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Ultrasound (US) has limited disinfection efficacy, and it has been recommended to combine it with chemical
disinfectants during fresh produce washing. After washing and before packaging, the disinfection effect of US-
assisted washing can be weakened; thus, in-package disinfection is important. As a nutritious fruit, there are
no packaged blueberries can be directly eaten. Therefore, in this study, blueberry was selected as the model, and
the two most commonly used disinfectants (free chlorine [FC] at 10 ppm and peracetic acid [PAA] at 80 ppm)
were combined with low-frequency US (25 kHz) during washing, followed by in-package disinfection using
dielectric barrier discharge cold plasma (CP). The disinfection efficacy of US-FC and US-PAA against Escherichia
coli 0157:H7 and Salmonella Typhimurium was significantly higher than that of US, PAA, or FC alone. The
highest disinfection efficacy of CP was observed at the pulse frequency range of 400-800 Hz. For US-FC (1 min)
+ CP (1 min), an additional 0.86, 0.71, 0.42, and 0.29 log CFU/g of reduction for E. coli 0157:H7, S. Typhi-
murium, aerobic mesophilic counts, and mold and yeast was achieved, respectively, compared with US-FC (2
min) alone. For US-PAA (1 min) + CP (1 min) an additional 0.71, 0.59, 0.32, and 0.21 log CFU/g of reduction
was achieved for the above organisms, respectively, compared with US-PAA (2 min) alone. Quality loss (in total
color difference, firmness, and anthocyanin content) was not observed after treatment with US-FC + CP, US-PAA
+ CP, US-FC, or US-PAA. After treatment with US-FC + CP or US-PAA + CP, the reactive oxygen species (ROS)
content was significantly lower than that in the other groups, and antioxidant enzyme activity was significantly
higher than that in the other groups, suggesting that in-package CP can activate the blueberry antioxidant system
to scavenge ROS, thereby lowering the risk of quality loss. US-CP combination not only improves the disinfection
efficacy but also lowers quality loss caused by ROS, without prolonging the processing time.

1. Introduction

Foodborne pathogen contamination is the main cause of food safety
incidents, approximately 10% of which are caused by the consumption
of fresh produce [1]. Salmonella is the leading cause of contamination in
fresh produce, followed by Escherichia coli 0157:H7 [2]. According to
the recent reports of Center for Disease Control and Prevention (CDC),
Salmonella caused 1210 illnesses and 250 hospitalizations in 2021,
76.28 and 74.80% of which were caused by the consumption of fresh
produce, respectively [3]. Escherichia coli 0157:H7 caused 63 illnesses

and 26 hospitalizations in 2021, 76.28 and 74.80% of which were
caused by the consumption of fresh produce, respectively [4]. Therefore,
disinfection is an important step before the fresh produce is consumed
[5].

Ultrasound (US) is a non-thermal disinfection method, and low fre-
quency (20-100 kHz) US is recommended for the surface disinfection of
fresh produce with a treatment time ranging from 1 to 10 min [6-9]. The
disinfection efficacy of US is limited, and the combination of US with
other methods is considered for improving the efficacy of US [10]. US is
generally used in combination with physical methods, natural
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compounds, and chemical agents. Recently, Takundwa et al. combined
US with the natural compounds nisin and oregano to inactivate E. coli on
fresh-cut lettuce, observed an improved efficacy compared with a single
treatment [11]. Zhang et al [12] found that the natural citral product
improved the disinfection efficacy of US against E. coli on blueberry.
Mild heat was also combined with US to disinfect Rhizopus stolonifera
and E. coli on sweet potato and sprouting Brassicaceae seeds, respec-
tively, and improved efficacy was observed compared with single
treatment [13,14]. Ansorena et al. used citric acid, US, and mild heat to
process broccoli and found that the optimum treatment conditions were
7.5 min US, 3 min mild heat, and 1.5% citric acid [15]. During washing,
pathogenic bacteria with loose adhesion on the product surface will be
circulated with water to contaminate the product, which subsequently
enters the washing tank; thus, the disinfection efficacy against the
pathogens in the washing water is also critical [16,17]. Because of the
advantages of low-cost and moderate disinfection efficacy, free chlorine
(FC) at 10-20 ppm and paracetic acid (PAA) at 80 ppm are effective to
prevent cross-contamination and thus were recommended for fresh
produce disinfection [17-20]. US is an effective method for preventing
cross-contamination when used in combination with chemical disin-
fectants. When FC is combined with US, the disinfection efficacy against
E. coli and Semonlla in winter jujube was improved, and the incidence of
cross-contamination was completely prevented [5]. Huang et al. [21]
found that a combination of US and FC completely prevents cross-
contamination of E. coli and Listeria monocytogenes during lettuce
washing.

Fresh produce washing is performed before packaging, and the
above-mentioned combination methods are used during the washing
process. However, little is known about methods that can be applied to
further improve disinfection after washing. Before product sale, the
packaging is the last step that can be used to control microbes, and
modified atmosphere packaging (MAP) is the most commonly used
method. Fan et al. [22] processed fresh-cut cucumbers using US and then
packaged them using the MAP method, and found that this combination
was effective in controlling microbial growth and reducing quality loss,
including weight, ascorbic acid, flavor, firmness, total soluble solids, and
total color change. However, the mechanism of MAP is to control mi-
crobial growth, not to kill the microbes directly; thus, there is a need for
a method to disinfect the packaged fresh produce and determine the
combined efficacy of washing and in-package disinfection.

Cold plasma (CP) has been applied as an emerging non-thermal
technology to inactivate pathogens in fresh produce. Plasma is an
ionized quasi-neutral gas containing positive or negative ions, free
electrons, and excited or non-excited molecules [23]. Plasma generation
is related to the feeding gas and generation methods. Generation
methods include plasma jet and dielectric barrier discharge (DBD)
plasma, and the air is the most commonly used feeding gas. The
advantage of DBD plasma is that it can disinfect fresh packaged produce.
Fresh-cut kiwifruit treated with DBD plasma shows better color reten-
tion and a lower darkened area than control kiwifruit [24]. E. coli 0157:
H7 present on packaged lettuce leaves was inactivated by 0.4-0.8 log
CFU/g when using DBD plasma [25]. Only recently, Hu et al. [26] used
the DBD plasma method to preserve blueberries and found that Botrytis
cinerea was significantly inhibited, resulting in a decrease in decay from
51 to 11%. However, to our knowledge, no previous study has combined
US-assisted washing with in-packaged disinfection using DBD plasma to
process fresh produce. Moreover, blueberries are widely consumed
worldwide because of their excellent functional properties, including
anticancer, antioxidant, and eye protection properties; however, most of
the products sold in the market cannot be eaten directly, which does not
meet the needs of the consumers. Therefore, in this study, low-frequency
US (25 kHz) was combined with two widely used disinfectants (10 ppm
of FC and 80 ppm of PAA) to disinfect blueberries during washing, fol-
lowed by in-package disinfection using CP, and the changes in microbial
counts and quality after this sequential treatment were evaluated.
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2. Materials and methods
2.1. Inoculation

Blueberry (Joyvio, Beijing, China) was purchased from a local mar-
ket on the day of the experiment, and samples with no apparent rotting,
wounds, and bruises with a weight of 3.5 & 0.2 g were selected for the
experiment. The sample was rinsed for 30 s under tap water to remove
dirt.

E. coli 0157:H7 (NCTC12900), a non-toxic strain previously used in
fresh produce inoculation experiments [27,28], was selected for this
experiment. Salmonella Typhimurium (ATCC14028), a quality control
strain recommended by the FDA for food safety testing [29], was also
selected. One colony strain was inoculated into the nutrient broth
(Hopebio, Qingdao, China) and incubated overnight at 37 °C shaking at
150 rpm. After centrifuging at 4000xg for 10 min, the obtained cell
pellet was washed with sterilized 0.85% NaCl three times and resus-
pended in sterilized distilled water to adjust the counts to ~ 10° CFU/
mL. Ten blueberries and 150 mL of inoculation solution were placed in a
sterilized stomacher bag and manually massaged for 15 min. The inoc-
ulated samples were placed in a biosafety cabinet and air-dried for 3 h.
The sample was placed under 4 °C for 12 h for bacterial adhesion, and an
inoculated sample with 5.8 and 5.7 log CFU/g of E. coli 0157:H7 and S.
Typhimurium were obtained, respectively.

2.2. Disinfection

2.2.1. Washing water preparation

Water is circulated for use during washing, leading to an increase in
chemical oxygen demand (COD); thus, using slurry produce to prepare
washing water with a certain COD value is recommended [16,17,19,30].
The blueberry samples were transferred to an analytical mill (A11 basic;
IKA, Germany) for processing for 30 s. The obtained homogenate was
filtered under vacuum and the slurry was stored at —20 °C until use. It
was verified that 10 ppm of FC and 80 ppm of PAA were effective for
controlling cross-contamination and with good disinfection efficacy;
thus, this was the recommended concentration in the industry [31].
Since FC was consumed during washing, sodium hypochlorite (Sino-
pharm, Beijing, China) was added to the washing water to adjust the FC
concentration to 13.7 + 1.4 ppm before washing. The COD and PAA
concentrations were adjusted to 854 + 71 and 80 mg/L, respectively.
The concentrations of FC, PAA, and COD were determined using N,N-
diethyl-p-phenylenediamine test kit (Lohand, Hangzhou, China), strips
(HKM, Guangzhou, China), and COD test kit (Lohand), respectively.

2.2.2. US-FC and US-PAA processing

Generally, the washing time does not exceed 2 min in practical ap-
plications [16]. In this study, 2 min was selected as the washing time
based on previous studies [32]. Low-frequency (20-100 kHz) US was
more effective for surface disinfection than the high-frequency US [7];
thus, 25 kHz was selected. For US power, softening was observed in the
pre-experiment as the power exceeded 400 W; thus, 400 W was selected.

In the pre-experiment, we found that the highest disinfection efficacy
was achieved when the sample was dissolved in the disinfection solution
at a ratio of 1:20 (w/v) and the disinfection efficacy did not improve
further with increased ratio. The sample had to be placed in a cage to
prevent it from floating in the ultrasound washer, which led to incom-
plete contact with the disinfection solution; consequently, we deter-
mined that 10 L of water was the minimum volume required to cover the
cage. However, 500 g sample must be dissolved in 10 L water to main-
tain the 1:20 ratio, which is wasteful considering that only small
amounts of the sample are needed in microbial and quality analysis.
Therefore, 30 blueberries weighing approximately 100 g in total were
placed as the sample in a cage (18 x 15 x 5 cm), and placed in an ul-
trasonic washer (SB-800DTS; Scientiz, Ningbo, China) containing 10 L of
washing water. After processing, the samples were rinsed with tap water
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Fig. 1. Schematic diagram of the CP equipment. (A) The schematic diagram of each component in the system. 1 is the DBD reactor; 2 is the plasma generator; 3 is
voltage booster; 4 is digital pulse wave generator; 5 is the digital oscilloscope. (B) DBD reaction system. 1 is a high voltage electrode; 2 is a low voltage electrode; 3 is

a quartz reaction chamber. (C) The plasma generator.
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Fig. 2. Effects of single and combination treatments against E. coli 0157:H7
and S. Typhimurium on blueberries. Count reduction indicates the difference in
microbial counts between the control and treatment groups. The different
lowercase letters within the same group indicate significant differences (P <
0.05). US, Ultrasound; PAA, peracetic acid; FC, free chlorine.

for 30 s, to remove the sanitizer residue. Then, the sample was dewa-
tered using a sterilized (75% ethanol) manual salad spinner.

2.2.3. US-FC + CP and US-PAA + CP processing

The washing step is a must to remove surface dirt and exert disin-
fection effects, and the processing time is generally not less than 1 min. If
the combined processing time of US-FC + CP and US-PAA + CP exceeded
the overall processing time (i.e., 2 min) of US-FC and US-PAA, the
production efficiency would be reduced. Thus, the processing times of

the first stage (US-FC and US-PAA) and the second stage (CP) were 1
min. US-FC and US-PAA processing were performed as described in
Section 2.2.2.

A DBD cold plasma system (CTP-2000 KP; Suman, Nanjing, China)
was used for plasma treatment. As shown in Fig. 1, this system consisted
of a DBD reactor (Fig. 1A-1), plasma generator (10 kHz; Fig. 1A-2),
voltage booster (Fig. 1A-3), and digital pulse wave generator (1-999 Hz;
Fig. 1A-4). The DBD reactor consisted of high- (Fig. 1B-1) and low-
voltage (Fig. 1B-2) electrodes with a diameter of 10 cm. A quartz reac-
tion chamber with a diameter of 18.6 cm was placed between the two
electrodes. The plasma generator consisted of two displays (Fig. 1C,
showing the input voltage and input current) and an adjustment knob. A
digital pulse wave generator was connected to a plasma generator to
regulate the pulse frequency (discharge frequency) and duty cycle
(discharge gap). A digital oscilloscope (Fig. 1A-5; TBS 1000C, Tektronix,
USA) was connected to the plasma generator to obtain the output cur-
rent and voltage. Before the experiment, as per the manufacturer’s in-
structions, the pulse frequency and duty cycle were set as 200 Hz and
50%, respectively. Then, the knob was first rotated counterclockwise on
the plasma generator to find the maximum input current, and then
clockwise to establish the input current value as 90% of the maximum
input current to generate a stable plasma; the input power at this time
was 50 + 2 W, which was calculated using the following formula:

P input = Uinput X Iinput

It should be noted that the knob on the plasma generator was not
rotated in subsequent experiments to avoid unstable discharge.

To avoid electrical breakdown of the packaging and produce quality
loss, the duty cycle was fixed at 50%, according to the manufacturer’s
guidelines. The pulse frequency was set as 50 Hz, 100 Hz, 200 Hz, 400
Hz, or 10 kHz. Ten blueberries were placed in sterile plastic petri dishes
(made of polystyrene, with a diameter of 90 mm and a height of 15 mm)
and then wrapped in a single layer using a polyvinyl chloride cling film
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Fig. 3. Output voltage and current under different pulse frequency cold plasma treatments. A, B, C, D, E, and F is the output current and voltage under pulse

frequencies of 50 Hz, 100 Hz, 200 Hz, 400 Hz, 800 Hz, and 10 kHz, respectively.

[33]. As shown in Fig. 1B-3, the packaged sample was packed into a
quartz chamber (the distance between the top of the package and the
high-voltage discharge site was 0.5 cm). When the plasma pulse fre-
quency was set to different values, the input voltage was adjusted by
adjusting the knob on the voltage booster to stabilize the input power to
50 W. After treatment, the samples were stored at 4 °C until analysis.
The output voltage and current were visualized using Origin v9.0, and
the area was integrated into the software to obtain the output power.

2.3. Microbiological analysis

Ten blueberries and 0.85% sterile NaCl solution at a ratio of 1:9 (w/
v) were added to a stomacher bag and homogenized for 2 mins under
250 rpm. The bacterial suspensions were then serially diluted. The
diluted suspension was surface-plated on modified sorbitol MacConkey
agar (Hopebio) and xylose lysine deoxycholate agar (Hopebio) and
incubated for 24 h at 37 °C to analyze E. coli 0157:H7 and S. Typhi-
murium, respectively. For naturally present microbes, 1 mL of suspen-
sion was pour-plated on plate count agar (Hopebio) and incubated 48 h
at 37 °C to analyze aerobic mesophilic counts (AMC). In addition, 1 mL
suspension was pour-plated on Rose Bengal agar (Hopebio) and incu-
bated for 5 days at 28 °C to quantify the amount of molds and yeast
(M&Y).

2.4. Quality analysis

2.4.1. Liquid nitrogen grinding

Five blueberries were immersed in liquid nitrogen for 30 s and then
transferred to an IKA analytical mill for processing (30 s). The ground
powder was used for analysis, as described in Sections 2.4.3 and 2.4.4.

2.4.2. Firmness and total color change analysis

The L*, a *, and b* color values of the five blueberries were analyzed
using a colorimeter (CR400; Konica Minolta, Osaka, Japan). Each sam-
ple was analyzed four times for a total of 20 readings per replicate. Total
color difference (TCD) was calculated using the following formula:

2 2 #\2
TCD = /(L] — L) + (@} — ) + (b] — by)

where Ly, ay, and b, denote color values corresponding to a sample
without any treatment and L], a;, and b; denote color values corre-
sponding to the treated sample. After TCD analysis, the sample was
penetrated 10 mm using a penetrometer (GY-4; Aidebao, Yueqing,
China) equipped with a cylindrical probe (3.5 mm diameter) to analyze
firmness.

2.4.3. Anthocyanin, hydrogen peroxide, and O, production rate analysis
Grounded blueberry powder (0.5 g) and 4 mL of 80% methanol were
mixed in a pre-cooled tube. After standing for 20 min, the sample was
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Fig. 4. Effects of different pulse frequency plasma treatments against foodborne pathogens on blueberries. (A) The output power corresponding to different pulse
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centrifuged at 11000 x g for 10 min at 4 °C. Exactly 0.5 mL of supernatant
was added to 4.5 mL of potassium chloride buffer (0.025 M, pH = 1.0)
and sodium acetate buffer (0.4 M, pH = 4.5), and then incubated for 20
min in the dark. The absorbance was measured at 520 and 700 nm.
Anthocyanin content was calculated according to the following formula,
and the results were defined as mg cyanidin-3-glucoside equivalents per
liter:

nm.

For hydrogen peroxide analysis, 0.5 g of grounded powder was
mixed with 2.5 mL of pre-cooled acetone and centrifuged at 11000 xg for
10 min at 4 °C. Then, 1 mL of supernatant was mixed with 0.1 mL of 5%
Ti(SO4)2 and 0.2 mL of concentrated NH4OH solution. After reacting for
5 min, the sample was centrifuged at 11000xg for 10 min at 4 °C. After
discarding the supernatant, acetone was used to wash the precipitate

(A52Unm - A700nm)pH1,0 - (ASZUnm - A700nm )pH4.5 X Mw x DF x 1000

Total antocyanin content(mg/L) = L

where Mw is the molecular weight of cyanidin-3-glucoside (449.2), DF is
the dilution factor (10 in this study), € is the molar absorptivity (26900),
and L is the cell path length (1 cm in this study).

For hydrogen peroxide and O, analyses, the methods reported by
Zhou et al. [34] were used, with some modifications. For O, analysis,
0.5 g of grounded powder was mixed with 2.5 mL of 50 mM sodium
phosphate buffer (pH 7.8) and then centrifuges at 11000xg for 10 min at
4 °C. Next, 1 mL of the supernatant was mixed with 1 mL of 50 mM
sodium phosphate buffer and 1 mL of 10 mM hydroxylammonium
chloride. After incubation for 20 mins at 25 °C, 1 mL of the above
mixture was mixed with 1 mL of 17 mM 4-aminobenzene sulfonic acid
and 1 mL of 7 mM -naphthylamine; the absorbance was measured at 530

until the solution became colorless. Then, 3 mL of 2 M sulfuric acid was
added to dissolve the colorless precipitate and the absorbance was
measured at 412 nm.

2.4.4. Catalase (CAT), superoxide dismutase (SOD), and peroxidase
(POD) activity analysis

CAT and SOD were analyzed as described by Zhou et al. [34], with
some modifications. For CAT analysis, 0.5 g of grounded powder was
mixed with 2.5 mL of 0.1 M sodium phosphate buffer (pH 7.8) con-
taining 5 mM DTT and 5% PVP, and then centrifuged at 11000xg for 10
min at 4 °C. Then, 0.1 mL of supernatant was mixed with 2.9 mL of 20
mM hydrogen peroxide solution (prepared using 50 mM sodium phos-
phate buffer [pH 7.8]), and the absorbance was measured at 240 nm
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within 3 min. The unit was expressed as U/g of fresh weight. One unit of
CAT activity was defined as the amount of enzyme that caused a 0.01/
min change in absorbance.

For SOD analysis, 0.5 g of grounded powder was mixed with 2.5 mL
of 50 mM sodium phosphate buffer (pH 7.8) containing 0.1% (w/v)
polyvinyl pyrrolidone, and then centrifuged at 11000 x g for 20 min at
4 °C. The supernatant (0.5 mL) was mixed with 3 mL of reaction solution
(130 mM methionine, 100 pM EDTA, 750 pM nitro blue tetrazolium
[NBT], and 20 pM riboflavin in 50 mM sodium phosphate buffer [pH
7.8]), and then incubated for 10 min under 4000 Ix using a flashlight
(Smiling shark, Guangzhou, China). Absorbance was recorded at 560
nm. The unit was expressed as U/g of fresh weight; one U was defined as
the enzyme concentration that caused 50% inhibition of NBT reduction.

For POD activity analysis, 0.5 g of grounded powder was mixed with
2.5 mL of acetic acid-sodium acetate buffer (pH 5.5) containing 1 mmol
PEG 6000, 4% PVP, and 1% Triton X-100. After centrifuging at 11000xg
for 10 min at 4 °C, 0.5 mL of the sample was mixed with 3 mL of 25 mM
guaiacol, and the absorbance was determined at 470 nm within 5 min.
The units were expressed as U/g of fresh weight, and one unit was
defined as the amount of enzyme that caused a 0.01/min change in
absorbance.

2.5. Statistical analysis

Differences between the means of groups were evaluated using one-
way analysis of variance using SPSS v.20, and differences in the mean
values were analyzed via post hoc Duncan’s multiple range test. Sta-
tistical significance was set at p < 0.05. All experiments were indepen-
dently replicated three times. Samples washed with tap water were used
as controls.

3. Results

3.1. US inactivation of pathogens on blueberries in combination with PAA
and FC

Tap water washing was the control group and the counts of E. coli
0157:H7 and S. Typhimurium were 5.23 and 5.26 log CFU/g, respec-
tively. As shown in Fig. 2, E. coli 0157:H7 counts were reduced by 0.73,
0.83, and 0.63 log CFU/g and S. Typhimurium counts were reduced by
0.64, 0.74, and 0.68 log CFU/g, after treatment with FC, PAA, or US,
respectively. A non-significant difference was observed between the
three treatments. After combining US with FC, E. coli 0157:H7 and S.
Typhimurium counts were reduced by 1.32 and 1.29 log CFU/g,
respectively, which were superior to those obtained via US or FC alone.
Similarly, US + PAA led to a more significant microbial reduction (1.38
and 1.43 log CFU/g for E. coli 0157:H7 and S. Typhimurium, respec-
tively) than US and PAA. The microbial reduction between these two
combinations was not significantly different.

3.2. Inactivation of pathogens on blueberries under different pulse
frequency plasma treatments

The waveform graphs for different pulse frequencies are shown in
Fig. 3. When the input power and duty cycle were fixed at 50 W and
50%, respectively, the output voltage and current were associated with
the changes in pulse frequency. In detail, the maximum peak to peak
voltage and current were 68.55 kV and 0.07 A for 50 Hz (Fig. 3A), 73.29
kV and 0.09 A for 100 Hz (Fig. 3B), 74.86 kV and 0.08 A for 200 Hz
(Fig. 3C), 78.80 kV and 0.09 A for 400 Hz (Fig. 3D), 81.17kVand 0.12 A
for 800 Hz (Fig. 3E), and 52.01 kV and 0.09 A for 10 kHz, respectively
(Fig. 3F).
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Fig. 6. Effects of different combinations on the quality of blueberries. (A) Total color difference. (B) Anthocyanin content. (C) Firmness. No significant differences
were observed between the groups (P > 0.05) on the same day. US, Ultrasound; PAA, peracetic acid; FC, free chlorine; CP, cold plasma.

The group treated without a pulse generator (Fig. 1A-5) was selected
as the control (i.e., 10 kHz group). As shown in Fig. 4A, the lowest
output power (15.16 W) was observed at a frequency of 50 Hz, and the
output power was significantly improved to 26.53 W as the frequency
increased to 100 Hz. However, the output power was not further
improved as the frequency increased to 200 Hz. Similarly, the highest
power (33.91 W) was observed when the power reached 400 Hz, and the
power did not improve further as the frequency increased to 800 Hz.
Although the power did not increase with the increasing frequency
within certain frequency ranges, it showed an overall increasing trend in
the range of 0-800 Hz. However, the power decreased to 26.88 W as the
frequency increased to 10 kHz, which is similar to the power observed at
100-200 Hz. The count reductions of E. coli 0157:H7 and S. Typhimu-
rium were not significantly improved as the frequency increased from 50
to 200 Hz. As the frequency ranged from 400 to 800 Hz, the count
reduction of E. coli was 1.09-1.10 log CFU/g, and that of S. Typhimu-
rium was 1.07-1.08 log CFU/g, which was significantly higher than the
results observed at 50-200 Hz. A moderate microbial reduction (0.73
log CFU/g for E. coli 0157:H7 and 0.69 log CFU/g for S. Typhimurium)
was observed as the frequency dramatically increased to 10 kHz, which
was similar to that obtained at 50-200 Hz. Since 10 kHz did not lead to
an additional microbial reduction, the regression curve was analyzed in
the range of 50-800 Hz, and the results indicated that microbial
reduction was positively correlated with CP output power (Fig. 4C and
D).

3.3. US-FC and US-PAA inactivation in combination with CP

The microbial reduction obtained with US-FC treatment was similar
to that obtained with US-PAA; thus, these two treatments were com-
bined with CP for subsequent experiments. The microbial reduction was

not further improved when the frequency exceeded 400 Hz; thus, 400 Hz
was selected in combination with US-FC and US-PAA. On day O, the
counts of E. coli 0157:H7, S. Typhimurium, AMC, and M&Y were 5.09,
5.08, 4.53, and 3.76 log CFU/g, and on day 3, they were 5.30, 5.22, 4.75,
and 3.92 log CFU/g, respectively. As shown in Fig. 5, the disinfection
efficacy between US-FC and US-PAA was not significantly different,
from day 0-3, which was consistent with the results observed in Fig. 2.
After combining with CP, the disinfection efficacy was significantly
improved on day 0; US-FC + CP led to a 2.06, 1.99, 1.05, and 0.77 log
CFU/g reduction for E. coli 0157:H7, S. Typhimurium, AMC, and M&Y,
respectively, which was similar to the count reduction caused by US-
PAA + CP. After storage for 3 days, the microbial reduction caused by
US-FC + CP and US-PAA + CP treatments was significantly higher than
that caused by US-FC and US-PAA treatments, and no significant dif-
ference was observed between these two combinations.

3.4. Blueberry quality change after treatment with different combinations

As shown in Fig. 6, the TCD values were 2.60 and 2.4 in US-FC and
US-PAA groups, which were not significantly different from the control
group. After combination treatment with CP, the TCD value did not
increase further. On day 3, the TCD values of the US-FC, US-PAA, US-FC
-+ CP, and US-PAA + CP groups were similar to those of the control
groups, and no significant differences were observed. Anthocyanin
contents in the control group were 117.31 and 122.21 mg/100 g on days
0 and 3, respectively. After washing with US-PAA and US-FC, the con-
tent did not change, and until after 3 days the anthocyanin content
between these two groups and the control was not significantly
different. Similarly, after combination with CP, the anthocyanin content
was not further reduced. The firmness in the control group was 4.21 and
3.53 N on days 0 and 3, respectively. Similar to the results for TCD and
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Fig. 7. Effects of different combinations on reactive oxygen species metabolism and antioxidant enzyme activity in blueberries. (A) Hydrogen peroxide. (B) O,
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anthocyanin content, firmness was not further reduced on day 0 after
treatment with US-FC, US-PAA, US-FC + CP, or US-PAA + CP, and after
storage for 3 days, a non-significant difference was observed between
the four groups and the control.

3.5. Changes in reactive oxygen species (ROS) levels and antioxidant
enzyme activity after different treatments

As shown in Fig. 7A and 7B, the Hy0, content and the production
rate of O, in the control group were 3.84 uM g and 4.19 yM g1
min~}, respectively. After treatment with four groups, the above two
indicators did not significantly change on day 0. However, after storage
for 3 days, the HyO, content in US-FC + CP and US-PAA + CP groups
were 3.91 and 4.03 pM g ! and the production rate of O, was 4.36 and
4.54 M g~ ! min~!, respectively. These two indicators in US-FC + CP
and US-PAA + CP group were significantly lower than those in the
control, US-FC, and US-PAA groups, in contrast with the non-significant
change observed on day 0. The CAT, SOD, and POD concentrations are
shown in Fig. 7C, D, and E, respectively. Similar to the analysis of HyO5
and O content, the activities of CAT, SOD, and POD in the control group
were 0.91, 153.57, and 45.45 U g~ on day 0, respectively, and no
significant difference was observed between the control and treatment
groups. On day 3, the activity of these three antioxidant enzymes in the
combination groups was significantly higher than that in the control,
US-FC, and US-PAA groups, in contrast with the ROS (i.e., H,02 and O5)
content results on day 3.

4. Discussion

The shelf life of fresh products, especially, packaged ready-to-eat
products, is short. For example, in the Lawson supermarket in China,
ready-to-eat produce is recalled when the shelf life exceeds 24 h. As
such, in most studies, the disinfection efficacy against foodborne path-
ogens on produce was determined only on day 0 [21,32,35-38]. In this
study, we analyzed changes in quality and microbial reduction on days
0 and 3.

After washing, fresh produce subsequently comes into contact with
air, operators, conveyor belts, and spinner, which might reduce the
disinfection effect of washing; thus, in-package disinfection methods are
being explored in the field of food science. As a type of CP, a plasma jet is
usually used to directly disinfect the fresh produce [39-41]; however, it
is ineffective for packaged produce. Thus, plasma jet disinfection is
consistent with the washing methods, which are all performed before
packaging. In this study, DBD plasma was used for the in-package
disinfection. During DBD processing, excited gas molecules were char-
acterized, including ROS, such as ozone, atomic oxygen, superoxide
anions, and reactive nitrogen species (RNS), such as excited nitrogen,
atomic nitrogen, and nitric oxide [26,41,42]. To the best of our
knowledge, few studies have used DBD plasma to disinfect produce
under pulsed-wave control, which increases the incidence of package
breakdown and causes quality loss. In this study, plasma was generated
at different pulse frequencies, and 10 kHz frequency was selected as the
control. Interestingly, we found that although the pulse frequency was
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much smaller than that of the control, the output power was similar or
higher than that of the control, and the highest disinfection efficacy was
observed in the range of 400-800 Hz, which was significantly higher
than that of the control. This might be because even increasing the
plasma discharge frequency did not cause further ROS and RNS
production.

Processing time is an important factor in the minimal processing
industry because it directly affects production efficiency. The treatment
times of US-FC + CP and US-PAA + CP were consistent with those of US-
FC and US-PAA (i.e., 2 min), and the disinfection efficacy was signifi-
cantly improved, with a ~ 2.0 log CFU/g reduction in for the two
pathogens used in this study. However, in previous studies, the pro-
cessing time of US + chemical agents was generally 5-10 min, with a
microbial reduction ranging from 1 to 3 log CFU/g [8]. Moreover, it was
found that pathogens cannot be completely inactivated in washing
water when US is combined with certain agents (e.g., carbonated water,
citral, Tween-20, and SDS) [10,12,21]. It has been demonstrated that FC
at 10 ppm and PAA at 80 ppm can completely inactivate the pathogen in
washing water during 1 min of washing [18,19], and two concentrations
were used in the present study.

US can induce the generation of cavitation bubbles, and the
collapsing bubbles can generate shear force and instantaneous high
pressure, which can lead to sonoporation of the bacterial membrane
[7,43]. The antibacterial effect of PAA and FC results in cell membrane
damage via oxidation along with intracellular damage including enzyme
inactivation and DNA damage [5,33,44]. Additionally, the disinfection
efficacy of US-FC and US-PAA was improved compared to that of US, FC,

and PAA. This improvement was associated with the acceleration of
membrane and intracellular damage. Similarly, Zhao et al. [45]
observed improved antibacterial activity against E. coli K12 and Listeria
monocytogenes on mackerel fillets after treatment with US + PAA. The
mechanism underlying the antibacterial effect of CP has not been
determined. The main reasons for this are: (1) The excitation process is
complex and the half-life of the resulting excited molecules is very short;
correspondingly, the mechanism is complex and diverse; (2) if CP is used
to disinfect bacteria present on the produce or contact surface, due to
biofilm formation, the cells cannot be collected for further analysis.
Instead, if CP is used to treat a bacterial suspension, the excitation
process is different, and the plasma will induce aqueous solution exci-
tation to generate ozone, nitrate, nitrite, and hydrogen peroxide [46],
which is different from the effect of CP on gaseous materials. However,
there are some popular hypotheses regarding the antibacterial effect of
CP. Excited ROS and RNS accumulate on the cell membrane and impart
an electrostatic force, which leads to lipid peroxidation of the cell
membrane [47,48]. At the same time, reactive species diffuse through
the cell membrane and induce DNA oxidation and protein denaturation
[41,49]. CP can simultaneously cause cell membrane and intracellular
damage, which is different from the effect of US-FC and US-PAA.
Therefore, cell membrane damage was accelerated and intracellular
components such as enzymes and DNA were damaged by US-induced
shear force and the oxidative effects of FC and PAA (Fig. 8). The com-
bination of US and FC/PAA with CP resulted in excited ROS and RNS,
which disrupted the cell membrane further. This led to more severe cell
membrane and intracellular damage, compared with that induced by
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US-FC and US-PAA, prompting greater reduction in microbial counts
(Fig. 8).

Besides the decay caused by microbes, food quality is also an
important factor affecting consumer choices. It has been reported that
the low-frequency US can lead to loss of fresh produce quality. Santos
et al. [50] processed fresh-cut mangoes for 30 min at 25 kHz and found
that the color, firmness, soluble solids, and sugar content were signifi-
cantly lower than those of the control mangoes on day 7. When the
processing time was 1 min and the US frequency was 25 kHz, the visual
and texture values of romaine lettuce were significantly lower than
those of the control, whereas quality loss was not observed in iceberg
lettuce [9]. Oxidizing sanitizers at low concentrations will not lead to
quality loss [31]. In the present study, we found that US + 10 ppm FC
and US + 80 ppm PAA did not lead to additional loss of firmness, TCD,
and anthocyanin content, which is consistent with the results of Wang et
al [30]. Excited ROS and RNS have a potential risk of degrading an-
thocyanins and lowering the firmness of blueberries. As reported by Hu
etal. [26], a decrease in firmness and anthocyanin content was observed
after treatment with CP for 20 min. The loss of anthocyanin after CP
treatment was also observed by Sarangapani et al. [51], who employed a
processing time of 5 min. In the present study, the anthocyanin content,
TCD, and firmness were not altered after US-FC + CP and US-PAA + CP
treatments, which was attributed to the short processing time and pulsed
frequency control.

The accumulation of ROS (H0, and O5) in fruits accelerates plant
senescence and leads to loss of quality, such as softening and decay [34].
As living organisms, fruits are protected against oxidative stress by
stimulating the antioxidant enzymes (CAT, SOD, and POD) to react with
ROS. SOD is responsible for the breakdown of superoxide anions. The
resulting HyO3 is then catalyzed by POD and CAT to generate water and
oxygen [52]. Low frequency as a surface disinfection method may cause
mechanical damage to fresh produce, and it has been reported that ROS
production is accelerated and antioxidant enzyme expression is stimu-
lated after mechanical damage [53]. Here, after treatment with US-FC
and US-PAA for 2 min, ROS (H20, and O;) production and antioxi-
dant enzyme activity (CAT, POD, and SOD) were consistent with those of
the control, indicating that mechanical damage did not occur. To pro-
long shelf life, the abiotic stress method was previously used, where
stimulation of antioxidant enzymes using oxidizing agents, such as
ozone, was successfully applied to papaya, kiwifruit, raspberry, and
orange [54-57]. In the present study, after combining the treatments
with CP, we observed a decrease in ROS levels and an increase in anti-
oxidant enzyme activity on day 3, which was associated with the excited
ROS and RNS, stimulating the antioxidant signaling in blueberries.

5. Conclusion

In this study, we combined US-assisted washing with in-package
disinfection, and explored the disinfection efficacy and quality
changes of blueberries. The main findings are as follows:

(1) When US was combined with PAA and FC, the disinfection effi-
cacy improved and was significantly higher than that of US, PAA,
and FC alone.

The best disinfection efficacy of CP was observed at a pulse fre-
quency of 400-800 Hz, and microbial reduction was positively
correlated with plasma output power in the range of 50-800 Hz.
For the same processing time, the disinfection efficacy of US-FC
+ CP and US-PAA + CP treatments against E. coli 0157:H7, S.

Typhimurium, AMC, and M&Y was significantly higher than that
of US-FC and US-PAA treatments.

US-FC + CP, US-PAA + CP, US-FC, and US-PAA treatment did not
lead to quality loss.

Compared with US-FC and US-PAA, combination treatment with
CP lowered the ROS content by stimulating antioxidant enzymes.

(2

(3)

(€]

)

10
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The underlying mechanism of the antibacterial effect of CP has not
been revealed; therefore, that of US-FC + CP and US-PAA + CP against
pathogens could not be determined. However, with the development of
sequencing technologies, the metatranscriptome method has gradually
matured. In future studies, the underlying mechanism of the antibac-
terial effect of these two combinations can be explored from the
perspective of changes in the transcriptome of naturally present mi-
crobes on fresh produce.

CRediT authorship contribution statement

Jiayi Wang: Conceptualization, Supervision, Funding acquisition,
Writing — original draft, Writing — review & editing. Zhaoxia Wu: Data
curation, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

This work was financially supported by the Scientific Research
Foundation of Hunan Provincial Education Department (No. 20B527).

References

[1] D. Dewey-Mattia, K. Manikonda, A.J. Hall, M.E. Wise, S.J. Crowe, Surveillance for
foodborne disease outbreaks — United States, 2009-2015, MMWR Morb. Mortal.
Wkly Rep. 67 (2018) 1-11.

R.M. Callejon, M.I. Rodriguez-Naranjo, C. Ubeda, R. Hornedo-Ortega, M.C. Garcia-
Parrilla, A.M. Troncoso, Reported foodborne outbreaks due to fresh produce in the
United States and European Union: trends and causes, Foodborne Pathog. Dis. 12
(1) (2015) 32-38.

Centers for Diseases Control and Prevention of United States, Reports of selected
salmonella outbreak investigations. www.cdc.gov/salmonella/outbreaks.html,
2022 (accessed 12 January 2022).

Centers for Diseases Control and Prevention of United States, Reports of E. coli
outbreak investigations from 2021. https://www.cdc.gov/ecoli/2021-outbreaks.
html, 2021 (accessed 12 January 2022).

J. Wang, Y. Zhang, Y. Yu, Z. Wu, H. Wang, Combination of ozone and ultrasonic-
assisted aerosolization sanitizer as a sanitizing process to disinfect fresh-cut lettuce,
Ultrason. Sonochem. 76 (2021), 105622.

A. Meireles, E. Giaouris, M. Simoes, Alternative disinfection methods to chlorine
for use in the fresh-cut industry, Food Res. Int. 82 (2016) 71-85.

J. Dai, M. Bai, C. Li, H. Cui, L. Lin, Advances in the mechanism of different
antibacterial strategies based on ultrasound technique for controlling bacterial
contamination in food industry, Trends Food Sci. Technol. 105 (2020) 211-222.
K. Fan, J. Wu, L. Chen, Ultrasound and its combined application in the
improvement of microbial and physicochemical quality of fruits and vegetables: A
review, Ultrason. Sonochem. 80 (2021) 105838.

S.P. Salgado, A.J. Pearlstein, Y. Luo, H. Feng, Quality of iceberg (Lactuca sativa L.)
and romaine (L. sativa L. var. longifolial) lettuce treated by combinations of
sanitizer, surfactant, and ultrasound, LWT - Food Sci. Technol. 56 (2014) 261-268.
H. Zhang, S. Tsai, R.V. Tikekar, Inactivation of Listeria innocua on blueberries by
novel ultrasound washing processes and their impact on quality during storage,
Food Control 121 (2021), 107580.

B.A. Takundwa, P. Bhagwat, S. Pillai, O.A. Jjabadeniyi, Antimicrobial efficacy of
nisin, oregano and ultrasound against Escherichia coli 0157:H7 and Listeria
monocytogenes on lettuce, LWT — Food Sci, Technol. 139 (2021) 110522.

H. Zhang, S. Wang, K. Goon, A. Gilbert, C. Nguyen Huu, M. Walsh, N. Nitin,

S. Wrenn, R.V. Tikekar, Inactivation of foodborne pathogens based on synergistic
effects of ultrasound and natural compounds during fresh produce washing,
Ultrason. Sonochem. 64 (2020), 104983.

L. Li, M. Zhang, H.-N. Sun, T.-H. Mu, Contribution of ultrasound and conventional
hot water to the inactivation of Rhizopus stolonifer in sweet potato, LWT — Food Sci.
Technol. 148 (2021), 111797.

M. Dong, H.K. Park, Y. Wang, H. Feng, Control Escherichia coli 0157:H7 growth on
sprouting brassicacae seeds with high acoustic power density (APD) ultrasound
plus mild heat and calcium-oxide antimicrobial spray, Food Control. 132 (2022),
108482.

M.R. Ansorena, M.R. Moreira, S.I. Roura, Combined effect of ultrasound, mild heat
shock and citric acid to retain greenness, nutritional and microbiological quality of
minimally processed broccoli (Brassica oleracea L.): an optimization study,
Postharvest Biol. Technol. 94 (2014) 1-13.

[2]

[3]

[4]

[5]

(6]

[71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]


http://refhub.elsevier.com/S1350-4177(22)00053-0/h0005
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0005
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0005
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0010
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0010
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0010
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0010
http://www.cdc.gov/salmonella/outbreaks.html
https://www.cdc.gov/ecoli/2021-outbreaks.html
https://www.cdc.gov/ecoli/2021-outbreaks.html
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0025
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0025
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0025
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0030
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0030
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0035
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0035
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0035
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0040
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0040
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0040
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0045
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0045
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0045
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0050
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0050
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0050
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0055
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0055
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0055
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0060
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0060
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0060
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0060
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0065
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0065
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0065
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0070
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0070
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0070
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0070
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0075
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0075
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0075
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0075

J. Wang and Z. Wu

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Y. Garrido, A. Marin, J.A. Tudela, A. Allende, M.I. Gil, Chlorate uptake during
washing is influenced by product type and cut piece size, as well as washing time
and wash water content, Postharvest Biol. Technol. 151 (2019) 45-52.

Y. Luo, B. Zhou, S. Van Haute, X. Nou, B. Zhang, Z. Teng, E.R. Turner, Q. Wang, P.
D. Millner, Association between bacterial survival and free chlorine concentration
during commercial fresh-cut produce wash operation, Food Microbiol. 70 (2018)
120-128.

B. Lippman, S. Yao, R. Huang, H. Chen, Evaluation of the combined treatment of
ultraviolet light and peracetic acid as an alternative to chlorine washing for lettuce
decontamination, Int. J. Food Microbiol. 323 (2020), 108590.

R. Huang, D. de Vries, H. Chen, Strategies to enhance fresh produce
decontamination using combined treatments of ultraviolet, washing and
disinfectants, Int. J. Food Microbiol. 283 (2018) 37-44.

V.S. Chhetri, M.E. Janes, J.M. King, W. Doerrler, A. Adhikari, Effect of residual
chlorine and organic acids on survival and attachment of Escherichia coli 0157: H7
and Listeria monocytogenes on spinach leaves during storage, LWT — Food Sci
Technol. 105 (2019) 298-305.

K. Huang, S. Wrenn, R. Tikekar, N. Nitin, Efficacy of decontamination and a
reduced risk of cross-contamination during ultrasound-assisted washing of fresh
produce, J. Food Eng. 224 (2018) 95-104.

K. Fan, M. Zhang, F. Jiang, Ultrasound treatment to modified atmospheric
packaged fresh-cut cucumber: Influence on microbial inhibition and storage
quality, Ultrason. Sonochem. 54 (2019) 162-170.

L. Ma, M. Zhang, B. Bhandari, Z. Gao, Recent developments in novel shelf life
extension technologies of fresh-cut fruits and vegetables, Trends Food Sci. Technol.
64 (2017) 23-38.

I. Ramazzina, A. Berardinelli, F. Rizzi, S. Tappi, L. Ragni, G. Sacchetti, P. Rocculi,
Effect of cold plasma treatment on physico-chemical parameters and antioxidant
activity of minimally processed kiwifruit, Postharvest Biol. Technol. 107 (2015)
55-65.

S.C. Min, S.H. Roh, B.A. Niemira, G. Boyd, J.E. Sites, J. Uknalis, X. Fan, In-package
inhibition of E. coli 0157:H7 on bulk Romaine lettuce using cold plasma, Food
Microbiol. 65 (2017) 1-6.

X. Hu, H. Sun, X. Yang, D. Cui, Y. Wang, J. Zhuang, X. Wang, R. Ma, Z. Jiao,
Potential use of atmospheric cold plasma for postharvest preservation of
blueberries, Postharvest Biol. Technol. 179 (2021), 111564.

T.R. Williams, A.-L. Moyne, L.J. Harris, M.L. Marco, A.M. Ibekwe, Season,
irrigation, leaf age, and Escherichia coli inoculation influence the bacterial diversity
in the lettuce phyllosphere, PLoS One 8 (7) (2013) e68642.

A.-L. Moyne, T. Blessington, T.R. Williams, S.T. Koike, M.D. Cahn, M.L. Marco, L.
J. Harris, Conditions at the time of inoculation influence survival of attenuated
Escherichia coli 0157:H7 on field-inoculated lettuce, Food Microbiol. 85 (2020)
103274.

American Type Culture Collection, Salmonella enterica subsp. enterica (ex
Kauffmann and Edwards) Le Minor and Popoff serovar Typhimurium. https:
//www.atcc.org/products/14028, 2021 (accessed 14 January 2022).

J. Wang, K. Huang, Z. Wu, Y. Yu, Effects of ultrasound-assisted low-concentration
chlorine washing on ready-to-eat winter jujube (Zizyphus jujuba Mill. cv. Dongzao):
cross-contamination prevention, decontamination efficacy, and fruit quality,
Ultrason. Sonochem. 82 (2022), 105905.

D. Gombas, Y. Luo, J. Brennan, G. Shergill, R. Petran, R. Walsh, H. Hau,

K. Khurana, B. Zomorodi, J. Rosen, R. Varley, K. Deng, Guidelines to validate
control of cross-contamination during washing of fresh-cut leafy vegetables,

J. Food Prot. 80 (2017) 312-330.

R. Huang, H. Chen, Comparison of water-assisted decontamination systems of
pulsed light and ultraviolet for Salmonella inactivation on blueberry, tomato, and
lettuce, J. Food Sci. 84 (2019) 1145-1150.

J. Wang, S. Wang, Y. Sun, C. Li, Y. Li, Q. Zhang, Z. Wu, Reduction of Escherichia coli
0157:H7 and naturally present microbes on fresh-cut lettuce using lactic acid and
aqueous ozone, RSC Adv. 9 (2019) 22636-22643.

Q. Zhou, C. Ma, S. Cheng, B. Wei, X. Liu, S. Ji, Changes in antioxidative metabolism
accompanying pitting development in stored blueberry fruit, Postharvest Biol.
Technol. 88 (2014) 88-95.

E.F. de Oliveira, J.V. Tosati, R.V. Tikekar, A.R. Monteiro, N. Nitin, Antimicrobial
activity of curcumin in combination with light against Escherichia coli 0157:H7 and
Listeria innocua : applications for fresh produce sanitation, Postharvest Biol.
Technol. 137 (2018) 86-94.

K. Huang, N. Nitin, Enhanced removal of Escherichia coli 0157:H7 and Listeria
innocua from fresh lettuce leaves using surfactants during simulated washing, Food
Control 79 (2017) 207-217.

11

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Ultrasonics Sonochemistry 84 (2022) 105960

R. Huang, H. Chen, Sanitation of tomatoes based on a combined approach of
washing process and pulsed light in conjunction with selected disinfectants, Food
Res. Int. 116 (2019) 778-785.

Y. Huang, H. Chen, Effect of organic acids, hydrogen peroxide and mild heat on
inactivation of Escherichia coli 0157:H7 on baby spinach, Food Control 22 (8)
(2011) 1178-1183.

M. Baier, M. Gorgen, J. Ehlbeck, D. Knorr, W.B. Herppich, O. Schliiter, Non-
thermal atmospheric pressure plasma: screening for gentle process conditions and
antibacterial efficiency on perishable fresh produce, Innov. Food Sci. Emerg. 22
(2014) 147-157.

C.-M. Lin, S. Herianto, H.-L. Chen, Y.-C. Chiu, C.-Y. Hou, The application of a novel
non-thermal plasma device with double rotary plasma jets for inactivation of
Salmonella Enteritidis on shell eggs and its effects on sensory properties, Int. J.
Food Microbiol. 355 (2021), 109332.

L. Mao, P. Mhaske, X. Zing, S. Kasapis, M. Majzoobi, A. Farahnaky, Cold plasma:
microbial inactivation and effects on quality attributes of fresh and minimally
processed fruits and ready-to-eat vegetables, Trends Food Sci. Technol. 116 (2021)
146-175.

0.J. Esua, J.H. Cheng, D.W. Sun, Antimicrobial activities of plasma-functionalized
liquids against foodborne pathogens on grass carp (Ctenopharyngodon Idella), Appl.
Microbiol. Biotechnol. 104 (2020) 9581-9594.

L. Fan, A. Idris Muhammad, B. Bilyaminu Ismail, D. Liu, Sonodynamic
antimicrobial chemotherapy: an emerging alternative strategy for microbial
inactivation, Ultrason. Sonochem. 75 (2021) 105591, https://doi.org/10.1016/j.
ultsonch.2021.105591.

D. Wang, S. Yamaki, Y. Kawai, K. Yamazaki, Sanitizing efficacy and antimicrobial
mechanism of peracetic acid against histamine-producing bacterium, Morganella
psychrotolerans, LWT — Food Sci. Technol. 126 (2020), 109263.

Y.-M. Zhao, M. Oliveira, C.M. Burgess, J. Cropotova, T. Rustad, D.-W. Sun, B.

K. Tiwari, Combined effects of ultrasound, plasma-activated water, and peracetic
acid on decontamination of mackerel fillets, LWT — Food Sci. Technol. 150 (2021),
111957.

R. Thirumdas, A. Kothakota, U. Annapure, K. Siliveru, R. Blundell, R. Gatt, V.

P. Valdramidis, Plasma activated water (PAW): chemistry, physico-chemical
properties, applications in food and agriculture, Trends Food Sci. Technol. 77
(2018) 21-31.

D.A. Mendis, M. Rosenberg, F.J.P.S.I.T.o. Azam, A note on the possible electrostatic
disruption of bacteria, IEEE T. Plasma Sci., 28 (2000) 1304-1306.

E. Dolezalova, P.J.B. Lukes, Membrane damage and active but nonculturable state
in liquid cultures of Escherichia coli treated with an atmospheric pressure plasma
jet, Bioelectrochemistry 103 (2015) 7-14.

J.W. Lackmann, J.E. Bandow, Inactivation of microbes and macromolecules by
atmospheric-pressure plasma jets, Appl. Microbiol. Biot. 98 (2014) 6205-6213.
J.G. Santos, F.A.N. Fernandes, L. de Siqueira Oliveira, M.R.A. de Miranda,
Influence of ultrasound on fresh-cut mango quality through evaluation of
enzymatic and oxidative metabolism, Food Bioprocess Tech. 8 (7) (2015)
1532-1542.

C. Sarangapani, G. O’Toole, P.J. Cullen, P. Bourke, Atmospheric cold plasma
dissipation efficiency of agrochemicals on blueberries, Innov. Food Sci. Emerg. 44
(2017) 235-241.

H. Sies, Oxidative stress: oxidants and antioxidants, Cardiovasc. Res. 82 (2) (1997)
291-295.

Y. Wang, F. Zhou, J. Zuo, Q. Zheng, L. Gao, Q. Wang, A. Jiang, Pre-storage
treatment of mechanically-injured green pepper (Capsicum annuum L.) fruit with
putrescine reduces adverse physiological responses, Postharvest Biol. Technol. 145
(2018) 239-246.

A. Ali, M.K. Ong, C.F. Forney, Effect of ozone pre-conditioning on quality and
antioxidant capacity of papaya fruit during ambient storage, Food Chem. 142
(2014) 19-26.

1.S. Minas, G. Tanou, M. Belghazi, D. Job, G.A. Manganaris, A. Molassiotis,

M. Vasilakakis, Physiological and proteomic approaches to address the active role
of ozone in kiwifruit post-harvest ripening, J. Exp. Bot. 63 (2012) 2449-2464.

T. Piechowiak, K. Grzelak-Btaszczyk, M. S6jka, M. Balawejder, Changes in phenolic
compounds profile and glutathione status in raspberry fruit during storage in
ozone-enriched atmosphere, Postharvest Biol. Technol. 168 (2020), 111277.

Q. Wu, X. Zhu, H. Gao, Z. Zhang, H. Zhu, X. Duan, H. Qu, Z. Yun, Y. Jiang,
Comparative profiling of primary metabolites and volatile compounds in Satsuma
mandarin peel after ozone treatment, Postharvest Biol. Technol. 153 (2019) 1-12.


http://refhub.elsevier.com/S1350-4177(22)00053-0/h0080
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0080
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0080
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0085
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0085
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0085
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0085
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0090
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0090
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0090
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0095
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0095
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0095
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0100
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0100
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0100
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0100
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0105
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0105
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0105
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0110
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0110
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0110
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0115
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0115
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0115
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0120
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0120
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0120
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0120
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0125
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0125
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0125
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0130
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0130
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0130
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0135
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0135
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0135
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0140
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0140
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0140
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0140
https://www.atcc.org/products/14028
https://www.atcc.org/products/14028
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0150
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0150
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0150
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0150
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0155
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0155
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0155
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0155
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0160
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0160
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0160
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0165
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0165
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0165
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0170
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0170
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0170
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0175
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0175
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0175
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0175
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0180
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0180
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0180
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0185
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0185
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0185
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0190
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0190
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0190
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0195
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0195
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0195
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0195
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0200
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0200
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0200
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0200
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0205
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0205
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0205
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0205
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0210
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0210
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0210
https://doi.org/10.1016/j.ultsonch.2021.105591
https://doi.org/10.1016/j.ultsonch.2021.105591
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0220
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0220
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0220
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0225
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0225
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0225
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0225
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0230
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0230
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0230
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0230
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0240
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0240
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0240
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0245
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0245
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0250
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0250
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0250
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0250
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0255
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0255
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0255
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0260
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0260
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0265
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0265
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0265
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0265
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0270
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0270
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0270
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0275
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0275
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0275
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0280
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0280
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0280
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0285
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0285
http://refhub.elsevier.com/S1350-4177(22)00053-0/h0285

	Combined use of ultrasound-assisted washing with in-package atmospheric cold plasma processing as a novel non-thermal hurdl ...
	1 Introduction
	2 Materials and methods
	2.1 Inoculation
	2.2 Disinfection
	2.2.1 Washing water preparation
	2.2.2 US-FC and US-PAA processing
	2.2.3 US-FC ​+ ​CP and US-PAA ​+ ​CP processing

	2.3 Microbiological analysis
	2.4 Quality analysis
	2.4.1 Liquid nitrogen grinding
	2.4.2 Firmness and total color change analysis
	2.4.3 Anthocyanin, hydrogen peroxide, and O2- production rate analysis
	2.4.4 Catalase (CAT), superoxide dismutase (SOD), and peroxidase (POD) activity analysis

	2.5 Statistical analysis

	3 Results
	3.1 US inactivation of pathogens on blueberries in combination with PAA and FC
	3.2 Inactivation of pathogens on blueberries under different pulse frequency plasma treatments
	3.3 US-FC and US-PAA inactivation in combination with CP
	3.4 Blueberry quality change after treatment with different combinations
	3.5 Changes in reactive oxygen species (ROS) levels and antioxidant enzyme activity after different treatments

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement

	Declaration of Competing Interest
	Acknowledgment
	References


