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Lettuce (Lactuca sativa L.) is highly susceptible to postharvest deterioration,
microbial contamination, and pesticide residues. This study evaluated the
effectiveness of plasma-activated water (PAW) and plasma-activated fine bubble
water (PAFBW) compared to distilled water (control) in maintaining the quality
and safety of fresh-cut lettuce. A completely randomized design evaluated four
factors: ozone concentration (1 and 2 ppm), immersion time (1 and 2 min),
washing solution type (PAW and PAFBW), and storage temperature (15 °C and
25 °C). Distilled water controls were analyzed separately. Weight loss and total
color difference (AE) were evaluated after two days of storage. Total plate count
(TPC), total phenolics, and qualitative pesticide screening were measured
immediately after washing and analyzed descriptively. One-Way ANOVA
showed highly significant overall treatment effects (p<0.001) on weight loss
(F=10.90) and color change (F=61.94). Factorial GLM identified storage
temperature as the dominant factor. The 2 ppm PAW treatment with 2-min
immersion at 15 °C produced the lowest weight loss (0.87 + 0.11%) and smallest
total color difference (0.40 £ 0.04). The lowest TPC was obtained for PAW 2 ppm
2 min (17,000 colony-forming units per gram [CFU/g]) and PAFBW 2 ppm 2
min (19,950 CFU/g). The highest total phenolic content was found in PAW 1
ppm 2 min (6.98 = 0.05 mg gallic acid equivalents per gram [mg GAE/g]). PAW
generally outperformed PAFBW in quantitative parameters, while PAFBW
yielded the most favorable qualitative pesticide screening response, highlighting
plasma technology’s postharvest potential.
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1. Introduction

Lettuce (Lactuca sativa L.) is a high-value horticultural commodity widely consumed worldwide
due to its nutritional content, refreshing flavor, and crunchy texture (Kim et al., 2016; Nikzad and
Parastar, 2021). It is cultivated across diverse climates and serves as a primary ingredient in salads
and side dishes, with continually increasing market demand (Shatilov et al., 2019). However, lettuce
is highly susceptible to postharvest deterioration, particularly when minimally processed. Visual
quality decline through enzymatic browning, weight loss due to transpiration, and microbial
contamination significantly reduce its shelf life and commercial value (Teng et al., 2019).

Two major postharvest concerns for fresh-cut lettuce are pesticide residues and microbial
contamination. Organophosphate pesticide residues can persist on lettuce due to off-label spraying
and short pre-harvest intervals (Alen and Suharti, 2015), with up to 32% of fruits and vegetables
exceeding maximum residue limits (Li et al., 2023). Foodborne outbreaks linked to leafy greens,
including lettuce, have been documented extensively in the United States and the European Union
(Callejon et al., 2015; Herman et al., 2015). Conventional chlorine-based sanitation poses concerns
regarding the formation of harmful disinfection byproducts (Castro-Ibafez et al., 2017), highlighting
the need for safer and more effective alternatives.

Non-thermal plasma (NTP) technology has recently emerged as a promising postharvest
intervention. Plasma-activated water (PAW), generated through plasma-liquid interactions, contains
reactive oxygen and nitrogen species (RONS) including nitrate, nitrite, hydrogen peroxide, ozone, and
hydroxyl radicals (Bruggeman et al.,, 2016). These species exhibit broad antimicrobial activity
(Rothwell et al., 2023), inhibit enzymatic browning by suppressing hydrogen peroxide accumulation
(Yun et al., 2021), and degrade organophosphate pesticides through hydroxyl radical-mediated
oxidation (Sojithamporn et al., 2023; Zhou et al., 2019).

To enhance the stability and reactivity of RONS in solution, PAW can be combined with fine bubble
technology to produce plasma-activated fine bubble water (PAFBW). Ultrafine bubbles are gas
bubbles with diameters below 1 um (ISO 20480-1, 2017) that provide a large interfacial area and
stabilize reactive species in water (Tiwari et al., 2025). Rathore et al. (2023) demonstrated that an air
bubble diffuser improved physicochemical properties of PAW, with up to a 300% increase in dissolved
ozone. Gao et al. (2022) reported that microbubble-enhanced plasma activation achieved more than
five-fold higher activation efficiency at the same energy input. Nemati et al. (2024) showed that
plasma-activated microbubble water reduced Escherichia coli O157:H7 by 4.6 log CFU/g on romaine
lettuce.

Despite these advances, comparative studies that simultaneously evaluate the performance of
PAW and PAFBW on multiple postharvest quality parameters of fresh-cut lettuce remain limited,
particularly under tropical postharvest conditions. The novelty of this study lies in the integrated
assessment of weight loss, color change, microbial load, total phenolic content, and pesticide residue
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across distilled water, PAW, and PAFBW under varying ozone concentration, immersion time, and
storage temperature. The objective of this research was to evaluate the effectiveness of PAW and
PAFBW washing in reducing pesticide residues, suppressing microbial contamination, and
maintaining visual quality to extend the shelf life of fresh-cut lettuce.

2. Material and Methods

This research was conducted from July to October 2025 at the Environmental and Biosystem
Engineering Laboratory and the Food and Agricultural Product Processing Engineering Laboratory,
Department of Mechanical and Biosystem Engineering, Faculty of Agricultural Engineering and

Technology, IPB University, Bogor, Indonesia.

2.1 Materials and Equipment

The lettuce used was curly lettuce (Lactuca sativa L.) obtained from a local traditional market in
Bogor at commercial harvest maturity. Distilled water was used as the control washing medium and
as the base solution for plasma activation. Reagents used in laboratory analyses included Folin-
Ciocalteu reagent, sodium carbonate (Na:COs) 2%, methanol, plate count agar (PCA) for total plate
count assay, and an organophosphate pesticide test kit. The main equipment included a custom-built
PAFBW reactor (45 VA, 220-240 V, with positive and negative electrodes; air flow rate 4 L/min and a
fine bubble generator), a digital pH meter, a digital nitrate meter, an ozone analyzer, a dissolved
oxygen meter, a chromameter (Konica Minolta CR-400), an analytical balance (0.0001 g resolution),
500-mL thin-wall polypropylene containers, a stopwatch, and a personal computer for data

acquisition.

2.2 Experimental Design

The experiment was arranged using a completely randomized design (CRD) with four factors: (i)
dissolved ozone concentration (P): P1 =1 ppm, P2 = 2 ppm; (ii) immersion time (Q): Q1 =1 min, Q2 =
2 min; (iii) washing solution type (R): R1 = distilled water (control), R2=PAW, R3 = PAFBW; and (iv)
storage temperature (S): S1 =15 °C, 52 =25 °C. The control treatment using distilled water (R1) did not
include the ozone factor (P); therefore, PAW and PAFBW data were analyzed using a 2x2x2x2 factorial
General Linear Model, while control comparisons were evaluated separately using One-Way ANOVA
with Dunnett’s test. Each treatment was performed in three replicates, except for total plate count and
total phenolic content, which were both conducted via duplicate technical plating and analyzed

descriptively as 10 separate treatments rather than evaluating storage effects.

2.3 Sample Preparation and Washing Procedure
Whole lettuce was transported and stored at 15 °C prior to treatment. The PAW was generated by
passing air at 4 L/min through a custom-built dielectric barrier discharge reactor immersed in 500 mL

of distilled water. Based on reactor calibration, the activation durations required to reach the nominal
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dissolved ozone endpoints were PAW 1 ppm =25 min; PAW 2 ppm =40 min. For PAFBW production,
the same reactor was coupled with a fine-bubble generator that recirculated the activated water
through a fine-bubble diffuser, producing the characteristic milky appearance. The corresponding
activation durations were PAFBW 1 ppm = 30 min; PAFBW 2 ppm =40 min. The achieved dissolved
ozone concentrations were 1.12 and 2.34 mg/L for PAW and 1.08 and 2.53 mg/L for PAFBW at the
nominal 1 and 2 ppm settings, respectively (Table 1). Multiple fresh-cut curly lettuce leaves were
immersed in 1.5 L of either PAW or PAFBW solutions according to the designated ozone
concentrations. Following the washing treatment, the samples were surface-dried, packed into 500 mL
plastic containers (three samples per container), and stored at the assigned temperatures (15 or 25 °C)

for 2 days.

2.4 Quality Parameter Measurements
2.4.1 Weight loss
Weight loss (%) was calculated as:

weight loss (%) = = x 100% (1)

Where W, is the initial weight (g) and W2 is the weight at day-2 of storage (Fan et al., 2019).
2.4.2 Color change
Color was measured using a chromameter that recorded the L*, a*, and b* values at three random

points on each lettuce piece. The total color difference (AE) between day-0 and day-2 was calculated

using the equation

AE = (Lo — Lo)® + (az — ao)® + (b2 — bo)’? ?)
Where subscripts 0 and 2 denote initial and final measurements (Nemati et al., 2024).

2.4.3 Total plate count (TPC)

Total plate count was determined using the pour-plate method on PCA. Lettuce samples (10 g)
were homogenized in 90 mL sterile peptone water and serially diluted. Aliquots were plated in
duplicate and incubated at 37 °C for 48 h. Colonies were enumerated and expressed as CFU/g; results
were also reported as logio CFU/g for descriptive analysis.

2.4.4 Total phenolic content

Total phenolic content was determined by the Folin-Ciocalteu method (Malangngi et al., 2012).
Methanolic extract (0.1 mL) was reacted with 0.1 mL of 50% Folin-Ciocalteu reagent and 2 mL of 2%
Na2COs, incubated for 30 min in the dark, and absorbance was read at 750 nm. Results were expressed

as milligrams of gallic acid equivalents (GAE) per gram of fresh sample (mg GAE/g).
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2.4.5 Pesticide residue

Pesticide residue was assessed qualitatively using a commercial organophosphate pesticide test kit
as a rapid screening method rather than a compound-specific quantitative assay. Rapid enzyme-
inhibition screening methods for organophosphorus residues in vegetable matrices have been
described previously (Wang et al., 2012). Approximately 5 g of lettuce sample from each treatment
was extracted following the kit instructions, and the resulting solution color was visually compared
with a reference scale ranging from "-" (clear; no detectable response) to "+++" (high yellow-color
intensity). The ordinal response was analyzed descriptively and was not interpreted as a residue
concentration. Definitive identification and quantification require a validated multiresidue extraction,
such as the Quick, Easy, Cheap, Effective, Rugged, and Safe (QuEChERS) method, followed by gas or
liquid chromatography (Anastassiades et al., 2003).

2.4.6 Statistical Analysis

Data were analyzed using analysis of variance (ANOVA) and General Linear Model (GLM)
procedures as specified in the experimental design. When significant treatment effects were detected,
mean separation was performed using Tukey's honestly significant difference (HSD) test (@ = 0.05),
while Dunnett's test was used for comparisons with the control treatments. All statistical analyses
were conducted using Minitab 17.1.0 version software.
3. Results and Discussion
3.1 Physicochemical Characteristics of Washing Media

Plasma activation significantly altered the physicochemical properties of distilled water (Table 1).
PAFBW at 2 ppm exhibited the lowest pH (3.5) and the highest nitrate concentration (16 ppm),
reflecting the most intensive RONS generation among the tested media. The decrease in pH is
attributed to the formation of acidic species such as HNO, and HNO; as products of RONS reactions
in water, which are recognized as key factors for antimicrobial activity (Oehmigen et al., 2010). The
increase in dissolved ozone and nitrate from PAW to PAFBW at the same nominal ozone
concentration confirms that the fine bubble diffuser enhanced the gas-liquid mass transfer and
stabilized reactive species, in agreement with Rathore et al. (2023) and Gao et al. (2022).

Table 1. Physicochemical characteristics of distilled water, PAW, and PAFBW used as washing

media.
Temperature Nitrate
Treatment H R O; (mg/L)

P &S (ppm) e
Distilled water 6.5 29.5 6 0.00
PAW 1 ppm 4.1 31.2 8 1.12
PAW 2 ppm 3.9 31.4 11 2.34
PAFBW 1 ppm 3.7 31.6 13 1.08
PAFBW 2 ppm 3.5 31.8 16 2.53
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3.2 Weight Loss

Weight loss is a key indicator of freshness loss governed by transpiration and respiration (Fan et
al., 2019). Analysis of variance demonstrated that the treatment had a highly significant effect on
weight loss at day-2 of storage (Fi9,40 =10.90, p <0.001). Furthermore, the factorial GLM applied to the
plasma treatments revealed that ozone concentration (F = 6.07, p = 0.019) and storage temperature (F
= 91.63, p < 0.001), significantly affected weight loss, while immersion type and washing solution

showed no significant effects. Weight loss results across treatments are presented in Table 2.

Table 2. Weight loss (%) of fresh-cut lettuce at day-2 of storage. Treatment codes: P (ozone
concentration: 1 or 2 ppm), Q (immersion time: 1 or 2 min), R (washing solution: R1 =
distilled water, R2=PAW, R3=PAFBW), S (storage temperature: 1 =15 °C, 2 =25 °C). Values
are means + SD (n=3).

Treatment Mean (%) Treatment Mean (%)
P2Q2R2S1 0.87+0.11 P1Q2R2S2 298 +0.25
P2Q2R3S1 1.02 £ 0.07 P2Q2R352 3.00+0.14
P2Q1R2S1 1.37 £ 0.07 P2Q2R2S52 3.00+0.13
P2Q1R3S1 1.41 +£0.09 P2Q1R2S2 3.11+£0.15
P1Q1R2S1 1.48 +0.04 QI1R1S1 3.20+£0.00
P1Q2R3S51 1.56 + 0.06 P1Q1R2S2 3.28+0.12
P1Q2R2S1 1.78 +0.22 P1Q1R3S2 3.31+0.23
Q2R1S1 201+£1.73 P2Q1R3S2 3.34+0.23
P1Q1R3S1 2.59 £2.39 P1Q2R352 3.62+0.31

Q2R1S2 5.08 £ 0.46
QI1R1S2 5.92 +0.05
6

O

Weight loss (%)
[\S) w

S =

Distilled water PAW PAFBW

m 15 °C (cold storage) m25 °C (ambient)

Figure 1. Mean weight loss (%) of fresh-cut lettuce at day-2 of storage by washing solution and storage
temperature. Values are means averaged across ozone concentration and immersion time.

Cold storage (15 °C) markedly suppressed weight loss across all washing treatments.
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As shown in Table 2 and Figure 1, storage temperature was the dominant factor governing weight
loss. Cold storage (15 °C; S1) consistently produced lower weight loss than ambient storage (25 °C;
S2), with an average S2/S1 ratio of approximately 2.12. The lowest weight loss was obtained for
treatment P2Q2R2S1 (PAW, 2 ppm, 2 min, 15 °C) at 0.87%, while the highest was obtained for the
distilled water control at ambient temperature (Q1R1S2) at 5.92%. At 15 °C, PAW treatments (mean
1.38%) produced lower weight loss than PAFBW (mean 1.65%) and distilled water (mean 2.61%); a
similar pattern was observed at 25 °C.

The effectiveness of PAW in suppressing weight loss is presumed to be related to the deposition of
RONS on the lettuce surface, which reduces the metabolic rate of plant tissue and consequently lowers
water loss (Fagundes et al., 2013). Plasma-based treatments have also been reported to inhibit cell wall
pectin metabolism, thereby maintaining firmness and quality of postharvest produce (Cheng et al.,
2023). Singh and Thakur (2024) similarly reported that cold plasma treatment suppresses respiration
and transpiration in fresh horticultural products. The findings of the current study are consistent with
Nemati et al. (2024), who demonstrated that plasma-activated microbubble water maintained the

texture of romaine lettuce during 9-day storage at 15 °C.

3.3 Color Change

One-Way ANOVA across all 20 treatments showed a highly significant overall treatment effect
on AE at day-2 of storage (Fio40 = 61.94, p < 0.001). Additionally, the factorial GLM confirmed that
storage temperature was the most dominant factor affecting color change (F= 354.73, p < 0.001), with
significant interaction effects among the factors. Color change results across all treatments are

summarized in Table 3.

Table 3. Total color difference (AE) of fresh-cut lettuce at day-2 of storage. Values are means + SD

(n=3).

Treatment AE Treatment AE
P2Q2R251 0.40 +0.04 P2Q2R351 1.91 +0.05
P2Q1R251 0.41 +0.02 P2Q2R2S2 1.95+0.03
P1Q2R3S1 0.45 +0.03 P1Q2R252 1.98 +0.08
P2Q1R3S1 0.45 +0.04 P1Q2R352 2.00+0.15
P1Q2R2S1 0.46 +0.02 P1Q1R352 2.01 +0.03
P1QI1R351 0.47 +0.03 P1Q1R2S2 2.05+0.01
P1Q1R251 0.47 +0.02 Q2R1S2 2.19+0.32
Q2R1S1 0.69 +0.09 QI1R1S2 2.30 +0.63
Q1R1S1 0.84+0.16
P2Q2R3S2 1.86 +0.03
P2Q1R3S2 1.89 +0.05
P2Q1R2S52 1.90 +0.03
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Figure 2. Mean total color difference (AE) of fresh-cut lettuce at day-2 of storage by washing solution
and storage temperature. Cold storage clearly separated lettuce into a low-AE group (<0.85),
while ambient storage produced AE values >1.86 across all treatments. The PAFBW group
at 15 °C is elevated by an outlier (P2Q2R351, AE =1.91).

A clear separation was observed between the cold-storage group (AE < 0.85) and the ambient-
storage group (AE > 1.86), confirming that storage temperature was the dominant factor for color
stability. At 15 °C, all washing treatments produced relatively small color changes, with P2Q2R2S1
yielding the lowest AE (0.40) and QIR1S1 yielding the highest (0.84). One notable anomaly is
treatment P2Q2R3S1 (PAFBW 2 ppm, 2 min, 15 °C), which produced a AE of 1.91 — a value
comparable to ambient-storage samples. This isolated high value may reflect natural biological
variation among lettuce leaves and should be interpreted cautiously; because tissue damage was not
measured directly, its cause cannot be determined from the present dataset and requires further
replicated investigation.

At25°C, PAW and PAFBW treatments showed slight advantages in inhibiting browning compared
to the distilled water control, although the differences were modest. This is consistent with Nemati et
al. (2024), who reported that plasma-activated microbubble water significantly reduced PPO and POD
activities in lettuce, thereby suppressing enzymatic browning. Lower chlorophyll degradation in
plasma-treated samples may also have contributed to color stability (Eckardt, 2009). Iakimova and
Woltering (2015) showed that reactive nitrogen species, particularly nitric oxide, inhibit wound-
induced browning in fresh-cut lettuce by suppressing hydrogen peroxide accumulation. The

interaction between cold plasma and food enzymes has been comprehensively reviewed by Misra et
al. (2016).
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3.4 Total Plate Count

Total plate count results are presented in Table 4. Because TPC was measured using the Plate

Count Agar (PCA) method in technical duplicates without true biological replicates, the data were

analyzed descriptively rather than statistically.

Table 4. Total plate count (TPC) of fresh-cut lettuce immediately after washing treatment.

Treatment CFU/g logio (CFU/g)
P2Q2R2 (PAW 2 ppm, 2 min) 17,000 4.23
P2Q2R3 (PAFBW 2 ppm, 2 min) 19,950 4.30
P2Q1R3 (PAFBW 2 ppm, 1 min) 22,270 4.35
P1Q1R2 (PAW 1 ppm, 1 min) 23,640 4.37
Q1R1 (Distilled, 1 min) 29,270 4.47
P1Q2R2 (PAW 1 ppm, 2 min) 30,360 4.48
P1QIR3 (PAFBW 1 ppm, 1 min) 33,450 4.52
P2Q1R2 (PAW 2 ppm, 1 min) 36,410 4.56
Q2R1 (Distilled, 2 min) 37,730 4.58
P1Q2R3 (PAFBW 1 ppm, 2 min) 45,550 4.66

4.7

P2Q2R2P2Q2R3P2QIR3PIQIR2 QIR1 PIQ2R2PIQIR3P2QIR2 Q2RI P1Q2R3

Hlogio (CFU/g)

Figure 3. Total plate count (logio CFU/g) of fresh-cut lettuce after various washing treatments, sorted

from lowest to highest. PAW 2 ppm with 2-min immersion (P2Q2R2) produced the lowest

microbial load.
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Treatment P2Q2R2 (PAW 2 ppm, 2 min) yielded the lowest TPC at 17,000 CFU/g (4.23 log),
followed by P2Q2R3 (PAFBW 2 ppm, 2 min) at 19,950 CFU/g (4.30 log). The distilled water controls
(Q1R1 and Q2R1) recorded TPC values of 29,270 and 37,730 CFU/g, respectively. Notably, the average
TPC for PAW (26,852 CFU/g) was lower than that for PAFBW (30,305 CFU/g). However, treatment
P1Q2R3 (PAFBW 1 ppm, 2 min) produced the highest TPC (45,550 CFU/g), exceeding the distilled
water controls. This finding indicates that antimicrobial efficacy is not solely determined by the type
of plasma-activated medium (PAW vs. PAFBW) but also depends strongly on the combination of
ozone concentration and immersion time.

The antimicrobial mechanism of PAW and PAFBW is associated with the combined action of low
pH and RONS, particularly ozone and hydroxyl radicals, which disrupt cell membrane integrity
(Matajowicz et al., 2022). Nemati et al. (2024) demonstrated by FE-SEM that plasma-activated
microbubble water induced complete cell lysis in E. coli O157:H7. Although Wang et al. (2023)
reported that PAW achieved disinfection efficacy comparable to free chlorine on fresh produce, the
present results emphasize that operational parameters must be carefully optimized to avoid

suboptimal performance, particularly at lower ozone concentrations.

3.5 Total Phenolic Content
Phenolic content was measured immediately after washing without storage, and therefore reflects

the direct effect of the washing treatment. Results are summarized in Table 5.

Table 5. Total phenolic content (mg GAE/g) of fresh-cut lettuce immediately after washing

treatment.
Treatment Total phenolic (mg GAE/g)
P1Q2R2 (PAW 1 ppm, 2 min) 6.98 + 0.05
P1QIR3 (PAFBW 1 ppm, 1 min) 6.06 + 0.07
P2Q1R3 (PAFBW 2 ppm, 1 min) 5.74 £ 0.06
P1Q2R3 (PAFBW 1 ppm, 2 min) 5.17 £ 0.06
P2Q2R2 (PAW 2 ppm, 2 min) 5.06 = 0.06
P1Q1R2 (PAW 1 ppm, 1 min) 4.23 +0.04
Q2R1 (Distilled, 2 min) 4.15+0.04
P2Q1R2 (PAW 2 ppm, 1 min) 4.09£0.04
P2Q2R3 (PAFBW 2 ppm, 2 min) 4.03+0.07
Q1R1 (Distilled, 1 min) 3.55 +0.04
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Figure 4. Total phenolic content (mg GAE/g) of fresh-cut lettuce immediately after various washing
treatments, sorted from highest to lowest. PAW at 1 ppm with 2-min immersion (P1Q2R2)
produced the highest phenolic content.

The highest total phenolic content was obtained for PIQ2R2 (PAW 1 ppm, 2 min) at 6.98 mg GAE/g,
followed by P1Q1R3 (PAFBW 1 ppm, 1 min) at 6.06 mg GAE/g. The distilled water control Q1R1
produced the lowest content (3.55 mg GAE/g). The increase in extractable phenolics in plasma-treated
samples is presumed to be associated with the release of bound phenolic compounds through
interactions with RONS, consistent with Dantas et al. (2021), who reported enhanced bioaccessibility
of phenolic compounds in acai pulp following cold plasma treatment. Ahmadian et al. (2023) showed
that plasma pretreatment can modify cell wall polysaccharide distribution to enhance phenolic
extraction. However, treatment P2Q2R3 (PAFBW 2 ppm, 2 min) yielded a phenolic content (4.03 mg
GAE/g) lower than the distilled water control Q2R1 (4.15 mg GAE/g), suggesting that excessively high
RONS concentrations in PAFBW may oxidatively degrade phenolic compounds themselves. This dual
effect of RONS promoting extraction at low concentrations and degrading phenolics at high

concentrations, highlights the importance of optimizing plasma activation parameters.

3.6 Pesticide Residue

The qualitative pesticide test kit produced its clearest response for PAFBW at 2 ppm with 2-min
immersion (Table 6). According to the kit's ordinal reference scale, this was the most favorable
screening response among the tested treatments. Because the assay was qualitative and non-
compound-specific, the result should be interpreted as evidence of lower screening intensity rather
than definitive proof or quantification of pesticide degradation.
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Table 6. Qualitative pesticide residue assessment using a commercial organophosphate test kit.

Symbols: — (clear, no detectable residue); + (low intensity); ++ (high intensity); +++ (very high

intensity).

Washing solution Immersion time Result
Distilled water 1 min +++
Distilled water 2 min +++
PAW 2 ppm 2 min ++
PAFBW 1 ppm 1 min +
PAFBW 1 ppm 2 min +
PAFBW 2 ppm 1 min +
PAW 1 ppm 1 min -
PAW 1 ppm 2 min -
PAW 2 ppm 1 min -
PAFBW 2 ppm 2 min -

The favorable screening response observed for PAFBW at 2 ppm and 2-min immersion may be
associated with its higher RONS concentration and the capacity of fine bubbles to increase interfacial
contact and radical distribution on the lettuce surface. These conditions could promote pesticide
oxidation, consistent with reports on cold plasma-assisted degradation processes (Lukes et al., 2014;
Oehmigen et al., 2010; Sojithamporn et al., 2023). At 1 ppm, PAFBW with 2-min immersion was more
effective than 1-min immersion, indicating that contact time plays an important role at lower RONS
intensity. This is consistent with Zhou et al. (2019), who reported that increased plasma exposure time
enhances pesticide degradation.

In contrast, PAW at both 1 and 2 ppm produced clearer screening responses after 1 min than after
2 min. Given the assay's qualitative nature, this non-monotonic pattern may reflect matrix interference
or visual-reading variability and should not be interpreted as evidence that longer washing increased
residues. The distilled-water responses should likewise be interpreted descriptively. Overall, PAFBW
at 2 ppm for 2 min produced the most favorable qualitative screening response, but the finding
requires chromatographic confirmation using, for example, gas chromatography-electron capture
detection (GC-ECD) or ultra-high-performance liquid chromatography-photodiode array detection
(UHPLC-PDA) (Avram et al., 2025).

3.7 General Discussion and Implications.

Three principal findings emerge from this study. First, storage temperature was the dominant
factor affecting weight loss and color change, with cold storage at 15 °C consistently producing better
outcomes than ambient storage. This is consistent with the general postharvest principle that low
temperature suppresses metabolism and transpiration, and aligns with the recommended storage

temperature for fresh-cut leafy greens reported by Gorski et al. (2022) and Agusta (2022).
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Second, contrary to the initial hypothesis that PAFBW would outperform PAW due to enhanced
RONS stability, PAW consistently produced equal or better results across most quantitative
parameters (weight loss, AE, TPC, total phenolic). PAFBW only produced the most favorable
qualitative organophosphate screening response. The underlying cause of its weaker performance for
the quantitative quality parameters cannot be resolved from the present dataset. Factors for future
testing include RONS dose and distribution, bubble-size characteristics, and their interaction with
sensitive cut-leaf tissue. These hypotheses warrant systematic investigation, including bubble size
characterization, lipid peroxidation analysis, and electron microscopy of leaf surfaces. Nikzadfar et al.
(2024) similarly emphasized the importance of optimizing plasma treatment parameters in
postharvest applications.

Third, treatments at 2 ppm ozone with 2-min immersion generally produced the best results for
TPC, indicating that antimicrobial efficacy increases with both RONS concentration and contact
duration. This study has limitations, including a relatively short storage period (2 days) and the
absence of TPC replication, which should be addressed in future research. Practical implications
include the potential adoption of plasma-activated washing in fresh-cut lettuce processing lines,
particularly when combined with appropriate cold-chain management. Implementation at industrial
scale will require optimization of reactor energy consumption (Rathore et al., 2024), wash water

recycling considerations (Patange et al., 2019), and food safety verification.

4. Conclusion

Plasma-activated water (PAW) and plasma-activated fine bubble water (PAFBW) treatments
significantly affected (p < 0.001) weight loss and color change (AE) of fresh-cut lettuce. Storage
temperature was the dominant factor for these parameters, with 15 °C consistently outperforming 25
°C. Descriptively, PAW yielded better or comparable results to PAFBW on TPC and total phenolic
content. The best overall treatment was PAW at 2 ppm and 2-min immersion at 15 °C, producing
weight loss of 0.87%, AE of 0.40 and the lowest microbial load (17,000 CFU/g). Meanwhile, the highest
total phenolic content (6.98 mg GAE/g) was achieved using PAW at 1 ppm with 2-min immersion.
PAFBW at 2 ppm with 2-min immersion produced the most favorable qualitative organophosphate
screening response. This finding indicates potential for residue reduction but does not establish
compound-specific degradation or compliance with maximum residue limits. Antimicrobial efficacy
increased with both ozone concentration and immersion time. These findings imply that plasma-
activated washing is a promising postharvest technology for fresh-cut lettuce; however, optimization
of fine bubble parameters, longer storage trials, and quantitative pesticide analysis are required to

confirm and extend these findings.
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