 20 ◦C for 24 h in another
study [53]. Peak force values were about 340 g for samples stored at 5 ◦C after 24 h and were
not significant for the three storage temperatures during the first three days of storage [53].
Another study examined the impact of 10, 20, 30, and 60 min dielectric barrier discharge
using nitrogen gas medium on the texture profile of shucked Pacific oysters positioned
0.3 cm from the discharge jet [46]. On samples treated with dielectric barrier discharge
for 10 min, mean hardness (g/cm2) was 102 ± 15.17 compared to 100.14 ± 11.38 of the
untreated control (0 min). The samples were not significantly different [46]. The cutting
force of oysters stored at 4 ◦C decreased significantly from 0 to 5 days and ultimately over
a 20-day period [54]. Loss in biting/cutting force in oysters is due to loss of freshness
determinants over time, such as glycogen content, water content, pH reduction, drip loss,
protein content, and enzymatic activity [54,55]. While depuration for 24 h should not
negatively affect this quality parameter, extended depuration periods might alter the biting
force of oyster meats. Overall, it seems PASW10 provides a higher reduction of TC and EC
in oysters while not significantly affecting the quality of the oyster’s meat.

5. Conclusions

PASW could be used as a disinfectant in oyster depuration systems. The effects
of increased oxidation reduction potential, conductivity, reactive nitrogen species, and
lowered pH all play a part in the antimicrobial efficacy of PASW. PASW proved to be a
better method for the reduction in total coliform and E. coli in live oysters and did not
significantly diminish oyster quality after 24 h of depuration. Therefore, PASW depuration
presents an alternative processing method for oysters compared to traditional methods such
as refrigeration or depuration in seawater. Future studies should consider the application of
PASW depuration on other microorganisms affecting live oysters and coupling the method
with shelf-life quality studies over time. Our data suggest the novel application of PASW to
static oyster depuration systems could be used to help maintain the microbiological safety
of live oysters for human consumers.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/fishes8080396/s1, Figure S1: The effects of plasma-activated
simulated seawater (PASW) on total coliform in oysters during static depuration in a preliminary

https://www.mdpi.com/article/10.3390/fishes8080396/s1


Fishes 2023, 8, 396 12 of 14

experiment; Figure S2: The effects of plasma-activated simulated seawater (PASW) on E. coli in
oysters during static depuration in a preliminary experiment.
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Abbreviations

Abbreviation Definition
PASW Plasma-activated simulated seawater
SS Simulated seawater
PASW10 SS activated by plasma for 10 min
PASW10 (1:1) PASW10 diluted 1:1 with SS
PASW10 (3:1) PASW10 diluted 3:1 with SS
PAW Plasma-activated water
TC Total coliform
EC Escherichia coli
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