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Abstract: Nitrate is a major source of the inorganic nitrogen taken up by the roots of plants. Nitrate
sources are generally derived from inorganic minerals by an energy-consuming chemical process; as
a result, the price of chemical fertilizers is gradually increasing year by year. NO3-N, generated from
N2 using the plasma technique, is an alternative method of producing nitrate from the air. Therefore,
in this research, we aimed to determine the efficiency of generating NO3-N using plasma-activated
water (PAW) to replace nitrates from chemical fertilizer in a nutrient solution. Green oak lettuce
(Lactuca sativa L.) was grown in a hydroponics system using the double-pot technique. The plants
were supplied with three different nutrient solutions (based on Hoagland’s solution), i.e., T1, no
nitrate in the nutrient solution (NO3

− = 0); T2, using nitrate sourced from a commercial chemical
fertilizer (normal nitrate); and T3, using a nitrate source generated using the pinhole plasma jet
technique (plasma nitrate). The other macronutrients and micronutrients in each treatment were
equally supplied. The results show that, at the harvested stage (21 days after the plants received
treatment), the no-nitrate (T1) treatment provided lower growth and yields. Moreover, compared
with the normal nitrate (T2) and plasma nitrate (T3), the results indicate that most growth and yields
showed no statistical differences. In terms of nitrate accumulation within plants, it was found that the
normal nitrate treatment (T2) had the highest levels of nitrate accumulation, in both the underground
and aboveground parts of green oak lettuce. These results confirmed that plasma nitrate could be an
alternative source of nitrate N which provided a safer way for the environment and human health in
terms of nitrate accumulation. In addition, data related to the chemical analysis of free amino acid
concentrations in each treatment are discussed in this research.

Keywords: plasma-activated water; pinhole plasma jet; hydroponics system; green oak lettuce;
nitrogen fertilizer; plasma nitrate

1. Introduction

Globally, the production levels of lettuces such as Batavia, butterhead, red oak, red
coral, and green oak have risen due to population increases and growing health concerns [1].
According to the Food and Agricultural Organization of the United Nations [2], the global
production of lettuce and chicory increased from 2015 to 2020 from approximately 26 to
28 million tons. Green oak (Lactuca sativa L.) is a leafy vegetable that is rich in nutrients
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such as fiber, folate, carotenoids, phenolic and antioxidant compounds, minerals, and
various vitamins [3]. Although soil-grown lettuce is consumed worldwide, the risk of
exposure to inorganic fertilizers and pesticides, which cause pollution and contamination,
is high [4]. Hydroponics, an alternative method of growing lettuce, is an innovative
agricultural technology that has been adopted in several countries. Due to the absence
of soil, water is responsible for providing nutrients, hydration, and oxygen to plants or
vegetables. Therefore, the risk of disease occurring due to organisms in the soil is low in
such systems [5]. Furthermore, hydroponic systems are a highly popular technique for
cultivating plants because they lead to improvements in growth, yields, income, profit, and
the number of crops produced per year [6]. The fertilizer solution is an important factor in
the functioning of hydroponics systems, and NO3-N is one of the main mineral elements
that is usually derived from chemical fertilizers.

In agriculture, nitrogen is an essential macronutrient for plant growth and develop-
ment. It is generally used to increase crop productivity, and the level of nitrogen available
to plants is one of the factors that most strongly limit crop productivity. Plants normally
absorb nitrogen in the form of NO3

− and NH4
+. Nitrate, as a signal molecule involved in

plant development and metabolism, is the nutrient that leads to the production of amino
acids and nitrogen compounds [7]. Therefore, NO3

− accumulation in plant tissues can
be influenced by many preharvest factors, including plant species, the photoperiod, tem-
perature, light intensity, and the type of fertilizer applied; this can occur when the nitrate
uptake exceeds plant assimilation [8].

Ammonia, nitrate, and urea are the three main nitrogen-based fertilizers. The pro-
duction of nitrogen-based fertilizers has always been a challenge for horticulturists due
to the increasing demand for such products [9]. Traditionally, ammonia was produced
through the Haber–Bosch (HB) ammonia synthesis process, which consumes large amounts
of energy and thus has a substantial carbon footprint [10]. The annual global energy con-
sumption and CO2 emissions of ammonia production accounted for 1–2% and 300 million
tons per year, respectively [11]. Consequently, it is imperative to ensure the availability
of fertilizers that are safe for human health, sustainable, and environmentally friendly.
Moreover, Russia is the second-largest exporter of fertilizers worldwide but terminated
fertilizer exports during the 2022 Russia–Ukraine war, causing shortages around the world,
in countries including Thailand [12,13]. Therefore, the cost of fertilizer is undergoing a
continuous increase.

Plasma, which is the fourth state of matter, is a source of electrons, positively charged
ions, radicals, gas atoms, molecules (in excited or basic states), and photons with a range
of energies [14]. Plasma can occur in both natural phenomena on Earth (e.g., the aurora
borealis and fire) and under laboratory conditions, by providing sufficient energy to excite
gaseous molecules [15]. Plasma falls into the two categories of nonthermal plasma and
thermal plasma. Nonthermal plasma has received considerable attention for applications in
the agricultural sector [16]. Reactive oxygen and nitrogen species (RONS) generated from
plasma are important factors that can enhance plant physiology and growth [17]. However,
the nonthermal plasma technology in the form of gas is not sufficiently flexible for use in the
agricultural sector due to the risk of plant surface damage [18]. Therefore, another form of
plasma, which is more flexible than the gas form, is generated by exposing plasma to water;
this is called plasma-activated water (PAW). Several researchers have proven the potential
of PAW in various applications, including microbial inactivation [19,20], enhancement
of seed germination [21,22], and plant growth improvement [23,24]. In addition to these
applications in the agricultural sector, some research has used plasma-activated water as
a source of nitrogen species. Graves et al. [25] indicated that using air plasma to activate
liquid solutions of organic material resulted in a reduction in pH and the addition of NO2

−,
NO3

−, and H2O2. Therefore, the generated NO3
− provides plants with accessible nitrate,

and the nitrate increases linearly with the increase in power usage under all tested flow rates
(i.e., 0.5, 1.25, and 2.0 L/min) [26]. In addition, Carmassi et al. [27] investigated the effect of
nonthermal plasma (NTP) technologies on hydroponic nutrient solutions and determined
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their effects on the growth and quality of baby-leaf lettuce (Lactuca sativa var. acephala
Alef.). Their results prove that NTP treatment of the nutrient solution could improve
the production and quality of baby-leaf lettuce grown in a hydroponic growing system
(HGS). In hydroponics systems, the occurrence of algae leads to major problems, including
intensive odors, a reduction in dissolved oxygen, nutrient deprivation, and a pH reduction
in the system [28,29]. However, Date et al. [30] showed that plasma-activated nutrient
solutions could reduce algae growth to a greater degree than standard nutrient solutions.

Some previous studies have indicated that nitrate in plasma-activated water effectively
enhances plant growth, especially leafy plants, and little is known about the potential of
nitrate from different nutrient solutions. Additionally, a pinhole plasma jet has not been
applied to nitrate fertilizer generation before. Therefore, in the present study, we aimed to
investigate the effects of nitrate synthesized from plasma-activated water on the growth
performance, yields, and nutritional value of green oak lettuce in a hydroponics system.
Plant morphological characteristics, including plant height, root length, canopy, leaf width,
number of leaves, and leaf area were compared between three treatment groups (i.e., no
nitrate, normal nitrate, and plasma nitrate). Finally, the chemical compositions of the three
treatment groups of green oak were investigated and compared.

2. Materials and Methods
2.1. Plasma Fertilizer Preparation

A pinhole plasma jet was developed to generate plasma-activated water (PAW) at the
Agriculture and Bio Plasma Technology Laboratory, Science and Technology Park, Chiang
Mai University, Thailand. The schematic of the pinhole plasma jet discharge system is
shown in Figure 1. This system consists of a pinhole plasma jet discharge system with a
125-watt neon transformer, a high-voltage power supply, a gas transport system to provide
controlled flows of air and oxygen gas, control devices, and a tank containing tap water. Tap
water (40 L) was used as a solution because it is convenient and cost-effective. The working
gases were mixed from air and oxygen with flow rates of 1.5 and 1.5 L/min, respectively.
After discharging the plasma for 16 h the nitrate and nitrite concentrations were set to
approximately 800 mg/L, which is comparable with Hoagland fertilizer. The chemical
composition of the PAW (i.e., NO3

− and NO2
−) was determined using a commercial kit

containing Griess reagents (Cayman Chemicals, Ann Arbor, MI, USA), and a pink and
brown azo-product was formed. The NO3

− and NO2
− concentrations were measured

using established UV/Vis spectrophotometric methods (Shimadzu UV–1800, Kyoto, Japan)
with maximum absorbance peaks at 372 and 507 nm, respectively. The concentration of
H2O2 was determined using the iodometric titration method. Then, 1 mL of 2% potassium
iodide solution and 2 M HCl was added to the PAW. The solution was kept in the dark for
15 min, resulting in the solution turning yellow in color. Then, 0.1 M sodium thiosulfate
solution was added until the solution turned a lighter yellow. Dropping a starch indicator
into the solution turned the solution blue in color. Then, the blue solution was titrated with
a 0.1 M sodium thiosulfate solution until the solution turned clear. The concentrations of
H2O2, NO3

−, and NO2
− in the PAW were measured immediately after plasma activation,

and their values were 102.99, 883.59, and 31.56 mg/L, respectively.

2.2. Plant Materials and Growth Conditions

The experiment was conducted in an evaporative greenhouse at H.M. The King
Initiative Centre for Flower and Fruit Propagation, Chiang Mai University, Thailand. The
temperature and relative humidity (RH) inside the evaporative greenhouse were 27.8 ◦C
and 89.28%, respectively. The green oak lettuce (Lactuca sativa) seeds were germinated on a
sponge in a plastic tray floating on a half-strength Hoagland fertilizer formula (Electrical
conductivity (EC) = 1.4 µS/cm pH = 5.5) for 21 days. Then, the plants were transferred
to the hydroponics system and supplied with three different nutrient solutions (based on
Hoagland’s solution), i.e., T1 = no nitrate in the nutrient solution (NO3-N-free solution),
T2 = using a nitrate source from a commercial chemical fertilizer (chemical fertilizer NO3-
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N), and T3 = using a nitrate source generated using the pinhole plasma jet technique
(PAW-NO3-N-). The double-pot system used in this research is illustrated in Figure 2. The
other macronutrients and micronutrients in each nutrient solution were equally supplied,
as shown in Table 1.

Horticulturae 2023, 9, x FOR PEER REVIEW 4 of 15 
 

 

immediately after plasma activation, and their values were 102.99, 883.59, and 31.56 mg/L, 
respectively.  

 
Figure 1. Pinhole discharge system for generating plasma-activated water. 

2.2. Plant Materials and Growth Conditions 
The experiment was conducted in an evaporative greenhouse at H.M. The King 

Initiative Centre for Flower and Fruit Propagation, Chiang Mai University, Thailand. The 
temperature and relative humidity (RH) inside the evaporative greenhouse were 27.8 °C 
and 89.28%, respectively. The green oak lettuce (Lactuca sativa) seeds were germinated on 
a sponge in a plastic tray floating on a half-strength Hoagland fertilizer formula (Electrical 
conductivity (EC) = 1.4 µS/cm pH = 5.5) for 21 days. Then, the plants were transferred to 
the hydroponics system and supplied with three different nutrient solutions (based on 
Hoagland’s solution), i.e., T1 = no nitrate in the nutrient solution (NO3-N-free solution), T2 
= using a nitrate source from a commercial chemical fertilizer (chemical fertilizer NO3-N), 
and T3 = using a nitrate source generated using the pinhole plasma jet technique (PAW-
NO3-N-). The double-pot system used in this research is illustrated in Figure 2. The other 
macronutrients and micronutrients in each nutrient solution were equally supplied, as 
shown in Table 1. 

 

Figure 1. Pinhole discharge system for generating plasma-activated water.

Horticulturae 2023, 9, x FOR PEER REVIEW 4 of 15 
 

 

immediately after plasma activation, and their values were 102.99, 883.59, and 31.56 mg/L, 
respectively.  

 
Figure 1. Pinhole discharge system for generating plasma-activated water. 

2.2. Plant Materials and Growth Conditions 
The experiment was conducted in an evaporative greenhouse at H.M. The King 

Initiative Centre for Flower and Fruit Propagation, Chiang Mai University, Thailand. The 
temperature and relative humidity (RH) inside the evaporative greenhouse were 27.8 °C 
and 89.28%, respectively. The green oak lettuce (Lactuca sativa) seeds were germinated on 
a sponge in a plastic tray floating on a half-strength Hoagland fertilizer formula (Electrical 
conductivity (EC) = 1.4 µS/cm pH = 5.5) for 21 days. Then, the plants were transferred to 
the hydroponics system and supplied with three different nutrient solutions (based on 
Hoagland’s solution), i.e., T1 = no nitrate in the nutrient solution (NO3-N-free solution), T2 
= using a nitrate source from a commercial chemical fertilizer (chemical fertilizer NO3-N), 
and T3 = using a nitrate source generated using the pinhole plasma jet technique (PAW-
NO3-N-). The double-pot system used in this research is illustrated in Figure 2. The other 
macronutrients and micronutrients in each nutrient solution were equally supplied, as 
shown in Table 1. 

 

Figure 2. (A) Diagram and (B) actual experimental setup of the double-pot system used in this experiment.

Table 1. Macronutrient and micronutrient concentration (mg/L) in each nutrient solution.

Treatment

Macronutrients (mg/L) Micronutrients Concentration (mg/L)

N Source

P K Ca Mg B Mn Zn Cu Mo Fe
NO3−

Plasma-
NO3−

NH4

T1 0 0 234.97 161.15 48.86 0.50 0.50 0.05 0.02 0.01 5.05 0.01 5.05
T2 871.11 0 234.75 161.20 48.86 0.50 0.50 0.05 0.02 0.01 5.05 0.01 5.05
T3 0 883.59 234.97 161.15 48.86 0.50 0.50 0.05 0.02 0.01 5.05 0.01 5.05

T1 = No nitrate, T2 = Normal nitrate, and T3 = Plasma nitrate.

The pH of each nutrient solution was adjusted to 5.5–6 by the pH-down adjuster
and pH-up adjuster (KOH and diluted HNO3, respectively). The EC of plasma-activated
water was 1.5 µS/cm. The pH, EC, and temperature were monitored using a SevenCom-
pactTM Duo pH/Conductivity meter S213 (Mettler Toledo International Inc., Greifenseem,
Switzerland). The solution was completely renewed every 7 days.
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2.3. Measurement of Plant Morphology and Growth Characteristics

Four plant samples were randomly chosen from each replicate. Plant morphological
characteristics, including plant height, root length, canopy width, leaf width, number of
leaves, leaf area (LI-3100C, LI-COR Biosciences, Lincoln, OR, USA), and leaf color intensity
(SPAD-502 Plus, Spectrum Technologies Inc., Aurora, IL, USA) were measured for plants
from each treatment every seven days. The roots were rinsed with double-deionized water
to remove visible hydroponic planting material (sponge) from the surface. At the same
time, fresh and dry weights were also determined. To record the plants’ dry weights, the
aboveground part and the underground part were washed with tap water, dried, and
placed in an oven (UN55, MEMMERT, Büchenbach, Germany) at 60 ◦C for 1 week. The
photosynthesis rate and stomatal conductance were measured at the harvest stage (when
the plants had been cultivated for 21 days after treatment (DAT)) with a portable LCpro-SD
(ADC BioScientific Ltd., Hoddesdon, England). The leaves’ greenness was evaluated using
a SPAD-502 Plus chlorophyll meter (Spectrum Technologies Inc., Aurora, IL, USA).

2.4. Determination of Nitrate Contents in the Plants

After the lettuce samples were dried (~7 days in the oven), 10 mg of lettuce was im-
mersed in 10 mL of distilled water in a centrifuge tube and incubated at room temperature
for 1 night. The mixture was centrifuged at 15,000 rpm for 20 min. The supernatant was
collected at 0.1 mL and added to 0.4 mL 5% (w/v) salicylic acid–sulfuric acid (5 g salicylic
acid in 100 mL sulfuric acid) in each tube; the sample was mixed well, and then the reactants
were incubated for 20 min at room temperature until they had cooled down. Then, 9.5 mL
of 8% (w/v) NaOH solution was added to each tube and the tubes were cooled to room
temperature (about 20–30 min). The absorbance measurement was made at 410 nm using
established UV/Vis spectrophotometric methods (Shimadzu UV–1800, Kyoto, Japan). To
generate the standard curve, the concentrations of the series of standard solutions were 0,
62.5, 125, 250, 500, and 1,000 mg/L KNO3. Additionally, the concentration of the KNO3
standard solution was plotted, and the R2 value was determined [31].

2.5. Determination of Total Phenolic Compounds

The total phenolic compounds were determined using a modified Folin–Ciolcateu
method [32]. In brief, 1.0 g of fresh lettuce was extracted in 10 mL of 80% (v/v) methanol,
sonicated for 5 min at 37 ◦C, and centrifuged at 4000 rpm for 10 min, followed by the
collection of supernatants. An aliquot (500 µL) of supernatant was reacted with 2.5 mL
10% Folin–Ciolcalteu reagent, followed by the addition of 2.0 mL 7.5% Na2CO3 solution,
and vortexed. The mixture was incubated at room temperature for 30 min. Absorbance
was read at 765 nm using established UV/Vis spectrophotometric methods (Shimadzu
UV–1800, Kyoto, Japan). Total phenolic content was calculated using the standard curves of
0, 5, 10, 20, 40, and 80 mg/L solutions of gallic acid (mg GAE/g FW) following the formula
T = CV/M, where T = the total phenolic content in mg GAE/g FW, C = the concentration of
gallic acid established from the calibration curve in mg/mL, V = the volume of the extract
in mL, and M = the fresh weight of the plant extract in g.

2.6. Determination of Phosphorus, Potassium, Calcium, and Magnesium

The determination of exchangeable potassium and phosphorus in the fertilizer was
conducted using an atomic emission spectrophotometer (AES) [33]; an atomic absorption
spectrophotometer (AAS) was used to analyze calcium and magnesium [34].

2.7. Determination of Free Amino Acids

The amino acids in green oak leaves were identified using a high-speed amino acid
analyzer (L-8900, Hitachi High-Technologies Corporation, Japan) equipped with a Hitachi
custom ion-exchange column (4.6 × 60 mm) (Hitachi High-Technologies Corporation,
Tokyo, Japan). For the analysis, a dry green oak powder was prepared using the methods
described by Wang et al. [35].
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2.8. Statistical Analysis

The data are presented as mean values ± standard deviation and were obtained using
SPSS software (IBM Corp., Armonk, NY, USA). The one-way analysis of variance (ANOVA)
and subsequent multiple range test using the least significant difference method (LSD)
were performed to judge the differences between the groups. The different lowercase letters
represent statistically significant differences at probability p < 0.05.

3. Results and Discussions
3.1. Changes in the NO3 Concentration in the Solution

According to several studies, reactive nitrogen species including NO2
− and NO3

− are
the main long-living species produced during the plasma–water interaction [36]. Various
studies have examined the chemical reaction for the generation of nitrate. Al-Sharify
et al. [37] proposed one of the possible nitrate-generation paths, as presented in Equation (1).
In the present study, the pinhole plasma jet was directly discharged into water, in which the
obtained concentrations of nitrate and nitrite were higher than when the jet was discharged
above the water’s surface [38].

NO2
− + H2O2 + H+ → NO3

− + H2O + H+ (1)

Nitrate is a general form of nitrogen taken up and assimilated by plants. Andrews
and Raven [39] explained that nitrate that is taken up by plants is reduced to nitrite and
ammonium (NH4

+) by the enzymes nitrate reductase (NR) and nitrite reductase (NiR),
respectively. Table 2 shows the remaining nitrate concentration in each nutrient solution
(i.e., T1, T2, and T3) at each sampling time (i.e., 7, 14, and 21 DAT). Note that each nutrient
solution was mixed and renewed every seven days. Therefore, the initial concentration
of nitrate was the same as that on day 1. As shown in Table 2, the nitrate concentration
in T3 decreased by approximately 33.75%, 35.88%, and 49.09% after 7 DAT, 14 DAT, and
21 DAT, respectively. The reduction of nitrate in T3 was more than that in T1 and T2 at
every sampling time. The concentration of nitrate generated in PAW gradually decreased
with the increased storage time [38]. This indicates that plants can easily take in NO3-N
generated from PAW.

Table 2. Nitrate content remaining in each treatment at each sampling time.

Treatments
Nitrate Content in Nutrient Solution (mg/L)

Day 1 7 DAT 14 DAT 21 DAT

T1 0 0 0 0
T2 871.11 780.08 752.45 572.19
T3 883.59 585.35 566.49 449.82

%CV 17.44 3.02 10.97
LSD0.05 158.57 26.52 74.69

T1 = No nitrate, T2 = Normal nitrate, and T3 = Plasma nitrate.

3.2. Growth Characteristics and Yields

Visualizations from above and from the side of the plants supplied with the nutrient
solutions without nitrate (T1), with normal nitrate (T2), and with plasma nitrate (T3) are
shown in Figure 3. T1 plants exhibited smaller heads and longer roots than T2 and T3.
Jia et al. [40] indicated that the root foraging response prompted by increasing root length
results from a lack of nitrogen. They explained that variation in root elongation under
low N results from variation in the brassinosteroid (BR) biosynthesis gene DWARF1 and
from the overexpression of DWF1. The average morphological features including plant
height, root length, canopy width, leaf width, number of leaves, and leaf area after the
plants were harvested at 21 days after treatment (DAT) are presented in Table 3. Plant
height, leaf width, canopy width, and the number of leaves in the T2 and T3 groups were
not statistically different (p > 0.05). Similar results were obtained by Noh et al. [41], which
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indicates that growth parameters are not significantly different between lettuces grown
with and without plasma-activated water. In contrast, lettuce cultivated under T3 had a leaf
area larger than T1 and T2 by 75.41% and 27.77%, respectively. Even though the number
of leaves was not significantly different between T2 and T3, this difference can lead to a
significantly larger leaf area. A larger leaf area could result in a better interception of light
and a higher photosynthetic rate [42]. RONS generated in plasma-activated water play a
key role in stimulating plant growth and responses to stress [27].
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Table 3. The morphologies of hydroponically grown lettuce cultivated in nutrient solutions without
nitrate (T1), normal nitrate (T2), and plasma nitrate (T3) at harvest stage (21 DAT).

Treatments Plant Height
(cm)

Root Length
(cm)

Canopy Width
(cm)

Leaf Width
(cm)

Leaves
Number Leaves Area (cm2)

T1 13.00 ± 2.90 b 24.57 ± 3.65 a 15.67 ± 5.39 b 7.17 ± 2.50 b 6.67 ± 1.03 b 548.05 ± 37.27 c
T2 19.42 ± 1.50 a 18.55 ± 3.93 b 29.17 ± 2.16 a 14.50 ± 0.89 a 14.50 ± 2.26 a 1631.87 ± 135.74 b
T3 18.00 ± 2.00 a 16.37 ± 2.89 b 28.33 ± 2.66 a 14.75 ± 4.00 a 17.00 ± 2.68 a 2228.44 ± 167.40 a

%CV 13.15 17.75 15.12 22.83 16.59 8.59
LSD0.05 2.72 4.33 4.53 3.41 2.60 155.40

Means in the same column followed by different letters are significantly different (p < 0.05) by LSD.

Chlorophyll, which gives plants their green color, has nitrogen as a part of its molecular
makeup. The samples cultivated in the T3 group had higher levels of nitrate uptake than the
T2 group, as presented in Table 2. In addition, Table 4 shows that plants cultivated with a
nutrient solution containing plasma nitrate (T3) had significantly higher (p < 0.05) greenness
of leaves than T1 and T2, by 5.5 and 3.45 SPAD units, respectively. This indicates that
plasma nitrate could be assimilated into chlorophyll molecules to a greater extent than in the
other treatments. Nitrogen deficiency leads to a reduction in chlorophyll in leaves, which
means that the leaves are less green [43,44], as shown in T1. Chlorophyll is an important
photosynthetic pigment and the leaves’ appearance represents the rate of photosynthesis.
Furthermore, the chlorophyll content directly relates to the leaves’ area. A larger leaf area
represents a higher photosynthetic rate as there is a larger area for absorbing light [44]. The
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T2 and T3 groups presented significantly higher photosynthetic rates than the T1 group,
and a similar trend was seen for the leaf area. Kučerová et al. [45] demonstrated that both
nitrate concentration and hydrogen peroxide are responsible for higher photosynthesis
rates. Nitrogen is a fundamental constituent of chlorophyll, which correlates with the
photosynthetic rate, carboxylation enzymes, and protein membranes [46]. Correspondingly,
the lowest photosynthesis rate was observed in the T1 group. The stomatal conductance
of the green oak cultivated in the T2 and T3 groups was significantly higher than in the
T1 group. Many studies have indicated that stomatal conductance is a physiological
plant mechanism that plays an important role in photosynthetic processes [47,48]. Saberi
et al. [49] also showed the positive effects of cold plasma technology under haze conditions
on the photosynthetic rate, chlorophyll content, and stomatal conductance of wheat, which
increased by 34%, 32%, and 93%, respectively. As a result, nitrate content from any source
(e.g., normal nitrate nutrient solutions and plasma nitrate) is essential to most growth
parameters, including plant height, root length, leaf area, photosynthetic rate, and dry
fresh weight.

Table 4. Leaves color intensity, photosynthesis rate, and stomatal conductance of hydroponically
grown lettuce nutrient solution without nitrate (T1), normal nitrate (T2), and plasma nitrate (T3) at
42 days.

Treatments Leaves Color Intensity
(SPAD Unit)

Photosynthesis Rate
(µmol/m2/s)

Stomatal Conductance
(µmol/m2/s)

T1 19.93 ± 1.35 c 0.72 ± 0.33 b 0.10 ± 0.02 b
T2 21.98 ± 0.88 b 2.09 ± 0.92 a 0.20 ± 0.05 a
T3 25.43 ± 0.94 a 3.02 ± 0.56 a 0.14 ± 0.03 a

%CV 4.81 33.67 24.40
LSD0.05 1.33 0.80 0.04

Means in the same column followed by different letters are significantly different (p < 0.05) by LSD.

Non-significant (p > 0.05) differences in the fresh- and dry-weight yields were observed
between T2 and T3 (Table 5). However, plants cultivated with a nutrient solution without
nitrate had significantly lower fresh and dry weights compared to the T2 and T3 groups
(p < 0.05). Nitrogen is known to be the mineral element that is most necessary for plant
growth, and nitrate (NO3

−) is the major form in which plants absorb nitrogen. Several
studies indicate that plasma-activated water can be used as a nitrogen fertilizer as it
generates nitrogen species (e.g., NO2

− and NO3
−) [50,51]. The effects of plasma-activated

water on the germination rate, growth characteristics, and total phenolic and flavonoid
contents of mung bean sprouts were investigated by Fan et al. [52]. Their results show a
remarkable increase in growth characteristics (i.e., stem length and average weight) with
PAW15 (with a discharge time of 15 s). The positive effects of PAW treatment on mass
accumulation could arise due to the stimulation of protein synthesis [53]. However, in
our research, we found non-significant differences in the effects on plant morphology and
growth characteristics between T2 and T3. The reason for this could be that the nitrate
concentration is equivalent to the normal nitrate nutrient solution and the plasma nitrate.

Table 5. Yields of hydroponically grown lettuce cultivated in nutrient solution without nitrate (T1),
normal nitrate (T2), and plasma nitrate (T3) at 21 DAT.

Treatments Total Plant Fresh Weight (g) Total Plant Dry Weight (g)

T1 12.14 ± 2.92 b 0.45 ± 0.04 b
T2 77.67 ± 4.72 a 3.62 ± 0.06 a
T3 81.20 ± 13.54 a 3.60 ± 0.60 a

%CV 14.50 15.20
LSD0.05 16.52 0.78

Means in the same column followed by different letters are significantly different (p < 0.05) by LSD.
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3.3. Nutritional Quality Analysis

Leafy vegetables, especially lettuce, are considered to be a notable nitrate-accumulating
species [54]. By analyzing the NO3

− content in the aboveground and underground parts
of green oak lettuce, the plants cultivated in normal nitrate nutrient solution (T2) were
shown to exhibit the highest accumulation of NO3

− content (p < 0.05), as shown in
Table 6. However, high nitrate content poses a risk to human health and the surrounding
environment [54]. Interestingly, lettuce cultivated in the T3 group showed significantly
lower nitrate concentrations than those of the T2 group, even though the initial nitrate con-
centrations of the fertilizers were not significantly different. This result could indicate that
NO3-N produced using cold plasma technology (T3) is rapidly assimilated into an organic
form such as free amino acids, as shown in Table 7; therefore, the NO3-N accumulation
in the vacuole was lower than in the T2 group. This result has implications that may be
beneficial to the environment and to human health.

Table 6. Nitrate concentration, total nitrogen, and total phenolic in grown lettuce at 42 days.

Treatments
Nitrate Concentration in Plant (mg/kg) FW Total Phenolic

(mg GAE/g FW)

Aboveground Underground

T1 97.27 ± 6.43 c 83.41 ± 12.86 c 3.16 c ± 0.76 c
T2 5370.00 ± 109.28 a 7256.4 ± 604.25 a 27.67 a ± 0.42 a
T3 1674.54 ± 205.70 b 3456.4 ± 154.28 b 22.74 ± 3.79 b

%CV 5.22 10.01 12.58
LSD0.05 44.40 1146.10 4.49

Means in the same column followed by different letters are significantly different (p < 0.05) by LSD.

Table 7. Concentration of amino acids (nmol/mg) in green oak lettuce after being cultivated in
nutrient solution without nitrate (T1), normal nitrate (T2), and plasma nitrate (T3).

Amino Acid
Treatments %CV LSD0.05

No Nitrate (T1) Normal Nitrate (T2) Plasma Nitrate (T3)

Aspartic acid (Asp) 17.06 ± 0.15 b 47.43 ± 1.22 a 50.17 ± 0.21 a 1.88 2.28
Threonine (Thr) 9.65 ± 0.18 c 20.40 ± 1.22 b 28.97 ± 0.32 a 4.15 2.60

Serine (Ser) 10.93 ± 0.04 c 24.5 ± 0.79 b 31.41 ± 0.18 a 2.11 1.50
Glutamic acid (Glu) 22.00 ± 0.06 c 58.20 ± 0.46 b 69.82 ± 0.01 a 0.54 0.85

Proline (Pro) 9.65 ± 0.37 c 31.74 ± 0.52 a 29.16 ± 0.23 b 1.66 1.24
Glycine (Gly) 19.02 ± 0.04 c 58.50 ± 0.11 a 57.56 ± 0.09 b 0.18 0.26
Alanine (Ala) 18.96 ± 0.02 c 52.07 ± 0.27 b 54.30 ± 0.01 a 0.37 0.50
Cysteine (Cys) 1.04 ± 1.26 a 0.82 ± 0.91 a 0.31 ± 0.05 a 125.15 2.87

Valine (Val) 13.09 ± 0.03 b 37.96 ± 0.28 a 37.44 ± 0.06 a 0.55 0.51
Methionine (Met) 0.58 ± 0.06 c 2.88 ± 0.10 a 2.14 ± 0.00 b 3.35 0.20
Isoleucine (Lie) 9.17 ± 0.01 c 27.15 ± 0.20 a 25.29 ± 0.01 b 0.56 0.37
Leucine (Leu) 16.99 ± 0.09 c 47.90 ± 0.20 a 47.24 ± 0.06 b 0.35 0.41
Tyrosine (Tyr) 3.66 ± 0.07 c 5.05 ± 0.46 b 10.99 ± 0.06 a 4.18 0.87

Phenylalanine (Phe) 7.63 ± 0.03 b 23.56 ± 0.46 a 23.78 ± 0.08 a 1.47 0.86
Lysine (Lys) 7.82 ± 0.00 c 23.66 ± 0.23 b 24.96 ± 0.08 a 0.76 0.45

Histidine (His) 2.69 ± 0.03 c 9.32 ± 0.05 a 9.10 ± 0.03 b 0.52 0.12
Arginine (Arg) 5.98 ± 0.07 c 17.67 ± 0.06 b 18.54 ± 0.13 a 0.67 0.30

Means in the same row followed by different letters are significantly different (p < 0.05) by LSD.

The results of the present study show that the lettuce cultivated with T2 had levels
of total phenolic compounds 0.35 ± 0.05 mg GAE/g FW higher than that cultivated with
T3 by 0.28 ± 0.05 mg GAE/g FW (p < 0.05), as shown in Table 6. Phenolic compounds,
one of the most abundant groups of secondary metabolites found in vegetables, contain
several thousand compounds. Several environmental factors, including temperature, light,
and nutrient management, are responsible for increasing the biosynthesis of phenolic
compounds in plants [55]. Nitrogen, an important nutrient in plants, plays a critical role in
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regulating phenolic accumulation in plants [56]. Previous research has studied the effect
of PAW on the total phenolic compounds in apples [57], mung bean sprouts [58], and
rocket leaves [59]. Most of this research indicates that phenolic accumulation depends on
plasma exposure time, whereby longer treatment times lead to lower levels of phenolic
compounds [50,57]. Since PAW has stronger oxidation abilities with increasing exposure
time, the rapid oxidation of phenols causes an immediate reduction in the phenolic content
levels [60]. In the present work, plasma nitrate did not induce phenolic compounds in
plants to the same extent as commercial fertilizers do (i.e., normal nitrate nutrient solution);
however, our results still indicate an effective growth enhancement. Therefore, further
research should investigate the suitable conditions for generating plasma nitrate to enhance
total phenolic accumulation in plants.

The effects of plasma nitrate (T3), especially the role of NO3
− species and reactive

oxygen species, the nutrient solution without nitrate (T1), and normal nitrate (T2) on the
concentration of 17 free amino acids were determined and are shown in Table 7. The results
illustrate that threonine, serine, glutamic acid, alanine, tyrosine, phenylalanine, lysine,
and arginine have significantly higher concentrations in T3 than in T2 (p < 0.05). Zhou
et al. [61] showed that RNS generated from PAW, especially NO3

−, was assimilated by plant
enzymes, leading to the generation of organic nitrogen compounds, such as free amino
acids, in accordance with the assimilation pathway of nitrate. Therefore, nitrate content
generated from plasma nitrate might more easily transform into amino acids. However,
green oak lettuces cultivated in the T3 group showed significantly lower levels of proline,
glycine, methionine, isoleucine, leucine, and histidine than those in the T2 group (p < 0.05).
Han et al. [62] explained that cold plasma treatment causes the chemical modification of
amino acids through hydroxylation, dehydrogenation, nitration, and dimerization, leading
to the degradation of sulfur-containing and aromatic amino acids. Interestingly, very
small amounts of methionine were present in the green oak cultivated with T1 (Table 7).
Methionine, a sulfur-containing amino acid, is an essential component for the synthesis
of all proteins. Wilson et al. [63] also indicated that both nitrogen and sulfur affect the
synthesis of amino acids.

4. Conclusions

Air and oxygen were applied using a pinhole plasma jet with a flow rate of 1.5 L/min
and discharged for 16 h to generate a nitrogen fertilizer with a nitrate concentration of
approximately 800 mg/L. Plant height, root length, canopy width, leaf width, number of
leaves, photosynthesis rate, and stomatal conductance of green oak lettuce cultivated in
plasma nitrate solution compared to those grown in the normal nitrate nutrient solution
were not significantly different, except in respect of leaf area and leaf greenness. Similarly,
the yields, including the fresh and dry weights of plants cultivated in plasma nitrate,
were the same as those of the plants cultivated in commercial nitrate. Significantly lower
levels of chemical compositions (including nitrate concentrations in the underground and
aboveground parts and the total phenolic compounds) were found in green oak irrigated
with plasma nitrate than in that grown with a normal nitrate nutrient solution (p < 0.05).
The presence of fewer nitrate residues in the green oak samples indicates a reduced threat to
human health and to the environment. Moreover, plasma nitrate was rapidly assimilated to
free amino acids, resulting in significantly higher concentrations of amino acids including
Thr, Ser, Glu, Ala, Tyr, Phe, Lys, and Arg than in the normal nitrate nutrient solution. These
results could indicate that plasma-activated water can be used as an alternative nitrogen
fertilizer, as well as an innovative environmentally friendly technology. However, the
nitrogen assimilation pathway from plasma fertilizers should be further explored in order
to understand why the nitrate levels of green oak cultivated in plasma nitrate are lower
than those of the normal nitrate nutrient solution. Moreover, the economic effectiveness of
this method should be determined to prepare for the adoption of this technology in the
commercial sector.
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