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Abstract: In this study, we evaluated the antibacterial effect against Staphylococcus aureus and Salmonella 

Typhimurium in fried fish paste using floating electrode-dielectric barrier discharge (FE-DBD) plasma (1.1 kV, 

43 kHz, N2 1.5 m/s, 1-60 min). In addition, quality evaluation (pH, VBN) of fried fish paste was conducted after 

FE-DBD plasma treatment. When FE-DBD plasma was treated for 1, 5, 10, 20, 30 and 60 min, S. aureus 

decreased by 0.16-1.13 log10 CFU/g, and S. Typhimurium decreased 0.25-1.13 log10 CFU/g. Both decreased > 

log10 CFU/g at 60 min. The D-value was 58.92 and R2 was 0.97 for S. aureus using first-order kinetics, and the 

D-value was 43.60 and R2 was 0.97 for S. Typhimurium using the Weibull model. There was no significant 

difference in pH after FE-DBD plasma treatment (p > 0.05). However, volatile basic nitrogen (VBN) 

significantly decreased as the treatment time increased (p < 0.05), and it was the lowest at 60 min to 3.46. 

Therefore, FE-DBD plasma treatment could be considered as a technology for preserving the quality of 

processed foods. 

Keywords: fried fish paste; FE-DBD plasma; first-order kinetics; Staphylococcus aureus; Salmonella 

Typhimurium; Weibull model 

 

1. Introduction 

Surimi-based products are among the processed seafood items that are frequently anticipated 

as an accessible source of protein with the expansion of convenience foods due to the diversification 

of dietary patterns and particularly, in situations where raw materials for processing livestock are 

limited, such as in Korea [1]. Fish paste is a processed meal made with reasonably sophisticated 

technology from seafood surimi. It may be used as raw fish meat from a variety of fish species and 

also has convenience food qualities [2]. 

There are many issues with hygiene preservation, and even in the case of vacuum-packed fried 

fish pastes, the number of days available for distribution is as little as 12 days. However, fish paste 

produced in Korea is not packaged or packaged in various forms, and distributed at room 

temperature or low temperature. Additionally, fried fish paste sold in traditional markets are more 

likely to be contaminated by microorganisms than it produced in factories because they are 

immediately fried and left on display until sold to consumers. Fried fish paste is treated as a hygienic 

and storable food because it is heated at high temperature (160-170 °C) during the manufacturing 

process, but most of it is distributed in a non-vacuum state, and lipid trans formation can occur 

because of lipid rancidity and high temperature treatment. Additionally, it can be easily deteriorated 

due to residual harmful microorganisms that have not been sterilized or enter during packaging and 

distribution process [3]. Therefore, the inactivation of harmful microorganisms is essential to ensure 

the hygienic stability of food. Studies have been conducted to extend the storage period of fish paste 

using techniques such as chlorine dioxide treatment [1], gamma-ray irradiation [4], bactosis 

treatment [5], and acetic acid treatment [6]. 
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Plasma is one of the four basic states for matter, along with solids, liquids, and gases. It is 

similar to gaseous states or a state of matter in which electrons in an atom are no longer bound to an 

atomic nucleus and can move freely [7]. Plasma is composed of electrons, ions, and nonionized 

particles. It can be produced by direct contact with water, and is frequently employed in the 

production of gaseous reactive species [8]. Plasma can be classified by the degree of ionization, it can 

also be classified based on the thermal equilibrium state of the particles. Based on this, plasma is 

classified into two types: thermal and nonthermal. In thermal plasma, electrons and heavy particles 

are in thermal equilibrium, whereas in nonthermal, heavy particles are approximately at almost 

room temperature, and electrons obtain a much higher temperature than in thermal plasma (TP). 

Therefore, the overall temperature of the nonthermal plasma is kept relatively low [9,10]. 

Nonthermal plasma is a technology that inhibits microorganisms from contaminating food at 

low temperatures and is a new sterilization technology with considerable potential for food 

preservation due to its high efficiency and limited side effects. Floating Electrode Dielectric Barrier 

Discharge (FE-DBD) plasma is distinct from conventional DBD plasma. In this form, NTP can be 

discharged by air into the atmosphere [11,12]. Therefore, plasma is generated on the surface of the 

skin without external gas injection, and the plasma generation area is much larger than that of 

plasma jet [13]. The term “floating electrode” implies that a metal object is separated from the 

ground. These techniques are used in skin care because of its ability to prevent cavities and burn 

damage. Additionally, by applying FE-DBD plasma, a complete skin sterilization effect can be 

achieved without blood clotting and damaging surrounding tissues, and its ability to sterilize 

microorganisms has recently been proven [14]. Therefore, FE-DBD plasma is currently used in 

FE-DBD treatment for HuNoV GⅡ.4 in salted clams [10] and the control of highly resistant 

methicillin-resistant Staphylococcus aureus (MRSA), Escherichia coli and Bacillus stratosphericus [15,16]. 

However, there have been no studies confirming the effectiveness evaluation of FE-DBD plasma 

treatment on S. aureus and Salmonella Typhimurium in fried fish paste. 

Hence, in this study, the antibacterial efficacy of the FE-DBD plasma therapy against S. aureus 

and S. Typhimurium on fried fish paste was verified. Additionally, the physicochemical 

characteristics of plasma-treated fried fish paste were evaluated in this study. 

2. Materials and Methods 

2.1. Sample preparation and bacteria inoculation 

The fried fish paste was purchased from an online market (Busan, Korea). Before the 

experiment, each sample was cut into 3.0 × 3.0 × 0.3 (L × W × H). To completely remove 

microorganisms, disinfect the surface of the sample with 70% ethanol before inoculation. 

S. aureus (ATCC 6538 and ATCC 12600) and S. Typhimurium ATCC 14028 were obtained from 

the American Type Culture Collection (ATCC, America) and used for inoculation. Stock cultures 

were stored at -80 °C in tryptic soy broth (TSB, Difco Laboratories, Detroit, MI, USA) containing 30% 

glycerol. Each strain was incubated at 37 °C for 24 h in 5 mL TSB and centrifuged at 5400 xg for 10 

min at 4 °C. Repeat this process twice so that the bacteria can be activated well. S. aureus was 

resuspended in 9 mL of sterile NaCl saline (0.85%) by mixing the two pellets. 

Both S. aureus and S. Typhimurium were spot-inoculated at 100 μm on the surface of the fried 

fish paste. The initial titer of S. aureus and S. Typhimurium were about 4-4.2 log10 colony forming 

unit (CFU/g). After inoculation, it is leave it for 1 h in a biological safety cabinet (CHC Lab Co. Ltd., 

Daejeon, Korea) so that the inoculated bacteria can be absorbed well into the sample. 

2.2. Sample preparation and bacteria inoculation 

A schematic diagram of the FE-DBD plasma device used in this study is shown in Figure 1. A 

0.7 mm thick glass was used as a high voltage electrode, a silver electrode was screen-printed to a 

thickness of 10 μm, and a dielectric material composed of SiO2 was screen-printed to a thickness of 

100 μm. FE-DBD plasma discharge mainly occurred at 1 kV, and the maximum discharge current 

was measured at 16 mA. The power consumption was measured at 0.55 W, and the RMS (root mean 
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square value) voltage and current were measured at 2.0 kV and 13.5 mA, respectively. N2 gas for 

FE-DBD plasma generation was allowed to flow through the gas inlet at 1.5 L per min, and plasma 

was generated between the glass under the powered electrode and the surface of the fried fish paste 

serving as a virtual ground. The distance between the plasma emission electrode and the sample 

during plasma treatment was maintained at 3 mm. FE-DBD plasma on the surface of fried fish paste 

was treated for 1, 5, 10, 20, 30, and 60 min. 

 

Figure 1. Schematic diagram of FE-DBD plasma used for fried fish paste. 

2.3. Quantification of bacterial analysis 

It was conducted based on the Ministry of Food and Drug Safety (MFDS)[17] to quantitatively 

detect S. aureus and S. Typhimurium in samples, after FE-DBD plasma treatment. Samples 

inoculated with S. aureus and S. Typhimurium were placed in a sterile stomacher bag (Korea, Seoul, 

Korea 3M) with 0.85% sterile NaCl and homogenized. 1 mL of homogenized solution was diluted 

with 9 mL of 0.85% sterile NaCl solution. 1 mL of diluted sample was added to Petri dish and mixed 

with tryptic soy agar (TSA, Difco Laboratories, Detroit, MI, USA). Thereafter, S. aureus and S. 

Typhimurium were incubated at 37 °C for 48 h and 24 h, respectively. 

2.4. Modeling of decimal reduction times 

The first-order kinetics model was used to calculate the D-value for the reduction of S. aureus. 

The D-value represents the FE-DBD treatment time required to reduce 1 log10 CFU of 

microorganisms. The closer the R2-value is to 1, the better the data point fits the regression line. 

 

▪ N0 is the initial microbial population (CFU/g) 

▪ N is the microbial population by FE-DBD plasma treatment time (CFU/g) 

▪ t is the FE-DBD plasma treatment time (min) 

▪ k is the reduction rate constant  

To calculate the D-value of S. Typhimurium, the Weibull model, a two-parameter nonlinear 

model, was used. The calculation formula is as follows: 

 

▪ Nt is the number of microorganism (log CFU/g) after the FE-DBD plasma treatment time t 

▪ N0 is the initial microbial population (log CFU/g) 
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▪ t is the FE-DBD plasma treatment time (min) 

▪ b is indicating the time needed to reduce the population for one log unit 

▪ n (parameter) is indicating the shape of the survival curve 

The n value of 1 corresponds to a linear survival curve, and n values correspond to downward 

and upward concavity, respectively. 

To obtain the D-value from the Weibull parameters, the equation was used by Buzrul and 

Alpas. [18]: 

 
D represents the time required to decrease microorganism by 90%. The Weibull model was 

analyzed using the software GraphPad Prism for Windows version 5.0 (GraphPad Software, San 

Diego, CA, USA). 

2.5. Physicochemical quality evaluation [pH value, VBN] 

For pH measurement, 3 g of FE-DBD plasma-treated fried fish paste and 30 mL of distilled 

water were mixed in a sterilized bag. Then homogenized for 1 min using a stomacher (Bagmixer, 

Interscience, Troy, USA). The pH value was measured using a pH meter (A211, Thermo Orion, 

Benchtop, MI, USA). 

VBN was analyzed using the Conway microdiffusion method [19]. It was repeated three time 

per sample, and the blank was distilled water as a sample. Sample 2 g, 20% Trichloroacetic acid 

(TCA), and 16 mL of distilled water were put into a stomacher bag. After homogenization, 1 mL of 

the filtered sample solution was put into the left side of the outer chamber of the Conway unit, and 1 

mL of 50% K2CO3 was added to the right side of the outer chamber of the Conway unit. Then, put 1 

mL of 0.01N H3BO3 into the inner chamber of the Conway unit and close the lid tightly so that there 

is no gap. Then, mix the sample with K2CO3. After being left at room temperature (25 °C) for 100 

min, titration was performed using 0.01N HCl. 

2.6. Statistical analysis 

All results were performed in triplicate each sample, and the data are represented as the mean ± 

standard deviation (SD). Statistical analysis was conducted to find out the significant difference 

between the average reduction (log CFU/g) of S. aureus and S. Typhimurium, the D-value, pH and 

VBN of the two bacteria over time after FE-DBD plasma treatment. Statistical program performed 

ANOVA and Duncan’s multiple range tests using SPSS version 12.7 software (SPSS Inc., Chicago, IL, 

USA). It was verified with a significant difference at the probability level at 5% (p < 0.05). 

3. Results 

3.1. Reduction and D-value of S. aureus and S. Typhimurium in fried fish paste after FE-DBD plasma 

treatment 

To confirm the sterilization effect of FE-DBD plasma, the reduction of S. aureus and S. 

Typhimurium in fried fish paste were confirmed (Table 1). S. aureus and S. Typhimurium showed 

tended to decrease significantly as the treatment time increased (p < 0.05). When the fried fish paste 

was treated for 1, 5, 10, 20, 30 and 60 min, S. aureus was identified as 0.16, 0.24, 0.36, 0.43, 0.86, and 

1.13 log reduction, respectively. No significant difference until 10 min (p > 0.05). However, a 

significant difference was observed at 20 min (p < 0.05), and highest decreased compared to a control 

group (4.22 log10 CFU/g) at the maximum treatment time. The results for S. aureus and S. 

Typhimurium by FE-DBD plasma treatment were obtained using two models: first-order kinetic 

model and Weibull model. Based on the survival curve of S. aureus, a first-order kinetics model was 

applied (Figure 2). The R2 and D-values are shown in Table 2. The D-value was 58.92 min and R2 

value was 0.97. The fit of the log-linear kinetic model for S. aureus was estimated to be R2. Therefore, 

it was close to 1.0, indicating that it is appropriate for determining slope and the D-value. 
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Table 1. Reduction of S. aureus and S. Typhimurium on fried fish paste using FE-DBD plasma. 

Microorganism 
FE-DBD plasma 

treatment (min) 

Mean±SD 

(log10 CFU/g) 

Log reduction 

(log10 CFU/g) 

S. aureus 

0 4.22±0.42a - 

1 4.06±0.26a 0.16±0.26B 

5 3.98±0.20a 0.24±0.2B 

10 3.86±0.13a 0.36±0.13B 

20 3.79±0.10ab 0.43±0.1B 

30 3.36±0.33bc 0.86±0.33A 

60 3.09±0.13c 1.13±0.13A 

S. Typhimurium 

0 4.09±0.24a - 

1 3.84±0.22a 0.25±0.22C 

5 3.74±0.25ab 0.35±0.25BC 

10 3.32±0.26bc 0.77±0.26AB 

20 3.26±0.16c 0.83±0.16A 

30 3.24±0.23c 0.85±0.23A 

60 2.96±0.35c 1.13±0.35A 

The letters (a~c, A~B for S. aureus and a~c, A~C for S. Typhimurium) in a column represent significant 

differences (p < 0.05) in reduction after FE-DBD plasma treatment. Values mean ± standard deviations (SD) of 

triplicate determination. Duncan’s multiple range test at a 5% level of probability. 

 

Figure 2. Effects of FE-DBD plasma treatment on S. aureus on fried fish paste and fitted survival 

curves by the first-kinetics model. The letters a, b, and c represent significant differences (p < 0.05) in 

reduction after FE-DBD plasma treatment. 
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Table 2. Model parameters of S. aureus and S. Typhimurium on fried fish paste using FE-DBD 

plasma. 

Microorganism Model Parameters R2 D-value ± SD (min) 

S. aureus Decay slope 0.018 0.97 58.92±1.63a 

S. Typhimurium 
b±SD 0.233±0.025 

0.97 43.60±0.76b 
n±SD 0.387±0.030 

S. aureus was calculated the D-value using the first-order kinetics. S. Typhimurium was calculated the D-value 

using the Weibull model. b, scale parameter; n<1, concave upward survival curve; n>1 and n=1, concave 

downward; R2, correlation coefficient; The letters (a,b) in a column represent significant differences (p < 0.05) in 

D-value by t-test. Values mean ± standard deviations (SD) of triplicate determination. 

The reduction in S. Typhimurium levels by FE-DBD plasma was significantly decreased (p < 

0.05). After being treated with FE-DBD plasma for 1, 5, 10, 20, 30, 60 min, the reduction was 0.25, 

0.35, 0.77, 0.83, 0.85, and 1.13 log10 CFU/g, respectively. It was confirmed that it gradually decreased 

as treatment time increased. It significantly decreased from the 5 min of treatment (p < 0.05), and 

decreased gradually at 20, 30, and 60 min, but there was no statistically significant difference (p > 

0.05). The reduction effect of FE-DBD plasma on S. Typhimurium was evaluated, and the results 

were applied to the Weibull model (Figure 3). The parameters (b, n, R2, D) of the Weibull model are 

shown in Table 2. The value of R2 and D were 0.97 and 43.60, respectively. Because the R2 value of S. 

Typhimurium was close to 1.0, this model was appropriate for the survival curve. Although the 

experimental reduction effects of the two bacteria were almost similar or the same in FE-DBD 

plasma at 30 and 60 min of treatment when microbial survival modeling was applied, S. aureus and 

S. Typhimurium showed linear (Figure 2) and non-linear concave downward survival pattern 

(Figure 3), respectively. 

S. Typhimurium

0 20 40 60
-1.5

-1.0

-0.5

0.0

FE-DBD plasma treatment time (min)

lo
g 1

0 
C

F
U

/g

 

Figure 3. Effects of FE-DBD plasma treatment on S. Typhimurium on fried fish paste and fitted 

survival curves by the Weibull model. 

3.2. Quality (pH and VBN) of fried fish paste after FE-DBD plasma treatment 

The pH and VBN of fried fish paste were measured according to the FE-DBD plasma treatment 

time (Table 3). The pH of fried fish paste was 5.37 at all plasma treatment times, and no significant 

difference was observed between samples (p > 0.05). 
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For VBN, no significant difference when the control group (8.15) was treated for 5 min (p > 

0.05). When plasma was treated for 10, 20, 30, and 60 min, VBN values were 6.98, 4.71, 3.48, and 3.46, 

respectively. From the 10 min treatment, it decreased significantly compared to the control group (p 

< 0.05). 

Table 3. Physicochemical quality evaluation of fried fish paste after FE-DBD plasma treatment. 

FE-DBD plasma treatment (min) pH VBN (mg/%) 

Control 5.37±0.01NS 8.15±1.67a 

1 5.37±0.02 8.12±0.07a 

5 5.37±0.02 7.49±2.44a 

10 5.37±0.01 6.98±1.58ab 

20 5.37±0.02 4.71±1.65bc 

30 5.37±0.01 3.48±0.01c 

60 5.37±0.00 3.46±0.00c 

The letters (a~c) in a column represent significant differences (p < 0.05) in quality evaluation. Values mean ± 

standard deviations (SD) of triplicate determination. 

4. Discussion 

The consumption of fish-based products is not high compared to that of other foods because 

they are cumbersome to preprocess and cook despite their excellent nutritional and health benefits. 

However, fish pastes, which are easy to cook and have the fish odor removed, have shown a gradual 

increase in production in the 2000s [3]. These products are anticipated to be protein resources with 

the increased consumption of convenience foods according to changes in dietary patterns and raw 

materials for processing livestock are difficult to obtain in Korea. Fish paste is a processed food that 

can be easily consumed. Its consumption is high because it is relatively inexpensive. There are 

various type of fish pastes, but among them, fried fish paste is treated as a food that can be stored for 

long periods. Therefore, it has the highest preference among fish pastes. Additionally, as 

high-temperature heat treatment (160-170 °C), it is generally considered hygienic and safe from 

microorganisms. However, it can easily deteriorate because of residual harmful microorganisms that 

have not been completely sterilized during the manufacturing process or enter during storage and 

distribution processes. The shelf life of vacuum-packed fried fish paste is only approximately 10 

days when stored at low temperatures [1]. 

Deterioration of food caused by microbial contamination results in food poisoning or quality 

degradation. Hence, the inactivation of harmful microorganisms is essential to ensure the hygienic 

stability of food. Moreover, in the case of fried fish paste, its hygienic stability must be ensured 

immediately as they are street foods. Therefore, in addition to the treatment of bactosis [5], many 

studies are currently suggested extending their storage period by preserving the hygienic quality of 

fish pastes. A study on chlorine dioxide treatment of fish pastes [1] reported that microorganisms 

decreased as the chlorine dioxide treatment concentration increased. Another study on 

gamma-irradiation treatment [4] reported that the total aerobic bacteria were effectively reduced at 

2.5 kGy and that the detection limit (2 log CFU/g) was significantly reduced at 7.5 kGy. In spite of 

these studies, sterilization and microbial reduction studies on fish paste are still insufficient, 

particularly on nonthermal methods for microbial inhibition. 

Chen et al. [20] showed that when chub mackerel was treated with atmospheric cold plasma 

(ACP) at an optimal voltage (60 kV), total viable count decreased by 3.15 log CFU/g-1 decrease in 60 

s. Furthermore, ACP treatment was reported as a potential and promising alternative to seafood 

conservation technology. According to Abdi et al. [21], microorganisms were reduced after the 

exposure of L. sativa seeds to FE-DBD plasma. Moreover, no bacteria were detected after 40 min of 

treatment; FE-DBD plasma treatment effectively controlled the microorganisms. Jeon et al. [10] 

reported that the human norovirus in Jogaejeotgal (a Korean traditional fermented food) decreased as 

the processing time increased after FE-DBD plasma treatment, and decreased the most from 30 min 

to about 1-1.30 log10 CFU/g. However, in this experiment, S. aureus and S. Typhimurium were 
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reduced by about 1.13 log10 CFU/g when treated for 30 min. Both the aforementioned studies 

showed a greater decreased than this study. Fish paste is gelled by steaming, boiling, baking, or 

frying after mixing a small amount of salt into meat paste dough, which is ground meat mixed with 

starch and other ingredients [22]. Therefore, the bacterial reduction may have been decreased 

because it has a harder structure than Jogaejeotgal. Additionally, plasma treatment can affect the 

inhibitory effect differently depending on several factors such as the species of microorganisms, 

exposure type, injected gas type, and number of cell layers in the sample [23]. 

Floating electrode dielectric barrier discharge plasma breaks covalent bonds with cations, 

anions, electrons, and ultraviolet (UV) photons; it is brought into contact with chemically activated 

species, resulting in microbial sterilization. Among several active species, active oxygen species such 

as oxygen radicals can affect cells by reacting with various macromolecules [23,24]. Active species 

cause the formation of unsaturated fatty acids and peroxides, which damage the lipids and proteins 

in the cell membranes of microorganisms and sterilize them while spreading into cells. The active 

species (ROS and RNS) generated by plasma can create air pollutants that are harmful to humans 

[8,25]. However, in addition to Mann et al. [26], many studies have reported that the permissible 

exposure limit is not exceeded during plasma treatment time, the risk due to the plasma treatment is 

expected to be low. 

Mathematical models such as first-order kinetics and Weibull models improving food safety by 

predicting the survival characteristics of pathogenic microorganisms. Reduction kinetics modeling is 

useful for assessing the risk of quantitative microorganisms [27]. First-order kinetic is utilized to 

determine inactivation data such as D-values and are based on linear microbial survival curves 

[28,29]. However, microbial survival curves may not always be linear; hence, the Weibull model 

applied in this study to determine the D-values based on nonlinear microbial survival curves [28,30]. 

As the R2 values of S. aureus and S. Typhimurium among fried fish paste using FE-DBD plasma were 

close to 1, two models were utilized to determine the most appropriate survival curve model. In the 

case of S. aureus, R2 and D-values were 0.97, and 58.92, respectively, which were obtained with a 

linear model. However, S. Typhimurium had a R2 value of 0.97, and a D-value of 43.60, which were 

more appropriate for the Weibull model, a nonlinear curve, than the linear model. 

The pH and VBN of the fried fish paste were measured after FE-DBD plasma treatment based 

on setting time. The pH was not significantly different (p > 0.05), and the sample quality was not 

significantly affected. Jeon et al. [10] also reported that the plasma treatment did not affect the pH of 

the FE-DBD plasma treatment of Jogaejeotgal. Additionally, VBN is a measure of the amount of 

nitrogen produced during the process of protein decomposition into amino acids and inorganic 

nitrogen as the deterioration of fish paste progresses; it is mainly produced by bacterial 

decomposition [31,32]. Although the VBN content of the initial fish paste was within the fresh meat 

range (5-10 mg/%), it decreased further as the plasma treatment time of the fried fish paste increased. 

This is because the treatment with FE-DBD plasma deactivates the activity of endogenous enzymes 

and spoilage bacteria that form compounds such as ammonia and trimethylamine, which are the 

primary substances of odor [31,33]. Therefore, nonthermal plasma treatment can the quality of 

processed foods as well as fish-based products. 

5. Conclusions 

In this study, the effect of FE-DBD treatment on S. aureus and S. Typhimurium on fried fish 

paste was investigated. Both decreased the most to 1.13 log10 CFU/g in the 60 min plasma treatment. 

The survival curve for S. aureus was fitted with a first-order kinetic model (R2 = 0.97), and the 

D-value was 58.92. The Weibull model was appropriate for S. Typhimurium (R2 = 0.97) and its 

D-value was confirmed to be 43.60. Although no significant difference (p < 0.05) was observed in the 

pH of fried fish paste based on plasma treatment time (0-60 min), VBN significantly decreased (p > 

0.05) from 8.15 to 3.46 mg/%. The results suggest that FE-DBD plasma treatment is an effective 

technique for ensuring microorganisms safety and preserving food quality. 
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