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A B S T R A C T

We evaluated the effect of plasma-activated water (PAW) on the populations of foodborne pathogens and food-
spoilage microorganisms on Korean rice cake. PAW was produced by treating distilled water with two atmo-
spheric dielectric-barrier discharges (51.7 W, 14.4 kHz, air discharge) for 20 min. The inactivation effect of PAW
on indigenous microorganism and inoculated Escherichia coli O157:H7, Salmonella Typhimurium, Listeria
monocytogenes, Penicillium chrysogenum and Candida albicans on Korean rice cake were measured and their effect
on the color and texture values of the samples were determined. PAW treatment for 20 min reduced the numbers
of the three foodborne pathogens by about 2.0 log CFU/g. PAW treatment for 20 min reduced the numbers of
total aerobes, P. chrysogenum, and C. albicans by 2.78, 1.97, and 1.00 log CFU/g, respectively. The antimicrobial
effect of PAW was not significantly different from 0.2 ppm of sodium hypochlorite solution, which is used in
Korean rice cake production. PAW treatment did not affect the color, texture, or pH of Korean rice cake.
Therefore, PAW treatment can be used as an alternative method to reduce safety risk and spoilage of Korean rice
cake without deteriorating its quality.

1. Introduction

Rice cake, which is made of rice flour, is a traditional Korean food
consumed during traditional festivals and ceremonies. Rice cakes may
also contain beans, red beans, honey, sesame, pine nuts and pumpkin.
Rice cake was formerly consumed as a snack, but is now considered a
meal by many people in the Republic of Korea (ROK). Therefore, efforts
have focused on developing functional rice cakes by adding, for ex-
ample, yacon powder (Lee & Shim, 2010), sunflower seeds (Lim, Kang,
& Kim, 2008), broccoli powder (Cho, 2009) and rosemary powder
(Gwon & Moon, 2009).

Generally, rice cakes are believed to be safe from microbial con-
tamination because they are steamed, boiled, or fried at a high tem-
perature. However, there were six foodborne outbreaks due to rice cake
in the ROK in 2000 (Park et al., 2001), and coliform contamination of

rice cake has been reported (Jeong et al., 2012; Lee & Jang, 2008).
Thus, efforts have focused on ensuring the microbiological safety of rice
cake. Lee, Lee, and Rhim (2000) reported that treatment with a com-
bination of 1% lactic acid and 1% chitosan reduced the total microbial
count of white rice cake by 2.5 log CFU/g. In the case of food quality,
however, the combination treatment of lactic acid and chitosan reduced
overall acceptability of rice cake significantly (P < 0.05). Sensorial
test was evaluated by panels consisted of 20 members from the De-
partment of Food Engineering, Mokpo National University, and scores
were obtained by sensory attributes using the following 5-point scoring
method: 5, very good; 4, good; 3, fair; 4, poor; 5, very poor. Kang, Park,
Lee, and Kum (2013) showed that grapefruit seed extracts inhibit the
growth of microorganisms on rice cake during 30 days storage at room
temperature (25 °C). However, grapefruit seed extracts reduced sensory
properties (taste and odor) of rice cake. Sensory evaluation was
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conducted by 30 panelists (researchers of Korean Food Research In-
stitute) by using 9-point hedonic scales: 9, very good: 1, very poor.

Gas-discharge-generated non-thermal plasma triggers reactive spe-
cies formation. Furthermore, plasma-generated reactive oxygen species
(ROS; e.g., ozone, atomic oxygen, superoxide, peroxide, and hydroxyl
radical), reactive nitrogen speices (RNS; e. g., nitrite, nitrate, and nitric
oxide), ultraviolet (UV) radiation, and charged particles exert bacter-
icidal effects (Graves, 2014; Guo, Huang, & Wang, 2015; Scholtz,
Pazlarova, Souskova, Khun, & Julak, 2015). Non-thermal plasma in-
activates microorganisms by damaging DNA (via UV), degrading pro-
teins and lipids (via ROS/RNS), and disrupting membranes (via charged
particles) (Liao et al., 2017; Misra, Tiwari, Raghavarao, & Cullen,
2011).

Plasma activated water (PAW) is produced by plasma discharge in
or above the surface of water (Ma et al., 2015). The reactive species in
PAW, including hydrogen peroxide, ozone, and superoxide and hy-
droxyl radicals, mediate its bactericidal effect. Xu, Tian, Ma, Liu, and
Zhang (2016) reported that treatment with PAW for 10 min reduced
bacteria and fungi on button mushroom to about 1 log CFU/g. Xiang
et al. (2019) reported that aerobic bacteria, yeast, and mold popula-
tions on mung bean sprout were reduced by 2.32 and 2.84 log CFU/g,
respectively, by PAW treatment for 30 min.

Korean rice cake production includes several washing process with
water containing NaOCl to ensure its microbial safety. However,
washing with chlorinated water can generate toxigenic by-products
such as trihalomethanes and chloramines (Richardson et al., 1998).
Thus, PAW may be useful for washing rice cakes, as an alternative to
the current use of chemical sanitizer (Thirumdas et al., 2018).

To assess the feasibility of PAW as an alternative to chlorinated
water, we evaluated the antimicrobial activity of PAW against food-
borne pathogens, fungi, and yeasts on Korean rice cake (tteokbokki
tteok). We also investigated the physicochemical properties of PAW and
its effects on the pH and color of rice cake.

2. Materials and methods

2.1. Bacterial strains

Three strains of each of Escherichia coli O157:H7 (ATCC 35150,
43889, and 43890), Salmonella Typhimurium (ATCC 19585, 43971,
and 700408) and Listeria monocytogenes (ATCC 15315, 19111, and
19115) were obtained from the bacteria culture collection of Seoul
National University (Seoul, Korea). Stock cultures were prepared by
mixing 0.7 ml of tryptic soy broth (TSB; BD, Sparks, MD, USA) cultures
(24 h, at 37 °C) with 0.3 ml of sterile 50% glycerol, and were stored at
−80 °C. Working cultures were streaked onto tryptic soy agar (Difco,
BD), incubated at 37 °C for 24 h, and stored at 4 °C.

The food-spoilage fungus Penicillium chrysogenum (ATCC 18226)
was obtained from the Korean Culture Center for Microorganisms
(KCCM). Fungal working cultures were streaked onto yeast mold agar
(YM agar; Difco, BD) adjusted to pH 3.0 with lactic acid (Daejung
Chemical & Metal, Korea) incubated at 25 °C for 5 days, and stored at
4 °C.

The food-spoilage yeast Candida albicans (ATCC 10231) was ob-
tained from the KCCM. Stock cultures were prepared by mixing 0.7 ml
of a yeast mold broth (YM broth; Difco, BD) cultures (48 h, at 25 °C)
with 0.3 ml of sterile 50% glycerol, and were stored at−80 °C. Working
cultures were streaked onto YM agar (pH 3.0), incubated at 25 °C for
48 h, and stored at 4 °C.

2.2. Preparation of cell suspensions

The E. coli O157:H7, S. Typhimurium and L. monocytogenes strains
were cultured in 5 ml of TSB at 37 °C for 24 h, harvested by cen-
trifugation at 4,000×g for 20 min at 4 °C, and washed three times with
sterile 0.2% peptone water (PW; BD). The pellets were resuspended in

sterile 0.2% PW to approximately 108–109 CFU/ml. Subsequently,
suspensions of each strain of the three pathogens were combined to
produce a mixed culture cocktail. The final population of inoculated
pathogens were approximately 6.3–6.8 log CFU/g.

A suspension of P. chrysogenum was prepared using glass beads
(425–600 μm; Sigma-Aldrich Corp., St. Louis, MO, USA) in 0.1% Tween
80 (Sigma-Aldrich Corp.). Three grams of glass beads and 20 ml of 0.1%
Tween 80 solution were transferred onto YM agar (pH 3.0) and the agar
medium was vigorously agitated for 2 min using the Spindle ad appa-
ratus to detach microorganisms from the surface (Kim, Kim, & Kang
2015, 2016). Finally, the fungal suspension was transferred to a sterile
50 ml centrifuge tube. The final population of inoculated P. chryso-
genum were approximately 5.70 log CFU/g.

C. albicans was cultured in 5 ml of YM broth at 25 °C for 48 h,
harvested by centrifugation at 4000×g for 20 min at 4 °C, washed three
times in sterile 0.2% PW, and resuspended in sterile 0.2% PW. The final
population of inoculated C. albicans were approximately 4.86 log CFU/
g.

2.3. Sample preparation and inoculation

Experiments were performed using commercially processed Korean
rice cake (tteokbokki tteok) purchased at a local grocery store (Seoul,
ROK) and stored in a refrigerator at 4 °C. About 80 g of Korean rice cake
samples (ten pieces) were aseptically transferred onto aluminum foil.
For inoculation, 1 ml of culture was applied over the entire rice cake
surface using a sterile glass spreader, and samples were dried for 2 h in
a biosafety hood at room temperature (22 ± 1 °C).

2.4. PAW preparation and treatment

The plasma device consisted of a powered electrode, ground elec-
trode, and dielectric plate (1 mm Al2O3) between two electrodes and
was used to generate a surface dielectric barrier discharge (SDBD) at
8 kV, a frequency of 14.4 kHz, and a power of 51.7 W. To produce PAW,
1 L of distilled water (DW) was exposed to two SDBDs in atmospheric
air for 20 min (Fig. 1).

Both uninoculated (initial population of total aerobes were 7.2 log
CUF/g) and pathogen-inoculated Korean rice cake (80 g) was treated
with 1 L of PAW or sterile DW (control) for up to 40 min using a
MaXshake OB-2 Digital Orbital Shaker (Daihan Scientific, Gangwon-do,
ROK) at 195 rpm. In order to compare its sanitizing effect, we also
applied 0.2 ppm sodium hypochlorite, the same concentration as in the
water used to wash Korean rice cake, with same PAW treatment con-
ditions.

2.5. Evaluation of the physicochemical properties of PAW

To measure pH, oxidation-reduction potential (ORP), and electrical
conductivity, 1 l of DW was exposed to two SDBD in atmospheric air for
0 (control), 5, 10, 15, or 20 min pH was measured using a FiveEasy™
Plus pH meter (Mettler Toledo, Schwerzenbach, Switzerland), and the
ORP and electrical conductivity were measured using a multimeter
(K5000-CP; iSTEK, Seoul, ROK).

2.6. Measurement of the color values, pH and firmness of Korean rice cake

After 10 and 20 min of treatment with PAW or DW with shaking at
195 rpm, the color, pH, and firmness of Korean rice cake were assayed.
The CIELAB color values (L*, a*, b*) of Korean rice cake were measured
using a Chroma Meter CR-400 colorimeter (Minolta Camera Co., Osaka,
Japan). To determine the pH, treated Korean rice cakes were cut at
2 mm thickness and immersed in sterile DW at 4 °C for 30 min. The pH
of the DW was measured using a pH meter. The firmness of Korean rice
cake was measured using a TA-XT2i Analyzer with a 3-mm-diameter
cylindrical probe (Stable Microsystem Co, Ltd, Surrey, UK) at three
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locations. The operating parameters, pre-test speed, test speed, post-test
speed and compression strain, were 2.00 mm/s, 1.00 mm/s, 2.00 mm/s,
and 40%, respectively.

2.7. Statistical analysis

The data were subjected to one-way analysis of variance and
Duncan's multiple-range test using Statistical Analysis System software
(SAS Institute, Cary, NC, USA) to identify significant differences
(P < 0.05) in mean values. Microbial counts were log10-transformed
before analysis.

3. Results

3.1. Effects of PAW on microorganisms on Korean rice cake

The effect of PAW and DW on foodborne pathogens and food-
spoilage microorganisms on Korean rice cake are shown in Tables 1 and
2. Treatment with PAW for 10, 20, 30 and 40 min the number of re-
duced E. coli O157:H7 by 2.01, 2.01, 2.03, and 2.03 log CFU/g, re-
spectively. Treatment with DW for 10, 20, 30 and 40 min reduced the
number of E. coli O157:H7 by 0.82, 1.27, 1.13, and 1.00 log CFU/g,
respectively (Table 1). The reductions in the number of S. Typhimurium
and L. monocytogenes were similar to that in the number of E. coli
O157:H7.

Treatment with PAW for 10, 20, 30, and 40 min reduced the total
aerobe count by 1.62, 2.76, 2.35, and 2.62 log CFU/g, respectively.

Treatment with DW for 10, 20, 30, and 40 min reduced the total aerobe
count by 1.49, 1.55, 1.61 and 1.66 log CFU/g, respectively (Table 2).
Treatment with PAW for 10, 20, 30 and 40 min reduced the number of
C. albicans by 0.86, 1.00, 1.07 and 1.00 log CFU/g, respectively, and
treatment with DW for 10, 20, 30, and 40 min by 1.06, 1.07, 0.92, and
1.28 log CFU/g, respectively (Table 2). The reduction in the number of
P. chrysogenum was similar to that of the foodborne pathogens. Treat-
ment with PAW and DW for 10–40 min reduced the number of P.
chrysogenum by 1.63–2.04 and 0.57–0.84 log CFU/g, respectively.

The magnitude of antimicrobial activity followed the order
PAW > NaOCl > DW. There was no significant difference
(P > 0.05) in the antimicrobial effect of PAW and NaOCl on S.
Typhimurium, total aerobes, and C. albicans (Figs. 2 and 3). Also, PAW,
DW, and NaOCl exerted similar effects on the number of C. albicans on
Korean rice cake (P > 0.05).

Table 3 shows the effect of exposure to PAW on the number of E. coli
O157:H7, S. Typhimurium, and L. monocytogenes on Korean rice cake
for up to 10 min. Treatment with PAW for 2.5 min exerted similar ef-
fects on these three microorganisms (P > 0.05). Also, PAW induced a
greater reduction in the number of these microorganisms as compared
to DW.

3.2. Physicochemical properties of PAW and effect of PAW on the quality of
Korean rice cake

The changes in pH, ORP, and electrical conductivity of PAW are
shown in Table 4 and those in the color values, pH, and firmness of

Fig. 1. Schematic of the experimental system used to produce PAW at Seoul National University (Seoul, Republic of Korea).

Table 1
Inactivation of E. coli O157:H7, S. Typhimurium, and L. monocytogenes on Korean rice cake by cold atmospheric PAW and sterile DW.

Treatment time (min) E. coli O157:H7 S. Typhimurium L. monocytogenes

PAW DW PAW DW PAW DW

10 2.01 ± 0.15 Aa 0.82 ± 0.24 Ab 2.12 ± 0.55 Aa 1.13 ± 0.46 Aa 1.98 ± 0.59 Aa 0.77 ± 0.14 Ab
20 2.01 ± 0.26 Aa 1.27 ± 0.49 Aa 2.08 ± 0.53 Aa 1.15 ± 0.15 Ab 2.02 ± 0.49 Aa 1.06 ± 0.24 Ab
30 2.03 ± 0.41 Aa 1.13 ± 0.21 Ab 2.09 ± 0.35 Aa 1.31 ± 0.53 Aa 2.07 ± 0.37 Aa 1.09 ± 0.29 Ab
40 2.03 ± 0.41 Aa 1.00 ± 0.55 Ab 2.08 ± 0.54 Aa 1.02 ± 0.57 Ab 2.17 ± 0.27 Aa 1.08 ± 0.31 Ab

Means ± standard deviation. Means with the same upper-case letter in the same column and lower-case letter in the same row per microorganism are not
significantly different (P > 0.05).
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Korean rice cake in Table 5. The pH of PAW initially decreased and the
rate of reduction decreased with increasing treatment duration. In
contrast, the ORP and the electrical conductivity of PAW increased with
increasing treatment duration. Neither PAW nor DW significantly af-
fected the color values, pH, or firmness of Korean rice cake (P > 0.05).

4. Discussion

Non-thermal plasma has been used to inactivate microorganisms on
food. Kilonzo-Nthenge, Liu, Yannam, and Patras (2018) reported that
treatment with atmospheric cold plasma for 180 s reduced the number
of S. Typhimurium ATCC 13311 and E. coli ATCC 25922 on Golden
Delicious apples by 4.8 and 5.3 log CFU/cm2, respectively. Yannam,
Estifaee, Rogers, and Thagard (2018) showed that treatment with high-
voltage electrical plasma (30 kV; frequency, 40 Hz) reduced the number
of E. coli in tangerine juice by > 5 log CFU/ml without affecting
product quality. Moreover, after 5 min of treatment with atmospheric
cold plasma, the cell density in L. monocytogenes and Pseudomonas
fluorescens biofilm cultured on lettuce at 15 °C for 48 h was reduced to
below the limit of detection (1.0 log CFU/ml), which decreased by >
6.0 and > 4.5 log CFU/ml, respectively (Patange et al., 2019).

Compared to gas plasma, PAW results in a lesser reduction in pro-
duct quality and is easier to apply. Indeed, loss of quality of food, such
as surface topography changes due to etching and degradation of
bioactive compounds, is minimized by the use of PAW treatment
(Thirumdas et al., 2018). In this study, treatment of Korean rice cake
with PAW did not affect the color values, pH, and firmness; moreover,
PAW is easier to apply than conventional chemical treatments
(Thirumdas et al., 2018). Also, PAW is more cost-effective and en-
vironmentally friendly than chlorine-based products, which may leave
carcinogenic residue (Ma et al., 2015). We found that PAW had similar
or better antimicrobial activity than 0.2-ppm NaOCl. Moreover, the
residual reactive species dissolved in PAW can be used as a source of
nitrite for sausage production (Jung et al., 2015), to enhance seed
germination (Naumova, Maksimov, & Khlyustova, 2011), and to ac-
celerate plant growth (Takahata et al., 2015).

Korean rice cake typically does not require sanitization because its
production involves thermal treatment (steaming, frying, or boiling).
However, there have been foodborne outbreaks due to contaminated
rice cake. Park and Ha (2018) reported that E. coli is capable of re-
plicating in garaetteok (a Korean traditional rice cake) during re-
frigeration at 10 °C. Prior attempts to ensure the microbial safety of
Korean rice cake have involved addition of substances with anti-
microbial activity; e. g., green tea and rosemary leaf powders (Lee,
Gwon, Kim, & Moon, 2009), curry powder (An, 2009), Smilax china L.
root extract (Ko et al., 2012) and plantain (Kim, Oh, Jung, & Han,
1999). Lee, Kim, and Paik (2011) reported that use of 100% CO2 at-
mosphere suppressed microbial growth during storage of Korean tra-
ditional rice cake (backseolgi). We found that Korean rice cake was
contaminated a high level of aerobic bacteria. Based on its anti-
microbial activity, PAW can be used to sanitize or extend shelf-life of
Korean rice cake.

The sensitivities of microorganisms to resist interventions vary.
Because of the barrier function of their thick cell wall (Zuizina, Patil,
Cullen, Keener, & Bourke, 2014), gram-positive bacteria are typically
more resistant to sanitization methods and stresses than gram-negative
bacteria. Cho, Kim, Kim, Song, and Rhee (2016) reported that gram-
positive bacteria are more resistant to marination than gram-negative
bacteria. Also, the level of resistance differs among gram-negative

Table 2
Number of total aerobes, C. albicans, and P. chrysogenum on Korean rice cake treated with cold atmospheric PAW and sterile DW.

Treatment time (min) Total aerobic count C. albicans P. chrysogenum

PAW DW PAW DW PAW DW

10 1.62 ± 0.51 Aa 1.49 ± 0.28 Aa 0.86 ± 0.17 Aa 1.05 ± 0.47 Aa 1.63 ± 0.27 Aa 0.58 ± 0.14 Ab
20 2.77 ± 0.33 Ba 1.55 ± 0.24 Ab 1.00 ± 0.31 Aa 1.06 ± 0.35 Aa 1.97 ± 0.19 Aa 0.61 ± 0.09 Ab
30 2.35 ± 0.40 Ba 1.61 ± 0.48 Aa 1.07 ± 0.01 Aa 0.91 ± 0.34 ABa 1.85 ± 0.35 ABa 0.76 ± 0.14 Ab
40 2.62 ± 0.42 Ba 1.66 ± 0.31 Ab 1.00 ± 0.24 Aa 1.28 ± 0.27 Ba 2.04 ± 0.27 Ba 0.84 ± 0.21 Ab

Means ± standard deviation. Means with the same upper-case letter in the same column and lower-case letter in the same row per microorganism are not
significantly different (P > 0.05).

Fig. 2. Inactivation of E. coli O157:H7, S. Typhimurium and L. monocytogenes
on Korean rice cake by treatment with PAW, NaOCl or sterile DW for 10 min.
Bars labeled with different uppercase letter in the same treatments and low-
ercase letters within same microorganisms represent significant differences
(P < 0.05).

Fig. 3. Effects on the number of total aerobes, C. albicans, and P. chrysogenum
on Korean rice cake with PAW, NaOCl, or sterile DW for 10 min. Bars labeled
with different uppercase letter in the same treatments and lowercase letters
within same microorganisms represent significant differences (P < 0.05).
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bacterial taxa. Song et al. (2014) reported that the D-values of S. Ty-
phimurium on black and red pepper were greater than those of E. coli
O157:H7 when treated with gamma irradiation. However, E. coli
O157:H7 was more resistant to carvacrol and caprylic acid than S.
Typhimurium (Chung, Cho, & Rhee, 2018; Kim & Rhee, 2015). The
antimicrobial efficacy of plasma differs according to the target micro-
organism. Ziuzina, Patil, Cullen, Keener, and Bourke (2014) reported
that L. monocytogenes showed more resistance to atmospheric cold
plasma than E. coli and S. Typhimurium. In this study, C. albicans
showed the highest level of resistance to PAW, in agreement with the
report of Klämpfl et al. (2012) that C. albicans exhibited a higher level
of resistance to PAW than E. coli, Pseudomonas aeruginosa, and Staphy-
lococcus aureus. The resistance of C. albicans to PAW could be due to the
chitin and cellulose fibrils in a polysaccharide matrix in its cell wall. C.
albicans is capable of altering composition and/or thickness of its cell
wall to resist the effects of antimicrobials (Klämpfl et al., 2012). In
addition, the genome of C. albicans has a large number of introns (non-
coding regions) and barrier function of the nuclear membrane protects
against DNA damage. Moreover, specialized organelles, such as unique
ribosomes, may enable C. albicans to resist the effects of biocides
(Klämpfl et al., 2012).

The pH, ORP, and electrical conductivity of PAW affect its anti-
microbial activity. Oehmigen et al. (2011) reported that pH is a de-
terminant of the antimicrobial activity of PAW. Nitrate, nitrite, and
hydrogen peroxide, which are generated during the production of PAW,
exert a bactericidal effect at pH ≤ 3.0. The ORP value can be used to
quantify the concentrations and activities of ROS; a higher ORP value
indicates a higher ROS concentration (Zhang et al., 2013). Electrical
conductivity, i.e., the number of active ions, plays an important role in
the inactivation of microorganisms by PAW (Tian et al., 2015). In this

study, we treated DW with cold atmospheric plasma for 20 min to
produce PAW with a pH of 2.48, ORP of 507.23 mV, and electrical
conductivity of 910.24 μS/cm. These values are lower (pH) or higher
(electrical conductivity) than or similar (ORP) to those of the PAW used
by Ma et al. (2015). In that study, treatment with PAW (activated for
20 min) for 5–15 min reduced the number of S. aureus on strawberry by
2.0 log CFU/g.

In conclusion, we evaluated the feasibility of PAW for sanitization of
Korean rice cake. Treatments with PAW (generated by exposure for
20 min to two SDBDs for 10 min) reduced the numbers of foodborne
pathogens, total aerobes, and P. chrysogenum on Korean rice cake by ~2
log CFU/g without affecting the pH or color values. Treatment with
PAW for 2.5 min also reduced the number of pathogens by ~2.0 log
CFU/g. Therefore, PAW has the potential for use by the Korean rice-
cake industry. However, further studies are needed to determine the
shortest treatment duration that reduces the number of microorganisms
to ~2.0 log CFU/g. PAW treatment inactivated microorganisms on rice
cake without altering its pH or color properties, and so has potential for
microbial decontamination of rice and possibly other cooked rice-based
ready-to-eat products.
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Table 3
Inactivation of foodborne pathogens on Korean rice cake by cold atmospheric PAW and sterile DW for up to 10 min.

Treatment time (min) E. coli O157:H7 S. Typhimurium L. monocytogenes

PAW DW PAW DW PAW DW

2.5 1.57 ± 0.41 Aa 1.12 ± 0.52 Aa 1.97 ± 0.27 Aa 0.93 ± 0.13 Ab 1.68 ± 0.59 Aa 0.94 ± 0.19 Aa
5 1.80 ± 0.07 Aa 0.85 ± 0.48 Ab 2.03 ± 0.39 Aa 1.13 ± 0.20 Ab 1.95 ± 0.55 Aa 0.93 ± 0.40 Ab
7.5 1.86 ± 0.62 Aa 1.26 ± 0.33 Aa 2.14 ± 0.29 Aa 0.82 ± 0.29 Ab 1.85 ± 0.57 Aa 0.89 ± 0.46 Aa
10 1.91 ± 0.16 Aa 0.82 ± 0.24 Ab 2.19 ± 0.26 Aa 1.13 ± 0.46 Ab 1.90 ± 0.16 Aa 0.77 ± 0.14 Ab

Means ± standard deviation. Means with the same upper-case letter in the same column and lower-case letter in the same row per microorganism are not
significantly different (P > 0.05).

Table 4
Physicochemical properties of cold atmospheric PAW.

Treatment
time (min)

pH Oxidation reduction
potential (mV)

Electrical
conductivity (μS/cm)

0 7.08 ± 0.09 A 224.58 ± 9.78 A 109.14 ± 1.32 A
5 3.53 ± 0.13 B 251.23 ± 11.69 B 113.91 ± 1.50 A
10 2.86 ± 0.09 BC 414.55 ± 21.46 C 290.89 ± 21.40 B
15 2.58 ± 0.06 C 469.37 ± 10.52 D 608.51 ± 5.49 C
20 2.48 ± 0.02 C 507.23 ± 5.12 E 910.24 ± 10.79 D

Means ± standard deviation. Means with the same letter in the same column
are not significantly different (P > 0.05).

Table 5
Color values, pH and firmness of Korean rice cake treated with cold atmospheric PAW and sterile DW.

Treatment L* a* b* pH Firmness (N)

Control 76.03 ± 0.52 A −1.34 ± 0.11 A 6.27 ± 0.29 A 6.75 ± 0.07 A 37.09 ± 3.11 A
DW 10 min 76.05 ± 0.76 A −1.51 ± 0.11 A 6.39 ± 0.22 A 6.86 ± 0.27 A 35.84 ± 6.42 A
DW 20 min 76.75 ± 0.19 A −1.54 ± 0.07 A 6.00 ± 0.26 A 6.75 ± 0.14 A 36.33 ± 3.36 A
PAW 10 min 77.19 ± 1.45 A −1.44 ± 0.18 A 6.03 ± 0.98 A 6.73 ± 0.15 A 36.14 ± 3.13 A
PAW 20 min 76.31 ± 0.94 A −1.51 ± 0.05 A 5.93 ± 0.65 A 6.84 ± 0.18 A 35.54 ± 5.17 A

Means ± standard deviation. Means with the same letter in the same column are not significantly different (P > 0.05).
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