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Non-thermal plasma-bubbling system for food decontamination:
Identification of reactive species and its bactericidal effect on iceberg lettuce
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Abstract: This study investigated the potential of non-thermal atmospheric plasma
integrated with a bubbling-assisted method as an alternative for fresh produce
decontamination strategy. Using a multigas plasma jet with pure oxygen as the primary
feeding gas, we evaluated the in-vitro bactericidal effect of the plasma-bubbling system,
determined the primary reactive species by electron spin resonance (ESR) analysis, and
applied the system to inactivate £. coli O157:H7 on iceberg lettuce.
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1.Introduction

Consumption of fruits and vegetables has been promoted
and increased in response to recommendations of public
health authorities and nutrition professionals. In contrast,
the increased consumption positively correlates with an
increased foodborne outbreak of microbial infection [1].
High microbial loads in fresh produce due to improper
harvest and handling conditions might also lead to rapid
deterioration of the product's quality and its highly
perishable nature. Mostly being eaten raw and requiring no
more cooking process, improving fresh produce's safety
and shelf life has become a more challenging task both for
the industry and consumers.

Employing non-thermal atmospheric plasma (NTAP) as
a food safety intervention technology continues to be a key
area of research. The plasma reactive species can diffuse
through the microbial cell membrane, causing damage,
surface erosion, and microbial cell death at last [2]. With
the emergence of NTAP research in food and agriculture,
ensuring uniform exposure of plasma species to food
products with complex surface morphology (e.g., pores
and rough surfaces) and finding the balance of keeping the
food safe yet retaining its physical attributes are still a
challenge to solve [3].

A plasma-bubbling system has been introduced to
enhance the distribution of the reactive species in the liquid
system to obtain a better uniformity of antimicrobial effect
inside the plasma-treated sample [4-6]. However, there are
still limited studies reporting NTAP treatment with a
bubble-assisted approach, and the contribution of the
generated reactive species still needs to be thoroughly
investigated. Therefore, this study aimed to evaluate the in-
vitro bactericidal effect of the plasma-bubbling system and
to investigate the involved reactive species in the
bactericidal activity using electron spin resonance (ESR)
analysis. We also extended the results to treat inoculated
iceberg lettuce and evaluate the potential of the plasma-
bubbling system to prevent cross-contamination.

2.Materials and Methods

E. coli O157:H7 (CR-3, isolated from bovine feces) was
cultivated in tryptone-soya broth at 37°C for 24 h. The
bacterial suspension was prepared at a final concentration
of 8.0 logio CFU/mL.

A non-thermal multi-gas plasma jet at atmospheric
pressure was used as the plasma source, operated at 9 kV
and 16 kHz, provided by an AC power supply (Plasma
Concept Tokyo, Inc., Japan). The plasma jet was connected
to a cylindrical gas injection tube (diameter x length = @8
mm x 180 mm; filter size=@15 mmx20 mm) to create the
bubbling system. Pure oxygen with a flow rate of 8 L/min
was used as the feeding gas. A schematic diagram of the
plasma jet device is shown in Fig.1.
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Fig. 1. Schematic diagram of experimental setup

The cylindrical tube connecting to the plasma jet was
inserted into a beaker containing 50 mL of bacterial
suspension, leaving a gap between the filter tip and the base
approximately 5 mm. The suspension was treated by
plasma for 0, 30, 60, 120, and 180 seconds. Subsequently,
treated samples were serially diluted in phosphate-buffered
saline and plated on Tryptic Soy agar plates, incubated at
37 <C for 24 h.

Prior to ESR analysis, the treated bacteria sample was
prepared by centrifugation at 13000 rpm for 5 min at room
temperature. The supernatant was subsequently used for
ESR measurement. Two types of spin trapping reagents
were used: 2-(5,5-dimethyl-2-0x0-2A5-[1,3,2]
dioxaphosphinan-2-yl)-2-methyl-3,4-dihydro-2H- pyrrole
l-oxide (CYPMPO) for detecting *OH radicals; and
2,2,6,6-tetramethyl-4-piperidone (TMPD) for detecting



'02. Untreated and treated samples were analyzed by The
Bruker EMX Plus with measurement conditions as
follows: room temperature (23—25 °C); magnetic field
range, 3521 + 100 G; data points, 1000; microwave power,
1 mW; time constant, 20.48 ps; conversion time, 20.00 ms;
sweep time, 20.0 s; scan, 10 times; modulation intensity,
1.00 G.

Following the in-vitro test, the disinfection performance
of the plasma-bubbling system on fresh produce was also
evaluated. Approximately 100 pl of E. coli O157:H7
suspension were spotted on iceberg lettuce cuts (3x3 cm).
First, the inoculated lettuce cuts were air-dried inside a
clean bench for 90 min. Subsequently, 10 g of inoculated
lettuce immersed in 200 mL of distilled water (inside a
500-mL beaker glass) were subjected to the plasma-
bubbling system for 5 min. Treated lettuce and the wash
water were analyzed to determine the bacteria inactivation
and the remaining microbial load after treatment.
Inoculated lettuce washed with distilled water only was
used as the control. Plasma-treated samples were serially
diluted in phosphate-buffered saline and plated on Sorbitol
MacConkey agar plates. The number of surviving viable
cells was determined by plate counts following the
incubation of the plates at 37 °C for 24 h. The disinfection
ability of plasma treatment was calculated using the
following formula:

Logio reduction = Logio (CFUuntreated) — L0g10 (CFUTreated) (1)

All experiments were carried out in triplicate. Results are
demonstrated as the mean and standard deviation of these
determinations. The results were subjected to a one-way
analysis of variance (ANOVA), followed by a Tukey HSD
test using RStudio version 4.0.2. Significant differences
among the mean values were considered at a significance
level of p < 0.05.

3.Results and Discussions

As shown in Fig. 2, treatment of E. coli with plasma-
bubbling for 120 seconds led to a 5-log reduction of the
viable cells from an initial population of 8.21 log CFU/mL.
In addition, the viable counts were under the detection limit
after 180 sec of treatment. Increasing treatment time
generates more plasma-generated species, leading further
to the decreasing population of bacteria. Plasma-bubbling
generates more active species, including free electrons,
monoatomic compounds, and charged particles. In
addition, other physical mechanisms also might involve in
inactivating the bacteria, including UV/VUYV photons and
ions through charge exchange reactions and photolysis [7]
and change of osmotic pressure [8]. Results from previous
research using a similar plasma jet reactor also agreed with
this study, where the plasma treatment effectively
inactivated the d E. coli population to 6 log reduction
within 1 min [9]. Their higher antibacterial activity
compared to antibacterial activity in this study could be due
to the difference in the sample size, working gas, and
experimental setup.
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Fig. 2. E. coli population after different treatment
times of plasma-bubbling. # Values with different
letters were significantly different at p < 0.05 (n=3);
the detection limit was 1.0 log CFU/mL

The spectra obtained from ESR are further used to
identify the type of ROS by the shape and the numerical
parameters, such as g-values and hyperfine coupling
constants (Afcc) [10]. The g-value is calculated from the
resonance magnetic field and the observed resonance
frequency. Afcc values are characterized as the splitting of
an ESR spectrum and determined by analyzing the splitting
of the spectrum of the spin adduct. From the ESR spectra
(data not shown), spin adduct CYPMPO-OH (g = 2.008)
was able to be distinguished from the consecutive peaks in
the spectrum with the following Afcc: isomer 1: An = 1.36
mT, Ax = 1.37 mT, Ap = 4.89 mT; isomer 2: Ay=1.23 mT,
An=1.35 mT, Ap=4.70 mT. These Afcc values were similar
to those *OH radical adduct spectrum in previous studies
[11-12]. In addition, with similar protocols, 'Oz was also
identified using TMPD as the spin trap on both samples of
two plasma treatment approaches (g = 2.004). According
to the obtained ESR spectra, the Afce for the 'Oz were as
follows: An = An = Ap = 1.45 mT, which was comparable
to the reported values [13]. Therefore, these findings
suggested that *OH and 'Oz were confirmed to exist in the
supernatant of plasma-treated bacterial suspension in our
study.

The signal intensity of the spin adducts is directly
proportional to the concentration of the formed free
radicals Re. Fig. 3 depicts the increase of the signal
intensity of CYPMPO-OH and TMPD-'0; with the plasma
treatment time. *OH began to appear on the spectrum after
30 sec of plasma treatment, while 'O> was subsequently
identified after 60 sec. The intensity of both ROS adducts
continued to elevate up to 1.09 = 0.11 for CYPMPO-OH
and 0.45 +0.09 for TMPD-'0z at 180 sec. Due to their high
reactivity, one might speculate that those reactive species
attacked the bacteria in the suspension immediately after
the plasma discharge. For this reason, these ROS could not



be identified by ESR before 60 sec and 120 sec of plasma
treatment for *OH and 'O2, respectively.

Plasma-bubbling was assessed as a washing treatment for
fresh produce, using ready-to-eat iceberg lettuce as a
model. As a control, washing inoculated lettuce with
untreated distilled water resulted in 1.2 + 0.12 log CFU/g
lettuce, whereas washing with plasma bubbling yielded 2.1
+ 0.07 log CFU/g lettuce, as shown in Table 1. These
results are in accordance with other studies using plasma-
water-based treatments (e.g., plasma-activated water)
reporting that the disinfection performance is mainly
attributed to the formation of reactive species [3].
Compared to the in-vitro results, the antibacterial activity
of plasma bubbling against inoculated fresh produce is
significantly lower. The less effective log reduction was
due to iceberg lettuce's complex chemical and biological
nature as food. Food products are rich in enzymes, proteins,
sugars, lipids, and other macro and micronutrients,
consisting of various ions and ionic compounds [17]. These
components might provide a protective effect against the
plasma reactive species targeting the bacteria, whereas
previously, the bacteria were suspended in a less complex
buffered environment.

Table 1. Viable cell counts of surviving bacteria after
washing treatments
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Fig. 3. Signal intensity of TMPD-'O; spin adduct (A)
and CYPMPO-OH spin adduct (B) after different
treatment times of plasma-bubbling towards E. coli.
+dValues with different letters were significantly
different at p < 0.05 (n=3)

*OH and 'O are highly reactive with biological
substances and have been reported to be important in
microbial inactivation by non-thermal plasma [14-15]. As
the most reactive among all RONS, «OH can react with
proteins and lipids on the cell membrane, damaging the
components of intracellular materials, such as DNA. While
*OH is reported to react non-selectively with many
chemical bonds, 'O might be more crucial in eliminating
bacteria in this plasma-bubbling system. Wu et al. [16]
suggested that 'O has a relatively long lifetime compared
to *OH and is more easily diffused into the bacterial cell
membrane.

Inoculated Log Wash water
lettuce reduction (log CFU/mL)
(log CFU/g) (Equation 1)
Before washing 6.02+0.30 -
Distilled water 4.76 £ 0.40 1.26+£0.12 6.00+0.33
Plasma-bubbling 3.91+0.29 2.11+0.07 n.d.

n.d.: below detection limit

The average value and standard deviation of the results
evaluated are shown (n=3). The detection limit was 1.0 log
CFU/mL.

Wash water samples were evaluated to measure the
surviving bacterial populations remaining in the water.
6.00 + 0.33 log CFU/mL viable bacteria were detected
from the distilled water after washing. In contrast, plasma-
bubbling reduced the bacterial load of the wash water to
below the detection limit after treatment (< 1 log CFU/mL).
This result demonstrates the potential for the application of
the plasma-bubbling treatment to enhance the
microbiological safety of the washing process of fresh
produce while washing with distilled water has no
disinfection effect on the detached bacteria from the
lettuce.

From cost and sustainability perspectives, the generation
of reactive species continuously during treatment shows
the potential of the wash water to be reusable for
subsequent washing treatment in a continuous system.
However, the accumulated organic matter and debris might
interfere with the bioactivity of the plasma treatment, and
further research to anticipate such interference is required.



4.Conclusions

Treatment of the plasma bubbling system for 180 seconds
could eliminate 8 log CFU/mL E. coli viable cells. Based
on ESR analysis, two primary short-lived ROS are
generated from the plasma system, which are *OH and 'O».
The plasma treatment could reduce the bacterial load
attached to iceberg lettuce cuts. In addition, the surviving
bacteria load released from the treated lettuce was not
detected from the washing water. Based on the current
results, our developed non-thermal plasma bubbling
system is prospective to be a food safety intervention for
sanitizing fresh produce and preventing cross-
contamination.
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