
ABSTRACT 

CAMPBELL, VASHTI MARTAE. Enhancing the Depuration Process for Bacterial Reduction in 

Live Oysters. (Under the direction of Dr. Steven G. Hall, P.E.). 

 

Oysters, wild or aquacultured, are a significant sustainable protein source for the growing 

population. However, due to coastal impacts, climate change and subsequent environmental 

degradation, there is a heightened risk for bacterial contamination in oyster rearing systems. 

Thus, microbiologically safe raw oysters are needed.  

Oyster depuration is a processing technique in which an oyster is submerged in clean 

seawater and allowed to resume its filtering mechanism, thus purging itself of bacterial 

contaminates over time. Depuration offers process control and maintains oyster viability, 

possibly enhancing the final product. While depuration is often used for the reduction of 

coliform and E. coli in live oysters, it has yet to be formally validated as a process for the 

reduction of pathogenic Vibrio parahaemolyticus (VP) and Vibrio vulnificus (VV), two species 

prevalent in oysters.  

A review of Vibrio ecology and its relation to oyster depuration suggested optimal 

parameters for the maximum reduction of VV and VP in live oysters. These findings 

demonstrated that the best depuration conditions for the reduction of VV and VP in live oysters 

were water salinity ranging from 25-32 ppt, water temperature less than 20°C, processing time 

from 4-6 days, and flowing water. These results could help inform future Vibrio-oyster 

depuration validation studies. Depuration could also be improved with water treatment methods 

like the addition of competitive bacteria, chitosan particles, or plasma-activated simulated 

seawater (PASW). 

Novel PASW was investigated and found to possess antimicrobial and non-toxic 

properties making it a prime candidate for application in oyster depuration. In an in vitro study, 



generation of PASW yielded PASW temperatures ranging from 31.0 ± 0.2 to 49.7 ± 1.0°C, pH 

from 7.21 ± 0.0 to 2.70 ± 0.0, oxidationïreduction potential from 15.7  ± 1.0 to 246.0 ± 0.9 mV, 

and electrical conductivity from 35.4  Ñ 0.3 to 48.1 Ñ 1.5 ɛS/cm after activation by plasma for 1ï

10 min. Nitrate and nitrite concentrations, key bactericidal species, increased with higher 

plasma-activation time. PASW reduced planktonic E. coli by up to 3 log CFU/mL. The results of 

this study indicated a follow-up in vivo study might be successful.  

Since the pH of PASW was acidic, it was diluted with simulated seawater (SS) to prevent 

harming the oysters. Diluted PASW10, solution generated after 10 min of plasma-activation, 

reduced the physicochemical properties compared to the in vitro study and was absent of free 

available chlorine species. Live oysters underwent refrigeration and depuration with SS and 

PASW10 (1:1) for 24 h with no mortalities. No significant differences were observed in total 

coliform counts after 24 h depuration; however, significant differences were observed for E. coli 

counts after 24 h. After 24 h, PASW10 yielded the greatest reduction of both bacteria compared 

to other treatments. No significant quality changes were noticed in the processed oysters. PASW 

could be used to reduce bacteria in future oyster depuration work.  

The main goal of research in PASW on oysters is eventual implementation in the seafood 

processing industry, ideally optimizing the current oyster depuration process with both static and 

continuous PASW systems. Initial cost-benefit analysis suggests PASW could be an economical 

solution for processors over time, but prototypes and conceptual models need to be constructed 

to assess these claims. 

Overall, opportunities to apply food safety and microbiological methods, as well as 

engineering principles, to enhance the depuration of live oysters abound. This work establishes a 



framework for microbial reduction validation in oyster depuration. It also provides a basis for 

more PASW-oyster depuration studies to reduce bacteria for food safety purposes. 
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CHAPTER 1: INTRODUCTION  

1. Overview 

Bivalve molluscan shellfish such as oysters are a high protein, sustainable food that can 

enhance human health while providing beneficial ecosystem services. These creatures can also 

be reared in the wild or aquacultural systems, which could prove useful as the Earthôs human 

population grows. The United Nations Department of Economic and Social Affairs estimate that 

the human population will increase from 7.7 billion in 2019 to 9.7 billion in 2050 (United 

Nations, Department of Economic and Social Affairs, 2019). As 2050 approaches, anticipated 

global food provisions should be considered now.  

In 2018, global fish production generated 179 million tonnes of fish product (excluding 

aquatic mammals, reptiles, seaweeds, and other aquatic plants) with 156 million tonnes of the 

total being used as food (FAO, 2020). Moreover, 96.4 million tonnes of the total fish production 

were from capture (wild-caught) production, while 82.1 million tonnes were from aquacultured 

production. The Food and Agriculture Organization (FAO) of the United Nations also noted that 

52% of aquacultured fish production in 2018 was used for human consumption. Specifically, 

17.7 million tonnes of aquacultured product were bivalve molluscs in 2018, with 33.2% being 

oysters (FAO, 2020).  

Aquaculture is proving to be a viable and sustainable source of seafood for humanity, 

especially in the production of shellfish such as oysters. However, whether aquacultured or wild-

caught, it is the seafood industryôs responsibility to provide safe food for its consumers. This 

body of work seeks to add scientific insight and value to the production of both aquacultured and 

wild-caught, live oysters by making them safer for human consumption. 
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2. Research justification and novelty 

Globally, consumer demand for seafood has increased in recent years (FAO, 2020). In 

particular, demand for live oysters has increased (Botta et al., 2020). Oysters are a high protein 

food source for humans. Experienced consumers prefer raw oysters due to the perceived negative 

effects of cooking and processing on the oysters despite the increased food safety risk, especially 

in immune compromised individuals (Bruner et al., 2011; Kecinski et al., 2018; Li et al., 2017). 

Previous research has revealed that Vibrio parahaemolyticus (VP) and Vibrio vulnificus (VV) 

along with coliforms such as E. coli can be concentrated in an oyster by up to 100-fold (DePaola 

et al., 2003). Contamination of live oysters can be harmful for consumers, especially those that 

are immune compromised (CDC, 2016). Ultimately, the increase in raw oyster consumption 

presents a need for improved processing techniques.  

While existing processing methods have been successful in reducing microbiological and 

environmental contaminants in oysters, overall oyster quality and viability is sometimes 

negatively affected (Andrews et al., 2000; Cruz-Romero et al., 2004; Liu et al., 2009; Ming et al., 

2018) The long-used depuration method offers a potential solution to this problem (Richards, 

1988). Depuration is a post-harvest process in which live, contaminated oysters are placed in 

clean seawater and allowed to naturally filter in the water, purge the contaminants, and 

subsequently reduce endogenous bacteria and other foreign pollutants while keeping the oysters 

alive (Lees et al., 2010). Still, there are many discrepancies in existing oyster depuration studies 

that must be addressed. 

For example, VP and VV  are two bacteria whose growth and proliferation in coastal 

waters are strongly correlated to increased local and global water temperatures (Ferchichi et al., 

2021). VV and VP are also prevalent in oysters and in their ecosystems, but uncertainties still 
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exist in depuration guidelines in the United States (U.S.) (Jones, 2014; NSSP, 2017). Even more, 

while depuration is an old oyster processing technique, its commercial use has not been widely 

adopted in the U.S. due to stringent regulation by the U.S. Food and Drug Administration (FDA) 

and increased operation costs (North Carolina Department of Environmental Quality, 2022; 

Otwell, 1991). 

Previous oyster depuration studies have addressed the effects of water salinity and water 

temperature effects in the depuration of Vibrio from oysters; however, existing methods still 

have challenges with repeatability (Spaur et al., 2020; Sun et al., 2018; Tokarskyy et al., 2019). 

In addition, the inquiry into what constitutes efficient depuration parameters for live oysters has 

not been fully addressed. More studies detailing the depuration of endogenous Vibrio in oysters 

are needed. Chapter 2 focuses on these knowledge gaps via a thorough literature review. 

Specifically, best practices for processing models based on recent scientific studies are offered 

for the reduction of VP and VV in live oysters since these species are plentiful and there are 

numerous opportunities for novel depuration research focused on Vibrio and other species. 

Furthermore, in an effort to improve the depuration process, certain studies have explored 

the use of chemical disinfectants added to depuration systems to enhance bacterial reduction in 

oysters. Chapters 3 and 4 investigate a novel disinfectant, plasma-activated simulated seawater 

(PASW), for use in a laboratory-scale, static oyster depuration system. Previously, chemicals like 

ozone and chlorine have been successful bacterial disinfectants in oyster depuration systems; 

however, the toxicity of these materials can cause concern for both, animal and human health if 

not properly managed (Gonçalves & Gagnon, 2011; Pardío-Sedas, 2015; Ramos et al., 2012; 

Wang et al., 2010). Therefore, PASW was examined as an alternative depuration disinfectant to 

these potentially harmful chemical agents.  
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Currently, plasma-activated water (PAW) has been applied to seafood such as shrimp and 

fish constituents, but there have been no studies detailing PASWôs use for bacterial reduction in 

live seafood (Liao et al., 2018; Zhao et al., 2020). The current study is the first to present results 

detailing the antimicrobial efficacy of PASW against E. coli and total coliform in live oysters. 

Coliform and E. coli were used as model bacteria to provide preliminary insights into PASWôs 

antimicrobial efficacy for its eventual use on VV and VP in oysters. This novel depuration 

technique could be used in future molluscan shellfish depuration systems in order to provide safe 

and good quality seafood for humans.  

Finally, Chapter 5 proposes an original, industrial-scale design and operation of an oyster 

depuration system equipped with PASW capabilities. This section provides preliminary 

estimates on cost-benefit analysis to help in considering future adoption of these technologies in 

the seafood processing industry. Finally, Chapter 6 provides suggestions for future work in the 

area of oyster depuration and an overall conclusion concerning the study. The overall goal of this 

research was to provide a proof of concept depuration method by use of PASW in depurating 

oysters. 

3. Research limitations 

Due to the novelty of this research, certain limitations were encountered throughout the 

study. Some challenges can be attributed to research limitations during the global pandemic 

caused by COVID-19. In addition, since published data on PASW applied to live oysters is not 

available to date, new methodologies were developed as a result of preliminary experiments and 

trial and error.  

The effects of COVID-19 affected research efforts worldwide. This study, especially, was 

impacted by the closure of laboratories and laboratory capacity restrictions. While these 
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precautions were beneficial to the safety of researchers, experimental timelines were 

significantly delayed. Additionally, travel restrictions inhibited our ability to collect fresh oysters 

from our suppliers located on the North Carolina coast. Despite these logistical and research 

impediments, sufficient data were generated and valuable scientific conclusions were provided. 

Other unique experimental circumstances contributed to new and unconventional 

procedures employed in this study. For instance, our study used a laboratory bench scale plasma 

generator that was restricted in the volume of simulated seawater that could be treated. Due to 

this constraint, our depuration systems had to be small scale (e.g. 1000 mL beaker sized). 

Further, the size of our static depuration set-up reduced the sample size of oysters we could 

evaluate in a given replication. While useful data were generated, more research will need to be 

conducted to further confirm the PASW disinfection method for future, pilot scale and ultimately 

commercial scale oyster depuration efforts. 

Lastly, use of the PASW disinfection method will need to be applied to endogenous 

coliforms, including E. coli, and other bacteria like Vibrio parahaemolyticus and Vibrio 

vulnificus, to measure its efficacy. PASWôs effects on Vibrios were not measured in this work 

due to laboratory biosafety level constraints. Microbial testing on coliforms proved to be useful 

to our preliminary work. Additional limitations for each experiment are discussed further in the 

corresponding chapters of this dissertation. 

4. Overall research significance 

4.1 Social impact 

Earthôs human population is steadily growing and seafood is a potentially large source of 

protein (United Nations, Department of Economic and Social Affairs, 2019). Bivalve molluscan 

shellfish were about 18% of the total global aquacultured product in 2018, with about 6% of that 
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total being edible meat (Belton et al., 2020). Currently, many molluscan shellfish are consumed 

raw which, if contaminated with certain bacteria above allowable limits, could induce sickness in 

humans, especially in susceptible individuals (Froelich & Noble, 2016). With numerous 

scientific articles projecting the rise in global oceanic and estuarine water temperatures and 

subsequently, the increase of potentially pathogenic bacteria like Vibrio coupled with increased 

human populations contributing to sewage run-off and water contamination; it is paramount that 

we are proactive in improving seafood processing technology to produce safe-to-eat, raw, filter-

feeding shellfish for humans (Geary & Lucas, 2019; Semenza et al., 2017). Overall, this research 

seeks to add to public knowledge for the improvement of oyster depuration processes and for the 

eventual validation of depuration for the reduction of Vibrio parahaemolyticus and Vibrio 

vulnificus in live oysters. 

4.2 Environmental impact 

 Oysters and many other molluscan shellfish are filter feeders and it is well-known that 

they are beneficial to estuary ecosystems (Campbell & Hall, 2018). Oysters in particular can 

clean water systems affected by eutrophication. Not only does this provide cleaner water in areas 

where oysters dwell, but it could also provide a more enriched (juicier, meatier, nutrient dense) 

oyster product (Kecinski et al., 2018).  

The food safety enhancing aspect of depuration creates the opportunity for once restricted 

estuaries and other water systems to be open to fishermen for oyster harvesting (CFIA, 2018; 

Lees et al., 2010; NSSP, 2017). Many of these prohibited water areas may have been closed due 

to pollution or unsatisfactory water quality test results. However, with careful planning, growing 

oysters in these restricted areas can help clean the water column. Thus, the oysters can be both 

ecologically sustainable and an economically-valuable food product. 
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4.3 Local and economic impact 

The full-scale implementation of this project could positively stimulate North Carolinaôs 

economy if depuration centers are ever constructed. Not only will it provide biologically safer, 

live oysters for humans to eat, but it could also create more jobs for the local oyster industry. 

Theoretically, successful depuration facilities could also increase profits from oyster harvesting 

in North Carolina, making it one of the leading providers of live oysters on the East Coast.  

Future continuation and scale-up could also foster more collaboration between local 

oyster farmers, processors, and oyster product sellers; thus creating more opportunities for 

extension work and service. Concerns and issues presented by the local industry members will 

also allow for novel research prospects. Also, with oyster farmersô and processorsô expertise, 

application of depuration technologies could eventually lend to increasing the efficacy of their 

production, creating safer seafood, and increasing the economic value of their products.  

Lastly, this research intends to contribute to extension efforts which are key to the 

mission of research efforts at North Carolina State University. This dissertation aims to provide 

new information to the scientific community and seafood industry via analyses of previous work 

and novel experimentation in the area of oyster depuration. The ultimate goal is to address 

problems concerning the optimization of the depuration process for the reduction of bacteria in 

live oysters used as human food product. 
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PROCESSING PARAMETERS 
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CHAPTER 3: PHYSICOCHEMICAL PROPERTIES AND ANTIMICROBIAL 

IMPACTS OF PLASMA -ACTIVATED SIMULATED SEAWATER (PASW) ON 

ESCHERICHIA COLI  

Publication Information  
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properties and antimicrobial impacts of plasma-activated simulated seawater on Escherichia coli. 

Contributors were Campbell, VM., Wang, Q, Hall, SG, Salvi, D. published in JSFA Reports, 
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CHAPTER 4: ANTIMICROBIAL EFFECTS OF PLASMA -ACTIVATED SIMULATED 

SEAWATER (PASW) ON TOTAL COLIFORM AND ESCHERICHIA COLI  IN LIVE 

OYSTERS DURING STATIC DEPURATION  

Abstract 

Recently, our in vitro study on the effects of the novel plasma-activated simulated 

seawater (PASW) demonstrated its potential as a disinfectant in oyster depuration. In this current 

study, the physicochemical and microbial inactivation properties of PASW in vivo were 

identified. Further, the effects of PASW on oyster quality were observed. Simulated seawater 

(SS) activated by plasma for 10 min (PASW10) followed a trend of increased temperature, 

oxidation-reduction potential, and electrical conductivity with a decrease in those parameters 

after 1:1 dilution with SS. Dissimilarly, pH decreased and increased after plasma-activation and 

dilution, respectively. Nitrate and nitrate concentrations were higher in PASW10 (1:1). No free 

available chlorine was detected in undiluted PASW10. Processing via SS and PASW10 (1:1) 

depuration and refrigeration of E. coli-bioaccumulated oysters were studied. Significant 

differences in total coliform and E. coli concentrations were noted in SS and PASW10 (1:1) 

samples after 24 h. No significant differences in values for condition index or biting force of 

oyster meats were observed for the processed samples after 24 h. Overall, PASW can be used as 

an antimicrobial agent in oyster depuration and does not negatively affect an oysterôs mortality 

or quality.  

1. Introduction  

Non-thermal plasma-activated liquids have been investigated extensively recently for 

applications in medical treatments, foods, and agriculture (Herianto et al., 2022; Sato et al., 2018; 

Thirumdas et al., 2018; Wang & Salvi, 2021; Zhou et al., 2020). These solutions are created as a 
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result of the separate chemical reaction between cold plasma (partially ionized gas at 

atmospheric pressure) that subsequently dissolves into the adjacent liquid (Thirumdas et al., 

2018). 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 equipment (Patange et al., 2019; Tan & Karwe, 2021; Wang & 

Salvi, 2021). Studies show PAW can be used in various steps of the food production process like 

pre-harvest and post-harvest processing (Gao et al., 2022; Hashizume et al., 2021; Kostoláni et 

al., 2021). 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 (Andrasch et al., 2017; Kang et al., 2019; Mai-

Prochnow et al., 2021; Wong et al., 2020). Previous studies explain the benefits and drawbacks 

of PAW on the foods (Hu et al., 2021; Thirumdas et al., 2018). 

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 (Kulawik & 

Kumar Tiwari, 2019). Moreover, oysters and other bivalve molluscan shellfish often undergo a 

process called depuration that can reduce endogenous bacteria and viruses by exploiting the 

organismôs 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 (Hong et al., 2017). Thus, non-thermal plasma applied to natural and 

simulated seawater could be useful.  

 Our previous study reported that plasma-activated simulated seawater (PASW) could 

potentially be utilized as a disinfectant for live seafood due to its ability to inactivate pathogens 

(Campbell, Wang, et al., 2022). However, the study lacks evidence to support the benefits of this 

claim as the effect of PASW on oyster mortality was not studied (Campbell, Wang, et al., 2022). 
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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 (Xu et al., 2018). PAW used in their study was created by treating water for 15 min with 

a dielectric-barrier discharge plasma instrument (Xu et al., 2018). Further, in our previous study, 

simulated seawater (SS) that was plasma activated generated very acidic PASW solutions, so in 

order to prevent premature mortality, PASW may need to be diluted. 

To continue our investigation of the antimicrobial ability of the novel PASW, an in vivo 

study in live oysters was conducted. 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. Secondly, 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 in a 

laboratory bench-scale, static depuration system was analyzed. Finally, quality indicators, 

condition index, and biting force, helped quantify the effects of PASW depuration treatment on 

the oysters.  

2. Material s and Methods 

2.1 Preparation of Simulated Seawater (SS) 

Simulated seawater (SS) was prepared in a manner similar to our previous study 

(Campbell, Wang, et al., 2022). 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.  
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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 (Campbell, Wang, et al., 2022). 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. Also, the SS was treated with plasma for 10 min to make 

PASW10. Due to the high output of plasma discharge generated above the solution, solution 

occasionally splashed out of the 1000-mL beaker. To maintain consistency throughout 

experimentation, out of the 200 mL PASW10 solution, 150 mL solution mixed with fresh, room 

temperature SS (450 mL) to make 600 mL and cooled for about 10 min (final temperature 24°C). 

This solution was denoted as PASW10 (3:1). Out of the 400-mL treated PASW10, 300 mL 

PASW10 was also mixed with 300 mL fresh refrigerated SS to make 600 mL solution. This 

solution was denoted as PASW10 (1:1). The volume of the total PASW10 solution was raised to 

600 mL to ensure the solution would sufficiently submerge the live oysters, to cool the liquid 

immediately after plasma activation, and to slightly raise the pH of the PASW10 to prevent 

premature oyster mortality.  

2.3 Analysis of Physicochemical Properties of Diluted PASW10 

Physicochemical properties of diluted PASW such as temperature, oxidation reduction 

potential, electrical conductivity, and nitrate and nitrite concentrations were measured as 

previously reported (Campbell, Wang, et al., 2022). These properties were measured in SS 

before activation with plasma (control), immediately after plasma-activation, and after plasma-

activation and dilution. Free available chlorine (FAC) in the diluted PASW10 solutions was 
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measured according to the instructions included in a chlorine kit (CHEMets® visual test kit, 

CHEMetrics, Midland, VA, USA). The minimum method detection limit for FAC was 10 ppm. 

2.4 Oyster Preparation 

About 80 aquacultured Eastern oysters, Crassostrea virginica, were obtained from Bogue 

sound in Morehead City, North Carolina in June 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 upon 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 (O157:H7 and ATCC 33625Ê) 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. Environmental Protection Agency was 

used (US Environmental Protection Agency Office of Pesticide Programs, 2019). 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°C ± 1°C overnight (20-24 h). 

The enriched culture of O157:H7 was then streaked on 12 TSA plates and the ATCC 33625Ê 
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was streaked on another 13 TSA plates. The 25 plates were incubated overnight at 37°C ± 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 

were combined into about 7 centrifuged tubes each, for O157:H7 and ATCC 33625Ê. The tubes 

were then centrifuged at 1300 rpm at approximately 4°C for 15 min. The resulting 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 (3MÊ, St. Paul, Minnesota, USA). Petrifilms were held for about 

20-24 h in an incubator set to 37°C ± 1°C. Colony forming units (CFU) 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 Set-up 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). Due to the increased antimicrobial potential of PASW10 (1:1), this particular 
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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 hours, old 

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. Diagram of laboratory bench-scale, static depuration set-up for live oysters. Glass 

bowls were filled with 600 mL of treatment solution and 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 the 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 oysters were used per time 

interval for each treatment. Oyster meat was transferred to a sterile Whirl-Pak® homogenizer 
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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 (SewardÊ StomacherÊ 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 (3MÊ, St. Paul, Minnesota, 

USA). Petrifilms were held overnight (20-24 h) in an incubator set to 37°C ± 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 measurements 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 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.  
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Condition index testing for the treated oysters followed the procedure described by 

Larsen et al. (2013) and Lawrence & Scott (1982). Whole wet oysters, alive in the shell, were 

weighed and their mass recorded. After shucking, oyster meats were placed in a convection oven 

(Precision Scientific 25EM, Chicago, Illinois, 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: 

(Eq. 1) 

   

       
 ρππὅέὲὨὭὸὭέὲ ὍὲὨὩὼ  

2.9 Data Analysis 

Experiments were performed in triplicate. Statistical analysis for data was performed 

using Tukeyôs honest significance difference test (Ŭ = 0.05) and one-way analysis of variance in 

R Project for Statistical Computing software version 3.6.3 (R Core Team, 2022). 

3. Results and Discussion 

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 was reduced to the acidic region at 2.93 after plasma 

activation. After dilution with SS, pH was 5.49.  
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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 temperature, 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 immediately 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 a SS control are given in Table 2. The values for nitrate and nitrite concentrations for 

PASW10 (1:1) were higher than that of PASW10 (3:1). All values for nitrite and nitrate 

concentrations were significantly different for all treatments and the control. No FACs were 

detected in either PASW10 3:1 or 1:1.  

Increasing temperature, oxidation reduction potential, and conductivity, and nitrate and 

nitrite concentration of SS immediately after plasma-activation and decreasing pH after the 

creation of PASW is similar to a previous study (Campbell, Wang, et al., 2022). These 

physicochemical trends are also similar to other studies that applied plasma to phosphate 

buffered saline and saline solutions (Baek et al., 2020; Hadinoto et al., 2022; Jin Zhang et al., 

2022). Unlike the study by Baek et al. (2020) which used a 0.9% w/v NaCl plasma-activated 



 

58 
 

solution and generated 0.54-0.58 mg/l of FACs, 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 (Campbell, Wang, et al., 2022). 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 (Epifanio & Srna, 1975). 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 (Epifanio & Srna, 1975). 
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Table 1. The physicochemical properties simulated seawater (SS) before plasma activation, immediately 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). 



 

60 
 

Data shown in figure 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 

A total of 43 oysters were used in the experiment due to mortality before experimentation 

(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. Prior studies have demonstrated low cumulative mortality of 

oysters held at about room temperature seawater and moderate salinity of 15 ppt or lower, so the 

increased salinity in this study may had a negative effect on oyster mortality alone before 

processing (La Peyre et al., 2016; Rybovich et al., 2016).  

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 

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 
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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.  

E. coli (ATCC 11303) was used to inoculate natural seawater pumped in from the Bogue 

Sound, North Carolina, USA, for uptake in Crassostrea virginica oysters sourced from the sound 

in a previous study (Love et al., 2010). 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 

(Love et al., 2010). 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.  

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

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, respectively. 

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. Significant differences were observed for SS and PASW10 
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samples compared to the refrigerated samples. Across the 24 h period, significant reductions in 

TC were only observed after 24 h. 

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, significant 

reductions in EC were only observed after 24 h. At the end of processing, there were no oyster 

mortalities. 

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. After hour 1, the slight decrease in TC in the 

refrigerated samples could be due to the inhibition of TC proliferation due to the 5°C storage 

condition; this effect is similar a previous study (Pace et al., 1988). 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 
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with the higher temperature could have provided an iso-osmotic barrier around the bacterial cells 

to insulate them from cellular destruction (Oehmigen et al., 2011; Ren & Su, 2006). After 3 h, 

the increase in TC in the refrigerated and SS sample 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 (He et al., 2002). 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 

reactive species and decreases in nitrite concentration and lessened antimicrobial efficacy against 

E. coli and L. innocua over 60 min at 22°C have been noted in a PAW study (Wang & Salvi, 

2021). A similar reduction trend was observed in EC samples over the 24 h period. 

Replacing the PASW10 treatment at 1 h 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 where 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 (EO) water containing 1% NaCl at every hour, significantly 

reduced inoculated Vibrio vulnificus and Vibrio parahaemolyticus after 4 h when compared to 0 

h (Ren & Su, 2006). 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 also decrease the antimicrobial ability of the EO 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 oystersô highest reductions appeared after the 24 h process and were not significantly 
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different from each other. If the oysters in our study were not immediately pumping in and out 

the PASW10 water, the reactive nitrogen species, ORP, 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 (Wang & Salvi, 2021). In order to fully inactivate any bacteria, the 

PASW10 treatment solution needed to be circulated through the intestines of the oyster (Ren & 

Su, 2006). 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 are comparable to a study that determined the reduction of EC 

in oysters during depuration after environmental contamination (Kim et al., 2017). Their 

recirculating depuration system consisted of a 39 W UV system 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 in Crassostrea gigas oysters were 

reduced by 1.1 log MPN/100 g (Kim et al., 2017). 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 of TC and EC after a 48 h 

period (Chinnadurai et al., 2014). Static depuration either took place near the surface of the water 

or at the tankôs 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 (Chinnadurai et 

al., 2014).  
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Considering the novelty of this study, these results can provide a basis for future studies 

of PASW-oyster depuration efforts. However, a few studies have examined cold atmospheric 

plasma (CAP) applied directly to oyster meat (Choi et al., 2022; Csadek et al., 2021). In the 

study by Csadek et al. (2021), their CAP treatment inactivated enveloped RNA virus in blended 

oyster meat slurry. EC 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 DBD, 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 CAP and 

PASW have been attributed to radical species like reactive nitrogen species, lowered pH, 

reactive oxygen species, and other short-lived reactive chemical species creating perforations in 

the cell membrane of the bacteria (Olatunde et al., 2019).  

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 could help lend to increased reductions of 

endogenous bacteria. Also, static depuration processing at colder temperatures (< 20°C) could 

act as an additional hurdle in reducing bacteria in oysters.  
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a 

 

b 

 

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 amongst treatments. Means lacking a common uppercase letter are 

significantly different over the 24 h processing period (p < 0.05) . 
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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. Refrigeration, SS depuration, and PASW10 depuration 

experienced condition index reductions of 1.86, 0.36, and 2.16, respectively. Overall, however, 

there were no significant differences between processing treatments.  

A higher condition index value is indicative of a greater amount of oyster meat in the 

shell and generally healthy oyster (Campbell, Chouljenko, et al., 2022). Since the oysters used in 

this experiment were small in size, condition indices were smaller than larger oysters in a 

previous study (Larsen et al., 2013). However, these results follow a similar trend in relation to 

former oyster depuration studies in which condition indices were reduced, but not significantly 

different after processing (Bagenda et al., 2019; Bio & Nunes, 2021; Larsen et al., 2013; Ruano 

et al., 2012). Even in depuration trials where oysters were fed, condition index values after 

processing were not significantly different to values before processing (Bagenda et al., 2019). 

Ruano et al. (2012) noted that higher glycogen, protein, and triacylglycerols contribute to higher 

energy reserves in some bivalve molluscs 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 (Percy et al., 1971). 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. 
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Table 4. Condition index (CI) of oysters before (0 h) and after 24 h of processing. 

Treatment CI Ў 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). 

Biting force, 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 increased in PASW10 depuration 

samples, then SS depuration samples when compared to the control. No significant differences 

were observed amongst processing treatments or the control, however.  

Although there are no studies that report the effects of depuration on an oysterôs cutting/ 

biting force properties, previous studiesô textural analyses still provide some insight into 

processingôs effects on oyster meats. In a study that examined storage temperatureôs 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 (Mudoh et al., 2014). 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 (Mudoh et al., 2014). Another study 

examined the impact of 10-, 20-, 30-, and 60-min dielectric barrier discharge (DBD) using 

nitrogen gas medium on the texture profile of shucked Pacific oysters positioned 0.3 cm from the 

discharge jet (Choi et al., 2022). On samples treated with DBD for 10 min, mean hardness 
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(g/cm2) was 102 ± 15.17 compared to 100.14 ± 11.38 of the untreated control (0 min). All 

samples were not significantly different (Choi et al., 2022). Cutting force of oysters stored at 4°C 

decreased significantly from 0 to 5 days and ultimately over a 20-day period (Jinglin Zhang et 

al., 2017). 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 (Jeong et al., 2021; Jinglin Zhang et al., 2017). While depuration for 24 h 

should not negatively affect this quality parameter, extended depuration periods might alter the 

biting force of oyster meats.  

Data shown are the mean values  standard errors of three replications and were not significantly 

different (p > 0.05). 

4. 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 part in the antimicrobial efficacy of PASW on total coliform and E. coli. PASW 

depuration presents an alternative processing method for oysters compared to traditional methods 

like refrigeration or depuration in seawater. Future studies should consider application of PASW 

depuration on other microorganisms affecting oysters and other bivalve molluscan shellfish, 

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

Treatment Peak Force (g/mm) Ў 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 
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especially endogenous species. Conclusively, the novel application of PASW could be used to 

help maintain the microbiological safety of live oysters for human consumers.  
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CHAPTER 5: PROPOSITIONS FOR INDUSTRIAL -SCALE DESIGN AND 

OPERATION  

1. Introduction 

To-date, plasma activated water has demonstrated promise as a potential disinfectant for the 

surfaces of foods, food preparation and processing equipment, and in food matrices (Schnabel et 

al., 2020; Wang & Salvi, 2021b; Xu et al., 2016). Depuration is a post-harvest processing 

method that exploits the filtering ability of live oysters, causing them to purge themselves of 

internal bacterial contaminants when placed in clean, sanitized water for a period of time 

(Richards, 1988). Considering the requirement of salt water environments for most bivalve 

mollusks, like oysters, plasma-activated simulated seawater (PASW) could be used as a 

processing disinfectant aid in industrial oyster depuration systems (Campbell, Wang, et al., 

2022).  

If PASW is adopted as a method toward enhancing depuration by reducing endogenous 

bacteria in live oysters, the system will need to be scaled-up to meet the production needs of the 

industrial processor. An efficient PASW system will need to adequately treat large quantities of 

oysters at once. It is implied that this disinfection processing step will not only benefit the 

processor, but also the end user, the consumer.  

Additionally, the design of a PASW depuration system should be such that it does not 

constrain the user or create a bottleneck in the supply chain. As will be discussed further in this 

chapter, the PASW system will be designed in a way for easy use during processing and without 

too many extra components. In addition, multiple users will be able to convert a normal 

depuration tank system to a PASW system without extensive training based on the unitôs design. 
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The purpose of this chapter is to demonstrate the potential usefulness of an industrial-scale 

PASW depuration system. This chapter will also propose a design for the PASW unit, explain its 

operation, and potential advantages and limitations of the system. Finally, the estimated costs of 

an industrial-scale PASW depuration system will be considered. 

2. Industrial -scale design and operation 

As previously mentioned, industrial-scale PASW depuration systems could further enhance 

the human consumerôs raw oyster seafood experience by reducing risk of illness and they could 

add economic value to the seafood industry. Besides reducing harmful internal bacteria in raw 

oysters, PASW coupled with oyster depuration processes may also increase the potential revenue 

of oyster vendors (Campbell, Hall, et al., 2022). Uptake and bioaccumulation of fecal indicator 

bacteria is common in oystersô natural water columns; however, the antimicrobial effects of 

PASW-enhanced oyster depuration could enable oyster processors to charge more money for 

their processing services (Olalemi et al., 2016). In addition, PASW may reduce oyster processing 

efforts contributing to overall lower capital costs (Campbell, Hall, et al., 2022; Campbell, Wang, 

et al., 2022). Finally, PASW is also an environmentally-friendly and residue-free alternative to 

ozone and chlorine, chemical additives traditionally used during oyster depuration. This section 

aims to describe and illustrate a conceptual, commercial-scale PASW depuration system, as well 

as provide suggestions for its operation based on previous research and depuration processing 

parameters.  

Currently there are no published studies related to PASW as a disinfectant for use in pilot-

scale or industrial-scale, oyster depuration systems. However, previous studies have described a 

pilot-scale system utilizing plasma processed water (PPW) as a food disinfectant for endive 

lettuce (Andrasch et al., 2017; Fröhling et al., 2018; Schnabel et al., 2019, 2020). The 
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aforementioned plasma system generated PPW by treating compressed air with a microwave 

plasma torch. The studies also report application of PPW during the washing process step, 

resulting in reduced bacterial counts on the surfaces of endive lettuce samples (Andrasch et al., 

2017; Fröhling et al., 2018; Schnabel et al., 2019). Such attempts can suggest the feasibility and 

functionality of a scaled-up PASW depuration system. 

The design of an operational pilot- or industrial- scale PASW system will largely follow the 

same generation mechanism as a laboratory-scale system. For example, in the study by Andrasch 

et al. (2017), a microwave set-up allows for plasma to be ignited through a coaxial power 

connection and compressed air passed through the plasma to create plasma processed air. In turn, 

the air was forced through tubing or piping into water to create PPW. The PPW was then stored 

in a bulk container until processing had commenced. The bulk PPW was used in rinsing and 

washing processing steps of endive lettuce. In the same way, a PASW depuration system using 

cold atmospheric plasma would generate PASW as follows: 

1) Compressed air flows through dielectric electrodes of an atmospheric plasma jet (APJ) at 

room temperature where electrons are excited and reactions take place, thus creating 

activated plasma. 

2) Free electrons in the activated gas medium (compressed air) collide with other particles, 

creating reactive nitrogen species (RNS) and reactive oxygen species (ROS). These 

species react with other particles and create more short-lived, secondary species 

(Campbell, Wang, et al., 2022). 

3) The APJ is positioned close to (~5 cm) to the simulated seawater surface, but not 

touching, where electrons in the gas medium react with H2O and are dissolved in the 

liquid creating OH·, O2
-, and H2O2. O3 and NOx diffuses into the H2O as well. NOx 
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creates H3O
+, NO3

-, NO2
-, and ONOO- (Katsigiannis et al., 2022). This step produces 

PASW. 

In an industrial-scale oyster depuration system, good engineering design dictates that PASW 

would be introduced to oysters in the post-harvest step of the supply chain as in traditional 

systems. For previous plasma-activated water (PAW) studies and this current scale-up concept, 

one of the most important aspects of the system design involves storage of the plasma-activated 

water solution. While several PAW studies have noted the stability of pH over time during 

storage, other physicochemical properties like oxidation-reduction potential and RNS decrease 

over time (Shen et al., 2016; Thirumdas et al., 2018). Wang & Salvi (2021) also noted the 

reduction in bactericidal effects of PAW after prolonged storage times (up to 48 h) and increased 

temperatures (~ 22 °C). A useful PASW oyster depuration unit should perform in a way that 

maintains cool water temperatures and minimizes the storage of PASW. 

As mentioned in Chapter 2, a typical recirculating depuration system should be fitted with at 

least a depuration tank, a filtration/debris settlement component, a disinfection component, and a 

drain (Lee et al., 2008). Studies by Nambudiri et al. (1995) and Antony et al. (2021) were 

successful at reducing E. coli and both, fecal coliform and fecal streptococci, respectively, in 

clams in their conceptual depuration systems. Using the design principles of a traditional, 

recirculating depuration tank, two conceptual depuration systems are proposed.  

Figure 1 depicts a proposed PASW oyster depuration system for industrial use. Like 

traditional depuration tanks, this tank is made of food-grade contact material such as marine-

grade steel, glass-reinforced plastic, or high density polyethylene (HDPE). A holding tank stores 

and provides seawater to the depuration tank (1) after first, filtering any large particulate matter 

(2) and traveling through a pump (3). A water spray bar (4) then introduces seawater into the 
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tank and also provides aeration for the oysters already loaded onto slotted, HDPE trays 

positioned at least 2.5 cm above the tankôs bottom. Multiple trays stacked on one another fill the 

tank and are positioned to allow for at least 3 cm of space between each tray for the oysters to 

adequately resume their filtering processes.  

 

 

Figure 1. Schematic of an industrial-scale plasma-activated depuration system for oysters, 

customized for traditional depuration tanks. Adapted from Campbell, Chouljenko, et al. (2022)  

 

Added seawater is maintained at a level where all oysters are completely submerged in the 

water for depuration to proceed. The tank is fitted with a tank cover that completely seals the top 

of the depuration tank, thus trapping air in between the depuration water surface and the tank 

cover (5). This tank cover is standardized in such a way to fit all the depuration tanks in a given 

facility if they need to be switched onto another tank. Rows of APJs line the underside of the 

depuration tank cover. The APJs in the tank covers are supplied with energy via detachable, 
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waterproof-sealed wires from a nearby electrical unit in the facility power control room (6). 

Upon start up, the APJs activate the air trapped between the underside of the cover and surface of 

the seawater. The newly generated plasma-activated air diffuses into the seawater where the 

oysters continue their depuration process and reduce any internal bacteria. Depending on the 

volume of seawater in the tank, plasma-activation of the seawater can take up to one hour and 

can be repeated multiple times throughout the depuration process to increase PASW contact time 

with the oysters. Finally, the bottom of the tank features a slight slope to help remove any settled 

detritus or debris eliminated from the depurating oysters (7). After plasma-activation, the normal 

industrial process for oyster depuration can proceed as described by Campbell, Chouljenko, et al. 

(2022).  

Figure 2 offers a more novel approach to the oyster depuration process. After pre-washing 

freshly harvested oysters to remove general filth, the oysters are transported on a conveyor (1) 

into an empty depuration tank. The conveyor belt is also suspended above the tank bottom and 

slotted where small organic matter can sink to the bottom and be dispelled from the tank. In a 

seawater holding tank connected to the main depuration tank, sanitized, filtered natural seawater 

or simulated seawater is indirectly treated with an APJ for up to an hour or more to generate 

PASW (2). The PASW is then released from the top of the depuration tank onto the oysters with 

a hydraulic retention time of about 5-10 min. Submerged oysters are then allowed to depurate as 

in a normal depuration system. If additional PASW treatment is needed, used PASW water can 

be emptied out of the tank and filtered to remove any waste (3) and transported back to the 

PASW treatment holding tank (4) and the process can be repeated. After the necessary PASW 

treatment, the live oysters can be transported from the depuration tank where they are air dried 

via the conveyor and prepared for sorting, packaging, and cold storage. 
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Figure 2. Schematic of a novel, continuous plasma- activated depuration system for oysters for 

industrial use. 

 

3. Estimated cost-benefit analysis 

As discussed, there are numerous advantages of PASW as a disinfectant for food use 

elucidated in recent and current studies that could be applied to a conceptual scaled-up industrial 

system. There are limitations as well. Overall, the motivation to adopt PASW as a method of 

disinfection for oyster depuration processors would be to provide a microbiologically safer, raw 

oyster product to increase profits. This section will present an estimated cost-benefit analysis of 

PASW for oyster depuration use compared to other traditional disinfectants. 

Besides its potential as an environmentally friendly and residue free disinfectant for foods 

and food equipment, PASW may have other benefits. Since PASWôs physicochemical 

composition is very similar to PAW, it has been shown to have some of the same properties 

(Campbell, Wang, et al., 2022). Andrasch et al. (2017) noted that PPW used in their scale-up 
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study exhibited reversible chemical reactions, microbial inactivation, application to fresh and 

delicate food surfaces like lettuce, and there was no need for chemical storage because it could 

be produced on site. In addition, PPW was inexpensive. As illustrated in Figure 1 in Section 5.2, 

the conceptual PASW cover attachment also has the added benefit of fitting traditional oyster 

depuration tanks, therefore making it an add-on option instead of processor having to buy a 

completely new system. While the advantages of an industrial-scale PASW oyster depuration 

system seemingly outweigh the disadvantages, there may be theoretical limitations as well. 

 Since PASW has not been thoroughly researched aside from studies described in this 

manuscript, more studies focused on PASW applied to different live seafoods and 

microorganisms would be helpful. Also, organoleptic and consumer sensory studies must be 

done to determine the effects of PASW on consumer desirability aspects of raw oysters. 

Andrasch et al. (2017) also noted that licensing may need to be secured for industrial operation 

of plasma-activation systems. There was also no mention of storage conditions and whether or 

not PPW would corrode storage containers or have any chemical reactions with storage vessels. 

Lastly, there is the question of whether or not oyster processors will be interested in the 

innovative technology. However, the likelihood of industry adopting a novel, PASW oyster 

depuration technology will be based on cost-benefit estimates. 

A cost-benefit analysis for a hypothetical oyster depuration facility in North Carolina was 

prepared. The goal was to offer preliminary capital and operation cost estimations based on the 

conceptual PASW oyster depuration cover add-on depicted in Figure 1 (Section 5.2). Following 

estimations of PASW in industrial oyster depuration systems, these values were compared to 

traditional depuration disinfection methods such as ozone, chlorine, and ultra-violet radiation.  
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Estimates for a traditional depuration facility  

Assuming a new, large depuration plant would be built, estimated initial investment was 

calculated (Table 1). Based on calculations detailed later in this section, it was determined that a 

typical oyster depuration facility in North Carolina could process about 15.8 million oysters 

during the legal harvest period from October to March. For a facility to process 15-20 million 

oysters over the period of six months and with the average 2-day depuration process, roughly 

30,000 oysters would need to be processed in each 2-day batch. This would be about 290 bushels 

every processing period for the fictitious depuration facility. Twenty-four tanks holding four 

trays each with a maximum of three bushels each would be needed. For an operation this size, a 

plant would need to be about 40,000 sq. ft to adequately house these depuration tanks.  

Moreover, the plant would need to be easily accessible (within two hours of numerous 

operations on the coast), so Lenoir County NC was selected as a good, proposed location. Land 

and building costs would cost about $480,000 (estimate based on information from 

https://www.loopnet.com/Listing/100-W-New-St-Pink-Hill -NC/17709529/). Equipment costs 

including depuration tanks, filters, standard UV sterilization systems, pumps, blowers, chillers, 

and coolers were estimated at about $150,000 (adjusted for inflation via U.S. Bureau of Labor 

Statistics using the consumer price index inflation calculator 

https://www.bls.gov/data/inflation_calculator.htm) (Williams Jr et al., 1980).  

Materials including tubing, flow meters, other meters (salinity, oxygen, salt, 

temperature), tank trays, air diffusers, preparation tables, and replacements are estimated to be 

about $25,000 while state lab testing costs are estimated to be $10,000 based on estimates by 

Chen et al., (2017). Other costs (i.e. emergencies) would total about $10,000. Annual labor costs 

were adjusted for inflation based on a previous study and is an estimated to be about $177,000 
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(Ladner et al., 1986; Williams Jr et al., 1980). At this hypothetical depuration facility it was 

determined that in half a year, about 20,000 gallons of water would be used for depuration. After 

adjustment for inflation and facility size, operation of a typical ultra-violet (UV) water treatment 

system would be about $590,000 (based on Williams Jr et al., 1980). 

The North Carolina Division of Marine Fisheries reported oyster production for the state 

was 158,000 bushels or $5.6 million in 2017, before Hurricane Florence (North Carolina Coastal 

Federation, 2018). Personal communication with local oyster fisherman, Ryan Bethea, and North 

Carolina State University extension researcher, Ryan Kelly, estimated about 1 bushel of oysters 

to be about 100 oysters worth on average $0.50 per oyster. Oyster harvesting in North Carolina 

takes place for six months between October and March to lower risk of human infection from 

Vibrio-related illnesses (Froelich & Oliver, 2013; Jones & Oliver, 2009). When including the 

span of six months, a total of about 15.8 million oysters were assumed to have been harvested in 

2017. If it is assumed production is back to normal or continuing to grow in the years post 

Hurricane Florence, it can be estimated that an average profit of about $7.9 million can be made 

harvesting from open waters in North Carolina. 

The main benefit depuration offers is the ability to harvest oysters from closed water 

areas. Currently, about 760,551 acres of water areas are closed (North Carolina Coastal 

Federation, 2019). This large area could potentially bring in an oyster harvest of about 8.5 

million oysters and an additional average profit of about $4.25 million during the 6-month 

harvest period. An added  benefit of oyster depuration is the option for farmers to harvest during 

ñoffò months from both closed and open water areas, thus doubling profit. This additional profit 

is estimated to be $12,125,000. The estimated benefits totaled to $24,300,000 profit for the 

hypothetical facility.  
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Table 1. Estimated operating costs in North Carolina for a standard recirculating oyster 

depuration facility using ultra-violet (UV) light as the water disinfection treatment. 

Estimated Operational Costs 

Estimated Initial Investment 

Land $480,000 

Equipment $150,000 

Materials $25,000 

Lab testing $10,000 

Other $10,000 

     

Estimated Variable Costs 

Labor $177,000 

     

Estimated UV Water Disinfection Treatment Operation 

 $592,570 

     

Estimated Total 

Cost of Operation 

$1,444,570 
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Estimates for a traditional depuration system with a PASW component 

Based on the preliminary cost estimates and equipment specifications in the previous 

section, the following describes the most important factors for PASW oyster depuration 

operation. This section specifically considers equipment, labor, and energy costs for a system 

depicted in Figure 1. 

The U.S. Bureau of Labor Statistics estimates the average energy price in North Carolina 

to be $0.124 per kwh. Specifically for a depuration plant that treats raw oysters with PASW, it 

has been previously noted that a flow rate of about 5 gallons per minute is effective in 

Table 1. (continued). 

Estimated Profits 

Estimated Benefits from Oyster Harvesting 

Avg. profits from 

open waters in NC 

$7,900,000 

 

Avg. profits from 

closed waters in NC 

$4,250,000 

 

Avg. profits from 

harvesting in the 

ñoffò season 

$12,150,000 

Total Estimated 

Benefits 

$24,300,000 
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disinfecting foods, compared to conventional treatments like ozone and chlorine (Foster, 2017). 

Since costs are difficult to estimate for industrial plasma systems for food application, we used 

estimates from a company that develops air-based plasma treatment systems (Niemira, 2012). 

The company, Flowrox, estimated that the energy rate used to treat water using their plasma 

systems is about 0.23 gallon per kwh (Flowrox, 2020). Based on this information, plasma 

systems that use air as a gas medium would cost an estimated $27 to treat five gallons of water 

for 1 minute.  

Based on this logic, a plasma-activated water system that uses 0.23 gal per kwh would 

have a total energy usage of 860,227 kWh . At the current rate of $0.124 per kwh, the total cost 

for plasma-activated water systems at this facility would be about $107,000 (Table 2). After 

adjustment for inflation and facility size, ozone and ultra-violet (UV) water treatment systems 

would be about $868,260 and $592,570, respectively (López Hernández et al., 2018; Williams Jr 

et al., 1980). Based on a report from the Environmental Protection Agency, water treatment with 

chlorine would be about $135,000 (Roy, 2010). Total cost of operation for a plasma-activated 

water system was estimated to be $959,000, much lower than conventional methods. Other 

methods would total an estimated $1.72 million (ozone), $987,000 (chlorine), and $1.44 million 

UV.  
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Table 2. Estimated oyster depuration operating costs for a hypothetical plant in North 

Carolina. 

 Water Disinfection Treatment 

 PASW Ozone Chlorine Ultra-violet 

Estimated Operational Costs 

Estimated Initial Investment 

Land $480,000 $480,000 $480,000 $480,000 

Equipment $150,000 $150,000 $150,000 $150,000 

Materials $25,000 $25,000 $25,000 $25,000 

Lab testing $10,000 $10,000 $10,000 $10,000 

Other $10,000 $10,000 $10,000 $10,000 

     

Estimated Variable Costs 

Labor $177,000 $177,000 $177,000 $177,000 

     

Estimated Water Disinfection Treatment Operation 

 $107,000 $868,260 $135,000 $592,570 

     

Estimated Total 

Cost of Operation 

$959,000 $1,720,260 $987,000 $1,444,570 
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Table 2. (continued). 

Estimated Profits 

Estimated Benefits from Oyster Harvesting 

Avg. profits from 

open waters in NC 

$7,900,000 $7,900,000 $7,900,000 $7,900,000 

 

Avg. profits from 

closed waters in NC 

$4,250,000 $4,250,000 $4,250,000 $4,250,000 

     

Total Estimated 

Benefits 

$12,150,000 $12,150,000 $12,150,000 $12,150,000 

 

Overall, it was determined plasma-activated water offered the best cost-benefit (Table 3). 

Chlorine was also a close contender based on costs alone, but the likely organoleptic benefits of 

PASW suggest significant enhancement in value of a high quality final product. The benefit cost 

ratios for plasma-activated, ozone, chlorine, and UV water treatment systems were calculated to 

be 12.7, 7.06, 12.3, and 8.41, respectively. This analysis demonstrates the cost-effectiveness of 

plasma-activated water if adopted into food processing systems at the industrial level as previously 

assumed (Lee, R., Lovatelli, A., & Ababouch, 2008; Lees et al., 2010; Powell & Scolding, 2018; 

Yong et al., 2014). Ultimately, whether PASW is used or not, depuration is cost-effective could 

generate new income for the state of North Carolina by allowing for the harvest of additional 

oysters from closed water areas and would contribute to the growth of the seafood industry. 
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Table 3. Benefit Cost Ratio of various water disinfection treatments for a hypothetical oyster 

depuration plant in North Carolina. 

 Water Disinfection Treatment 

 Plasma-Activated Ozone Chlorine Ultra-violet 

Benefit-Cost Ratio (BCR)* 12.7 7.06 12.3 8.41 

*A ratio higher than 1 indicates a benefits (profits) outweigh costs. The highest BCR is most 

desired. 

 

4. Conclusions 

Industrial-scale PASW depuration systems for oysters could be useful for seafood 

processors and consumers alike. Eventually, processors could have the opportunity to maximize 

their profits while reducing processing costs. However, consumers would ultimately benefit by 

receiving an enhanced and safer quality raw oyster product. More research into the chemical 

activity and microbial inactivation aspects of PASW that could be affected by scaling up would 

need to be determined over time. 

Microbial inactivation data on major species affecting oysters (Vibrio, fecal coliforms, 

and other bacteria) and impacts of relevant parameters (e.g. PASW concentrations; flow rates; 

contact-holding times) should be evaluated in laboratory and pilot-scale studies. Initial economic 

cost-benefit studies as discussed in this work suggest this could also be a cost-effective, raw 

oyster disinfection technique. However, factors such as plasma generation installment and 

operation, variability in run time for adequate PASW properties, PASW depuration throughput, 

and differences in material costs such as standard depuration versus PASW should be 

considered. It is hoped that the organoleptic properties and consumer acceptance of this 
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technology would make this a premier value added seafood product. More economic studies are 

warranted as new results of both biological and technological aspects of the work move forward. 

Finally, prototypes of pilot-scale and industrial systems would need to be designed and 

constructed for testing before the adoption of this novel technology in depuration plants globally; 

and relevant regulatory and safety concerns would need to be addressed as well. This current 

study provides a basis for future work in these related areas as the process moves toward 

commercialization. 
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CHAPTER 6: FUTURE WORK AND CONCLUSIONS 

The demand for seafood 

Globally, there is a growing demand for seafood (FAO, 2020). The demand is expected 

to increase by the year 2030 with 89% of all fish production resulting in food for human 

consumption (FAO, 2020). Especially within the aquaculture sector, heightened production is 

required since in 2018, it represented 46% of the total global fish production while 52% of  

seafood was wild caught as reported by the Food and Agriculture Organization of the United 

Nations (FAO, 2020). Aquacultureôs impact also has the added benefit of relieving the earthôs 

strain due to agricultural and livestock farming efforts (University of California - Santa Barbara, 

2018). Farming oysters can help address the future demand for other sources of protein for the 

worldôs growing human population. 

Concerns for consumers of raw oysters 

A majority of bivalve molluscs like clams, oysters, and mussels are aquacultured 

products comprising a total of 22% of the worldôs aquaculture fish production in 2018 (FAO, 

2020). About 33% of this production encompasses raw oysters, but consumers must exercise 

caution due to health risks associated with consuming them raw (Botta et al., 2020; U.S. Food 

and Drug Administration, 2018). Oysters ingest nutrients through a filtering method where they 

filter surrounding water containing nutrients, detritus, and other matter. The ingested material is 

passed over their gills in a process by which some particulates are retained and waste 

(pseudofeces) is eliminated (Nelson, 1923). Consequently, whatever bacteria, viruses, or other 

potentially harmful microorganisms inhabit the oysterôs water column can eventually end up in 

the oyster. This factor is of main concern for humans who consume raw oysters.  
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Raw oysters are routinely inspected for organisms that indicate potential contamination 

like coliform, faecal coliform, and E. coli according to standards established by the governing 

body of a particular country or region (Campbell, Chouljenko, et al., 2022). Previous studies 

have suggested these organisms are good indicators for the presence of Vibrio vulnificus (VV) 

and Vibrio parahaemolyticus (VP). Brackish water-loving species, VV and VP are prevalent in 

the life cycles of oysters (Jones, 2014). Due to climate change and rising sea surface 

temperatures, VP and VV are becoming ubiquitous in coastal bodies of water, and subsequently 

oysters (Ferchichi et al., 2021; Hartwick et al., 2019; Martinez-Urtaza et al., 2010). Other 

ecological variables like water turbidity, salinity, and dissolved organic carbon may be correlated 

with the presence and proliferation of Vibrio in water.  

While not all VV and VP are pathogens, the presence of pathogenic VV and VP may be 

harmful to humans, particularly those predisposed to illnesses. Since contaminated oysters do not 

smell, look, or taste different from non-contaminated oysters, consumers should be vigilant 

(Tack et al., 2019). Vibriosis illness can result from infection with VV or VP after the 

consumption of contaminated raw oysters. Symptoms include vomiting, diarrhea, cramps, fever, 

chills. VV could also lead to death in immune compromised individuals. Since many researchers 

forecast an increase in VV and VP globally, there are no physical determinants for contaminated 

oysters, and there is steady demand for raw oysters, the seafood industry should continue 

researching new methods and enhancing existing methods for the reduction of bacterial 

pathogens in live oysters destined for consumption (Centers for Disease Control and Prevention 

(CDC), 2020).  

The importance of depuration for oysters 
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One tool for reducing the bacterial levels in oysters while maintaining the oysterôs 

viability is depuration. Depuration involves moving contaminated oysters to a system with 

disinfected water and allowing them to filter in the water and purge themselves of any 

contaminates (Richards, 1988). There are three main types of depuration systems: recirculating, 

flow-through, and static systems. Recirculating systems recycle seawater through the system and 

allow the user more control over the process to limit recontamination.  

While typically used for the reduction of coliforms, studies show that depuration could be 

used to reduce VV and VP in oysters (NSSP, 2017). Prior findings highlight the manipulation of 

key depuration parameters (length of depuration, water salinity, water temperature, and water 

flow rate) for the reduction of VV and VP in oysters. Our study found that a depuration length of 

four to six days, water temperature less than 20°C, water salinity of about 25 to 33 parts per 

thousand, and moving water were essential when maximizing VV and VP reduction in live 

oysters (Campbell, Chouljenko, et al., 2022). Further, the process could be enhanced by other 

modes of water disinfection like the addition of chlorine, ozone, and the generation of plasma-

activated simulated seawater (PASW). There are numerous directions for future studies 

investigating the effects of oyster depuration. First, there is a need for more research efforts on 

depurationôs influence on endogenous VV and VP in oysters to establish standardization 

methods that could be adopted in depuration facilities worldwide. In addition, oyster ploidy, 

oysters being wild-caught versus aquacultured, and oyster species could all be observed variables 

in future oyster depuration studies. Depuration coupled with other hurdle technologies could 

provide new insights into depurationôs impact on raw oysters, not only in the reduction of VV 

and VP, but on other bacteria, viruses, and microorganisms. Finally, exploration into the 

application of novel water disinfection methods offer a plethora of new research opportunities. 
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Plasma-activated simulated water (PASW): a novel method for depuration water 

disinfection 

Plasma is the excitation of gas molecules via the application of energy to the gas medium. 

Often considered the fourth state of matter, plasma has been investigated as an antimicrobial 

method for food industry use. Moreover, plasma has been applied to water and other liquids to 

lessen the harsh thermal effects of plasma yet retain its microbial inactivation properties, thus 

creating milder conditions for certain delicate food products (Oliveira et al., 2022; Wang & 

Salvi, 2021; Xiang et al., 2019). Considering most bivalve molluscan shellfish like oysters are 

saltwater dwelling organisms, the novel, plasma-activated simulated seawater (PASW) was 

analyzed in both in vitro and in vivo studies for its antimicrobial effects on live seafood.  

In our in vitro study to determine the physicochemical properties of PASW, it was found 

that temperature, oxidation-reduction potential, nitrate and nitrite concentration, and electrical 

conductivity increased with increasing plasma-activation time (Campbell, Wang, et al., 2022). 

However, pH values decreased over the same 10-min plasma-activation period. These 

physicochemical properties facilitated the synergistic antimicrobial effect of PASW on 

planktonic E. coli in the study. When comparing the microbial inactivation activity of simulated 

seawater (SS) activated by plasma for 5 min, denoted as PASW5, to samples activated by plasma 

for 10 min, denoted as PASW10, applied to planktonic E. coli, longer activation time resulted in 

higher microbial reductions. Longer incubation times (2- and 5-min) of planktonic E. coli in 

PASW5 and PASW10 also resulted in higher microbial reductions compared to 0- and 1-min 

incubations. Also, when compared to a similar study using plasma-activated water (PAW), 

PASW had a slightly lower microbial reduction effect. Overall, it was determined that PASW 

could be useful in in vivo studies for live seafood disinfection due to a reduction of E. coli that 
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was greater than 3 log CFU/mL compared to the standard reduction of 1 log CFU/mL outlined in 

the Model Ordinance of the National Shellfish Sanitation Program (NSSP, United States Food 

and Drug Administration, 2017). Future research could determine PASWôs usefulness in 

reducing other bacteria, especially Gram positive bacteria, biofilms, viruses, and parasitic 

microorganisms in live seafood. 

PASW10 was used in laboratory bench-scale, static depuration systems to determine the 

effects of the treatment on the reduction of total coliform and E. coli in live, inoculated oysters, 

Crassostrea virginica, in the in vivo study (Campbell, Hall, et al., 2022). To mitigate stress or 

mortality in the oysters caused by acidic conditions, PASW10 was diluted with fresh, sterile SS. 

Similar to the in vitro study, the physicochemical properties (temperature, pH, oxidation-reduction 

potential, conductivity, reactive nitrogen species concentration) of diluted PASW10 were 

analyzed. Measurements were taken before PASW generation, immediately after, and after 

activation and dilution with SS to determine the influence of plasma-activation on these properties. 

Temperature, oxidation-reduction potential, conductivity, nitrate and nitrite concentrations 

increased after activation with plasma in PASW10. After PASW was diluted with SS in two ratios, 

1:1 (300 mL PASW with 300 mL SS) and 3:1 (150 mL with 450 mL SS), the aforementioned 

physicochemical properties decreased but all values before, after activation, and after dilution were 

significantly different. Due to the lowered pH value and potential antimicrobial effect compared 

to PASW10 (3:1), PASW10 diluted to the ratio of 1:1 was chosen to continue experimentation.  

PASW10 (1:1) was applied to live oysters during depuration for 24 h and the treatment 

was reapplied after hour 1 and hour 3 to increase contact time between the oysters and reactive 

species in the PASW10. Initial total coliform (TC) counts were about 6 log CFU/g of oyster. TC 

reductions were significantly different in refrigerated oysters compared to PASW10 (1:1) samples 
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at 1 h and refrigerated oysters compared to both, SS and PASW10 (1:1) depurated oysters, after 

24 h. After 24 h, all treated samples had significantly reduced TC levels compared to 0, 1, and 3 h 

samples. By hour 24, SS and PASW10 (1:1) depuration had the greatest reductions of about 0.8 

log CFU/g each. Initial E. coli (EC) counts were about 6.2 log CFU/g of oyster. EC reductions in 

SS and PASW10 (1:1) depurated oysters were significantly different from refrigerated samples 

after 24 h only. Overall, all treated samples were significantly different after 24 h compared to 0, 

1, and 3 h. By hour 24, PASW10 (1:1) depuration had the greatest reduction of about 1.4 log 

CFU/g. Ultimately, PASW10 treatments seemed to have the greatest antimicrobial effect against 

E. coli in the oysters. Both types of depuration treatments were superior to the traditional, 

refrigeration method. Also, when considering the condition index and cutting force tests, it was 

concluded that there were no significant differences in the overall quality of the oysters after 

refrigeration and depuration with SS and PASW. This is encouraging and demonstrates that PASW 

treatment has no deleterious effect on oyster meat quality. 

Future studies could improve upon our results via further replication of existing 

experimental methods, applying PASW to Gram-positive or other model bacteria in oysters, and 

determining the microbial reduction effectiveness of PASW on endogenous bacteria in oysters. 

Studies should be completed in vitro then in vivo to achieve the desired log reduction for the model 

bacteria before scaling up the PASW system. Also, the properties of PASW needs to be 

investigated in a small-scale recirculating depuration system as a precursor to pilot and industrial 

scale applications. 

Design, benefits, and limitations of a scaled-up PASW oyster depuration system 

Previous research into pilot and industrial systems for the application of PAW to vegetables 

hint at the feasibility of a large-scale PASW oyster depuration system for industrial use (Andrasch 
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et al., 2017; Fröhling et al., 2018; Schnabel et al., 2019). A scaled-up PASW oyster depuration 

system could be economically beneficial to the local seafood industry. When compared to other 

depuration disinfection methods like chlorine, ultra-violet radiation, and ozone, the cost-benefit 

analysis of PASW validated its adoption in depuration facilities in the long term assuming 

depuration is a method validated by the Food and Drug Administration. Even more, such a system 

could help enhance the safety of the final raw oyster product for consumers. 

Two types of PASW depuration systems were proposed. One design relying heavily on a 

ñone size fits allò depuration tank cover fitted with plasma discharge jets that, when placed on top 

of a tank of seawater, could activate the gas in between the cover and the water surface and dissolve 

in the water to create PASW. The other system featured a continuous processing design. A PASW 

generation tank separate from the depuration tank would ultimately fill an empty oyster depuration 

tank with PASW while oysters are conveyed into the system, allowed to depurate, and transported 

to cooling and packaging. Both types of PASW systems offer onsite disinfection treatment, thus 

eliminating the need for handling dangerous chemicals. However, considerations such as licensing, 

the consequences of PASW storage on processing equipment, and the effects of PASWôs storage 

on active antimicrobial compounds over time do exist. Future studies should collaborate with 

oyster processors to identify bottlenecks in depuration processing and design scaled-up 

experimental, PASW studies around their needs. Further, conceptual models of pilot scale and 

industrial scale systems need to be built and assessed. Combined with more detailed cost-benefit 

analyses, PASW oyster depuration prototypes could provide the framework for future patenting, 

licensing, and incorporation into depuration facilities worldwide. 

Conclusion 
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Overall, the long-established processing method called depuration is a reliable technique 

to reduce microorganisms and particulates in live oysters. Specifically according to the Model 

Ordinances in the National Shellfish Sanitation Program Guide for the Control of Molluscan 

Shellfish established by the U.S. Food and Drug Administration, post-depurated oysters should not 

exceed 230 E. coli per 100 g, 300 fecal coliforms per 100 g. Further, for depuration efforts aiming 

to reduce VV and VP in oysters, greater than 3 log reduction should be achieved with reductions 

to non-detectable levels, below 30 Most Probable Number/ g. Implementation of these guidelines 

can help ensure a safe oyster product after depuration.  

With increased chances for bacterial infection from raw oysters due to rising oceanic 

temperatures, depuration is a useful tool for food safety risk mitigation in human consumers. 

Numerous research opportunities for improving the depuration process exist and some are 

presented in this study. Overall, this research shows depuration can significantly reduce bacteria 

and provide a safer raw oyster product for human consumers. 

 

 



 

109 
 

References 

Andrasch, M., Stachowiak, J., Schlüter, O., Schnabel, U., & Ehlbeck, J. (2017). Scale-up to Pilot 

Plant Dimensions of Plasma Processed Water Generation for Fresh-Cut Lettuce Treatment. 

Food Packaging and Shelf Life, 14, 40ï45. 

https://doi.org/https://doi.org/10.1016/j.fpsl.2017.08.007 

Botta, R., Asche, F., Borsum, J. S., & Camp, E. V. (2020). A Review of Global Oyster 

Aquaculture Production and Consumption. Marine Policy, 117, 103952. 

https://doi.org/https://doi.org/10.1016/j.marpol.2020.103952 

Campbell, V., Chouljenko, A., & Hall, S. (2022). Depuration of Live Oysters to Reduce Vibrio 

parahaemolyticus and Vibrio vulnificus: A Review of Ecology and Processing Parameters. 

Comprehensive Reviews in Food Science and Food Safety, 21(4), 3480ï3506. 

Campbell, V., Hall, S., & Salvi, D. (2022). Antimicrobial Effects of Plasma-Activated Simulated 

Seawater (PASW) on Total Coliform in Oysters During Static Depuration. (In Preparation). 

Campbell, V., Wang, Q., Hall, S. G., & Salvi, D. (2022). Physicochemical Properties and 

Antimicrobial Impacts of Plasma-activated Simulated Seawater (PASW) on Escherichia 

coli. JSFA Reports, 2(5), 228ï235. https://doi.org/https://doi.org/10.1002/jsf2.46 

Centers for Disease Control and Prevention (CDC). (2020). FoodNet Fast: Pathogen 

Surveillance Tool. United States Department of Health and Human Services. 

http://wwwn.cdc.gov/foodnetfast 

FAO. (2020). The State of World Fisheries and Aquaculture 2020. In Sustainability in action. 

Ferchichi, H., St-Hilaire, A., Ouarda, T. B. M. J., & Lévesque, B. (2021). Impact of the Future 

Coastal Water Temperature Scenarios on the Risk of Potential Growth of Pathogenic Vibrio 

Marine Bacteria. Estuarine, Coastal and Shelf Science, 250, 107094. 



 

110 
 

https://doi.org/https://doi.org/10.1016/j.ecss.2020.107094 

Fröhling, A., Ehlbeck, J., & Schlüter, O. (2018). Impact of a Pilot-Scale Plasma-Assisted 

Washing Process on the Culturable Microbial Community Dynamics Related to Fresh-Cut 

Endive Lettuce. Applied Sciences, 8(11). 

https://doi.org/http://dx.doi.org/10.3390/app8112225 

Hartwick, M. A., Urquhart, E. A., Whistler, C. A., Cooper, V. S., Naumova, E. N., & Jones, S. 

H. (2019). Forecasting Seasonal Vibrio parahaemolyticus Concentrations in New England 

Shellfish. International Journal of Environmental Research and Public Health, 16(22), 

4341. https://doi.org/10.3390/ijerph16224341 

Jones, J. (2014). Vibrio | Introduction, Including Vibrio parahaemolyticus, Vibrio vulnificus, and 

Other Vibrio Species. In C. A. Batt & M. L. B. T.-E. of F. M. (Second E. Tortorello (Eds.), 

Encyclopedia of Food Microbiology (Second Edition) (pp. 691ï698). Academic Press. 

https://doi.org/https://doi.org/10.1016/B978-0-12-384730-0.00345-1 

Martinez-Urtaza, J., Bowers, J., Trinanes, J., & DePaola, A. (2010). Climate Anomalies and The 

Increasing Risk of Vibrio parahaemolyticus and Vibrio vulnificus Illnesses. Food Research 

International, 43(7), 1780ï1790. 

https://doi.org/https://doi.org/10.1016/j.foodres.2010.04.001 

Nelson, T. C. (1923). The Mechanism of Feeding in the Oyster. Proceedings of the Society for 

Experimental Biology and Medicine, 3(21), 166ï168. 

NSSP. (2017). National Shellfish Sanitation Program Guide for the Control of Molluscan 

Shellfish. 

https://www.fda.gov/downloads/Food/GuidanceRegulation/FederalStateFoodPrograms/UC

M623551.pdf 



 

111 
 

Oliveira, M., Fernández-Gómez, P., Álvarez-Ordóñez, A., Prieto, M., & López, M. (2022). 

Plasma-Activated Water: A Cutting-Edge Technology Driving Innovation in the Food 

Industry. Food Research International, 156, 111368. 

https://doi.org/https://doi.org/10.1016/j.foodres.2022.111368 

Richards, G. P. (1988). Microbial Purification of Shellfish: A Review of Depuration and 

Relaying. Journal of Food Protection, 51(3), 218ï251. https://doi.org/10.4315/0362-028x-

51.3.218 

Schnabel, U., Andrasch, M., Stachowiak, J., Weit, C., Weihe, T., Schmidt, C., Muranyi, P., 

Schlüter, O., & Ehlbeck, J. (2019). Sanitation Of Fresh-Cut Endive Lettuce by Plasma 

Processed Tap Water (Pptw) ï Up-scaling to Industrial Level. Innovative Food Science & 

Emerging Technologies, 53, 45ï55. 

https://doi.org/https://doi.org/10.1016/j.ifset.2017.11.014 

Tack, D. M., Marder, E. P., Griffin, P. M., Cieslak, P. R., Dunn, J., Hurd, S., Scallan, E., 

Lathrop, S., Muse, A., Ryan, P., Smith, K., Tobin-DôAngelo, M., Vugia, D. J., Holt, K. G., 

Wolpert, B. J., Tauxe, R., & Geissler, A. L. (2019). Preliminary Incidence and Trends of 

Infections with Pathogens Transmitted Commonly Through Food - Foodborne Diseases 

Active Surveillance Network, 10 U.S. Sites, 2015-2018. MMWR. Morbidity and Mortality 

Weekly Report, 68(16), 369ï373. https://doi.org/10.15585/mmwr.mm6816a2 

U.S. Food and Drug Administration. (2018). The Danger of Eating Contaminated Raw Oysters. 

FDA. https://www.fda.gov/food/health-educators/danger-eating-contaminated-raw-oysters 

United States Food and Drug Administration. (2017). National Shellfish Sanitation Program 

Guide for the Control of Molluscan Shellfish: 2017 Revision. 

https://www.fda.gov/media/117080/download 



 

112 
 

University of California - Santa Barbara. (2018). Farming Fish Saves Land: Team Conducts the 

First Land-Use Analysis of Future Food Systems Focusing on Aquatic Farming. 

ScienceDaily. www.sciencedaily.com/releases/2018/04/180430160434.htm 

Wang, Q., & Salvi, D. (2021). Evaluation of Plasma-Activated Water (PAW) as a Novel 

Disinfectant: Effectiveness on Escherichia coli and Listeria innocua, Physicochemical 

Properties, and Storage Stability. LWT, 149, 111847. 

https://doi.org/https://doi.org/10.1016/j.lwt.2021.111847 

Xiang, Q., Kang, C., Zhao, D., Niu, L., Liu, X., & Bai, Y. (2019). Influence of Organic Matters 

on the Inactivation Efficacy of Plasma-Activated Water Against E. coli O157:H7 and S. 

aureus. Food Control, 99, 28ï33. https://doi.org/10.1016/J.FOODCONT.2018.12.019 

 

 

 

 

 

 

 

 

 

 

 

 



 

113 
 

APPENDICES 

 



 

114 
 

APPENDIX A ï Lab-scale Oyster Depuration Pictures 
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Figure 1. Oysters in lab-scale, static depuration systems (a & b).  


