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Abstract 12 
 13 

Cold atmospheric plasma generates reactive oxygen and nitrogen species (RONS) that 14 
dissolve in water, forming plasma-activated water (PAW) and inducing complex chemical 15 
changes and biological responses. PAW, enriched with nitrogen (N) species, emerges as a 16 
sustainable alternative to fertilisers by combining signalling (ROS) and N supplementation 17 
(RNS). This study aims to investigate the dual role of PAW in lettuce, Lactuca sativa (cv. 18 
Matilda), grown under either N-sufficient or N-deprived half-strength Hoagland solutions. 19 
Four treatments were evaluated: control, seed priming in PAW-activated Hoagland, PAW-20 
activated Hoagland cultivation, and the combination of the latter two, under both N-21 
content regimes.  22 

Under N-sufficient conditions, seed priming in PAW increased the lettuce head fresh 23 
weight up to 40%, chlorophyll a+b by 25%, and the sensory scores (freshness, juiciness), 24 
compared to the control. Under N-deprived conditions, PAW partially compensated for N-25 
deficiency, increased the plant growth up to 50%, photosynthetic pigments and quercetin 26 
(up to 20%), and antioxidant enzymes (e.g., APX and G-POX increased up to 2x). Principal 27 
component analysis confirmed N-content as the primary variance driver (PC1 69–71%), 28 
with PAW modulating redox homeostasis tissue-specificity.  29 

Our results demonstrate the capacity of PAW to enhance plant growth, metabolism, and 30 
quality, even in N-deprived conditions, to address gaps in plasma agriculture by 31 
highlighting the PAW nutritional and signalling contributions. PAW thus represents a 32 
promising, eco-friendly strategy.  33 
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 36 

Introduction 37 
 38 
Plants are sessile organisms that depend on their environment. The soil solution is the 39 
primary source of essential nutrients, which are taken up primarily through the plant root 40 
system. One of the most important macronutrients for plant growth and development is 41 
nitrogen (N). A major source of this element in soil solution is nitrate, which is derived from 42 
inorganic minerals. Due to the high plant demand for this macronutrient, global agriculture 43 
is dependent on its supplementation in the form of inorganic fertilisers (Erisman et al., 44 
2008). As the price of chemical fertilisers gradually increases, carbon emissions from their 45 
production significantly contribute to the climate change, alternative methods for 46 
delivering nutrients to the plant body are being investigated (Smith et al., 2008). Another 47 
downside of using synthetic fertilisers is the risk of low quality and lack of control, which 48 
often results in soil contamination with heavy metals (Mortvedt, 1995). 49 

A promising alternative for producing nitrate from air, rather than using chemical 50 
fertilisers, are plasma-based techniques. Plasma, the fourth state of matter, is a source of 51 
electrons and positively charged ions, photons, and several atomic and molecular radicals 52 
(Randeniya and De Groot, 2015). In addition to natural lightning phenomena on Earth, it 53 
can be generated in the laboratory by providing high-energy excitation to gas molecules.  54 

The so-called nonthermal (cold) plasma with elevated electron energy but low gas 55 
temperature is currently widely used in agriculturally focused research (Bilea et al., 2024; 56 
Kizer et al., 2025; Okruhlicová et al., 2025; Puač et al., 2018; Ruamrungsri et al., 2023). 57 
Highly valuable molecules for plant metabolism are produced within water after its 58 
activation by plasma (PAW), especially reactive oxygen and nitrogen species (RONS). 59 
These highly reactive radicals and molecules act as double-edged swords: at higher 60 
concentrations, they impose oxidative stress on cells, whereas at lower concentrations, 61 
they mitigate stress responses and are involved in plant signalling (Alam et al., 2025). Most 62 
importantly, RONS production in plasma-activated water can be controlled. In this way, 63 
PAW can help to activate developmental processes, hormonal responses(Ghulam et al., 64 
2025) , and defence mechanisms in plant metabolism (Adhikari et al., 2019; Lukacova et 65 
al., 2021; Zambon et al., 2020), rather than acting destructively.  66 

ROS are recognised as second messengers in cell signalling that play an essential 67 
role in a wide range of cellular processes. A considerable attention is given to them in the 68 
induction of tolerance mechanisms under stress (Faraz et al., 2023; Martin et al., 2022). 69 
Plant cells and tissues produce ROS as byproducts of their metabolism under 70 
physiological conditions; however, under stress, a delicate balance between their 71 
generation and scavenging can be destroyed, thus leading to oxidative stress or even 72 
oxidative damage, manifesting as chlorophyll bleaching, which means impairing 73 



 

 

photosynthetic efficiency with many negative consequences for plant fitness. Other 74 
consequences are increased lipid peroxidation, membrane injury, DNA damage or 75 
reduced protein content (Kumari et al., 2025). Plant status depends on the cell's ability to 76 
produce effective enzymatic and non-enzymatic antioxidants, thereby maintaining ROS 77 
homeostasis. Among them, peroxidases (POX), superoxide dismutases (SOD), catalases 78 
(CAT), glutathione reductase (GR) are the most important enzymatic antioxidants, and 79 
carotenoids and phenolic compounds belong to nonenzymatic antioxidants (Dvořák et al., 80 
2021; Hunt et al., 2021) 81 

Hydroponic cultivation represents one of the most widely used soilless growing 82 
systems, alongside other approaches such as nutrient film technique (NFT), aeroponics, 83 
and deep-water culture systems. These systems differ in nutrient delivery strategy and root 84 
zone aeration (Elakrouch et al., 2026). In this study, we focus on several factors 85 
determining the efficiency of reactive oxygen and nitrogen species (RONS), particularly 86 
NO₃⁻, NO₂⁻, and H₂O₂, in water after activation by cold atmospheric plasma, which 87 
generates plasma-activated water (PAW), and their effects on Lactuca sativa plants 88 
cultivated using a horizontal deep-water hydroponic system with continuous aeration of 89 
the nutrient solution. We investigate the stability of RONS in PAW and assess whether PAW 90 
can act as a partial or full nitrogen substitute without external nitrogen supplementation 91 
under nitrogen-deprived conditions. Secondly, we focus on the potential seed priming 92 
effect of H₂O₂ following PAW treatment of L. sativa seeds. We aim to determine whether 93 
exogenously derived H₂O₂ acts as a signalling molecule, leading to activation of the 94 
antioxidant defence system, or whether it induces a shift in redox homeostasis associated 95 
with a stress response. Finally, we evaluate whether PAW treatment influences the 96 
nutritional quality of lettuce, with particular emphasis on quercetin content, and assess 97 
its potential impact on sensory perception by consumers. 98 

 99 
Materials and Methods 100 
 101 
Preparation of PAW - Multi-needle transient spark discharge 102 
For preparing plasma-activated water, we used a multi-needle transient spark (TS) 103 
discharge. Transient spark is a highly energetic non-thermal plasma source of RONS that 104 
can use water surface as one of the electrodes (Mehrabifard et al., 2024). This multineedle 105 
TS plasma setup has been extensively used in our research group (Mehrabifard et al., 2025) 106 
(Ghulam et al., 2025). The TS system operates in pin-to-water geometry with a common 107 
liquid-grounded electrode. The power needle electrodes are connected to a DC power 108 
supply, each separately through a 4.7 MΩ ballast resistor and 50 pF external capacitor. 109 
PAW was prepared by treating 5 L of tap water with 21 parallel TS discharges over 238 110 
minutes. There are two water containers: 1-litre container under the electrodes and a 4-111 
litre container at the bottom. The water is circulated through the system by a pump at a 112 
constant flow rate (~0.4 L min-1). Water is transferred from one side to the upper container 113 
where it is treated by the plasma discharges and returns to the larger container. Each TS 114 



 

 

operated at the repetitive frequency of spark pulses ~1 kHz with electrodes 1 cm above the 115 
water surface. Figure 1 A and B show a schematic diagram and a photo of the multi-needle 116 
TS plasma source, and Figure 1 C and D show the voltage and current-voltage waveform 117 
of the discharge, respectively. The TS plasma power was measured using voltage, current, 118 
and frequency. The instantaneous power, P(t), at any time t is given by: 119 

( ) ( ). ( )P t V t I t=   
Where V(t) is the instantaneous voltage, and I(t) is the instantaneous current. To find the 120 
average power over one pulse period, we integrate P(t) over the period (T) and divide by T, 121 
i.e. multiply by the frequency (f): 122 
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The typical average power of the Multipin TS is 52.5 W, i.e. 2.5 W per needle. 123 

 124 

Fig. 1 Multi-needle TS discharge, (A) schematic diagram, (B) real photograph, (C) voltage waveform on ms timescale, and 125 
(D) current-voltage waveform on ns timescale. 126 

 127 

Chemical characterization of plasma-activated water and plant material 128 
The chemical composition of plasma-activated water (PAW) and leaves was analysed 129 
spectrophotometrically using a UV–VIS spectrometer (Shimadzu UV-1900). Reactive 130 
nitrogen species (RNS) were quantified using commercially available assay kits according 131 
to the manufacturers’ protocols. Nitrite (NO2

-) concentration was determined by the 132 
Griess reagent (Cayman Chemical), with absorbance measured at 540 nm. Nitrate (NO3

-) 133 
concentration was measured using a Spectroquant nitrate assay kit (Merck Chemicals), 134 
with absorbance recorded at 330 nm. Sulfamic acid was used to eliminate interference 135 



 

 

caused by nitrites during the nitrate determination. The concentration of hydrogen 136 
peroxide (H₂O₂) was determined based on its reaction with titanyl ions from titanium 137 
oxysulfate (TiOSO₄), forming a yellow peroxytitanium complex with an absorption 138 
maximum at 407 nm (Eisenberg, 1943). Sodium azide (NaN₃) was added to prevent the 139 
reaction of H₂O₂ with nitrite ions (NO2

-) and to stabilise the samples following the plasma 140 
treatment. PAW composition was analysed daily over seven days after preparation, with 141 
measurements performed in at least three independent replicates. For the plant material 142 
analysis, reactive nitrogen species, primarily nitrite (NO₂⁻) and nitrate (NO₃⁻), were 143 
analysed following extraction of leaf tissue in 50 mM Na-phosphate buffer (pH 7.8). The 144 
extracts were subsequently analysed using the same spectrophotometric methods as 145 
described for PAW. 146 
 147 
Plant material and experimental design  148 
Seeds of lettuce (Lactuca sativa L.), cultivar Matilda, were used in all experiments. Seeds 149 
were sown into inert mineral wool (rockwool) cubes placed in net pots inserted into 150 
openings in the lids of hydroponic cultivation containers and cultivated hydroponically for 151 
10 weeks in a growth chamber under controlled environmental conditions. Plants were 152 
maintained in this system from sowing throughout the entire cultivation period without 153 
transplantation. The net pots were partially immersed in the hydroponic solution, while 154 
shoots developed above the container lids. Continuous aeration of the nutrient solution 155 
was provided using an air pump to ensure adequate oxygen supply to the root system 156 
(Figure 2). Plants were grown in a half-strength Hoagland nutrient solution with pH 157 
adjusted to 6.2 using HCl or KOH (Hoagland and Arnon, 1950) whereas the solution was 158 
changed every 7 days. The growth conditions were set as follows: temperature 23/25 °C 159 
(night/day), a 16-h photoperiod, and a photosynthetically active radiation (PAR) intensity 160 
of 250 µmol m-2 s-1.  161 
 162 
Experiment A: Standard nutrient conditions  163 
Four types of treatments were established:  164 
• control (ctrl) – plants cultivated in half-strength Hoagland solution, 165 
• seed priming (prim) – seeds were soaked in plasma-activated water (PAW) for 1.5 h 166 

before sowing and subsequently cultivated in half-strength Hoagland solution, 167 
• plasma-activated water cultivation (PAW) – plants cultivated in PAW mixed with salts of 168 

half-strength Hoagland solution, 169 
• primed seeds and plasma-activated water cultivation (prim PAW) – seeds were soaked 170 

in PAW for 1.5 h before sowing, and plants were cultivated in PAW mixed with salts of 171 
half-strength Hoagland solution. 172 
 173 

Experiment B: Nitrogen-deprived conditions  174 
The second experiment was conducted under the same growth conditions and 175 
experimental setup as in Experiment 1 but using a nitrogen-deprived half-strength 176 



 

 

Hoagland solution. Nitrogen-containing macronutrients (KNO₃ and Ca(NO₃)₂·4H₂O) were 177 
replaced by equimolar concentrations of KCl and CaCl₂·2H₂O.  178 
Four treatments were established again:  179 
• nitrogen-deprived control (ctrl) – plants cultivated in half-strength nitrogen- deprived 180 

Hoagland solution, 181 
• seed priming under nitrogen deprivation (prim) – seeds were soaked in PAW for 182 

1.5 h before sowing and cultivated in nitrogen-deprived half-strength Hoagland solution, 183 
• plasma-activated water cultivation under nitrogen deprivation (PAW) – plants cultivated 184 

in PAW supplemented with nitrogen-deprived half-strength Hoagland solution  185 
• primed seeds and plasma-activated water cultivation under nitrogen deprivation (prim 186 

PAW) – seeds were soaked in PAW for 1.5 h before sowing, and plants were cultivated in 187 
PAW supplemented with salts to prepare a nitrogen-deprived half-strength Hoagland 188 
solution. 189 

To compare the effect of cultivation, leaves at the same age were analysed in all 190 
subsequent analyses. Either young (the first two whorls) or old (the oldest two whorls) 191 
leaves were used for the enzymatic comparison, and the middle part of the lettuce 192 
rosettes (the second two whorls) was taken for pigments and non-enzymatic antioxidants 193 
analysis. 194 

 195 
Fig. 2  Schematic diagram of the hydroponic cultivation setup with continuous aeration of the nutrient solution. 196 
 197 
Determination of growth parameters  198 
When all plants had developed at least two leaf whorls, corresponding to the 4th week of 199 
cultivation, digital photographs of lettuce heads were taken weekly. Images were analysed 200 
using ImageJ software (NIH, USA) to determine the projected area of 201 
the lettuce head. After 10 weeks of cultivation, the fresh weight (FW) of lettuce heads was 202 
measured. Subsequently, plant material was dried in a drying oven at 70 °C for 4 days, after 203 
which the dry weight (DW) was determined. 204 



 

 

  205 
 206 
 207 

Determination of photosynthetic pigments and their degradation products 208 
Photosynthetic pigments (chlorophyll a and b) as well as accessory photosynthetic 209 
pigments, carotenoids, with their degradation products (pheophytins) were determined 210 
according to the method of (Hartmut K, 1987) and Lichtenthaler and Buschmann 211 
(Lichtenthaler and Buschmann, 2001).The middle whorls of lettuce heads (leaves 3-4) 212 
were analysed. Pigments were extracted from the fresh leaves with 80% (v/v) acetone. 213 
After extraction, the samples were centrifuged (Centrifuge Mega Star 1.6R, VWR, Osterode 214 
am Harz, Germany) at room temperature for 5 min at 500 x g so the extract would be fully 215 
clear, and the absorbance of the supernatant was measured spectrophotometrically 216 
using a UV–VIS spectrophotometer (Jenway 6705 UV/Vis, Jenway, London, UK). 217 
Absorbances were recorded at 663.2 nm, 646.8 nm, and 470 nm, and pigments were 218 
calculated with the equations where V present the volume of the extraction solution: 219 
 220 

𝑐ℎ𝑙𝑜𝑟𝑜𝑝ℎ𝑦𝑙𝑙 𝑎 + 𝑏 =
(7.15 𝐴663.2−18.71𝐴646.8) 𝑥 𝑉 

60
 mg g-1 FW 221 

 222 
𝑝ℎ𝑒𝑜𝑝ℎ𝑦𝑡𝑖𝑛 𝑎 + 𝑏 =

(3.84 𝐴663.2+33.6𝐴646.8 ) 𝑥 𝑉

60
 mg g-1 FW 223 

 224 

𝑐𝑎𝑟𝑜𝑡𝑒𝑛𝑜𝑖𝑑𝑠 =
1000𝐴470 −1.82𝐶𝑐ℎ 𝑎 −85.02𝐶𝑐ℎ𝑙 𝑏

198

60
 mg g-1 FW 225 

  226 
  227 

Determination of antioxidant enzymes  228 
Protein extraction and determination 229 
For the determination of soluble protein content and antioxidant enzyme activities, young 230 
and old leaves of rosettes were separately compared. Leaf samples were harvested, 231 
immediately frozen in liquid nitrogen, and ground to a fine powder using a mortar and 232 
pestle. The resulting powder was homogenized in 50 mM sodium phosphate buffer (pH 7.8) 233 
containing 1 mM EDTA, a protease inhibitor cocktail, 5 mM ascorbate and 2% 234 
polyvinylpolypyrrolidone. The homogenates were centrifuged twice: first at 2,000 × g for 235 
5 min, followed by a second centrifugation at 13,000 × g for 20 min (Centrifuge Mega Star 236 
1.6R, VWR, Osterode am Harz, Germany). The resulting supernatant was collected and 237 
used for soluble protein determination (Bradford, 1976) and for subsequent antioxidant 238 
enzyme activity assays. Absorbance was measured at 595 nm with a UV–VIS 239 
spectrophotometer (Jenway 6705 UV/Vis, Bibby Scientific Ltd., Essex, UK).  240 
 241 
Activity of ascorbate peroxidase (APX)  242 
Ascorbate peroxidase (APX; EC 1.11.1.11) activity was determined spectrophotometrically 243 
according to Nakano and Asada (Nakano and Asada, 1981) by monitoring the decrease in 244 
absorbance at 290 nm resulting from ascorbate (ASC) oxidation. Enzyme activity was 245 



 

 

calculated following the protocol by (Bogomolets, 1985)using the molar extinction 246 
coefficient for ascorbate (ε = 2.8 mM-1 cm-1) and expressed as nM of ASC oxidized per 247 
min per g of soluble proteins.  248 
Activity of glutathione reductase (GR)  249 
Glutathione reductase (GR; EC 1.8.1.7) activity was determined spectrophotometrically 250 
according to Foyer and Halliwell (Foyer and Halliwell, 1976) by monitoring the oxidation of 251 
NADPH as a decrease in absorbance at 340 nm. Enzyme activity was calculated following 252 
(Bogomolets, 1985) using the molar extinction coefficient for NADPH (ε = 6.2 mM-1 cm-1) 253 
and expressed as µM of NADPH oxidized per min per mg of soluble proteins.  254 
 255 
Activity of guaiacol peroxidase (G-POX)  256 
Guaiacol peroxidase (G-POX; EC 1.11.1.7) activity was assayed spectrophotometrically 257 
according to Frič and Fuchs (Frič and Fuchs, 1970) by measuring the formation of 258 
tetraguaiacol from guaiacol in the presence of H2O2. The increase in absorbance was 259 
recorded at 440 nm. Enzyme activity was calculated according to Chance and Maehly 260 
(Chance and Maehly, 1955) using the molar extinction coefficient for tetraguaiacol (ε = 261 
26.6 mM-1 cm-1) and expressed as µM of tetraguaiacol formed per min per g of soluble 262 
proteins.  263 
 264 
Activity of superoxide dismutase (SOD) 265 
Superoxide dismutase (SOD; EC 1.15.1.1) activity was determined according to (García-266 
Limones et al., 2002) by monitoring the inhibition of the photochemical reduction of nitro 267 
blue tetrazolium (NBT; Merck). The reaction was initiated by exposing the reaction mixture 268 
to cool-white light at an intensity of 50 µmol m-2 s-1 for 20 min. Non-illuminated samples 269 
and illuminated reaction mixtures without enzyme extract served as blanks and calibration 270 
controls, respectively. Absorbance of the reaction products was measured 271 
spectrophotometrically at 560 nm. One unit of SOD activity was defined as the amount of 272 
enzyme required to cause 50% inhibition of NBT photoreduction under the assay 273 
conditions per mg of soluble proteins.  274 
 275 
Determination of non-enzymatic antioxidants  276 
Determination of soluble phenolics  277 
Soluble phenolic content was determined from the middle leaves (leaves 3–4) using the 278 
Folin–Ciocalteu reagent, following Ainsworth and Gillespie (Ainsworth and Gillespie, 2007) 279 
protocol. Absorbance was measured at 765 nm, and phenolic concentration was 280 
calculated from a gallic acid calibration curve (0–500 µg mL⁻¹) and expressed as gallic acid 281 
equivalents (GAE) in milligrams per gram of fresh weight (FW).  282 
 283 
Determination of quercetin  284 
Quercetin was determined using the aluminium chloride (AlCl3) colorimetric method, as 285 
described by Zivcak (Zivcak et al., 2017). Absorbance was measured at 415 nm, and the 286 



 

 

concentration was calculated from a quercetin calibration curve (25–100 µg mL⁻¹), 287 
expressed as quercetin equivalents (QE) in milligrams per gram of fresh weight (FW).  288 

  289 
Sensory evaluation 290 
Lettuce samples were served on plates marked with numeric codes corresponding to each 291 
variant to prevent bias. The sensory panel consisted of untrained volunteers (n = 15), 292 
including students and staff of the Faculty of Natural Sciences in Bratislava (both men and 293 
women, aged 23–72 years), who evaluated the samples using a 10-point intensity scale (1 294 
= lowest, 10 = highest). Sensory attributes assessed included appearance, aroma, flavour, 295 
texture, and overall perception. Each participant recorded their responses on a short 296 
anonymous form. Sensory evaluation was performed only for plants cultivated under 297 
nitrogen-sufficient conditions. No exclusion criteria were applied for the analysis. As this 298 
assessment was exploratory in nature, no sample size calculation or statistical power 299 
analysis was performed. The panel size was determined by the availability of plant material 300 
within the integrated experimental design. 301 
 302 
Ethics statement  303 
This study involving human participants was conducted in accordance with the ethical 304 
principles of the Declaration of Helsinki and relevant institutional guidelines. Ethical 305 
approval was obtained from the Ethics Committee of Comenius University, Bratislava, 306 
Slovakia, on April 30, 2026. All participants provided informed consent prior to 307 
participation in the sensory evaluation. Participation was voluntary, and participants were 308 
informed of their right to withdraw at any time without consequences. Privacy rights of the 309 
participants were respected, and all collected data were anonymized prior to analysis. 310 
 311 
Statistical analysis  312 
The results were statistically processed and evaluated by Microsoft Excel (Office 365) and 313 
STATGRAPHICS Centurion XV (Statgraphics Technologies, version 15.2.05). All 314 
experiments and analyses were repeated at least three times with five to seven plants per 315 
treatment per replication. Based on statistical analyses (one-way, two- and three-factor 316 
ANOVA, with post-hoc Least Significant Difference, LSD test), we evaluated the 317 
significance of differences in the results between treatments and factors at the 5% level of 318 
significance. Principal Component Analysis (PCA) was employed to identify patterns, 319 
associations of variables and major sources of variability within the data sets.  320 

  321 
Results 322 
 323 
RONS evaluation 324 
Analysis of the most important RONS in the plasma-activated water and in its 325 
combinations with the half-strength Hoagland solution (N-supplemented and N-deprived) 326 
used for hydroponic lettuce cultivation showed significant differences (Fig. 3). As 327 



 

 

expected, the amount of NO3
- in the N-deprived Hoagland solution was very low; however, 328 

after activation with PAW, its concentration increased more than 40 times and remained 329 
stable during the 7-day measurement. Almost no change was detected in N-330 
supplemented Hoagland solution after its activation with PAW; in both cases, the 331 
concentration of NO3

- was very stable and reached approximately 27 mM. A different 332 
situation was observed in a case of NO2

-. They were in very low concentrations in both 333 
Hoagland solutions, independent of the N-supplementation; however, more than 1 mM 334 
was measured after PAW activation. Hydrogen peroxide proved to be the least stable 335 
molecule, with concentrations under the measurement limit within both Hoagland 336 
solutions without activation. After PAW activation, in both cases, its concentration 337 
reached up to 260 M but continuously decreased within days post activation, more 338 
drastically in the N-deprived Hoagland solution, where its content was near zero from the 339 
4th day of measurement. On the other hand, there was still about 17 M of H2O2 on the 7th 340 
day of measurement in N-supplemented PAW-activated Hoagland.  341 
 342 

 343 

Fig. 3. Concentration of NO3  (A)-, NO2
- (B) and H2O2 (C) in the half-strength Hoagland solution (purple line), in PAW mixed 344 

with salts of the half-strength Hoagland solution (blue line), in the N-deprived (N-) half-strength Hoagland solution (red 345 
line) and in PAW mixed with salts of the N-deprived (N-) half-strength Hoagland solution (yellow line). Values represent 346 
means and shaded areas represent the standard deviation (SD) of the measurements. 347 
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 349 

 350 

Growth parameters 351 
Growth of the lettuce aboveground parts (heads) was significantly affected by both 352 

N-supplementation and PAW treatments (Figs. 4, 5, 6; Tab.1). The head area increased 353 
significantly from week to week across all treatments (Tab. 1). Nitrogen deprivation caused 354 
a pronounced reduction in the lettuce growth (Fig. 5B). While seed priming in the 355 
N-deprived solution (prim) did not improve growth, cultivation in the PAW-activated 356 
Hoagland (PAW) or the combination of seed priming and the PAW-activated Hoagland 357 
(prim PAW) resulted in a significant growth enhancement. Among the N-deprived 358 
treatments, PAW was the most effective in promoting the lettuce growth (Tab. 1B).  359 

In contrast, lettuces grown in N-supplemented solutions exhibited the highest 360 
growth under the prim PAW treatment (Fig. 5A; 4; Tab. 1A). However, unlike in the N-361 
deprived conditions, the PAW treatment alone resulted in the lowest growth under N-362 
sufficient conditions.  363 



 

 

 364 

Fig. 4 Overall appearance of lettuce plants after 10 weeks of cultivation in the half-strength Hoagland solution in 365 
N-supplemented (A) and N-deprived (B) conditions in combination with various PAW treatments: seed priming (prim), 366 
cultivation in PAW-activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW-activated 367 
Hoagland solution (prim PAW). Scale bar = 30 cm. 368 

 
 

 
 

  



 

 

Fig. 5 Projected lettuce head area during the 10 weeks of cultivation in half-strength Hoagland solution in 369 
N-supplemented (A) and N-deprived (B) solution in combination with various PAW treatments: seed priming (prim), 370 
cultivation in PAW-activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW-activated 371 
Hoagland solution (prim PAW). Values represent means and shaded areas represent the standard deviation (SD) of the 372 
measurements. 373 

 374 

Tab. 1 Two-factor ANOVA for the lettuce head area in Hoagland solution with (A) or without (B) N-supplementation with 375 
LSD test showing the differences between the tested groups. 376 

(A) FACTOR IN N-
SUFFICIENT CONDITIONS 

HEAD AREA LSD TEST FOR 
X 

HOMOGEN. 
GROUPS 

LSD TEST 
FOR Y 

HOMOGEN. 
GROUPS 

TREATMENT (X) *** PAW a week 4 a 
WEEK (Y) *** ctrl+ b week 5 b 

X x Y *** prim c week 6 c 
  prim PAW d week 7 d 
    week 8 e 
    week 9 f 
    week 10 g 

(B) FACTOR IN N-DEPRIVED 
CONDITIONS 

     

TREATMENT (X) *** ctrl a week 4 a 
WEEK (Y) *** prim a week 5 b 

X x Y *** prim PAW b week 6 c 
  PAW c week 7 d 
    week 8 e 
    week 9 f 
    week 10 g 

                            *** p < 0.001 377 

Fresh weight increased 1.4-times in prim PAW under N-supplementation (Fig. 6A); 378 
however, more than 18-times in prim PAW under N-deprivation (Fig. 6B) in comparison 379 
with the corresponding controls. Of course, this 18-fold increase should be taken in the 380 
context of very low biomass of the control plants under N-deprivation. Results for the 381 
percentage of dry weight (% DW) were less pronounced than those observed for FW; all 382 
treated plants accumulated comparable amounts of dry matter relative to FW. This 383 
indicated that the significant differences observed in head area and FW among treatments 384 
were primarily driven by changes in water accumulation rather than alterations in biomass 385 
production (Fig. 6). Accordingly, variations in lettuce growth across treatments were more 386 
closely associated with water management and tissue hydration status, rather than with 387 
dry matter allocation. 388 

  



 

 

  
Fig. 6 Fresh weight (FW) and percentage of dry weight (% DW) of lettuce cultivated in the half-strength Hoagland solution 389 
in N-supplemented (A) and N-deprived (B) solution in combination with various PAW treatments: seed priming (prim), 390 
cultivation in PAW-activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW-activated 391 
Hoagland solution (prim PAW). Values represent means ± SD. Different letters indicate significant differences at p ≤ 0.05 392 
(LSD test). 393 

Photosynthetic pigments 394 
Nitrogen availability significantly affected the content of major and accessory 395 

photosynthetic pigments (Figs. 7, 9; Tab. 2), as well as chlorophyll degradation which 396 
closely followed the changes in chlorophyll concentrations (Fig. 8). However, cultivation 397 
in PAW-activated Hoagland solution (PAW) and in the combined prim PAW treatments 398 
significantly increased the chlorophyll levels compared with the control and prim 399 
treatment under N-deprived conditions (Fig. 7B).  400 
 401 
Tab. 2 Two-factor ANOVA (for pigments and metabolites) and three-factor ANOVA (for enzymes) in lettuce plants with 402 
LSD test showing the differences between the tested groups.  403 

FACTOR 
CHL 
a+b 

PHEO. 
a+b CAROT. APX GR G-POX SOD PHEN. QUERCETIN 

LEAVES (X)    *** ns. *** ***   
NITROGEN (Y) *** *** *** ns. ns. *** *** ns. *** 

TREATMENT (Z) *** *** *** ** * *** ** ns. *** 
X x Y    ns. *** *** ns.   
X x Z    *** ns. *** ns.   
Y x Z *** *** *** ** ** ns. *  *** 

X x Y x Z    ns. *** *** *  ns. 
LSD TEST FOR “X”          

YOUNG    b  a a   
OLD    a  b b   

LSD TEST FOR “Y”          
N SUPPLEMENT. b b b   b a  b 
N- SUPPLEMENT. a a a   a b  a 

LSD TEST FOR “Z”          
CTRL a a b ab a a b  a 
PRIM a a a a ab b a  b 
PAW b b b b b c a  b 

PRIM PAW b b c b b bc a  b 
ns. nonsignificant effect; * p < 0.05; *** p < 0.01 *** p < 0.001 404 
 405 

Under N-supplemented conditions, both PAW and prim PAW resulted in 406 
significantly higher chlorophyll concentrations relative to the control, whereas seed 407 
priming alone had no significant effect (Fig. 7A; Tab. 2). Chlorophyll concentration was 408 
affected negatively in N-deprived solution (Fig. 7B), however, after PAW activation, in PAW 409 
and prim PAW-treated plants, this effect was alleviated, and plants achieved significantly 410 
more photosynthetic pigments than control plants and plants only primed by PAW (prim 411 
treatment). Chlorophyll a+b increased up to 1.3-times under PAW and prim PAW 412 
treatments (Fig. 7A), however, up to 3.2-times under PAW and prim PAW treatments under 413 
N-deprivation (Fig. 7B) in comparison with the corresponding controls. However, it is 414 
important to note that the amount of chlorophyll did not reach the levels observed in the 415 
respective N-supplemented treatments. 416 



 

 

  417 

Fig. 7 Total chlorophyll (chl a+b) of lettuce cultivated in the half-strength Hoagland solution under N-supplemented (A) 418 
and N-deprived (B) conditions in combination with different PAW treatments: seed priming (prim), cultivation in PAW-419 
activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW-activated Hoagland solution 420 
(prim PAW). Values represent means ± SD. Different letters indicate significant differences at p ≤ 0.05 (LSD test). 421 

 The concentration of pheophytin a+b reflected the trends observed for chlorophyll 422 
content (Fig. 8), with similar trends confirmed by the two-way ANOVA (Tab. 2). Under 423 
N-supplemented conditions, PAW-based treatments maintained higher pheophytin levels 424 
relative to the control, the increase was up to 1.2-times (Fig. 8A). Nitrogen deprivation led 425 
to a pronounced reduction in pheophytin levels, indicating overall pigment depletion 426 
(Fig. 8B). In these conditions, PAW and prim PAW treatments significantly increased 427 
pheophytin concentrations compared with the control (up to 3-times), consistent with 428 
their positive effect on chlorophyll accumulation.  429 

  430 



 

 

Fig. 8 Concentration of pheophytin a+b of lettuce cultivated in the half-strength Hoagland solution under 431 
N-supplemented (A) and N-deprived (B) conditions in combination with different PAW treatments: seed priming (prim), 432 
cultivation in PAW-activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW-activated 433 
Hoagland solution (prim PAW). Values represent means ± SD. Different letters indicate significant differences at p ≤ 0.05 434 
(LSD test). 435 

 Accessory photosynthetic pigments and non-enzymatic antioxidants – 436 
carotenoids, were very significantly influenced by nitrogen supplementation and PAW 437 
treatments (Fig. 9; Tab. 2). Under N-supplemented conditions, PAW and prim PAW 438 
treatments led to a significant decrease in carotenoid concentration compared with the 439 
control and prim treatment (Fig. 9A), indicating a differential response of carotenoid 440 
metabolism to PAW depending on nitrogen availability. In contrast, N-deprivation resulted 441 
in a marked decrease in carotenoid concentrations in control and prim treatments. This 442 
reduction was significantly alleviated by PAW and prim PAW treatments, where 443 
carotenoids increased up to 1.7-times in comparison to the corresponding control 444 
(Fig. 9B).  445 

 446 

 447 

Fig. 9 Concentration of carotenoids of lettuce cultivated in the half-strength Hoagland solution under N-supplemented 448 
(A) and N-deprived (B) conditions in combination with different PAW treatments: seed priming (prim), cultivation in PAW-449 
activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW-activated Hoagland solution 450 
(prim PAW). Values represent means ± SD. Different letters indicate significant differences at p ≤ 0.05 (LSD test). 451 
 452 

Antioxidant enzymes and secondary metabolites 453 
Ascorbate peroxidase (APX) achieved higher activities in young leaves than in old 454 

leaves (Fig. 10; Tab. 2). Nitrogen supplementation or deprivation was not a significant 455 
factor for APX; there were no differences in APX activity when comparing N-supplemented 456 
with N-deprived controls (Tab. 2). The highest activities were mostly observed in PAW and 457 
prim PAW treatment in young leaves, with an increase of approximately 2.2- and 2.5-times, 458 
respectively, in comparison with the corresponding controls (Fig. 10A, B). An increase in 459 
APX activity in old leaves was only observed in prim under N-supplemented conditions and 460 



 

 

in PAW (2.3-times higher than the corresponding control) and prim PAW treatments in N-461 
deprived conditions in comparison to controls (Fig. 10C, D). 462 

 463 
 464 
 465 
 466 
 467 
 468 
 469 
 470 
 471 
 472 
 473 
 474 

 
Young leaves 

  
 

Old leaves 



 

 

 
 

 
 

Fig. 10 Activity of ascorbate peroxidase (APX) in young (A, B) and old (C, D) leaves of lettuce cultivated in the half-strength 475 
Hoagland solution under N-supplemented (A, C) and N-deprived (B, D) conditions in combination with different PAW 476 
treatments: seed priming (prim), cultivation in PAW-activated Hoagland solution (PAW), and seed priming combined with 477 
cultivation in PAW-activated Hoagland solution (prim PAW). Values represent means ± SD. Different letters indicate 478 
significant differences at p ≤ 0.05 (LSD test). 479 

The only main factor with a significant impact on glutathione reductase (GR) activity 480 
was the factor treatment (Z, Tab. 2). Nitrogen deprivation significantly reduced GR activity 481 
in young leaves (Fig. 11A, B), and the opposite effect was observed in old leaves (Fig. 11C, 482 
D). Priming treatment in leaves in N-supplemented media led to a decrease in the GR 483 
activity; on the contrary, prim PAW treatment increased it approximately 1.3-times in 484 
young leaves (Fig. 11A). In old leaves in the N-deprived solution, prim, PAW, and prim PAW-485 
treated plants showed significantly higher activity than the corresponding control; the 486 
increases in prim, PAW and prim PAW treatments were more than 2-times (Fig. 11D), but 487 
the opposite effect was achieved in N-deprived young leaves (Fig. 11B). 488 
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Fig. 11 Activity of glutathione reductase (GR) in young (A, B) and old (C, D) leaves of lettuce cultivated in the half-strength 489 
Hoagland solution under N-supplemented (A, C) and N-deprived (B, D) conditions in combination with different PAW 490 
treatments: seed priming (prim), cultivation in PAW-activated Hoagland solution (PAW), and seed priming combined with 491 
cultivation in PAW-activated Hoagland solution (prim PAW). Values represent means ± SD. Different letters indicate 492 
significant differences at p ≤ 0.05 (LSD test). 493 
 494 

All three selected main factors (X-leaves, Y-nitrogen supplementation, and Z-495 
treatment) significantly influenced the G-POX activity after the three-way ANOVA (Tab. 2). 496 
The old leaves in N-supplemented solutions were significantly more active than the young 497 
leaves (Fig. 12A, C; Tab. 2). No significant increase was achieved in N-supplemented 498 
media in young leaves (Fig. 12A), however, in all plants treated with PAW (prim, PAW, prim 499 
PAW), a significant increase (1.2 to 1.4-times) in G-POX activity was observed in old leaves 500 
(Fig. 12C), with also much higher G-POX in the control. Similar increase in G-POX activity 501 



 

 

was confirmed in almost all treatments with PAW under N-deprivation (Fig. 12B, D) with an 502 
increase of 1.4 to 1.8-times in comparison with the corresponding controls. 503 
 504 
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Fig. 12 Activity of guaiacol peroxidase (G-POX) in young (A, B) and old (C, D) leaves of lettuce cultivated in the half-strength 505 
Hoagland solution under N-supplemented (A, C) and N-deprived (B, D) conditions in combination with different PAW 506 
treatments: seed priming (prim), cultivation in PAW-activated Hoagland solution (PAW), and seed priming combined with 507 
cultivation in PAW-activated Hoagland solution (prim PAW). Values represent means ± SD. Different letters indicate 508 
significant differences at p ≤ 0.05 (LSD test). 509 

 510 



 

 

All three selected factors (X-leaves, Y-nitrogen supplementation, and Z-treatment) 511 
also influenced the superoxide dismutase (SOD) activities, with higher levels observed in 512 
old leaves and under N-deprived conditions (Tab. 2). Overall, PAW-treated plants across 513 
all treatments showed no increase but mostly a decrease in SOD activity compared to 514 
controls (Fig. 13).  515 
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Fig. 13 Activity of superoxide dismutase (SOD) in young (A, B) and old (C, D) leaves of lettuce cultivated in the half-strength 516 
Hoagland solution under N-supplemented (A, C) and N-deprived (B, D) conditions in combination with different PAW 517 
treatments: seed priming (prim), cultivation in PAW-activated Hoagland solution (PAW), and seed priming combined with 518 
cultivation in PAW-activated Hoagland solution (prim PAW). Values represent means ± SD. Different letters indicate 519 
significant differences at p ≤ 0.05 (LSD test). 520 



 

 

There was no influence of the factor Z-treatment and N-supplementation on soluble 521 
phenolics after two-way ANOVA (Tab. 2). According to one-way ANOVA, plants cultivated 522 
with prim and PAW treatment produced more soluble phenolics than controls, 523 
independent of N supplementation. The increase under both N-supplemented and N-524 
deprived conditions was similar, approximately 1.4-times (Fig. 14A, B). 525 

  
 

Fig. 14 Equivalents of soluble phenolics of lettuce cultivated in the half-strength Hoagland solution under 526 
N-supplemented (A) and N-deprived (B) conditions in combination with different PAW treatments: seed priming (prim), 527 
cultivation in PAW-activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW-activated 528 
Hoagland solution (prim PAW). Values represent means ± SD. Different letters indicate significant differences at p ≤ 0.05 529 
(LSD test). 530 

Nitrogen in the media and treatment influenced the content of one of the most 531 
important antioxidants, quercetin (Tab. 2). Under PAW and prim PAW cultivation, 532 
quercetin concentration increased independently of the N supplementation (Fig. 15), 533 
although under N-deprived conditions, plants produced significantly less quercetin 534 
(Fig. 15B). Under PAW treatment, plants produced 1.6-times more quercetin than control 535 
plants under N supplementation (Fig. 15A), and 1.5-times more quercetin in prim PAW in 536 
comparison with the corresponding control under N-deprivation (Fig. 15B). 537 



 

 

 
 

 
 

Fig. 15 Equivalents of quercetin in lettuce cultivated in the half-strength Hoagland solution under N-supplemented (A) 538 
and N-deprived (B) conditions in combination with different PAW treatments: seed priming (prim), cultivation in PAW-539 
activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW-activated Hoagland solution 540 
(prim PAW). Values represent means ± SD. Different letters indicate significant differences at p ≤ 0.05 (LSD test). 541 

 542 
Principal component analysis  543 

To evaluate the combined effects of the nitrogen availability and the PAW 544 
treatment, principal component analysis (PCA) was performed separately for young and 545 
old leaves on pigments, antioxidants, and enzymes (Fig. 16).  546 

The first two principal components (PCs) explained 69% of the total variance in 547 
young leaves (Fig. 16A). PC1 accounting for 49% of the total variability separated the 548 
evaluated samples according to the nitrogen availability in the cultivation media; all 549 
samples from N-supplemented treatments were positively correlated with PC1, whereas 550 
those from N-deprived treatments were negatively correlated with this component. The 551 
main positive loading variables contributing to PC1 were chlorophylls, pheophytins, 552 
carotenoids, and quercetin, indicating that these compounds are major drivers of 553 
variability under N-supply. SOD activity and total phenolics contributed negatively to this 554 
axis. Activity of GR, G-POX, and APX was also positively correlated with PC1; however, this 555 
correlation was less pronounced. This suggests coordinated redox regulation and pigment 556 
metabolism in N-supplemented plants.  557 

In contrast, N-deprived samples clustered on the negative side of PC1 and were 558 
mostly associated with increased SOD activity and with total phenolics. This indicates a 559 
shift toward stress-related antioxidants under N limitation. PC2 explained the additional 560 
20% of the total variance and mainly differentiated N-deprived PAW and prim PAW 561 
treatments, which were tightly grouped. Positive loadings on PC2 were primarily 562 
associated with GR activity, whereas APX, G-POX, and phenolics showed negative 563 



 

 

associations with this component. Overall, nitrogen availability appeared to be the 564 
dominant factor shaping the metabolic and antioxidant status of young leaves. 565 

 566 

 567 

 568 

Fig. 16 The principal component analysis (PCA) of the selected variables in young (A) and old (B) leaves of lettuce 569 
cultivated in the half-strength Hoagland solution under N-supplemented and N-deprived conditions in combination with 570 
different PAW treatments: seed priming (prim), cultivation in PAW-activated Hoagland solution (PAW), and seed priming 571 
combined with cultivation in PAW-activated Hoagland solution (prim PAW).  572 

The first two PCs in old leaves explained 71% of the total variability, with PC1 573 
accounting for 56%, and PC2 for 15% (Fig. 16B). Similar to young leaves, PC1 separated N-574 

(A) 

(B) 



 

 

supplemented and N-deprived plants. Positive loadings on PC1 were mainly associated 575 
with phenolics, SOD, and GR, particularly in N-deprived PAW and prim PAW-treated 576 
plants, indicating activation of antioxidant defence systems in older tissues exposed to 577 
prolonged nitrogen stress. In contrast, N-supplemented samples were negatively 578 
correlated to PC1 and associated with higher levels of chlorophylls, pheophytin, 579 
carotenoids and quercetin, reflecting better maintenance of the photosynthetic 580 
apparatus. PC2 explained an additional 15% of the total variance and was strongly 581 
associated with APX activity, which contributed predominantly to the vertical separation 582 
of samples. 583 

 The observed treatments were more distinguished in old leaves than in young 584 
leaves. PAW treatments under N-supplementation showed separation from controls along 585 
axes associated with phenolics and antioxidant enzymes, indicating that PAW may 586 
enhance redox-related adjustments in mature tissues. Under N-deprivation, prim and 587 
priming PAW treatment formed partially distinct clusters, suggesting cumulative or 588 
interaction effects of seed priming and nitrogen stress that become more pronounced with 589 
the leaf age. 590 
 591 
Sensory analysis of lettuce leaves 592 

The concentrations of reactive nitrogen species (RNS) in the samples were 593 
determined before the sensory evaluation of lettuce grown in the half-strength Hoagland 594 
solution under N-supplemented conditions (Tab. 3), with particular attention to nitrite 595 
(NO2

-) levels due to their potential toxicity. Nitrite concentrations were the highest in the 596 
control and progressively decreased in the treated samples, with the lowest concentration 597 
observed in the combined priming and PAW treatment. In contrast, nitrate (NO3

-) 598 
concentrations were lower in the control and increased in all treated variants, reaching the 599 
highest values in PAW-treated samples. Priming alone and in combination with PAW 600 
resulted in similarly elevated nitrate levels. 601 

 602 
Tab. 3 Concentration of NO2

- and NO3
- in the lettuce leaves after 10 weeks of cultivation in the half-strength Hoagland 603 

solution under N-supplemented conditions in combination with various PAW treatments: seed priming (prim), cultivation 604 
in PAW-activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW activated Hoagland 605 
solution (prim PAW). Values represent means ± SD. Different letters indicate significant differences at p ≤ 0.05 (LSD test).  606 

Treatment Concentration of NO2
- 

(µmol g-1 FW) 
Concentration of NO3

- 
(µmol g-1 FW) 

ctrl 0.0595 ± 0.008 c 1.4407 ± 0.1037 a 

prim 0.0517 ± 0.002 b 2.3164 ± 0.0260 b 

PAW 0.0488 ± 0.002 b 2.4020 ± 0.0778 b 

prim PAW 0.0247 ± 0.003 a 2.3103 ± 0.1730 b 

 607 

The sensory analysis then aimed to evaluate the effect of PAW on the subjective 608 
taste and visual quality of lettuce leaves. Control plants were rated by participants as the 609 



 

 

greenest, along with PAW-treated plants (Fig. 17). They were also perceived as the least 610 
aromatic, most bitter, and the crispiest. Lettuce cultivated with PAW was rated as the most 611 
aromatic, with the strongest vegetal flavour. Both PAW and prim PAW treatments were 612 
associated with the highest juiciness. Overall, the best performance was observed for the 613 
prim PAW treatment, which exhibited superior leaf uniformity, freshness, and sweetness, 614 
and was consistently preferred by participants as the variant they would choose in a 615 
commercial setting. The results presented in Figure 17 represent the average scores 616 
assigned by the participants, with 10 indicating the highest and 1 the lowest rating.  617 

 618 

Fig. 17 Sensory evaluation of lettuce after 10 weeks of cultivation in the half-strength Hoagland solution under 619 
N-supplemented conditions in combination with different PAW treatments: seed priming (prim), cultivation in PAW-620 
activated Hoagland solution (PAW), and seed priming combined with cultivation in PAW-activated Hoagland solution 621 
(prim PAW). 622 

 623 

 624 

 625 



 

 

Discussion 626 

This study demonstrates that plasma-activated water (PAW) enhances the lettuce growth 627 
under hydroponic cultivation, as well as its metabolism and redox homeostasis, with 628 
effects strongly modulated by nitrogen availability. The results indicate that PAW-derived 629 
reactive oxygen and nitrogen species (RONS) play a dual role, acting both as signalling 630 
molecules and as a supplementary source of nitrogen under N-limited conditions. 631 

Chemical characterization of PAW confirmed the presence of relatively stable 632 
nitrogen-containing species, particularly nitrate (NO3

-) and nitrite (NO2
-), which persisted 633 

in the solution after plasma treatment throughout the cultivation period. In contrast, 634 
hydrogen peroxide showed a decline during cultivation, reaching negligible concentrations 635 
after several days. This temporal pattern suggests that while short-lived ROS may initiate 636 
early signalling responses in plants, longer-lived RNS likely contribute to sustained effects 637 
on the plant physiology. The stability of NO3

- and NO2
- supports their potential role not only 638 

in redox signalling but also in nitrogen nutrition (Bruggeman et al., 2016). This favourable 639 
nitrogen profile, together with the presence of reactive oxygen and nitrogen species 640 
(RONS) in PAW, suggests a dual role of PAW in lettuce physiology: providing signalling 641 
molecules while also contributing to nitrogen nutrition under limited nutrient conditions 642 
(Hrgovčić et al., 2026). 643 

In line with this, growth responses differed depending on the nitrogen availability, 644 
suggesting dual roles of PAW-derived RONS. Under N-sufficient conditions, the combined 645 
treatment of seed priming and PAW (prim PAW) resulted in the highest growth 646 
performance, whereas PAW alone did not substantially exceed control plants. In contrast, 647 
under N-deprived conditions, PAW and prim PAW treatments significantly improved the 648 
plant growth compared with untreated controls, indicating that PAW may partly 649 
compensate for nitrogen limitation. These contrasting responses suggest that when 650 
nitrogen is abundant, the beneficial effects of PAW are primarily related to signalling and 651 
priming mechanisms, whereas under nitrogen-limited conditions, nitrogen-containing 652 
species generated during plasma activation directly contribute to the plant nutrition. After 653 
uptake, nitrate is reduced through nitrate and nitrite reductases to ammonium, which is 654 
subsequently incorporated into amino acids and other nitrogen-containing metabolites 655 
essential for plant growth (Zdunek-Zastocka and Grabowska, 2019).  656 

Reactive species present in PAW are known to influence plant hormonal signalling 657 
and redox homeostasis. Previous studies have shown that RONS may modulate abscisic 658 
acid (ABA) signalling while simultaneously stimulating gibberellin (GA)-related pathways, 659 
thereby accelerating metabolic processes associated with germination and plant growth 660 
(Yodpitak et al., 2019). Consistent with this mechanism, growth-promoting effects of PAW 661 
have been reported in hydroponically cultivated lettuce (Carmassi et al., 2022), as well as 662 
in peanut (Song et al., 2023) and radish (Rathore and Nema, 2025), largely attributed to 663 
RONS-mediated signalling pathways. Our results extend these observations by indicating 664 



 

 

that PAW may additionally serve as a supplementary nitrogen source under nutrient-665 
limited conditions. The observed improvements in the plant growth were closely 666 
associated with changes in plant water status rather than biomass accumulation. The 667 
relatively small variation in dry weight compared to fresh weight indicates that PAW 668 
treatments primarily enhanced tissue hydration. This interpretation is further supported 669 
by sensory evaluation, in which PAW-treated plants were consistently perceived as juicier. 670 
Enhanced water retention may result from improved membrane stability and regulation of 671 
osmotic balance, processes known to be influenced by redox signalling. 672 

Nitrogen availability strongly influenced chlorophyll levels, with nitrogen 673 
deprivation leading to a substantial decline in chlorophyll levels, reflecting the central role 674 
of nitrogen in chlorophyll biosynthesis and photosynthetic protein complexes (Agnihotri 675 
and Seth, 2016; Makino and Osmond, 1991; Stoleru et al., 2020) PAW treatments partially 676 
alleviated this decline, likely due to the presence of nitrogen-containing species that 677 
support nitrogen assimilation and pigment synthesis (Chalise et al., 2024; Ramalho et al., 678 
2002). In addition to this nutritional effect, RONS mays contribute to the structural stability 679 
of chloroplast membranes by limiting ROS-induced oxidative damage, thereby preserving 680 
the photosynthetic efficiency (Kučerová et al., 2019; Mehrabifard et al., 2025; Ndiffo 681 
Yemeli et al., 2021; Sayed and Gadallah, 2019; Škarpa et al., 2020) 682 

Carotenoids exhibited a different response depending on nitrogen status. Under 683 
N-supplemented conditions, PAW treatments slightly reduced carotenoid levels, whereas 684 
under N-deprivation, they significantly increased carotenoid concentrations. This 685 
suggests that PAW enhances stress-related protective mechanisms under nutrient 686 
limitation. Given the role of carotenoids in photoprotection and antioxidative defence, 687 
their accumulation likely contributes to improved resilience of the photosynthetic 688 
apparatus under stress conditions (Swapnil et al., 2021). 689 

The antioxidant system plays a central role in plant responses to reactive oxygen 690 
and nitrogen species generated during plasma activation. In the present study, PAW 691 
treatments modulated several antioxidant enzymes, particularly those involved in the 692 
ascorbate–glutathione cycle, suggesting activation of ROS detoxification pathways. 693 
Enhanced antioxidant activity is widely recognized as an important factor contributing to 694 
the plant growth and vitality (Hasanuzzaman et al., 2012), and strengthening of the 695 
antioxidative system represents an important adaptive mechanism in plants (Fatma et al., 696 
2021). 697 

The higher activity of ascorbate peroxidase (APX) observed particularly in young 698 
leaves of PAW-treated plants indicates activation of hydrogen peroxide detoxification 699 
pathways. APX is a key enzyme in the ascorbate–glutathione cycle and is rapidly induced 700 
in response to ROS signalling, helping to maintain cellular redox balance. Similar 701 
responses have been reported in tomato seedlings, where low external concentrations of 702 
hydrogen peroxide stimulated APX activity and improved stress tolerance (İşeri et al., 703 



 

 

2013). Glutathione reductase showed contrasting responses between young and old 704 
leaves, reflecting differences in redox metabolism between developing and mature 705 
tissues. Because GR maintains reduced glutathione pools required for antioxidant 706 
defense, changes in its activity may indicate adjustments in cellular redox homeostasis 707 
under PAW treatments. In contrast, SOD activity remained largely unchanged, suggesting 708 
that superoxide production did not exceed the basal detoxification capacity and that 709 
downstream antioxidant enzymes played a more prominent role in maintaining redox 710 
balance. Similar patterns have been reported in other crop species including barley, 711 
maize, and wheat (Kučerová et al., 2019; Ndiffo Yemeli et al., 2021). 712 

Changes in secondary metabolites further support the role of PAW in modulating 713 
plant metabolism. Although total soluble phenolics showed only moderate increases, 714 
their accumulation in PAW-treated plants suggests activation of defence-related 715 
metabolic pathways. This response is consistent with the dual role of ROS, which can 716 
stimulate phenolic biosynthesis (Fan et al., 2020; Iranbakhsh et al., 2018, 2017; 717 
Okruhlicová et al., 2025; Tappi et al., 2018) and promote their oxidation (Ramazzina et al., 718 
2015), resulting in a balanced net effect.  719 

In contrast, the flavonoid quercetin showed a more pronounced response to PAW 720 
treatments with increased concentrations observed regardless of nitrogen availability. 721 
Quercetin is a potent antioxidant capable of scavenging free radicals and contributing to 722 
cellular redox homeostasis, while also influencing the characteristic bitterness of lettuce 723 
leaves (Anand David AV et al., 2016; Pandey et al., 2022). Increased quercetin 724 
concentrations in PAW and prim PAW treatments indicate that plasma-derived reactive 725 
species may stimulate the biosynthesis of specific flavonoids involved in antioxidant 726 
defence. Conversely, the reduced quercetin levels observed under N-deprived conditions 727 
are consistent with previous reports indicating that nitrogen limitation can restrict the 728 
synthesis of certain secondary metabolites. Additionally, reactive species present in PAW 729 
may facilitate the release of bound phenolic compounds from cell wall structures, further 730 
contributing to the observed increase in polyphenol levels (Adom and Liu, 2002). 731 

Principal component analysis (PCA) confirmed that nitrogen availability is the 732 
primary factor creating metabolic and antioxidative profiles. In young leaves, nitrogen 733 
status clearly separated samples, with N-supplemented plants associated with higher 734 
pigment content and metabolic activity, while N-deprived plants showed stronger 735 
association with stress-related antioxidants. In old leaves, the separation was more 736 
complex, reflecting cumulative metabolic adjustments and stronger treatment effects. 737 
PAW-treated plants, particularly under N-deprivation, showed distinct clustering patterns, 738 
indicating coordinated modulation of antioxidant systems and secondary metabolism. 739 

Since sensory analysis of the lettuce leaves including taste parameters is a part of 740 
this study, in addition to PAW composition, nitrate (NO3

-) and nitrite (NO2
-) concentrations 741 

were also determined in the edible leaf tissue. Nitrate levels ranged from 1.4 to 2.4 µmol 742 



 

 

g⁻¹ fresh weight (approximately 87–149 mg kg⁻¹ fresh weight), while nitrite concentrations 743 
were considerably lower, ranging from 0.02 to 0.06 µmol g⁻¹ fresh weight (approximately 744 
0.9–2.8 mg kg⁻¹). These values are well below the maximum limits established by 745 
European Union regulations for leafy vegetables (2000–5000 nitrite mg kg⁻¹ fresh weight, 746 
depending on season and cultivation conditions) and are comparable to concentrations 747 
commonly found in commercially available products (Mortensen et al., 2017b, 2017a). 748 

According to the European Food Safety Authority (EFSA), the acceptable daily 749 
intake (ADI) is established at 3.7 mg kg⁻¹ body weight per day for nitrate and 0.07 mg kg⁻¹ 750 
body weight per day for nitrite, based on evaluations by the Scientific Committee on Food 751 
and JECFA (Mortensen et al., 2017b, 2017a). Based on a model consumption of 100 g of 752 
lettuce per day, the estimated intake would correspond to approximately 8.7–14.9 mg of 753 
nitrate and 0.09–0.28 mg of nitrite, representing only a small fraction of the ADI values for 754 
an average adult. These results indicate that PAW treatment does not pose a risk in terms 755 
of nitrate or nitrite accumulation in edible plant tissues, supporting its safe application in 756 
hydroponic lettuce cultivation.  757 

Overall, the results of this study demonstrate that PAW influences lettuce plant 758 
physiology through multiple interconnected mechanisms involving redox signalling, 759 
nitrogen metabolism, and stress response pathways. The interplay between these 760 
processes determines the final phenotypic outcome, which varies depending on nutrient 761 
availability and tissue developmental stage. 762 

 763 

Conclusion 764 

Lactuca sativa plants were grown hydroponically under the N-sufficient and N-deprived 765 
half-strength Hoagland solutions. We evaluated four treatments with plasma-activated 766 
water: control, seed priming in the PAW-activated Hoagland, PAW-activated Hoagland 767 
cultivation, and their combination under two nutrient regimes.  768 

The results demonstrate that nitrogen availability is the dominant factor shaping 769 
metabolic and antioxidative profiles in both young and old leaves in lettuce, while PAW 770 
treatments act as modulators of these processes.  771 

Principal component analysis revealed a clear nitrogen-dependent separation of 772 
samples, confirming that nutrient status defines the primary metabolic framework. 773 
However, the plant tissue age significantly influenced the nature of the response. Young 774 
leaves were characterized by a stronger association of N-deprivation with SOD activity and 775 
phenolic accumulation, whereas old leaves exhibited a broader coordination of 776 
antioxidant enzymes, including SOD and GR, indicating progressive redox remodelling 777 
during the leaf maturation. 778 



 

 

PAW treatments caused more distinct and structured effects in old leaves than in 779 
young leaves, suggesting that the impact of plasma-derived reactive species becomes 780 
more pronounced over time as metabolic adjustments accumulate. These effects were 781 
particularly evident under N-deprived conditions, where PAW partially compensated for 782 
nutrient limitation by enhancing growth, pigment content, and antioxidant capacity. 783 

Taken together, the findings support the hypothesis that PAW-derived reactive 784 
species have a dual function: they act as signalling molecules regulating redox 785 
homeostasis and metabolic activity and simultaneously serve as an additional source of 786 
nitrogen through stable compounds, such as nitrate and nitrite. This dual role enables 787 
PAW to improve plant performance under optimal conditions and mitigate the negative 788 
effects of N-deprivation.  789 

Our results highlight the potential of PAW as a sustainable tool in crop production, 790 
particularly in systems with reduced fertilizer input, where it may enhance both plant 791 
growth and stress resilience. 792 

Acknowledgment 793 

This work was funded by the EU NextGenerationEU through the Recovery and Resilience 794 
Plan for Slovakia under the project No. 09I03-03-V03-00033 EnvAdwice, and Slovak 795 
Research and Development Agency APVV-22-0247. 796 

 797 

References 798 

Adhikari, B., Adhikari, M., Ghimire, B., Park, G., Choi, E.H., 2019. Cold Atmospheric 799 
Plasma-Activated Water Irrigation Induces Defense Hormone and Gene expression 800 
in Tomato seedlings. Sci. Rep. 9. https://doi.org/10.1038/s41598-019-52646-z 801 

Adom, K.K., Liu, R.H., 2002. Antioxidant activity of grains. J. Agric. Food Chem. 50, 6182–802 
6187. https://doi.org/10.1021/jf0205099 803 

Agnihotri, A., Seth, C.S., 2016. Exogenously applied nitrate improves the photosynthetic 804 
performance and nitrogen metabolism in tomato (Solanum lycopersicum L. cv Pusa 805 
Rohini) under arsenic (V) toxicity. Physiol. Mol. Biol. Plants 22, 341–349. 806 
https://doi.org/10.1007/s12298-016-0370-2 807 

Ainsworth, E.A., Gillespie, K.M., 2007. Estimation of total phenolic content and other 808 
oxidation substrates in plant tissues using Folin-Ciocalteu reagent. Nat. Protoc. 2, 809 
875–877. https://doi.org/10.1038/nprot.2007.102 810 

Alam, P., Faizan, M., Arif, Y., Azzam, M.M., Hayat, S., Afzal, S., Albalawi, T., 2025. 811 
Reactive oxygen species: balancing agents in plants. Front. Plant Sci. 16. 812 
https://doi.org/10.3389/fpls.2025.1713590 813 

Anand David AV, Radhakrishnan Arulmoli, Subramani Parasuraman, 2016. Overviews of 814 
biological importance of quercetin: A bioactive flavonoid. Pharmacogn. Rev. 10, 84–815 
89. 816 



 

 

Bilea, F., Garcia-Vaquero, M., Magureanu, M., Mihaila, I., Mildažienė, V., Mozetič, M., 817 
Pawłat, J., Primc, G., Puač, N., Robert, E., Stancampiano, A., Topala, I., Žūkienė, R., 818 
2024. Non-Thermal Plasma as Environmentally-Friendly Technology for Agriculture: 819 
A Review and Roadmap. CRC. Crit. Rev. Plant Sci. 43, 428–486. 820 
https://doi.org/10.1080/07352689.2024.2410145 821 

Bogomolets, B.B., 1985. CRC handbook of methods for oxygen radical research, 822 
Experimental Gerontology. https://doi.org/10.1016/0531-5565(85)90021-x 823 

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram 824 
quantities of protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 825 
248–254. https://doi.org/10.1016/0003-2697(76)90527-3 826 

Bruggeman, P.J., Kushner, M.J., Locke, B.R., Gardeniers, J.G.E., Graham, W.G., Graves, 827 
D.B., Hofman-Caris, R.C.H.M., Maric, D., Reid, J.P., Ceriani, E., Fernandez Rivas, D., 828 
Foster, J.E., Garrick, S.C., Gorbanev, Y., Hamaguchi, S., Iza, F., Jablonowski, H., 829 
Klimova, E., Kolb, J., Krcma, F., Lukes, P., MacHala, Z., Marinov, I., Mariotti, D., 830 
Mededovic Thagard, S., Minakata, D., Neyts, E.C., Pawlat, J., Petrovic, Z.L., Pflieger, 831 
R., Reuter, S., Schram, D.C., Schröter, S., Shiraiwa, M., Tarabová, B., Tsai, P.A., 832 
Verlet, J.R.R., Von Woedtke, T., Wilson, K.R., Yasui, K., Zvereva, G., Bruggeman  Mark 833 
J.; Locke, Bruce R.; Gardeniers, Jge; Graham, William; Graves, David B.; Hofman-834 
Caris, Rchm; Marić, D; Reid, Jonathan P.; Ceriani, E; Rivas, D. Fernandez; Foster, 835 
John E.; Garrick, Sean C.; Gorbanev, Yury; Hamaguchi, Satoshi; Iza, Felipe;, P.K., 836 
Bruggeman, P.J., Kushner, M.J., Locke, B.R., Gardeniers, J.G.E., Graham, W.G., 837 
Graves, D.B., Hofman-Caris, R.C.H.M., Maric, D., Reid, J.P., Ceriani, E., Fernandez 838 
Rivas, D., Foster, J.E., Garrick, S.C., Gorbanev, Y., Hamaguchi, S., Iza, F., 839 
Jablonowski, H., Klimova, E., Kolb, J., Krcma, F., Lukes, P., MacHala, Z., Marinov, I., 840 
Mariotti, D., Mededovic Thagard, S., Minakata, D., Neyts, E.C., Pawlat, J., Petrovic, 841 
Z.L., Pflieger, R., Reuter, S., Schram, D.C., Schröter, S., Shiraiwa, M., Tarabová, B., 842 
Tsai, P.A., Verlet, J.R.R., Von Woedtke, T., Wilson, K.R., Yasui, K., Zvereva, G., 2016. 843 
Plasma-liquid interactions: A review and roadmap. Plasma Sources Sci. Technol. 25, 844 
53002. https://doi.org/10.1088/0963-0252/25/5/053002 845 

Carmassi, G., Cela, F., Trivellini, A., Gambineri, F., Cursi, L., Cecchi, A., Pardossi, A., 846 
Incrocci, L., 2022. Effects of Nonthermal Plasma (NTP) on the Growth and Quality of 847 
Baby Leaf Lettuce (Lactuca sativa var. acephala Alef.) Cultivated in an Indoor 848 
Hydroponic Growing System. Horticulturae 8. 849 
https://doi.org/10.3390/horticulturae8030251 850 

Chalise, R., Tamang, A., Kattel, A., Sharma, S., Basnet, S., Khanal, R., 2024. Impact of 851 
plasma-activated water on germination, growth, and production of green leafy 852 
vegetables. AIP Adv. 14. https://doi.org/10.1063/5.0205372 853 

Chance, B., Maehly, A.C., 1955. Assay of Catalase and Peroxidase. Methods in 854 
Enzymology. Sci. Res. Publ. 2, 764775. 855 

Dvořák, P., Krasylenko, Y., Ovečka, M., Basheer, J., Zapletalová, V., Šamaj, J., Takáč, T., 856 
2021. In vivo light-sheet microscopy resolves localisation patterns of FSD1, a 857 
superoxide dismutase with function in root development and osmoprotection. Plant. 858 
Cell Environ. 44, 68–87. https://doi.org/10.1111/PCE.13894 859 



 

 

Eisenberg, G.M., 1943. Colorimetric Determination of Hydrogen Peroxide. Ind. Eng. 860 
Chem. - Anal. Ed. 15, 327–328. https://doi.org/10.1021/i560117a011 861 

Elakrouch, M., Mohaddab, M., Rachid, A., Jijakli, M.H., 2026. Soilless Agriculture at a 862 
Crossroads: Strengths, Challenges, and Prospects of Hydroponics, Aquaponics, and 863 
Bioponics in Relation to Precision Farming. Sustain. 18. 864 
https://doi.org/10.3390/su18010064 865 

Erisman, J.W., Sutton, M.A., Galloway, J., Klimont, Z., Winiwarter, W., 2008. How a 866 
century of ammonia synthesis changed the world. Nat. Geosci. 1, 636–639. 867 
https://doi.org/10.1038/ngeo325 868 

Fan, L., Liu, X., Ma, Y., Xiang, Q., 2020. Effects of plasma-activated water treatment on 869 
seed germination and growth of mung bean sprouts. J. Taibah Univ. Sci. 14, 823–830. 870 
https://doi.org/10.1080/16583655.2020.1778326 871 

Faraz, A., Faizan, M., D. Rajput, V., Minkina, T., Hayat, S., Faisal, M., Alatar, A.A., Abdel-872 
Salam, E.M., 2023. CuO Nanoparticle-Mediated Seed Priming Improves Physio-873 
Biochemical and Enzymatic Activities of Brassica juncea. Plants 12. 874 
https://doi.org/10.3390/plants12040803 875 

Fatma, M., Iqbal, N., Sehar, Z., Alyemeni, M.N., Kaushik, P., Khan, N.A., Ahmad, P., 2021. 876 
Methyl jasmonate protects the ps ii system by maintaining the stability of 877 
chloroplast d1 protein and accelerating enzymatic antioxidants in heat-stressed 878 
wheat plants. Antioxidants 10. https://doi.org/10.3390/antiox10081216 879 

Foyer, C.H., Halliwell, B., 1976. The presence of glutathione and glutathione reductase in 880 
chloroplasts: A proposed role in ascorbic acid metabolism. Planta 133, 21–25. 881 
https://doi.org/10.1007/BF00386001 882 

Frič, F., Fuchs, W.H., 1970. Veränderungen der Aktivität einiger Enzyme im Weizenblatt in 883 
Abhängigkeit von der temperaturlabilen Verträglichkeit für Puccinia graminis tritici. J. 884 
Phytopathol. 67, 161–174. https://doi.org/10.1111/j.1439-0434.1970.tb02457.x 885 

García-Limones, C., Hervás, A., Navas-Cortés, J.A., Jiménez-Díaz, R.M., Tena, M., 2002. 886 
Induction of an antioxidant enzyme system and other oxidative stress markers 887 
associated with compatible and incompatible interactions between chickpea (Cicer 888 
arietinum L.) and Fusarium oxysporum f. sp. ciceris. Physiol. Mol. Plant Pathol. 61, 889 
325–337. https://doi.org/10.1006/pmpp.2003.0445 890 

Ghulam, M., Mehrabifard, R., Mišúthová, A., Lukačová, Z., Doshi, P., Machala, Z., Šerá, 891 
B., 2025. Growth of Phaseolus vulgaris in Response to Seed Priming With Plasma-892 
Activated Water in a Laboratory Screening and Outdoor Pot Trial. Plasma Process. 893 
Polym. e70103. https://doi.org/10.1002/ppap.70103 894 

Hartmut K, 1987. Chlorophylls and carotenoids: Pigments of photosynthetic 895 
biomembranes. Methods Enzymol. 148, 350–382. 896 

Hasanuzzaman, M., Hossain, M.A., Da Silva, J.A.T., Fujita, M., 2012. Plant response and 897 
tolerance to abiotic oxidative stress: Antioxidant defense is a key factor. Crop Stress 898 
its Manag. Perspect. Strateg. 9789400722, 261–315. https://doi.org/10.1007/978-94-899 
007-2220-0_8 900 



 

 

Hrgovčić, A., Mirosavljević, K., Benković, R., Fajdetić, N.R., Majić, Ž., Rakić, M., Brmež, 901 
M., Benković-Lačić, T., 2026. Plasma-Activated Water as an Alternative Nitrogen 902 
Source: Effects on Lettuce Growth and Mineral Composition. Horticulturae 12. 903 
https://doi.org/10.3390/horticulturae12030297 904 

Hunt, L., Klem, K., Lhotáková, Z., Vosolsobě, S., Oravec, M., Urban, O., Špunda, V., 905 
Albrechtová, J., 2021. Light and co2 modulate the accumulation and localization of 906 
phenolic compounds in barley leaves. Antioxidants 10, 1–22. 907 
https://doi.org/10.3390/antiox10030385 908 

Iranbakhsh, A., Ghoranneviss, M., Oraghi Ardebili, Z., Oraghi Ardebili, N., Hesami 909 
Tackallou, S., Nikmaram, H., 2017. Non-thermal plasma modified growth and 910 
physiology in Triticum aestivum via generated signaling molecules and UV radiation. 911 
Biol. Plant. 61, 702–708. https://doi.org/10.1007/s10535-016-0699-y 912 

Iranbakhsh, A., Oraghi Ardebili, Z., Oraghi Ardebili, N., Ghoranneviss, M., Safari, N., 2018. 913 
Cold plasma relieved toxicity signs of nano zinc oxide in Capsicum annuum cayenne 914 
via modifying growth, differentiation, and physiology. Acta Physiol. Plant. 40, 0. 915 
https://doi.org/10.1007/s11738-018-2730-8 916 

İşeri, Ö.D., Körpe, D.A., Sahin, F.I., Haberal, M., 2013. Hydrogen peroxide pretreatment of 917 
roots enhanced oxidative stress response of tomato under cold stress. Acta Physiol. 918 
Plant. 35, 1905–1913. https://doi.org/10.1007/s11738-013-1228-7 919 

Kizer, J., Robinson, C., Lucas, T., Shannon, S., Hernández, R., Stapelmann, K., Rojas-920 
Pierce, M., 2025. Non-thermal plasma activated water is an effective nitrogen 921 
fertilizer alternative for Arabidopsis thaliana. PLoS One 20. 922 
https://doi.org/10.1371/journal.pone.0327091 923 

Kučerová, K., Henselová, M., Slováková, Ľ., Hensel, K., 2019. Effects of plasma activated 924 
water on wheat: Germination, growth parameters, photosynthetic pigments, soluble 925 
protein content, and antioxidant enzymes activity. Plasma Process. Polym. 16, 926 
1800131. https://doi.org/10.1002/PPAP.201800131 927 

Kumari, R., Pandey, E., Faizan, S., Khalofah, A., Faizan, M., 2025. Mitigating salt stress in 928 
Lens culinaris: The protective mechanism of Rhizobium in enhancing growth, 929 
photosynthesis, and antioxidant defense system. Plant Stress 18. 930 
https://doi.org/10.1016/j.stress.2025.100983 931 

Lichtenthaler, H.K., Buschmann, C., 2001. Chlorophylls and Carotenoids: Measurement 932 
and Characterization by UV-VIS Spectroscopy. Curr. Protoc. Food Anal. Chem. 1, 933 
F4.3.1-F4.3.8. https://doi.org/10.1002/0471142913.FAF0403S01 934 

Lukacova, Z., Svubova, R., Selvekova, P., Hensel, K., 2021. The effect of plasma activated 935 
water on maize (Zea mays l.) under arsenic stress. Plants 10. 936 
https://doi.org/10.3390/plants10091899 937 

Makino, A., Osmond, B., 1991. Effects of nitrogen nutrition on nitrogen partitioning 938 
between chloroplasts and mitochondria in pea and wheat. Plant Physiol. 96, 355–939 
362. https://doi.org/10.1104/pp.96.2.355 940 

Martin, R.E., Postiglione, A.E., Muday, G.K., 2022. Reactive oxygen species function as 941 



 

 

signaling molecules in controlling plant development and hormonal responses. 942 
Curr. Opin. Plant Biol. 69. https://doi.org/10.1016/j.pbi.2022.102293 943 

Mehrabifard, R., Gitura Kimani, B., Machala, Z., 2024. Combined Antimicrobial Properties 944 
of Ultraviolet Radiation and Plasma-Activated Water, in: 10TH INTERNATIONAL 945 
CONFERENCE ON PLASMA MEDICINE (ICPM10) & 9TH INTERNATIONAL 946 
WORKSHOP ON PLASMA FOR CANCER TREATMENT (IWPCT9). 947 
https://doi.org/10.2139/SSRN.4961388 948 

Mehrabifard, R., Mišúthová, A., Machala, Z., 2025. Comparison of the Impacts of Three 949 
Types of Plasma-Activated Water on the Seed Germination and Plant Growth of 950 
Lettuce (Lactuca sativa). Plasma Process. Polym. 22, e70083. 951 
https://doi.org/10.1002/ppap.70083 952 

Mortensen, A., Aguilar, F., Crebelli, R., Di Domenico, A., Dusemund, B., Frutos, M.J., 953 
Galtier, P., Gott, D., Gundert-Remy, U., Lambré, C., Leblanc, J.C., Lindtner, O., 954 
Moldeus, P., Mosesso, P., Oskarsson, A., Parent-Massin, D., Stankovic, I., 955 
Waalkens-Berendsen, I., Woutersen, R.A., Wright, M., van den Brandt, P., Fortes, C., 956 
Merino, L., Toldrà, F., Arcella, D., Christodoulidou, A., Barrucci, F., Garcia, A., Pizzo, 957 
F., Battacchi, D., Younes, M., 2017a. Re-evaluation of sodium nitrate (E 251) and 958 
potassium nitrate (E 252) as food additives. EFSA J. 15, e04787. 959 
https://doi.org/10.2903/J.EFSA.2017.4787;WGROUP:STRING:PUBLICATION 960 

Mortensen, A., Aguilar, F., Crebelli, R., Di Domenico, A., Dusemund, B., Frutos, M.J., 961 
Galtier, P., Gott, D., Gundert-Remy, U., Lambré, C., Leblanc, J.C., Lindtner, O., 962 
Moldeus, P., Mosesso, P., Oskarsson, A., Parent-Massin, D., Stankovic, I., 963 
Waalkens-Berendsen, I., Woutersen, R.A., Wright, M., van den Brandt, P., Fortes, C., 964 
Merino, L., Toldrà, F., Arcella, D., Christodoulidou, A., Cortinas Abrahantes, J., 965 
Barrucci, F., Garcia, A., Pizzo, F., Battacchi, D., Younes, M., 2017b. Re-evaluation of 966 
potassium nitrite (E 249) and sodium nitrite (E 250) as food additives. EFSA J. 15, 967 
e04786. https://doi.org/10.2903/j.efsa.2017.4786 968 

Mortvedt, J.J., 1995. Heavy metal contaminants in inorganic and organic fertilizers. Fertil. 969 
Res. 43, 55–61. https://doi.org/10.1007/BF00747683 970 

Nakano, Y., Asada, K., 1981. Hydrogen peroxide is scavenged by ascorbate-specific 971 
peroxidase in spinach chloroplasts. Plant Cell Physiol. 22, 867–880. 972 
https://doi.org/10.1093/oxfordjournals.pcp.a076232 973 

Ndiffo Yemeli, G.B., Švubová, R., Kostolani, D., Kyzek, S., Machala, Z., 2021. The effect of 974 
water activated by nonthermal air plasma on the growth of farm plants: Case of 975 
maize and barley. Plasma Process. Polym. 18, 2000205. 976 
https://doi.org/10.1002/PPAP.202000205 977 

Okruhlicová, Z., Lukačová, Z., Hensel, K., 2025. Optimising plasma-activated water 978 
applications for enhanced growth and antioxidant capacity in maize hybrids: a 979 
comparative study of kernel priming, cultivation, and foliar application. J. Phys. D. 980 
Appl. Phys. 58. https://doi.org/10.1088/1361-6463/adc7c5 981 

Pandey, B.K., Pandey, K.B., Srivastava, S.K., 2022. Uses of nanotechnology in refining the 982 
anti-aging activities of plant bioactives. Plant Bioact. as Nat. Panacea against Age-983 



 

 

Induced Dis. Nutraceuticals Funct. Lead Compd. Drug Dev. 387–403. 984 
https://doi.org/10.1016/B978-0-323-90581-7.00006-2 985 

Puač, N., Gherardi, M., Shiratani, M., 2018. Plasma agriculture: A rapidly emerging field. 986 
Plasma Process. Polym. 15, 1700174. https://doi.org/10.1002/ppap.201700174 987 

Ramalho, J.C., Marques, N.C., Semedo, J.N., Matos, M.C., Quartin, V.L., 2002. 988 
Photosynthetic performance and pigment composition of leaves from two tropical 989 
species is determined by light quality. Plant Biol. 4, 112–120. 990 
https://doi.org/10.1055/s-2002-20443 991 

Ramazzina, I., Berardinelli, A., Rizzi, F., Tappi, S., Ragni, L., Sacchetti, G., Rocculi, P., 992 
2015. Effect of cold plasma treatment on physico-chemical parameters and 993 
antioxidant activity of minimally processed kiwifruit. Postharvest Biol. Technol. 107, 994 
55–65. https://doi.org/10.1016/j.postharvbio.2015.04.008 995 

Randeniya, L.K., De Groot, G.J.J.B., 2015. Non-Thermal Plasma Treatment of Agricultural 996 
Seeds for Stimulation of Germination, Removal of Surface Contamination and Other 997 
Benefits: A Review. Plasma Process. Polym. 12, 608–623. 998 
https://doi.org/10.1002/ppap.201500042 999 

Rathore, V., Nema, S.K., 2025. A Nitrogen Alternative: Use of Plasma Activated Water as 1000 
Nitrogen Source in Hydroponic Solution for Radish Growth. Plasma Chem. Plasma 1001 
Process. 45, 1103–1123. https://doi.org/10.1007/s11090-025-10569-w 1002 

Ruamrungsri, S., Sawangrat, C., Panjama, K., Sojithamporn, P., Jaipinta, S., Srisuwan, 1003 
W., Intanoo, M., Inkham, C., Thanapornpoonpong, S.N., 2023. Effects of Using 1004 
Plasma-Activated Water as a Nitrate Source on the Growth and Nutritional Quality of 1005 
Hydroponically Grown Green Oak Lettuces. Horticulturae 9. 1006 
https://doi.org/10.3390/horticulturae9020248 1007 

Sayed, S., Gadallah, M., 2019. Hydrogen peroxide supplementation alleviates the 1008 
deleterious effects of cadmium on photosynthetic pigments and oxidative stress 1009 
and improves growth, yield and pods quality of pea (Pisum sativum L.) plants. Acta 1010 
Physiol. Plant. 41. https://doi.org/10.1007/s11738-019-2901-2 1011 

Škarpa, P., Klofáč, D., Krčma, F., Šimečková, J., Kozáková, Z., 2020. Effect of plasma 1012 
activated water foliar application on selected growth parameters of maize (Zea mays 1013 
l.). Water (Switzerland) 12. https://doi.org/10.3390/w12123545 1014 

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., Kumar, P., McCarl, B., Ogle, S., 1015 
O’Mara, F., Rice, C., Scholes, B., Sirotenko, O., Howden, M., McAllister, T., Pan, G., 1016 
Romanenkov, V., Schneider, U., Towprayoon, S., Wattenbach, M., Smith, J., 2008. 1017 
Greenhouse gas mitigation in agriculture. Philos. Trans. R. Soc. B Biol. Sci. 1018 
https://doi.org/10.1098/rstb.2007.2184 1019 

Song, I., Jeon, H., Priatama, R.A., Gayathri, S., Ko, K., Lee, Y.K., 2023. Effect of plasma-1020 
activated water on peanut seed germination and vegetative growth in a hydroponic 1021 
system. Plant Biotechnol. Rep. 17, 573–583. https://doi.org/10.1007/s11816-023-1022 
00847-4 1023 

Stoleru, V., Burlica, R., Mihalache, G., Dirlau, D., Padureanu, S., Teliban, G.C., Astanei, 1024 



 

 

D., Cojocaru, A., Beniuga, O., Patras, A., 2020. Plant growth promotion effect of 1025 
plasma activated water on Lactuca sativa L. cultivated in two different volumes of 1026 
substrate. Sci. Rep. 10, 1–13. https://doi.org/10.1038/s41598-020-77355-w 1027 

Swapnil, P., Meena, M., Singh, S.K., Dhuldhaj, U.P., Harish, Marwal, A., 2021. Vital roles 1028 
of carotenoids in plants and humans to deteriorate stress with its structure, 1029 
biosynthesis, metabolic engineering and functional aspects. Curr. Plant Biol. 26. 1030 
https://doi.org/10.1016/j.cpb.2021.100203 1031 

Tappi, S., Ramazzina, I., Rizzi, F., Sacchetti, G., Ragni, L., Rocculi, P., 2018. Effect of 1032 
plasma exposure time on the polyphenolic profile and antioxidant activity of fresh-1033 
cut apples. Appl. Sci. 8. https://doi.org/10.3390/app8101939 1034 

Yodpitak, S., Mahatheeranont, S., Boonyawan, D., Sookwong, P., Roytrakul, S., Norkaew, 1035 
O., 2019. Cold plasma treatment to improve germination and enhance the bioactive 1036 
phytochemical content of germinated brown rice. Food Chem. 289, 328–339. 1037 
https://doi.org/10.1016/j.foodchem.2019.03.061 1038 

Zambon, Y., Contaldo, N., Laurita, R., Várallyay, E., Canel, A., Gherardi, M., Colombo, V., 1039 
Bertaccini, A., 2020. Plasma activated water triggers plant defence responses. Sci. 1040 
Rep. 10. https://doi.org/10.1038/s41598-020-76247-3 1041 

Zdunek-Zastocka, E., Grabowska, A., 2019. The interplay of PsABAUGT1 with other 1042 
abscisic acid metabolic genes in the regulation of ABA homeostasis during the 1043 
development of pea seeds and germination in the presence of H2O2. Plant Sci. 285, 1044 
79–90. https://doi.org/10.1016/j.plantsci.2019.05.005 1045 

Zivcak, M., Brückova, K., Sytar, O., Brestic, M., Olsovska, K., Allakhverdiev, S.I., 2017. 1046 
Lettuce flavonoids screening and phenotyping by chlorophyll fluorescence 1047 
excitation ratio. Planta 245, 1215–1229. https://doi.org/10.1007/s00425-017-2676-x 1048 

 1049 

Plasma agriculture, plasma-activated water, PAW, cold atmospheric plasma, 1050 
nonthermal plasma, cold plasma agriculture, plasma farming, agricultural plasma 1051 
technology, plasma-liquid interactions, plasma-treated water, plasma-activated 1052 
nutrient solution, plasma-assisted crop production, sustainable agriculture, 1053 
precision agriculture, climate-smart agriculture, green agricultural technology, 1054 
sustainable crop production, low-input agriculture, fertilizer reduction, alternative 1055 
nitrogen fertilizer, plasma-derived nitrogen, nitrogen fixation by plasma, air-to-1056 
fertilizer technology, green nitrogen production, reactive oxygen and nitrogen 1057 
species, RONS, reactive oxygen species, ROS signaling, reactive nitrogen species, 1058 
RNS signaling, redox signaling, plant redox homeostasis, oxidative stress, oxidative 1059 
stress tolerance, hydrogen peroxide signaling, nitrate nutrition, nitrite metabolism, 1060 
nitrogen assimilation, nitrogen use efficiency, nitrogen deficiency, nitrogen 1061 
deprivation, nitrogen stress, nutrient deficiency tolerance, plant mineral nutrition, 1062 
lettuce, Lactuca sativa, lettuce growth, lettuce physiology, lettuce quality, 1063 
hydroponic lettuce, hydroponic cultivation, hydroponic agriculture, soilless 1064 



 

 

cultivation, deep-water hydroponics, controlled-environment agriculture, indoor 1065 
agriculture, nutrient solution management, Hoagland solution, seed priming, plasma 1066 
seed priming, PAW seed priming, plant growth promotion, crop growth enhancement, 1067 
biomass production, fresh weight, plant tissue hydration, photosynthetic pigments, 1068 
chlorophyll content, chlorophyll biosynthesis, carotenoids, pheophytin, 1069 
photosynthetic performance, antioxidant defense system, antioxidant enzymes, 1070 
ascorbate peroxidase, APX activity, glutathione reductase, GR activity, guaiacol 1071 
peroxidase, G-POX activity, superoxide dismutase, SOD activity, ascorbate-1072 
glutathione cycle, enzymatic antioxidants, non-enzymatic antioxidants, phenolic 1073 
compounds, total phenolics, quercetin, flavonoid biosynthesis, secondary 1074 
metabolites, plant stress physiology, plant metabolism, crop stress resilience, 1075 
nutrient stress mitigation, lettuce sensory quality, sensory evaluation, nutritional 1076 
quality, food quality, sustainable hydroponics, plasma-activated water fertilizer. 1077 

 1078 



  c h l o r o p h y l l   a + b   =    ( 7 . 15     A  663 . 2 − 18 . 71   A  646 . 8 )   x   V   60


  p h e o p h y t i n   a + b   =    ( 3 . 84     A  663 . 2 + 33 . 6   A  646 . 8   )   x   V 60


  c a r o t e n o i d s =     1000   A  470   − 1 . 82   C  c h   a   − 85 . 02   C  c h l   b 198 60



