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Abstract

Plasma-activated water (PAW) is an eco-friendly technology with potential to improve seed
germination and nutritional quality in microgreens. This study investigated the effects of
PAW on three cultivars of kangkong (Ipomoea aquatica Forssk.). PAW activated for 10 min
(PAW10) significantly enhanced seed germination and vigor, with effects comparable to
those of a 15-min treatment. PAW10 treatment not only improved the accumulation of
bioactive compounds—including total phenolics, flavonoids, ascorbic acid, chlorophylls,
and carotenoids—but also enhanced antioxidant activity. These improvements were accom-
panied by elevated hydrogen peroxide (H,O,) levels and increased enzymatic activities,
specifically catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APX).
Principal component analysis revealed cultivar-specific responses to PAW10. The Senafore
20 (SF) cultivar showed the most pronounced increases in antioxidant and antiglycation
activities, as well as key bioactive compounds. The Phai-ngern (PN) cultivar exhibited
elevated SOD activity and fiber content, while the Senee 20 (SN) cultivar showed mini-
mal changes. These findings suggest that PAW10 effectively promotes germination and
antioxidant-related biochemical responses in kangkong microgreens, with varying re-
sponses depending on cultivar. This study highlights PAW treatment as a promising
approach to improve microgreen production and antioxidant capacity, supporting sustain-
able agriculture.

Keywords: antioxidant enzymes; bioactive compounds; Ipomoea aquatica; microgreens;
plasma-activated water; reactive oxygen species; seed germination

1. Introduction

The increasing global demand for safe, high-quality food, coupled with the urgent
need to reduce the environmental impact of agriculture, has driven the development of sus-
tainable and chemical-free cultivation practices. One such innovation is plasma technology,
a non-thermal, eco-friendly method that operates at room temperature [1]. This technol-
ogy generates reactive oxygen and nitrogen species (RONS), such as hydrogen peroxide
(HxOy), ozone (O3), hydroxyl radicals (¢OH), nitric oxide (NO), nitrite (NO; ™), and nitrate
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(NO37), along with electrons, ions, ultraviolet radiation, and mild heat [1,2]. The generated
RONS act as effective elicitors that promote seed germination, plant growth, development,
and the accumulation of bioactive compounds [3-6]. Among plasma-based technologies,
plasma-activated water (PAW) has emerged as a promising indirect application. PAW is
produced by exposing water to plasma discharge, allowing RONS to dissolve into the
water [7]. These reactive species alter the water’s physicochemical properties—lowering
pH, increasing electrical conductivity (EC), and elevating NO, ™ and NO3z ™ levels—thereby
transforming water into a biologically active medium [8-10]. Unlike direct plasma, PAW
can be easily stored, transported, and applied to seeds or plants without requiring spe-
cialized equipment [6]. In addition to modifying physicochemical properties, PAW has
demonstrated significant biological effects by enhancing seed germination [11-14], promot-
ing seedling vigor [15-17], and stimulating the accumulation of bioactive compounds such
as antioxidants and phenolics [11,16,18]. These effects are attributed to the RONS acting as
elicitors that trigger physiological and molecular responses in plants [5]. Moreover, PAW
offers a sustainable and safe alternative to conventional chemical treatments, reducing the
environmental burden associated with agrochemical use [6]. Its versatility has been ex-
plored in a variety of crops including lentil [19], soybean [12], lettuce [20], and tomato [21],
with promising results for improving crop quality and yield. However, the effectiveness of
PAW depends on factors such as plasma activation duration, storage conditions, and crop
species, highlighting the need for optimization in practical applications.

Despite the growing interest in PAW applications, its effects on leafy vegetables
with high nutritional and functional properties—such as kangkong (Ipomoea aquatica
Forssk.)—have not been extensively investigated. Kangkong, a widely consumed leafy veg-
etable in Southeast Asia, is well known for its adaptability to hot climates and rapid
growth [22]. It is frequently used in a variety of Asiatic dishes, including stir-fries,
soups, and salads, particularly in countries such as Thailand, Vietnam, Malaysia, and
the Philippines, where it holds culinary and cultural importance [23]. Kangkong leaves
are rich in bioactive compounds, including flavonoids, phenolics, carotenoids, and vita-
mins, which have been associated with antioxidant, anti-inflammatory, and anti-diabetic
properties [24-26]. Recently, growing kangkong as microgreens has become increasingly
popular due to its superior nutritional content and rapid growth cycle. These characteristics
make kangkong a suitable candidate for sustainable microgreen production systems [27].
While our previous research has demonstrated that direct dielectric barrier discharge (DBD)
plasma treatment can enhance seed germination and vigor, as well as promote the accumu-
lation of bioactive compounds and antioxidant activity in kangkong microgreens [28,29],
studies specifically examining the effects of PAW on kangkong—particularly with respect
to germination performance and antioxidant-related biochemical responses during the
microgreen stage—remain limited. Although the effects of plasma activation duration
on the physicochemical properties of PAW have been extensively studied [6,21,30,31], the
downstream implications of these changes for seed germination and biochemical responses
in different kangkong cultivars remain largely uninvestigated. We hypothesize that plasma
activation duration significantly alters the properties of PAW, thereby differentially affect-
ing seed germination, early growth, and biochemical responses among kangkong cultivars.
Therefore, this study aimed to investigate the effects of PAW produced at different acti-
vation durations on seed germination and vigor in three kangkong cultivars. Based on
germination and vigor performance, the most effective PAW treatment was selected for sub-
sequent microgreen cultivation. During this phase, physiological traits, antioxidant activity,
and biochemical responses were further evaluated. These findings will contribute to a
better understanding of the bio-chemical effects of PAW and inform its optimal application
for the sustainable, chemical-free production of high-quality kangkong microgreens.
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2. Materials and Methods
2.1. PAW Generation

PAW was generated using direct arc plasma applied to the water surface. The direct
arc plasma device consisted of four tungsten needles, each with 150 mm long with a
diameter of 3.7 mm, sharply tapered at the nozzle, and enclosed in a nylon outer casing. A
high-voltage fly back transformer delivering 15.8 kV (peak-to-peak) at 10 kHz AC pulses
was applied to a quadruple metallic external electrode (Figure 1). The generated plasma
was then directed toward 500 mL of distilled water for 5, 10, and 15 min to produce PAW,
designated as PAWS5, PAW10, and PAW15.
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Figure 1. Schematic diagram of a direct arc plasma and PAW generation.

2.2. Determination of Physicochemical Properties of PAW

EC was measured using a conductivity meter (Hanna HI98311, Hanna Instruments,
Sura Micd, Sibiu County, Romania), and pH was measured using a pH meter (SI Analytics
Lab855, SI Analytics GmbH, Mainz, Germany).

H,0; in PAW was assessed following Hou et al. [32]. PAW was mixed with 0.2%
o-phenylenediamine dihydrochloride and incubated at 45 °C for 10 min. Then, 10 N H,SO4
was added, and the mixture was incubated at 45 °C for 2 h. Absorbance was measured
at 490 nm using a spectrophotometer (Shimadzu Europe UV-1208, Established Shimadzu
Aerotech Manufacturing, Inc., Kyoto, Japan). HyO, content was expressed as milligrams
per liter (mg/L).

The concentration of NO,~ was determined using the method described by Hou
etal. [32]. PAW was mixed with 0.5% sulfanilic acid and 2 M H,SOy, followed by incubation
at 4 °C for 5 min. Subsequently, 2 M NaOH was added, and the mixture was incubated at
45 °C for 2 h. Absorbance was then measured at 538 nm using a spectrophotometer. NO, ™
content was expressed as milligrams per liter (mg/L).

For NO3;~ concentration, the NO3~ test kit (HI3874-0, HANNA Instruments Inc.,
Smithfield, RI, USA), containing cadmium, potassium disulfate, and sulfanilic acid, was
used as described by Chuea-uan et al. [33]. The NO3;~ concentration was measured
at 372 nm using a spectrophotometer. NO3;~ content was expressed as milligrams
per liter (mg/L).
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2.3. Effect of PAW on Germination and Vigor of Kangkong Seeds
2.3.1. Seed Materials and Experimental Design

Three kangkong cultivars were used in this study: Phai-ngern (PN) and Senee 20 (SN),
which belong to the narrow-leaf group, and Senafore 20 (SF), which belongs to the broad-
leaf group. PN was sourced from East-West Seed Co., Ltd. in Nonthaburi, Thailand,
while SN and SF were obtained from Chia Seng Heng Agriculture Co., Ltd. in Ang
Thong, Thailand.

The experiment was arranged as a 3 x 4 factorial in a completely randomized design
(CRD) with three replications. Factor A consisted of three kangkong cultivars (PN, SN,
and SF), while Factor B comprised PAW treatments, including seed soaking and irrigation
with PAW5, PAW10, and PAW15. Seeds soaked and irrigated with distilled water served as
the control.

2.3.2. Seed Germination and Vigor

Fifty seeds were soaked in 20 mL of either PAW or distilled water for 12 h, then sown
in plastic boxes (25 x 17 x 8 cm) containing moist, sterilized sand. Germination was
carried out under controlled conditions: 30 °C ambient temperature, 12-h light/12-h dark
photoperiod, 70% relative humidity, and fluorescent lighting with a photosynthetically
active radiation intensity of 13.92 umol/m?/s. Each box was irrigated daily with 25 mL of
the corresponding solution (PAW or distilled water). Germination was monitored daily
by counting the number of normal seedlings exhibiting fully expanded cotyledons. Seed
germination was evaluated over a period of 10 days. The germination percentage, first count
percentage (recorded 4 days after sowing), mean germination time (MGT), and germination
index (GI) were calculated in accordance with the guidelines of the International Seed
Testing Association [34].

2.4. Effect of PAW on Growth and Antioxidant-Related Biochemical Responses in
Kangkong Microgreens

2.4.1. Experimental Design

According to Section 2.3, the PAW10 treatment was found to be optimal for enhancing
the germination and vigor of kangkong seeds. Therefore, PAW10 was selected for further
investigation. In this experiment, a 3 x 2 factorial in a CRD with three replications was used.
Factor A consisted of three kangkong cultivars (PN, SN, and SF), while Factor B included
two treatments: PAW10 and the control.

2.4.2. Growth Measurement of Microgreens

Sixteen grams of seeds were soaked in 150 mL of either PAW or distilled water for
12 h, then sown in plastic boxes (25 x 17 x 8 cm) filled with 4 cm of moist peat moss
(REKYVA Peat Substrate Professional, Siauliai, Lithuania). The boxes were maintained
under the environmental conditions described in Section 2.3.2 and irrigated daily with
75 mL of the corresponding solution (PAW10 or distilled water) per box. Microgreens were
harvested 10 days after sowing. Fresh and dry weights (expressed in kg/m? and g/m?,
respectively) were determined according to the procedure described by Ongrak et al. [28].
Dry weight samples were oven-dried at 70 °C for 72 h. Freeze-dried powders for extraction
and biochemical analyses were prepared as previously reported by Ongrak et al. [28].

2.4.3. Determination of Photosynthetic Pigments

Chlorophyll and carotenoid contents were determined following the method of Gu-
nathilake and Ranaweera [35]. Briefly, one gram of dried sample powder was extracted
with 5 mL of 95% ethanol, and the absorbance of the supernatant was measured at
470, 649, and 665 nm using a spectrophotometer. Pigment concentrations were calculated
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using the equations of Lichtenthaler and Wellburn [36] and expressed as micrograms per
gram of dry weight (ug/g DW).

2.4.4. Determination of Hydrogen Peroxide (H,O,), Nitric Oxide (NO), and
Malondialdehyde (MDA) Contents

H,O; content was determined following the method described by Billah et al. [37].
Briefly, 0.5 g of dried sample powder was extracted with 0.1% trichloroacetic acid (TCA),
and the supernatant was reacted with potassium iodide and phosphate buffer (pH 7.0).
The absorbance was measured at 390 nm using a spectrophotometer, and the results were
expressed as millimoles per gram of dry weight (mmol/g DW).

NO content was determined following the method described by Hasanuzzaman
et al. [38] with slight modifications. Briefly, 0.2 g of dried sample powder was extracted
with 2 mL of 50 mM acetic acid buffer (pH 3.6), and 500 pL of the supernatant was
reacted with 500 pL of Griess reagent. The absorbance was measured at 540 nm using a
spectrophotometer. NO concentration was calculated using a sodium nitrite standard curve
and expressed as micromoles per gram of dry weight (umol/g DW).

MDA content was determined following the method described by da Silva et al. [39].
Briefly, 200 mg of dried sample powder was extracted with 0.1% TCA and reacted with
thiobarbituric acid solution. The mixture was incubated in boiling water for 30 min, cooled,
and centrifuged. Absorbance was measured at 532 and 600 nm using a spectrophotome-
ter. MDA content was calculated using an extinction coefficient of 155 mM~!-cm~! and
expressed as nanomoles per gram of dry weight (nmol/g DW).

2.4.5. Determination of Antioxidant Enzyme Activity

Antioxidant enzymes were extracted from dried sample powder using a modified
procedure based on Ongrak et al. [28]. For the determination of CAT and APX activities,
0.2 g of dried sample powder was homogenized in 0.5 mL of 50 mM sodium phosphate
buffer (pH 7.0) containing 0.4 pg of polyvinylpyrrolidone (PVP), with the extraction per-
formed on ice to minimize enzymatic degradation. The homogenate was centrifuged at
15,000 g for 15 min at 4 °C, and the supernatant was collected for enzymatic assays. For
SOD activity, 0.5 g of dried sample powder was extracted using 0.5 mL of 100 mM sodium
phosphate buffer (pH 7.8) with 0.4 ug of PVP, followed by centrifugation under identi-
cal conditions. The activity of CAT was determined according to the method described
by Onder et al. [40], while APX and SOD activities were analyzed using the protocol of
Heshmati et al. [41]. Enzyme activities were expressed as units per milligram of protein
(Unit/mg protein).

2.4.6. Determination of Antioxidant Enzyme Gene Copy Number

Genomic DNA was extracted from fresh plant samples using the conventional cetyl
trimethylammonium bromide (CTAB) method, following the protocol described by Aboul-
Maaty and Oraby [42]. DNA concentration was measured using a spectrophotometer
and adjusted to 50 ng/pL prior to further analysis. Diagnostic polymerase chain reaction
(PCR) was performed to detect antioxidant enzyme genes, including CAT, APX, and
SOD. The specific primers and expected fragment sizes for each gene are listed in Table 1.
PCR products were visualized on a 1% agarose gel stained with SYBR Safe DNA Gel
Stain (Invitrogen). The amplicons were then purified and quantified using a Nanodrop
spectrophotometer (NanoDrop Lite; Thermo Scientific, Waltham, MA, USA). A standard
curve was generated from five serial dilutions ranging from 107 to 10° copies to calculate
the copy number of each target gene. Quantitative PCR (qPCR) was conducted using the
Applied Biosystems StepOnePlus™ real-time PCR system (Applied Biosystems, Foster City,
CA, USA) following the protocol described by Talaat et al. [43]. The 20 uL qPCR reaction
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mixture consisted of 10 puL of 2X SYBR Green Master Mix, 3 uL of DNA template, and
1 pmol each of forward and reverse primers. Thermal cycling conditions for CAT and SOD
included an initial denaturation at 94 °C for 10 min, followed by 40 cycles of 94 °C for 60 s,
55 °C for 90 s, and 72 °C for 120 s. For APX, the cycling conditions were similar except that
the annealing temperature was 37 °C instead of 55 °C. All qPCR reactions were performed
in triplicate, with negative controls lacking DNA included in each run. The copy numbers
of CAT, SOD, and APX genes in unknown samples were quantified by comparing their
cycle threshold (Ct) values to those obtained from the standard curve.

Table 1. Primer sequences for quantification of antioxidant enzyme gene copy number.

Primer Name ! Primer Sequence Fragment Size (bp) Gene Accession No.
SOD Rveme  TGGGCC AGT CAA AGG AAT CT 15 FU408345.1
CAT  Rverse TCATGG ATCCGT CGT AGTGG 219 029761
APX Forward ACATTGTTG CGCTTT CTG GT 175 7349341

Reverse = GAG AGG AGG GCTTTGTCA CT

150D: superoxide dismutase; CAT: catalase; APX: ascorbate peroxidase.

2.4.7. Determination of Bioactive Compounds and Phenolic Profile

Briefly, the dried sample powders were processed following the method described
by Ongrak et al. [29]. One gram of sample was extracted with 75 mL of 70% ethanol. The
resulting crude extracts were used to evaluate bioactive compound content, as well as
antioxidant and antiglycation activities.

Total phenolic content was determined using the Folin-Ciocalteu method, following
Rithichai et al. [44]. Briefly, the extract was mixed with Folin—Ciocalteu reagent and
7.5% sodium carbonate, then incubated in the dark at room temperature for 30 min. The
absorbance was measured at 765 nm using a 96-well microplate reader (BioTek PowerWave
XS, Marshall Scientific LLC, Hampton, NH, USA). The phenolic content was calculated
using a gallic acid standard curve and expressed as milligrams of gallic acid equivalents
per gram of dry extract (mg GAE/g DE).

Total flavonoid content was determined using the aluminum chloride colorimetric
assay, following Rithichai et al. [44]. Briefly, the extract was sequentially mixed with
5% sodium nitrite, 10% aluminum chloride, and 1 M sodium hydroxide. After 15 min of
incubation, the absorbance was measured at 510 nm using the same microplate reader.
The flavonoid content was calculated using a quercetin standard curve and expressed as
milligrams of quercetin equivalents per gram of dry extract (mg QE/g DE).

Total ascorbic acid content was determined following the method described by
Kammapana et al. [45]. Briefly, 0.1 g of the crude extract was dissolved in 0.2 mL of
5% metaphosphoric acid and mixed with 0.02% indophenol solution. After 3 min of in-
cubation, 2% thiourea and 2% 2,4-dinitrophenylhydrazine were added. The mixture was
then incubated in a water bath at 50 °C for 70 min, followed by the addition of 85% sulfuric
acid and incubation at room temperature for 30 min. Absorbance was measured at 540 nm
using a spectrophotometer. Ascorbic acid content was calculated using a standard curve of
ascorbic acid and expressed as milligrams per gram of dry extract (mg/g DE).

Phenolic profiling was performed using HPLC following the method of Kubola and
Siriamornpun [46] with slight modification. The method is briefly summarized as follows:
Ethanol extracts were filtered through a 0.45 um syringe filter prior to injection. Analysis
was carried out using a reversed-phase HPLC system (Shimadzu LC-20AC, Shimadzu Co.,
Ltd., Tokyo, Japan) equipped with a diode array detector (SPD-M20A) and an Acclaim
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C18 column (250 x 4.6 mm, 5 um particle size; GL Sciences Inc., Tokyo, Japan). The
mobile phase consisted of solvent A (acetonitrile) and solvent B (ultrapure water adjusted
to pH 2.0 with orthophosphoric acid). A gradient elution was applied, starting from
5% to 70% solvent A over 0-53 min, then returning to 5% from 52—-60 min. The flow rate was
1.0 mL/min, the column temperature was maintained at 38 °C, and the injection volume
was 20 uL. UV detection was performed at 280 nm for chlorogenic acid and coumaric acid,
and at 360 nm for rutin, ferulic acid, and vanillic acid. Phenolic compounds were identified
by comparing retention times and UV spectra with authentic external standards. Results
were expressed as milligrams per gram of dry extract (mg/g DE).

2.4.8. Determination of Antioxidant and Antiglycation Activities

Antioxidant activity was evaluated using three assays—the 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical scavenging assay, the 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) assay, and the ferric reducing antioxidant power (FRAP) assay—following the
method described by Jirakiattikul et al. [47], Puccinelli et al. [48], and Alrifai et al. [49],
respectively.

DPPH Radical Scavenging Assay: The extract was mixed with DPPH solution and
incubated in the dark at room temperature for 30 min. Absorbance was measured at 517 nm
using a 96-well microplate reader, and radical scavenging activity was calculated relative
to a control.

ABTS Radical Cation Decolorization Assay: ABTS radical cation (ABTSe*) was gen-
erated by reacting ABTS solution with potassium persulfate and incubating the mixture
in the dark for 12-16 h. The solution was diluted to an absorbance of 0.68-0.72 at 734 nm
before use. The extract was then mixed with the ABTSe* solution, incubated for 6 min at
room temperature, and absorbance was measured at 734 nm using a microplate reader.
Antioxidant activity was expressed as percentage inhibition relative to the control.

FRAP Assay: The extract was mixed with FRAP reagent and incubated for 8 min
at room temperature. Absorbance was measured at 595 nm using a microplate reader.
Ascorbic Acid Standard Curve: A standard curve was prepared using known concentrations
of ascorbic acid. The antioxidant activity of the sample was calculated based on this curve
and expressed as micromoles of ascorbic acid equivalents per milligram of dry extract
(umol AsAE/mg DE).

Antiglycation Activity: Antiglycation activity was assessed using a bovine serum albu-
min (BSA)-glucose assay adapted from Rahbar et al. [50] and Wu and Yen [51]. The control
solution contained BSA (50 mg/mL) and D-glucose (0.8 M) dissolved in phosphate buffer
(1.5 M, pH 7.4). Test mixtures included crude extract or positive controls (aminoguanidine
and rutin, 1 mg/mL each) prepared in the same phosphate buffer supplemented with
0.3 g/L sodium azide to inhibit microbial growth. All samples were incubated at 37 °C for
7 days. After incubation, advanced glycation end-products (AGEs) formation was quanti-
fied by measuring fluorescence intensity using a fluorescence spectrophotometer (Varioskan
LUX, Thermo Fisher Scientific, Waltham, MA, USA) at excitation/emission wavelengths of
330/410 nm. Percentage inhibition of AGE formation was calculated relative to the control
without inhibitors.

2.4.9. Determination of Nutritional Contents

Protein content was analyzed by the Kjeldahl method according to Ndamitso et al. [52].
One gram of dried sample powder was digested with concentrated H,SO, and cata-
lyst at 420 °C, then distilled with 4% boric acid and 4% NaOH using a BUCHI KjelFlex
K-360 distillation unit (Btlichi Labortechnik AG, Flawil, Switzerland). The distillate was
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titrated with 0.1 N H,SOy, and nitrogen content was multiplied by 6.25 to estimate crude
protein percentage.

Crude lipid content was analyzed following Ndamitso et al. [52] using an Ankom
XT15 extractor (ANKOM Technology, Macedon, NY, USA). One gram of dried sample
powder was placed in a filter bag, incubated at 100 °C for 3 h, and extracted with petroleum
ether. Crude fat was calculated based on the weight difference before and after extraction.

Crude fiber was measured via acid and alkaline digestion using an Ankom A2000
fiber analyzer (ANKOM Technology, Macedon, NY, USA) according to Ndamitso et al. [52].
Samples were pretreated with petroleum ether and acetone to remove lipids, then dried
and incinerated at 600 °C for 2 h. Crude fiber content was calculated from weight loss
before and after incineration.

Ash content was determined by incinerating 1 g of dried powdered sample in a
mulffle furnace (Nabertherm LHT series, Nabertherm GmbH, Lilienthal, Germany) at
600 °C for 8 h. The remaining ash was weighed and expressed as a percentage of the dry
sample weight [52].

Carbohydrate percentage was calculated using the formula provided by Ndamitso
etal. [52].

Carbohydrate (%) = 100 — [Protein (%) + Moisture (%) + Ash (%) + Fiber (%) + Fat (%)]

2.5. Statistical Analysis

Two-way analysis of variance (ANOVA) was conducted, and mean separation was
performed using Tukey’s Honestly Significant Difference (HSD) test at a significance level
of p < 0.05, using IBM SPSS Statistics version 21.0 (IBM Corp., Armonk, NY, USA). Principal
component analysis (PCA) was carried out using JMP statistical software (trial version,
JMP®, SAS Institute Inc., Cary, NC, USA). The effect size for each principal component (PC)
was calculated according to the method described by Ongrak et al. [29]. Bootstrap resam-
pling was applied to generate 95% confidence intervals (Cls) for the variance explained by
PC1 and PC2. Pearson correlation coefficients between 33 variables and either PC1 or PC2
were computed using MATLAB, version R2025a (individual license, MathWorks, Natick,
MA, USA).

3. Results
3.1. Physicochemical Properties of PAW

The pH of PAWSs decreased as plasma activation time increased, with PAW15 exhibit-
ing the lowest pH. However, the difference in pH between PAW15 and PAW10 was not
significant. In contrast, the EC of PAWs was significantly higher than that of the control and
increased with longer plasma activation times, with PAW15 showing the highest EC. PAWs
also exhibited higher H,O; levels than the control, although no significant differences were
observed among the different activation times. Regarding NO, ™ and NO3; ™ contents, their
concentrations were higher in PAWSs than in the control and increased progressively with
activation time, with PAW15 showing the highest levels (Table 2).

3.2. Germination and Vigor of Kangkong Seeds After PAW Treatment

There was no significant interaction between cultivar and PAW treatment with re-
spect to germination percentage, first count, MGT, and GI, as shown in Table 3. The SF
cultivar exhibited the highest germination percentage, first count, and GI, along with the
lowest MGT. Although the differences were not statistically significant, PAW treatments
increased germination percentage (by 4.90-11.98%), first count (by 19.37-32.45%), and
GI (by 22.42-26.60%) compared to the control. The lowest MGT was observed under the
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PAW15 treatment; however, it was not significantly different from that under PAW10.
Based on these results, PAW10 was selected for subsequent investigation of its effects on
the biochemical quality of microgreens, as it demonstrated comparable effectiveness to
PAW15 while requiring a shorter plasma activation time. This made it a more practical
candidate for further analysis.

Table 2. Physicochemical properties of PAW, including pH, electrical conductivity (EC), and the
concentrations of hydrogen peroxide (H,O,), nitrite (NO, ™), and nitrate (NO3 ™).

Treatment ! pH EC (uS/cm) H,0; (mg/L) NO,~ (mg/L) NO;~ (mg/L)
Control 6.67 £ 0.12 22 1.33 +0.474 2.66 +£0.29°¢ 1.18 £ 0.49 ¢ 0.37 £ 0.014
PAWS5 3.04 +0.03P 234.00 £9.42°¢ 18.63 +1.232 241+ 0.16° 1.94 + 0.06 €
PAW10 2.86 +0.07 427.00 + 7.48 > 18.73 +1.122 2.68 + 0.24 b 245 +0.10P
PAW15 271 +0.04¢ 548.50 + 0.41 2 22.77 +1.612 3.57 +0.342 2.90 +0.08 2
F_test *% *% *% *% *%

1 Control: distilled water; PAW5-15: plasma-activated water activated for 5, 10, and 15 min, respectively. 2 Means
=+ SD within each column followed by the same letter are not significantly different at p < 0.05 according to Tukey’s
HSD test. **: p < 0.01.

Table 3. Germination and vigor of kangkong seeds (cultivars PN, SN, and SF) under PAW treatments.

3
Cultivar ! (A) PAW Treatment?2 (B) Germination (%)  First Count (%) 1(\]/[)(;';5) GI4

PN 68.39 + 6.60 P° 3794 + 8.07b 477 +039°b 7.71 +£1.35P
SN 58.14 +3.10 ¢ 37.83 +6.27b 499 +0.162 6.94 +0.72 €
SF 81.47 + 6.132 52.14 + 5.63 2 416 +0.27°¢ 10.89 + 0.87 2
Control 65.70 + 10.81° 3593 +7.36P 495+ 0.39°2 718 £1.96°
PAWS 68.92 + 10.48 ab 42.89 + 8.89 ab 474 + 0422 879 +2.112
PAW10 7357 +11.692 4759 + 6.36 2 452 +037b 9.00 + 1.57 2
PAW15 69.13 + 9.53 @b 4415 + 10.79 2 436 +0.39P 9.09 +1.652

A *% *% *% *%

B * %% %% 3%

A x B ns ns ns ns

I PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled
water; PAW5-15: seeds were soaked and irrigated with plasma-activated water activated for 5, 10, and 15 min,
respectively. > MGT: mean germination time. 4 GI: germination index. > Means 4 SD within each column followed
by the same letter are not significantly different at p < 0.05, according to Tukey’s HSD test. ns: not significant;
*: p <0.05; **: p <0.01.

3.3. Effect of PAW on Growth and Antioxidant-Related Biochemical Responses in
Kangkong Microgreens

3.3.1. Growth of Microgreens

There was no significant interaction between cultivar and PAW treatment with respect
to shoot length, fresh weight, and dry weight. Shoot length did not differ significantly
among the cultivars; however, the highest fresh and dry weights were observed in PN cul-
tivar. The PAW10 treatment enhanced microgreen growth, leading to significant increases
in shoot length, fresh weight, and dry weight by 9.74%, 5.84%, and 8.75%, respectively,
compared to the control (Table 4).

3.3.2. Photosynthetic Pigments

There was no significant interaction between cultivar and PAW treatment with re-
spect to chlorophyll and carotenoid contents. The SF cultivar exhibited the highest levels
of chlorophyll a, chlorophyll b, total chlorophyll, and carotenoids. Under the PAW10
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treatment, the contents of chlorophyll b, total chlorophyll, and carotenoids increased
significantly by 15.88%, 10.98%, and 11.40%, respectively, compared to the control (Table 5).

Table 4. Shoot length (SL), fresh weight (FW), and dry weight (DW) of kangkong microgreens
(cultivars PN, SN, and SF) under PAW treatments.

Cultivar ! (A) PAW Treatment ? (B) SL (cm) FW (kg/m?) DW (g/m?)
PN 6.83+0.15 149400923 8333+3.652
SN 6.86 £0.50 1.33+0.04P 7453 +4.02b
SF 694 +0.37 1.41+0.03P 79.36+4.462
Control 6.57 £0.18% 137 +0.07P 7576+ 4.42°
PAW10 721+0212 14540082 8239 +4.152
A ns *3F *3%
B *F *F *%
A x B ns ns ns

I PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled water;
PAW10: seeds were soaked and irrigated with plasma-activated water activated for 10 min. 3 Means + SD within
each column followed by the same letter are not significantly different at p < 0.05 according to Tukey’s HSD test.
ns: not significantly different; **: p < 0.01.

Table 5. Chlorophyll a (ChA), chlorophyll b (ChB), total chlorophyll (TCh), and carotenoid (CAR)

contents of kangkong microgreens (cultivars PN, SN, and SF) under PAW treatments.

Cultivar ' (A) PAW Treatment ? (B) ChA ChB TCh CAR
ultivar reatmen (ug/g DW)

PN 15.47 + 1.97 b3 6.68 +1.06 P 22.15 4+ 3.03b 9.45 + 1.28b
SN 15.37 £ 1.50 P 6.49 + 1.07b 21.87 +2.38b 9.16 + 1.03b
SF 22.01+0.112 14.97 + 1.112 36.98 +1.192 16.99 + 0.752
Control 16.90 + 3.89 8.69 +4.20b 25.59 + 8.00 P 11.23 +3.96°
PAW10 18.33 + 2.69 10.07 + 3.872 28.40 + 6.52 2 12.51 + 3.46 2

A 3% %% %% B

B ns * * *

A X B ns ns ns ns

1 PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled water;
PAW10: seeds were soaked and irrigated with plasma-activated water activated for 10 min. > Means + SD within
each column followed by the same letter are not significantly different at p < 0.05 according to Tukey’s HSD test.
ns: not significantly different; *: p < 0.05; **: p < 0.01.

3.3.3. H,O,, NO, and MDA Contents

There was no significant interaction between cultivar and PAW treatment with respect
to H,O,, NO, and MDA contents (Table 6). The levels of H,O,, NO, and MDA did not
differ significantly among the cultivars. However, H,O, content increased significantly by
50.36% under the PAW10 treatment compared to the control, while NO and MDA levels
showed no significant differences between the PAW10 and control treatments.

Table 6. Hydrogen peroxide (H;O;), nitric oxide (NO), malondialdehyde (MDA) contents of
kangkong microgreens (cultivars PN, SN, and SF) under PAW treatments.

Cultivar ! (A) PAW Treatment? (B)  H,O; (mmol/g DW)  NO (umol/g DW) MDA (nmol/g DW)
PN 3259 £7.71 32.62 £2.19 8.61 £+ 0.69
SN 32.80 £9.94 32.04 £1.95 8.82 £0.35
SF 35.00 £ 6.22 30.99 £+ 1.95 9.10 + 0.48
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Table 6. Cont.

Cultivar ! (A) PAW Treatment? (B)  H,O, (mmol/g DW)  NO (umol/g DW) MDA (nmol/g DW)
Control 26.73 4+ 4.54 b3 30.98 + 1.80 8.91 £ 0.62
PAW10 40.19 £4.742 32.79 + 2.07 8.77 + 0.48
A ns ns ns
B ** ns ns
A xB ns ns ns

1 PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled water;
PAW10: seeds were soaked and irrigated with plasma-activated water activated for 10 min. 3 Means 4 SD within
each column followed by the same letter are not significantly different at p < 0.05 according to Tukey’s HSD test.
ns: not significantly different; **: p < 0.01.

3.3.4. Antioxidant Enzyme Activities

There was no significant interaction between cultivar and PAW treatment with respect
to CAT, APX, and SOD activities (Table 7). The highest CAT and SOD activities were
observed in the PN cultivar, while APX activity did not differ significantly among the
cultivars. Under the PAW10 treatment, CAT, APX, and SOD activities increased significantly
by 42.11%, 66.16%, and 29.13%, respectively, compared to the control.

Table 7. Catalase (CAT), ascorbate peroxidase (APX), and superoxide dismutase (SOD) activities of
kangkong microgreens (cultivars PN, SN, and SF) under PAW treatments.

livar® (A AW ) CAT APX SOD
Cultivar * (A) P Treatment -~ (B) (Unit/mg Protein)

PN 0.31 +£0.1123 2.96 + 0.95 18.05 + 3.142
SN 0.18+0.01b 3.39 + 1.10 15.42 + 1.813b
SF 0.19 +0.07b 3.82 +1.25 14.77 + 2.52b
Control 0.19 +0.06 P 2.63+0.89b 14.04 +2.03P
PAW10 0.27 +0.112 437 +0.622 18.13 +£2.132

A * ns *

'B * * *3%

A x B ns ns ns

I PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled water;
PAW10: seeds were soaked and irrigated with plasma-activated water activated for 10 min. 3 Means + SD within
each column followed by the same letter are not significantly different at p < 0.05 according to Tukey’s HSD test.
ns: not significantly different; *: p < 0.05; **: p < 0.01.

3.3.5. Antioxidant Enzyme Gene Copy Number

There was no significant interaction between cultivar and PAW treatment with respect
to antioxidant enzyme gene copy number, except for APX (Table 8). The copy numbers of
CAT and SOD did not differ significantly among the cultivars. However, under the PAW10
treatment, CAT and SOD copy numbers increased by 10.60% and 93.55%, respectively,
compared to the control. In the case of APX, SN and SF cultivars under PAW10 treatment
exhibited higher gene copy numbers than those under control (Figure 2).

Table 8. Copy number of CAT, APX, and SOD genes in kangkong microgreens (cultivars PN, SN, and
SF) under PAW treatments.

PAW
Treatment 2 (B)

PN 6.44 + (.82 461+ 0.71b3 356+ 2.11
SN 6.54 + 0.23 6.04 + 1.632 495+ 2.16

Cultivar ! (A) CAT Copies (x10%) APX Copies (x10?) SOD Copies (x10%)
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Table 8. Cont.

Cultivar ! (A)

Treatment 2 (B)

PAW CAT Copies (x103) APX Copies (x10%) SOD Copies (x10%)

SF 6.38 + 0.24 1.97 + 0.71¢ 5.14 + 0.80
Control 6.13 4+ 035b 3.69 +1.77b 3.10 + 1.68 P
PAW10 6.78 + 0.45 2 472 +2112 6.00 + 0.64 2

A ns ** ns

B % % %

A X B ns ** ns

IPN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled water;
PAW10: seeds were soaked and irrigated with plasma-activated water activated for 10 min. 3 Means =+ SD within
each column followed by the same letter are not significantly different at p < 0.05 according to Tukey’s HSD test.
ns: not significantly different; **: p < 0.01.

10 -
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8

APX copies (x10%)
o
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O Control OPAW10

Figure 2. Interaction effect between cultivar and PAW treatment on the copy number of the APX gene
in kangkong microgreens. PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. Control: seeds were soaked
and irrigated with distilled water; PAW10: seeds were soaked and irrigated with plasma-activated
water activated for 10 min. Values are means =+ SD (n = 3). Treatments sharing the same lowercase
letters are not significantly different according to Tukey’s HSD test (p < 0.05).

3.3.6. Bioactive Compounds

There was no significant interaction between cultivar and PAW treatment with respect
to total phenolic and flavonoid contents (Table 9). The SN and SF cultivars exhibited the
highest total phenolic and flavonoid contents, respectively. The PAW10 treatment signifi-
cantly increased total phenolic and flavonoid contents by 17.95% and 12.73%, respectively,
compared to the control. A significant interaction between cultivar and PAW treatment
was observed for total ascorbic acid content (Table 9). In the PN cultivar, total ascorbic
acid content increased significantly by 26.24% under the PAW10 treatment compared to
the control, whereas the SN and SF cultivars showed no significant differences across

treatments (Figure 3).

Table 9. Total phenolic content (TPC), total flavonoid content (TFC), and total ascorbic acid content
(AsA) of kangkong microgreens (cultivars PN, SN, and SF) under PAW treatments.

Cultivar ! (A) PAW Treatment? (B) TPC (mg GAE/g DE)  TFC (mg QE/g DE) AsA (mg/g DE)
PN 25.80 + 2.78 b3 120.84 + 11.18"P 326.92 + 38.96 P
SN 33.26 +2.902 119.44 +9.08 b 31213 £ 7.14°¢
SF 31.45 + 4.44 2 131.33 £ 7.232 362.75 +9.212

Control 27.69 + 3.98b 116.46 + 8.63P 316.50 + 28.19 P
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Table 9. Cont.

Cultivar ! (A) PAW Treatment? (B) TPC (mg GAE/gDE) TFC (mg QE/g DE) AsA (mg/g DE)
PAW10 32.66 + 3.98 2 131.28 + 6.722 351.36 £24.572

A *% * *%

B *% *% k3%

AXxB ns ns *

IPN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled water;
PAW10: seeds were soaked and irrigated with plasma-activated water activated for 10 min. 3 Means 4= SD within
each column followed by the same letter are not significantly different at p < 0.05 according to Tukey’s HSD test.
ns: not significantly different; *: p < 0.05; **: p < 0.01.
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Figure 3. Interaction effect between cultivar and PAW treatment on total ascorbic content in kangkong
microgreens. PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. Control: seeds were soaked and irrigated
with distilled water; PAW10: seeds were soaked and irrigated with plasma-activated water activated
for 10 min. Values are means & SD (n = 3). Treatments sharing the same lowercase letters are not
significantly different according to Tukey’s HSD test (p < 0.05).

There was no significant interaction between cultivar and PAW treatment with respect
to phenolic profile, except for ferulic acid and vanillic acid (Table 10). The highest content of
chlorogenic acid and coumaric acid was observed in SF cultivar, while the highest content
of rutin was found in SN cultivar. However, no significant differences were observed in
the contents of chlorogenic acid, coumaric acid, and rutin between the PAW10 and control
treatments. The ferulic acid content in the SN cultivar increased significantly by 10.08%
under the PAW10 treatment compared to the control, while no significant differences were
observed in the PN and SF cultivars across treatments (Figure 4a). In contrast, the vanillic
acid content in the PN and SN cultivars decreased by 13.12% and 9.78%, respectively,
under the PAW10 treatment compared to the control, whereas the SF cultivar showed no
significant differences across treatments (Figure 4b).

3.3.7. Antioxidant and Antiglycation Activities

There was no significant interaction between cultivar and PAW treatment with respect
to antioxidant and antiglycation activities (Table 11). Antioxidant activities assessed by the
DPPH and FRAP assays showed no significant differences among the cultivars, while the
strongest antioxidant activity, as measured by the ABTS assay, was found in SF cultivar.
The PAW10 treatment resulted in stronger antioxidant activities across all three assays
compared to the control. In terms of antiglycation activities, no significant differences were
observed across cultivar and treatment.
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Table 10. Chlorogenic acid (CHL), coumaric acid (COU), rutin (RUT), ferulic acid (FER), and vanillic
acid (VAN) contents of kangkong microgreens (cultivars PN, SN, and SF) under PAW treatments.

Cultivar! (A PAW CHL COou RUT FER VAN
ultivar * (A) Treatment 2 (B) (mg/g DE)
PN 013+ 0.01° 031+£002° 00840.02¢ 31240.14¢ 0.76+0.05°¢
SN 0124001 03540022 01540012 568+0302 1.1640.062
SF 017 +0.02%  037+002% 011+£001° 336+017° 0.8140.02°
Control 0.14 £ 0.02 0.35+£0.33 0.124+0.03 3954+1.03°> 094+0.19%
PAW10 0.14 + 0.03 0.34 + 0.04 0.11+004 416+1292 0.87+£0.15P
A *% *% *% *% %
B ns ns ns ** o
A xB ns ns ns ** o
IPN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled water;
PAW10: seeds were soaked and irrigated with plasma-activated water activated for 10 min. 3 Means 4 SD within
each column followed by the same letter are not significantly different at p < 0.05 according to Tukey’s HSD test.
ns: not significantly different; **: p < 0.01.
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Figure 4. Interaction effect between cultivar and PAW treatment on ferulic acid (a) and vanillic acid
(b) contents in kangkong microgreens. PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. Control:
seeds were soaked and irrigated with distilled water; PAW10: seeds were soaked and irrigated with
plasma-activated water activated for 10 min. Values are means £ SD (n = 3). Treatments sharing the
same lowercase letters are not significantly different according to Tukey’s HSD test (p < 0.05).

Table 11. Antioxidant activities using DPPH, FRAP, and ABTS assays and antiglycation activities
(AG) of kangkong microgreens (cultivars PN, SN, and SF) under PAW treatments.

DPPH ABTS AG?
. 1 2
Cultivar ~ (A) PAW Treatment ~ (B) (% Inhibition) FRAP (umol AsAE/mg DE) (% Inhibition) (% Inhibition)
PN 65.60 4+ 3.03 33.22 +2.97 46.52 + 3.08 P4 55.64 + 2.05
SN 66.16 + 3.54 32.46 + 3.26 48.41 +5.73P 54.29 + 1.62
SF 63.67 + 3.26 36.06 4+ 4.99 53.78 +3.712 56.52 + 1.34
Control 62.47 +£2.32P 31.03 + 3.06° 4734 +£592P 5455 4+ 1.63
PAW10 67.82 +2.042 36.79 +£2.902 53.14 +4.18 2 56.41 + 1.75
A ns ns x* ns
B *% *% *% ns
A xB ns ns ns ns

I PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled water;
PAW10: seeds were soaked and irrigated with plasma-activated water activated for 10 min. > Aminoguanidine
(74.01 £ 0.94% inhibition) and rutin (80.82 £ 0.24% inhibition) served as positive controls for evaluating antigly-
cation activity. * Means & SD within each column followed by the same letter are not significantly different at
p < 0.05 according to Tukey’s HSD test. ns: not significantly different; **: p < 0.01.
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3.3.8. Nutritional Contents

There was no significant interaction between cultivar and PAW treatment with respect
to nutritional contents, except for protein (Table 12). The SF cultivar under the PAW10
treatment exhibited the highest protein content, whereas the other treatments showed
lower protein levels, with no significant differences among them (Figure 5). The SF cultivar
showed the highest lipid content, which was not significantly different from that of PN. The
PAW10 treatment increased lipid content by 9.37% compared to the control. No significant
differences were observed in fiber, ash, or carbohydrate contents among the treatments.

Table 12. Nutritional contents of kangkong microgreens (cultivars PN, SN, and SF) under PAW
treatments.

Cultivar ! (A)

PAW Treatment 2 (B)

Protein Lipid Fiber Ash Carbohydrate
(%)

PN 17.30 + 0.71 b3 19.22 £0.4842 16.97 £ 0.76 13.45 + 0.64 24.85 4+ 2.41
SN 1790 £ 0.31b 17.68 +£1.98P 16.47 £+ 0.96 13.28 +2.38 24.22 +2.49
SF 19.57 £1.132 19.41 +£1.14 4 16.26 + 0.24 1555 £ 1.76 25.16 - 1.40
Control 18.02 £+ 0.62 17.93 +1.45P 16.12 £ 0.75 13.55 £ 1.79 24.77 +2.47
PAW10 18.50 £+ 1.61 19.61 £1.152 16.03 £+ 0.50 14.64 +£2.10 24.71 4+ 1.88

A x* * ns ns ns

B ns * ns ns ns

A xB i ns ns ns ns

I PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. 2 Control: seeds were soaked and irrigated with distilled water;
PAW10: seeds were soaked and irrigated with plasma-activated water activated for 10 min. 3 Means + SD within
each column followed by the same letter are not significantly different at p < 0.05 according to Tukey’s HSD test.
ns: not significantly different; *: p < 0.05; **: p < 0.01.
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Figure 5. Interaction effect between cultivar and PAW treatment on protein content in kangkong
microgreens. PN: Phai-Ngern; SN: Senee 20; SF: Senafore 20. Control: seeds were soaked and irrigated
with distilled water; PAW10: seeds were soaked and irrigated with plasma-activated water activated
for 10 min. Values are means £ SD (n = 3). Treatments sharing the same lowercase letters are not
significantly different according to Tukey’s HSD test (p < 0.05).

3.3.9. Principal Component Analysis (PCA)

PCA was performed on 33 dependent variables to explore relationships among growth
parameters, photosynthetic pigments, biochemical markers, antioxidant enzyme activities
and gene copy numbers, bioactive compounds, antioxidant and antiglycation activities,
and nutritional contents in three kangkong microgreen cultivars subjected to PAW10 and
control treatments. The first two principal components (PC1 and PC2) together explained
54.0% of the total variance (Figure 6), with PC1 accounting for 33.4% (95% CI: 29.69-50.29)
and PC2 for 20.6% (95% CI: 16.01-30.04). The effect size of PC1, as indicated by its pro-
portion of explained variance, suggests a substantial contribution to the overall variability,
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although the relatively wide confidence interval reflects greater uncertainty. In contrast,
PC2 shows a moderate effect size with a narrower confidence interval, indicating greater
precision. Collectively, these components provide a meaningful summary of the underlying
data structure.
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Figure 6. PCA score and loading plots of physiological, biochemical, and nutritional traits of
kangkong microgreens. Cultivars: PN (Phai-Ngern), SN (Senee 20), and SF (Senafore 20). Treatments:
Control (seeds soaked and irrigated with distilled water) and PAW10 (seeds soaked and irrigated
with plasma-activated water activated for 10 min). Rectangles, triangles, and stars represent PN, SN,
and SF, respectively. Purple and green symbols indicate PAW10 and control treatments, respectively.

According to the Pearson correlation coefficients (Table 13), total ascorbic acid
(r = 0.86), total flavonoids (r = 0.85), chlorophyll a (r = 0.79), total chlorophyll (r = 0.78),
carotenoids (r = 0.77), ABTS (r = 0.77), chlorophyll b (r = 0.76), antiglycation activity
(r=0.76), and FRAP (r = 0.75) exhibited strong positive correlations with PC1. These vari-
ables contribute substantially to the variance captured by the first principal component. For
PC2, SOD activity (r = 0.79) and fiber content (r = 0.71) showed strong positive correlations,
while coumaric acid (r = —0.76) showed a strong negative correlation. These variables
contribute to a distinct and independent dimension of variability represented by the second
principal component, potentially associated with physiological or compositional attributes
not represented by PC1.

Based on the score plot, the SF cultivar under PAW10 treatment was positioned on
the positive side of PC1, corresponding to elevated levels of total ascorbic acid, total
flavonoids, chlorophyll a, chlorophyll b, total chlorophyll, carotenoids, ABTS, FRAP, and
antiglycation activity, variables strongly associated with PC1. Meanwhile, the PN cultivar
under PAW10 treatment was located on the positive side of PC2, reflecting high SOD activity
and fiber content, alongside low coumaric acid levels, which were strongly correlated with
PC2. The SN cultivar under PAW10 treatment was located near the center of the score
plot, indicating that its characteristics are close to the overall average with respect to the
variables represented by the principal components. Under control conditions, the SN and
PN cultivars were positioned on the negative side of PC1, indicating associations with
low levels of bioactive compounds, antioxidant activity, and antiglycation activity. The SF
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cultivar under control conditions was located on the negative side of PC2, suggesting an
association with high coumaric acid content as well as low SOD activity and fiber content.

Table 13. Pearson correlation coefficients between original variables and principal components, based
on the combined data of all kangkong microgreens cultivars under PAW treatments.

PC1

Variable (33.4%) PC2 (20.6%) Variable PC1 (33.4%) PC2 (20.6%)
Shoot length 0.67 0.36 Total flavonoid content 0.85 0.04
Fresh weight 0.56 0.61 Total ascorbic acid 0.86 —0.08

Dry weight 0.61 0.52 Chlorogenic acid 0.53 —0.59
Chlorophyll a 0.79 —0.49 Coumaric acid 0.07 —0.76
Chlorophyll b 0.76 —0.59 Ferulic acid —0.44 0.02

Total chlorophyll 0.78 —0.55 Rutin —0.42 —0.31
Carotenoids 0.77 —0.57 Vanillic acid —0.63 —0.15
Hydrogen peroxide 0.69 0.37 DPPH 0.32 0.62
Nitric oxide 0.14 0.54 FRAP 0.75 0.06
Malondialdehyde 0.02 —0.45 ABTS 0.77 —0.31
APX activity 0.67 0.06 Antiglycation 0.76 0.14
CAT activity 0.24 0.66 Carbohydrate 0.14 0.01
SOD activity 0.38 0.79 Protein 0.51 —0.62

APX copies —0.40 0.57 Lipid 0.66 0.16

CAT copies 0.39 0.47 Fiber 0.35 0.71

SOD copies 0.60 0.20 Ash 0.53 —0.02

Total phenolic content 0.34 —0.15

Correlation strength was classified as strong (>0.70), moderate (0.40-0.69), and weak (<0.40).

4. Discussion

Plasma activation altered the physicochemical properties of PAW by decreasing pH
and increasing EC as activation time increased. These changes were primarily attributed
to the accumulation of RONS, particularly NO,; ™ and NO3; ™. Although HyO, levels were
elevated in all PAWs activated for different durations, the differences among activation
times were not significant. The formation of HyO; results from energetic electrons dissoci-
ating water molecules (e~ + HyO — oH + ¢OH + e7), followed by the recombination of
hydroxyl radicals (¢OH + ¢OH — H;0O;). Meanwhile, NO, ™ and NO; ™ ions are generated
at the gas-liquid interface through the dissociation of nitrogen and oxygen molecules in air
plasma [53]. These RONS contribute to a decrease in pH and an increase in EC of the PAW
by forming nitric and nitrous acids, along with hydronium ions (H3O*) [21]. Additionally,
NO and NO;™ can be further converted into inorganic acids such as HNO, and HNO3
through reactions with H* [30].

The physicochemical properties of PAW vary depending on factors such as plasma
device type, activation time, working gas, and treatment method. In this study, PAW was
generated using a direct arc plasma device with ambient air as the working gas, with acti-
vation times of 5, 10, and 15 min. Key parameters—including pH, EC, and concentrations
of RONS (HyO,, NO;~, NO3; ~)—were analyzed to characterize the treatment effect. While
some measured values differed from previous reports, the overall trends of decreasing pH
and increasing EC and RONS concentrations with longer activation times were consistent
with established plasma-water interaction mechanisms [8-10,21,30,31]. These results sup-
port the reproducibility and standardization of the treatment protocol, providing clearly
defined parameters suitable for future research.

PAW treatment enhanced the germination and vigor of kangkong seeds, with PAW10
and PAW15 exhibiting the most pronounced effects. The acidification resulting from
the accumulation of RONS remained within the crop tolerance range and caused no
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visible tissue damage. This may be attributed to the intrinsic buffering mechanisms of the
plant, such as root exudation and vacuolar pH regulation [54]. RONS play vital signaling
roles during seed germination [55]. Specifically, reactive oxygen species (ROS) present
in PAW enhance oxygen availability and mitochondrial respiration, thereby improving
germination rate and uniformity [10]. In addition, ROS such as H,O, play a crucial
signaling role in activating antioxidant defenses and metabolic pathways essential for
seed germination [56]. Meanwhile, reactive nitrogen species (RNS) such as NO,~ and
NO;~ serve dual roles as signaling molecules and nitrogen sources. NO3;~ contributes
to nitrogen metabolism via the glutamine synthetase—glutamate synthase (GS-GOGAT)
pathway and influences seed dormancy by interacting with phytohormones, including
abscisic acid (ABA) and gibberellin (GA) [57,58]. Our results align with previous studies
demonstrating the beneficial effects of PAW on seed germination [11-13,59]. Although
both PAW10 and PAW15 resulted in similar improvements in seed germination and vigor,
PAW10 was selected for further investigation due to its shorter plasma activation time and
consistent performance across multiple parameters. This choice enabled a more efficient
yet effective approach to evaluate its impact on microgreen quality.

In addition to its promotive effects on seed germination, PAW10 treatment signifi-
cantly improved the early growth performance of kangkong microgreens, as evidenced by
increased shoot length and biomass accumulation. This improvement is partly attributed
to nitrogenous species such as NO,~ and NO3;~ present in PAW, which serve as both
essential nutrients and signaling molecules regulating amino acid and protein biosynthe-
sis [7,58]. Additionally, PAW modulated the phytohormonal balance by reducing ABA and
improving GA levels, thereby stimulating cell division and elongation [10]. The PAW10
treatment also increased photosynthetic pigment accumulation, including chlorophylls and
carotenoids, likely through redox signaling induced by RONS [10]. These signals activate
genes in the tetrapyrrole and isoprenoid biosynthetic pathways responsible for chloro-
phyll and carotenoid production, respectively [60]. Additionally, PAW alters seed and root
membrane permeability, improving the uptake of essential minerals such as magnesium,
which is crucial for chlorophyll synthesis [59]. Moreover, NO3;™ acts both as a nutrient
and a signaling molecule, promoting pigment synthesis and overall plant growth [58].
These findings are consistent with previous studies reporting enhanced plant growth and
pigment accumulation following PAW treatment. For example, increased seedling vigor
and shoot biomass have been observed in mung bean [11], lettuce [15,53], tomato [17],
and buckwheat [16]. In terms of pigment content, species-dependent responses have been
reported: chlorophyll b and carotenoids increased in maize [61] and lettuce [18], whereas
chlorophyll a decreased but chlorophyll b increased in rocket salad [62]. Taken together,
these reports indicate that the effects of PAW vary depending on plant species, application
methods, and treatment duration.

Beyond enhancing growth and pigment synthesis, PAW10 treatment was also found
to significantly increase H,O, levels in kangkong microgreens. This accumulation likely
results from both exogenous sources, namely HyO, present in PAW itself [63], and en-
dogenous production catalyzed by SOD, which converts superoxide into HyO,, a central
molecule in plant redox signaling [64]. Notably, we observed significant increases in the
activities of major antioxidant enzymes—SOD, CAT, and APX—accompanied by elevated
gene copy numbers for these enzymes, suggesting that gene amplification may partially
regulate the enzymatic response [65]. This concurrent upregulation highlights a robust
redox adaptation mechanism in kangkong microgreens under PAW10 treatment. Impor-
tantly, despite elevated H,O, levels, the concentrations of MDA—a biomarker of oxidative
stress—remained unchanged compared to the controls. This suggests that PAW10 enhances
redox signaling and antioxidant preparedness without causing cellular damage or lipid
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peroxidation, consistent with the hormesis concept observed in plants [66]. This response
may also represent a priming effect, where mild oxidative stress induced by PAW pre-
pares the plant for enhanced defense upon subsequent stress exposure [21]. This low-dose
stimulation aligns with the hormesis model, in which sub-lethal stress levels promote
adaptive responses and resilience in plants [66]. The lack of significant NO increase fol-
lowing PAW treatment suggests that NO may not be involved at this stage, or it could
have been rapidly consumed in downstream signaling processes. Overall, these findings
suggest a finely tuned balance between ROS generation and detoxification in response
to PAW10, representing a favorable oxidative priming state. Furthermore, redox-related
responses to PAW treatment have been reported across multiple plant species. For example,
Sajib et al. [30] observed elevated HyO, and CAT activity in black gram roots derived
from PAW-treated seeds, while SOD and APX activities remained unchanged, suggesting a
selective antioxidant activation pattern. Similarly, Adhikari et al. [21] reported increased
H,0O; and NOxy levels in tomato seedlings irrigated with PAW activated for 15 to 60 min.
Notably, MDA levels remained unchanged at shorter activation durations (15-30 min),
consistent with our findings that moderate PAW10 treatment enhances redox signaling
without inducing oxidative damage. Yemeli et al. [61] further demonstrated that maize
and barley responded to PAW irrigation with increased CAT but decreased SOD activity,
suggesting species-specific regulation of redox enzymes. In contrast, our findings indicate
that kangkong microgreens exhibit a broader antioxidant response to PAW, characterized by
elevated activities of all three enzymes and increased gene copy numbers. This may reflect
greater genomic plasticity or heightened sensitivity to oxidative stimuli in this species.
PAWI10 treatment enhanced the overall quality of kangkong microgreens by selectively
increasing key phytochemicals and antioxidant capacity, with effects differing between
cultivars. In particular, the contents of total ascorbic acid, ferulic acid, and vanillic acid
were influenced by both cultivar and PAW10 treatment. PAW10 consistently promoted
the accumulation of total phenolics and flavonoids, whereas levels of chlorogenic acid,
coumaric acid, and rutin remained unaffected. This selective modulation of the phenolic
profile suggests a possible regulatory effect of PAW10 on the biosynthesis of specific bioac-
tive compounds in kangkong microgreens. The accumulation of antioxidant compounds
under PAW10 treatment appears to be driven by a controlled oxidative stress response,
primarily involving reactive species such as HyO,, NO,~, and NO3; ™. These molecules
function as signaling agents, triggering defense pathways and enhancing the biosynthe-
sis of phenolic compounds and flavonoids through the shikimate and phenylpropanoid
pathways. These biosynthetic processes are tightly regulated by stress-responsive genes
and enzymes [5,67]. Moreover, PAW10 treatment significantly increased the antioxidant
activities of kangkong microgreens, as measured by DPPH, FRAP, and ABTS assays. This
enhancement is likely due to ROS generated by PAW, which act as signals to stimulate the
biosynthesis of antioxidants such as phenolics and flavonoids [68]. Elevated antioxidant
activity is a well-established adaptive response to mild oxidative stress, facilitating the
accumulation of bioactive compounds that effectively neutralize free radicals and protect
cells from oxidative damage [69]. Importantly, this increase occurred without significant
changes in oxidative damage markers, suggesting that PAW10 induces a priming effect
rather than causing cellular stress. Elevated levels of total phenolics, flavonoids, and an-
tioxidant activities have been consistently reported in various plant species following PAW
treatment. For example, PAW activated for 20 min enhanced these compounds in water
spinach and buckwheat sprouts [16,68], while activation for just 20 s had similar effects in
mung bean sprouts [11]. Short-duration PAW (5 min) also improved antioxidant capacity
in wheat seedlings [13]. In tomato, longer PAW treatments (30-60 min) increased ascorbic
acid levels [21]. However, no significant effects were observed in mung bean after a 30-min
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PAW treatment [70], or in pea sprouts [59], suggesting that the effectiveness of PAW varies
depending on both activation time and plant species.

Despite the observed improvements in antioxidant bioactive compounds and pheno-
lic profiles, PAW10 treatment did not significantly enhance the antiglycation activity of
kangkong microgreens in this study. Although plasma-induced oxidative stress is often
associated with the formation of AGEs, and antiglycation compounds are recognized as
promising agents for managing diabetic complications [71], the lack of effect observed here
may be attributed to insufficient concentration or an unfavorable composition of RONS in
PAW10, limiting activation of antiglycation-related biochemical pathways. Overall, these
findings suggest that under the current treatment conditions, PAW10 does not significantly
influence the antiglycation activity of kangkong microgreens. Conversely, direct plasma
treatment using DBD has been shown to enhance antiglycation activity in this species [29].
Collectively, these observations indicate that indirect (PAW10) and direct plasma treatments
exert distinct effects on the antiglycation properties of kangkong microgreens, possibly due
to differences in reactive species composition and their modes of action.

Regarding nutritional composition, PAW10 treatment significantly increased protein
content in kangkong microgreens, but only in the SF cultivar. This cultivar-specific effect
is likely due to enhanced nitrogen availability in the form of NO3;~ and NO;,~, which
facilitate nitrogen assimilation and protein biosynthesis in plants [72], whereas the other
two cultivars (PN and SN) did not show significant changes in protein content compared to
the control. This finding aligns with observations in other species; for example, Ji et al. [73]
reported elevated protein and amino acid levels in soybean sprouts following cold plasma
and PAW treatments, highlighting the potential role of RONS in modulating metabolic
pathways associated with nutrient accumulation. In addition to protein, the increase in lipid
content under PAW10 treatment may result from mild oxidative stress caused by reactive
species, which can stimulate lipid biosynthesis as a protective response [74]. Although the
nutritional effects of plasma treatments vary depending on plant species and treatment
conditions, similar biochemical modulations have been documented. For instance, tomato
seedlings grown from seeds exposed to intermittent DBD plasma for 2 min showed the
highest carbohydrate content, while protein content was doubled in seedlings treated for
1 min compared to untreated controls [75]. In contrast, wheat seedlings (cv. Dacic) derived
from seeds treated with DBD plasma for 5 min exhibited no significant changes in protein
levels and showed reduced fiber content, but had a higher ash content than the control
group [76]. Overall, these findings emphasize that plasma treatment effects on nutritional
composition depend on multiple factors, such as plant species, treatment duration, and
nutrient type, underscoring the complexity of plasma-plant interactions.

PCA revealed distinct cultivar-specific metabolic responses to PAW10 treatment. The
SF cultivar exhibited the most pronounced shift, moving from the negative side of PC2
(control) to the positive side of PC1 (PAW10), correlating with significant increases in
antioxidant and antiglycation activities, as well as key bioactive compounds. This indi-
cates that PAW10 effectively enhances health-promoting phytochemicals in SF, supporting
previous reports of PAW-induced phytochemical accumulation and antioxidant activity in
plants [11,16,21,68]. In contrast, the PN cultivar under PAW10 aligned with elevated SOD
activity and fiber content along PC2, suggesting a distinct antioxidant response involving
enzyme-mediated ROS detoxification [64]. The SN cultivar showed minimal changes,
indicating limited responsiveness to PAW10. These findings highlight genotype-dependent
metabolic variations in response to elicitor treatments [29] and emphasize the potential of
SF for nutritionally enhanced microgreen production. Selecting appropriate cultivars is
crucial for targeted metabolic improvements in functional food development [77].
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5. Conclusions

This study demonstrates that both PAW10 and PAW15 treatments significantly im-
proved seed germination and vigor in three kangkong cultivars, with germination per-
centages increasing by 5.22-11.98% and germination indices improving by 25.35-26.60%.
Moreover, PAW10 treatment markedly enhanced phytochemical accumulation and an-
tioxidant activity, as evidenced by increases in total phenolic content (17.95%), flavonoids
(12.73%), carotenoids (11.40%), and FRAP antioxidant capacity (18.56%). PCA revealed clear
cultivar-specific responses to PAW10 treatment. The SF cultivar showed the greatest en-
hancement in bioactive compounds, antioxidant, and antiglycation activities, while the PN
cultivar exhibited moderate responses, including elevated SOD activity and fiber content.
In contrast, the SN cultivar displayed minimal responsiveness. These findings support the
potential of PAW10 as a sustainable and effective elicitor for improving seedling vigor and
functional quality in kangkong microgreens. Further studies are recommended to clarify
the underlying mechanisms and optimize treatment conditions for broader applications.
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