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Abstract

:

Micro-greens or sprouts are commonly used in the diet of many cultures owing to their health benefits. In this work we use a non-chemical solution method to stimulate the germination and growth of seeds used for sprouting, based on non-thermal plasma discharge (NTP). Such a technology could represent an alternative not only for reducing the production costs for growing micro-greens but also as a pre-sowing method for slow germinating species or those under draught stress. To evaluate the efficiency of the treatments, Brassica oleracea and Lepidium sativum seeds were exposed to a non-thermal plasma discharge produced in atmospheric air in different conditions. The strongest modifications were recorded when the discharge was produced in a closed environment when the reactive species produced in air remained in high concentrations near the seeds. The garden cress exhibited stronger modifications, with a decreasing of the water contact angle of the seeds by up to about 14%, which means an increase of the hydrophilicity of the surface of the seeds. The stimulation of the growth was evaluated as an increase of the average stem length of (9 ± 0.4)% and of the root length of (38 ± 0.5)% as compared to sprouts grown from untreated seeds. This indicated that the reactive species were not only interacting with the surface of the seeds as proved by electron microscopy imaging but also penetrated inside the seeds, activating biological pathways that lead to the stimulation of growth in this case. A noticeable influence produced by the reactive species was also reflected in the biochemical results, where the analysis of the chlorophyll pigments indicated strong modifications, especially under the intensified action of the reactive species. The results prove an important contribution from the reactive species and show the possibility of using this technology to improve the growth of these micro-greens, reducing production time and even presenting the possibility of treating packaged seeds.
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1. Introduction


Plasma agriculture is a relatively new and fast developing field in which plasma, an ionized gas, serves for the processing of different biological materials with the purpose of changing plant properties and behavior [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36]. In particular, atmospheric pressure plasmas are used for such applications, meaning that a high electric field is applied to air, producing a discharge. Since the air contains at least oxygen and nitrogen, an atmospheric plasma will contain many reactive species along with the ions, electrons, neutrals, and emitted radiation. Atmospheric plasmas have a complex chemistry driven by electrons, are versatile, are produced in relatively simple configurations that can be easily implemented in large-scale applications, and operate at low temperature, which is compulsory when treating biological materials.



The advantages of NTPs for processing biological materials have been shown in many studies, with the most important being that it is a green technology that is environmentally and user friendly and does not use dangerous chemicals such as fertilizers and pesticides [1,2,3,4,5,6,7]. The benefic effects related to plants have led to the fast development of a new research field—“plasma agriculture”. In the current situation of climate change, with increasing population, it is necessary to find and perfect novel alternative technologies to sustain food production by increasing yield, quality, and shelf-life. NTP is a good alternative that not only has proven to stimulate the germination and growth of plants but has been shown to reduce the microbiological load from the surface of the seeds and plants [5,6,11,21]. NTP-based stimulation of germination and sprouting, including through the indirect action when water is treated and plasma activated water (PAW) is obtained, has been reported for different seed species, such as radish [2,36], carrot [9], lentil [11], soybean [27], pea [31], spinach [33], rice [13,28,34], maize [15,18,24], buckwheat [16,23], corn [20], and others [21,22,23,24,25,26,30,32,35,37,38,39]. With minor exceptions, the majority of reported results are positive, including stimulation of germination and plant development, improved harvest, and improvement of the benefic compound content. The negative results show inhibition of germination and growth, and also negative effects on the DNA in some conditions [12,13,17,25]. Despite being unappealing for publishing, the inhibitory effects must be reported and considered, so that lack of knowledge regarding the mechanisms of interaction between plasma and different species of plants can be addressed and fine-tuned so as to obtain the desirable effects. The plasma species (e.g., ions, excited molecules, other reactive species), radiation, and electromagnetic field are physical or/and chemical stressors for the plants, just as salinity, radiation, or draught, for example. These stress factors induce positive and negative effects; it is reasonable to expect and understand both, in order to identify the optimum conditions for the expected results in each case. Moreover, plasma has proven to act as a restoring germination factor in the case of rice seeds affected by heat stress [28], and should be considered as future technology in sustainable agricultural production.



In this work, we focus on studying the behavior of Brassica oleraceae (broccoli) and Lepidium sativum (garden cress) under atmospheric pressure NTP treatment in extended conditions. These species are commonly used to produce sprouts for consumption, a dietary habit very common in Asia and America, with only recently increasing interest in Europe. The appealing aspect of micro-greens consumption is related to their content of antioxidant substances, health promoting compounds, minerals (potassium, calcium, phosphorus, iron, manganese, zinc), and nutrients, thus preventing anemia and addressing micronutrient deficiencies [40,41,42]. It is a benefic species, with its extracts having also many medicinal uses (e.g., antirheumatic, diuretic, management of asthma, anti-inflammatory, blood coagulant) [43,44].



Despite the abundance of previous studies, there is still little known about the mechanisms involved in the process, for which we state the necessity of a deeper analysis of the interactions between plasma and seeds, and the necessity of reporting the inhibitory effects plasma has in some conditions on the treated seeds. The reported growth and physiological effects are actually responses to the synergistic physical action of plasma components; thus, it is normal to expect different responses between species, as we previously discovered in the case of Japanese radish and broccoli sprouts [39]. Therefore, the purpose of this work is to deepen the analysis of the interaction mechanisms between atmospheric plasmas and different sprouting seeds, to bring some insights into the process by using new exposure conditions with enhanced effects of the oxygen and nitrogen reactive species (RNOS). Due to the complexity of the synergistic factors that can modify the seeds and produce an effect on their germination and growth, it is difficult to separate out each contribution. However, we aim to study the behavior while keeping the produced reactive species in a closed environment, where the treated seeds are compared with the case when these reactive species diffuse freely in the environment.




2. Materials and Methods


2.1. Experimental Device


In this work, we used the same configuration as reported previously [39] with a flexible electrode as schematically represented in Figure 1. It produces a surface dielectric barrier discharge that is a non-thermal plasma (NTP); a similar configuration proved to be efficient for microorganism inactivation on the surface of wrapped medical equipment [45], in liquid bacteria [46], and in meat [47]. A metallic mesh (5 × 5 cm) representing the power electrode was placed on top of a glass plate used as dielectric. On the other side of the glass, there was a metallic tape ground electrode.



To ignite the discharge, a high-voltage (HV) signal source was used, HV18K603AC, which produced a 10 kHz signal of up to 18 kV peak-to-peak value. The discharge was produced on top of the mesh electrode in open air, without the use of any other gas. For the experiments presented here, signals up to 14 kV were used. The I-V characteristics were monitored in all studied cases using an HV probe (Tektronix, P6015A, Beaverton, OR, USA) and a current probe (Pearson, 4100, Palo Alto, CA, USA) connected to a RIGOL DS2072A oscilloscope. The emission spectra of the discharges were monitored using Ocean Optics HR2000.




2.2. Biological Material and Treatment


The seeds were commercially procured. Plasma treatment represents the simultaneous action of several factors among which reactive species might play a very important role, especially in the case of atmospheric air discharges. Thus, we chose to perform the seed treatments in two configurations: in one, the seeds were simply put on the mesh electrode—direct exposure; in the second, a cover was used to keep the reactive species produced in plasma from diffusing in air far from the sample, thus enhancing the effects produced by the reactive species—with cover. Seeds were placed in one layer over the mesh electrode (approx. 100 seeds) without any prior preparation. All experiments were performed in triplicate.




2.3. Seeds Surface Morphology and Wettability


The surface of the seeds was analyzed by environmental scanning electron microscopy (ESEM) using a FEI Quanta 450 (Thermo Fisher Scientific, Hillsboro, OR, USA) system in low vacuum mode (100 Pa), so that the seeds would not to shrink due to dehydration in high vacuum conditions. The surface of the seeds mounted on aluminum stubs with adhesive carbon double tape was imaged with a 15 kV electron accelerated beam without any prior preparation, because ESEM allows the imaging of non-conductive samples.



The wettability of seeds’ surface was determined immediately after the treatments using the water drop method. A total of 1µL of pure water was dropped on the surface of the seed; then, a picture was taken and analyzed to determine the water contact angle using imageJ software with the drop snake plugin [48]. For the cress seeds, ESEM images were analyzed with the same software using the roughness estimation plugin, because there was no obvious change of the surface morphology of exposed seeds when analyzed by electron microscopy. The presented results were statistically processed based on the measurements from each batch of seeds in each condition.




2.4. Biometric Measurements


After performing the treatments in the above-mentioned conditions, the seeds were put in containers with 2 mL of water in each. The average temperature of the environment during the experiment was 20 °C, while the relative humidity varied between 45 and 60%. The germination potential for each treatment condition was evaluated starting on day 3 after the initial treatment; it represents the number of germinated seeds divided by the initial number of seeds times 100. The biometric measurements (stem length and root length) were done on the 7th day after plasma treatment. In all cases, values were compared to the control, untreated samples. A statistical analysis was made with data being compared by unidirectional analysis variance (ANOVA).




2.5. Biochemical Measurements


After 7 days, the chlorophyll contents (chlorophyll a, b, and total carotenoids) in untreated and NTP-treated samples in different conditions were evaluated using a trichromatic spectrophotometric protocol [49]. The pigments were extracted by grinding 5 g of fresh vegetal product, then filtrating the sample using 96% ethanol. The resulting solution was analyzed by measuring the absorption from 200 nm to 900 nm using a spectrophotometer (Specord 210 Plus, Analytikjena, Jena, Germany). The concentration was calculated using the absorbances of the sample extracts at 665, 649, and 470 nm against a blank sample. In each case, three repetitions were carried out; average values, standard deviations, and t-test were determined.





3. Results and Discussion


The electrical characteristics of the discharge were determined (Figure 2a), and the discharge power was estimated from current—voltage characteristics measured for different HV applied signals; the dependence between the value of the power and the peak-to-peak value of the applied HV was found to be almost linear. The data are presented in Figure 2b. The obtained values for the power are consistent with others reported for similar discharges, as are the emission spectra [45,46,47,50]. The temperature of the flexible electrode during the treatments did not exceed 34 °C, as measured with an infrared thermometer; thus, any thermal damage of the seeds during the treatments can be excluded.



Optical emission measurements (Figure 3) aided us in identifying some of the reactive species produced in the discharge, species that impacted the seed. The radiative species identified are -OH radical, N2, and N2+. Oxygen reactive species were produced in the discharge (ozone generation was felt during the treatments), but oxygen emitting species tend to lose energy before being detected, thus explaining their absence in the emission spectrum.



With cover, the germination potential of broccoli seeds is smaller in all voltage cases, as can be seen from Figure 4a, similar to our previous work [39]. For processing periods of 60s and longer, the germination process is inhibited, especially for voltages higher than 10 kV, which corresponds to an approximate power density of about 0.03 W/cm3. Still, small but significant increase of the stem length of the sprouts was noticed for the 9 kV, 60s treatment and 10 kV, 30s conditions. For short exposure intervals, there is no linear correspondence between stem length or root length and voltage or discharge power (Figure 4b,c). With cover, the inhibition effects are much stronger than for direct treatment without cover, indicating a strong contribution of the reactive species.



To explain this phenomenon, we analyzed the surface of the seeds using ESEM. The images in Figure 5 can be correlated with the above-mentioned results; Figure 5f indicates drastic changes in the surface morphology under 14 kV with cover treatment of the seeds. In these treatment conditions, we also saw a decrease of the water contact angle. Overall, using high discharge voltages and the concentrated action of reactive species, the surface of the broccoli seeds is first cleaned; then, the etching process reaches the inside layers, decreasing the water contact angle, facilitating the diffusion of reactive species towards the inside of the seed, and stimulating the growth of sprouts, or for intense treatments (longer and high voltage NTP), rupturing of the cell walls on the epidermis with exposure of inner layers is evident (Figure 5f). The changes are more obvious for broccoli than for cress. Similar disintegration of the outer layer of the seeds and irregular shape agglomerations (as seen in Figure 5) have been also reported in DBD-treated quinoa seeds [51], low pressure treatment processing of Arabidopsis thaliana [52], and wheat treatment [53]. With cover, the broccoli seed surface outer cell layer is removed (Figure 5e), while for cress, although a change is not obvious (Figure 5g–i), the evaluation of roughness, as performed using imageJ, indicates only slight modification for simple sDBD treatment (83.01 ± 1.30) compared to untreated samples (88.77 ± 1.30), and stronger modification for the concentrated reactive species treatment (Figure 5i) (113.70 ± 1.30).



For the treatment conditions for which we found the strongest modifications of the seed surfaces, we also evidenced a decrease of the water contact angle, as can be seen in the results in Table 1. In some conditions, we see an increase of water contact angle, especially for the intensified reactive species conditions, with up to 14%, while for other conditions (high voltage, long treatment time, and concentrated reactive species), there is a decrease with about the same percentage. The increase in hydrophilicity of the seed surface is similar to other reports and accompanies an increase of wettability and water uptake capacity, both through physical (etching) and chemical interactions. The values smaller than the control recorded in this experiment might be caused by strong damage of the epidermis, as confirmed by the ESEM imaging.



Overall, using high discharge voltages and the concentrated action of reactive species, the surface of the broccoli seeds is bombarded by the reactive species, which produce physical and chemical changes of the outer epidermis, decreasing the water contact angle. Similar changes have been reported in other plasma processing experiments of seeds [26]. The effects seem to strongly depend on the type of treatment and also on the species treated, since different species would have different morphology of the seed coats. In our case, a section through the seed was performed to assess the dimension of different layers; it shows that the broccoli seed has a thicker coat seed towards the hilum and thinner towards the apex, while garden cress has a thick coat all over the seed, much thicker than broccoli (Figure 6).



The biometric data for cress seeds presented in Figure 7 shows that the length of the stems and roots increases at 11 kV and starts decreasing at 12 to 14 kV, with a non-linear behavior; using the cover, we obtain an improvement of plant length for almost all conditions, higher than for the no cover case, indicating the importance of reactive species contribution. The same data indicate an overall increase of the stem length with processing time; however, it starts with an inhibition of growth stimulation. Data shows that most of the treated seeds up to 120s will grow in sprouts of smaller length than untreated seeds. This behavior might be an abiotic stress response. The results seem to be less dependent on the dissipated energy and more on the intensified action of reactive species. The electromagnetic field could also have a small contribution to the stimulation of growth, as other studies have found, but without influencing the germination [16,54,55]. Still, this might produce modifications at the cell level by increasing the production of reactive oxygen species in the seeds. In our case, the exposure with and without cover was performed in the same electromagnetic field conditions; thus, comparing between the same voltage conditions with and without cover, the effects can be directly attributed to the reactive species confined near the seeds in the case of using the cover.



The reactive species are known to play key roles in different stages of the seed life, with both detrimental and positive effects. Recent research has indicated that ROS can be beneficial, influencing the germination through different signaling pathways and regulating the growth [56,57,58,59]. Not only oxygen reactive species but also nitrogen reactive species seem to have an important role; researchers found nitrogen reactive species to better stimulate the germination of wheat in the case of higher RNS concentrations, but longer shoots were found for higher ROS [59]. Based on the emission spectrum and other literature reports, we expect high concentrations of reactive species such as O3, 1O2, ·O2, ·NO, ·OH, and N2· [60,61,62,63]. These species introduce oxidative and nitrosative stress into the exposed cells and lead to the production of other reactive species inside the cells as a response to the initial stress. This process is very common as a response to other stressors in plants, such as drought or salinity, influencing different stages of plant development and physiological characteristics [64]. During the treatments with cover, long life RONS would be concentrated near the samples. The same non-linear trend is also common as a stress-induced change: for a low stress impact on the seeds, favorable mechanisms of growth and enhancement of physiological parameters are in place to counteract the stressor, but in the case of high stress, the physiological processes are disturbed, which results in the inhibition of germination, growth, synthesis of bioactive compounds, etc. [64].



Despite the thick and little-affected outer epidermis of cress, reactive species seem to reach the inside of the seed, stimulating the growth of the sprouts. The physical penetration depth is less important than the extension of the chemically induced effects, since RONS are strongly reactive and trigger the production of other reactive species inside the cells. The stimulation effects found in this work, higher in the case of concentrated reactive species exposure, could be explained through this kind of mechanism, underlining the importance of the reactive species in plasma more than the contribution of other components. From the latter, the electrical field could also have an influence; it has been long known that the exposure to electric fields alone might influence the germination in some cases [16,54,55], though in this situation, probably to a smaller extent.



The chlorophyll content of radish sprouts shows minor variations, including the case of concentrated reactive species exposure, while the most affected parameter is the germination potential and thus the viability of the broccoli seeds. Cress sprouts exhibit a different behavior: while the viability of the seeds remains close to 100% and the surface morphology of the seeds is less affected, we measured stronger variations of the biochemical parameters than in the case of broccoli, and stronger for the case with cover compared to no-cover treatments. The latter cases differ in behavior as well: for no cover, both Chlorophyll a and b concentrations slightly increase with treatment time, while when the seeds are exposed to concentrated reactive species, the concentrations of both pigments strongly decrease, as can be seen in Figure 8.



The chlorophyll pigment concentration changes in Figure 8 confirm the important contribution of the reactive species. These physiological responses come from the chemical and less physical interaction of plasma-produced reactive species at the cell membrane level and probably inside the cell, activating signaling factors, changing the membrane transport, and producing oxidative stress. Much higher concentrations of chlorophyll pigments were also found in the case of maize seed treatment in the presence of nitrogen reactive species, with these seemingly having a crucial role in this effect [18,59].




4. Conclusions


The processing of seeds in NTP with and without the concentrated action of plasma-produced reactive species indicates the importance of the reactive species in the reported effects on the germination and growth of micro-greens. The behavior of different species is different probably due to the difference in their morphology and biology.



The effects evidenced are actually responses to abiotic stress that clearly influence the growth (changes of germination potential, biometric values), physiology (changes in the concentration of the photosynthetic molecule concentrations of developing sprouts), and molecular biology of the samples. Difference in the response to plasma and reactive species treatment could be explained through the difference in the tolerance mechanisms within species. The results show good premises for using NTP as a convenient and sustainable technology in stimulating the growth of micro-greens in a reduced timeframe. More studies need to be performed to better quantify the effects of reactive species produced in NTP, and also to deepen the knowledge on other biochemical parameters that could be influenced by these treatments, such as the content of antioxidant compounds or important enzymes.







Author Contributions


Conceptualization, I.M. and M.A.C.; methodology, I.M.; formal analysis, I.M., M.A.C. and A.E.C.; investigation, I.M., M.A.C. and A.E.C.; resources, G.J.; data curation, I.M., M.A.C. and A.E.C.; writing—original draft preparation, I.M.; writing—review and editing, I.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially funded by the Competitiveness Operational Programme (COP) 2014–2020, under the project number 4/AXA1/1.2.3. G/05.06.2018, SMIS2014+ code 119611. The funding source was not involved in the study design. This work was partially supported by a grant by “Alexandru Ioan Cuza” University of Iasi, within the research Grants program, Grant UAIC no. GI-UAIC-2020-05.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ito, M.; Ohta, T.; Hori, M. Plasma agriculture. J. Korean Phys. Soc. 2012, 60, 937–943. [Google Scholar] [CrossRef]

	



Attri, P.; Ishikawa, K.; Okumura, T.; Koga, K.; Shiratani, M.; Mildaziene, V. Impact of seed color and storage time on the radish seed germination and sprout growth in plasma agriculture. Sci. Rep. 2021, 11, 2539. [Google Scholar] [CrossRef] [PubMed]

	



Attri, P.; Koga, K.; Okumura, T.; Shiratani, M. Impact of atmospheric pressure plasma treated seeds on germination, morphology, gene expression and biochemical responses. Jpn. J. Appl. Phys. 2021, 30, 040502. [Google Scholar] [CrossRef]

	



Domonkos, M.; Tichá, P.; Trejbal, J.; Demo, P. Applications of Cold Atmospheric Pressure Plasma Technology in Medicine, Agriculture and Food Industry. Appl. Sci. 2021, 11, 4809. [Google Scholar] [CrossRef]

	



Šerá, B.; Scholtz, V.; Jirešová, J.; Khun, J.; Julák, J.; Šerý, M. Effects of Non-Thermal Plasma Treatment on Seed Germination and Early Growth of Leguminous Plants—A Review. Plants 2021, 10, 1616. [Google Scholar] [CrossRef] [PubMed]

	



Shelar, A.; Singh, A.V.; Maharjan, R.S.; Laux, P.; Luch, A.; Gemmati, D.; Tisato, V.; Singh, S.P.; Santilli, M.F.; Shelar, A.; et al. Sustainable Agriculture through Multidisciplinary Seed Nanopriming: Prospects of Opportunities and Challenges. Cells 2021, 10, 2428. [Google Scholar] [CrossRef] [PubMed]

	



Waskow, A.; Avino, F.; Howling, A.; Furno, I. Entering the plasma agriculture field: An attempt to standardize protocols for plasma treatment of seeds. Plasma Process. Polym. 2022, 19, e2100152. [Google Scholar] [CrossRef]

	



Winter, L.R.; Chen, J.G. N2 Fixation by Plasma-Activated Processes. Joule 2021, 5, 300–315. [Google Scholar] [CrossRef]

	



Guragain, R.P.; Baniya, H.B.; Pradhan, S.P.; Dhungana, S.; Chhetri, G.K.; Basnet, N.; Panta, G.P.; Joshi, U.M.; Pandey, B.P.; Subedi, D.P. Impact of non-thermal plasma treatment on the seed germination and seedling development of carrot (Daucus carota sativus L.). J. Phys. Commun. 2021, 5, 125011. [Google Scholar] [CrossRef]

	



Guragain, R.P.; Baniya, H.B.; Pradhan, S.P.; Pandey, B.P.; Subedi, D.S. Influence of plasma-activated water (PAW) on the germination of radish, fenugreek, and pea seeds. AIP Adv. 2021, 11, 125304. [Google Scholar] [CrossRef]

	



Gutiérrez-León, D.G.; Serrano-Ramírez, T.; López-Callejas, R.; Rodríguez-Méndez, B.G. Non-Thermal Plasma as an Alternative to Enhance the Early Growth Structures in Lentil Plants. Agronomy 2022, 12, 2920. [Google Scholar] [CrossRef]

	



Han, B.; Yu, N.-N.; Zheng, W.; Zhang, L.-N.; Liu, Y.; Yu, J.-B.; Zhang, Y.-Q.; Park, G.; Sun, H.-N.; Kwon, T. Effect of non-thermal plasma (NTP) on common sunflower (Helianthus annus L.) seed growth via upregulation of antioxidant activity and energy metabolism-related gene expression. Plant Growth Regul. 2021, 95, 371–381. [Google Scholar] [CrossRef]

	



Hashizume, H.; Kitano, H.; Mizuno, H.; Abe, A.; Yuasa, G.; Tohno, S.; Tanaka, H.; Ishikawa, K.; Matsumoto, S.; Sakakibara, H.; et al. Improvement of yield and grain quality by periodic cold plasma treatment with rice plants in a paddy field. Plasma Process. Polym. 2020, 18, e2000181. [Google Scholar] [CrossRef]

	



Holc, M.; Mozetič, M.; Recek, N.; Primc, G.; Vesel, A.; Zaplotnik, R.; Gselman, P. Wettability Increase in Plasma-Treated Agricultural Seeds and Its Relation to Germination Improvement. Agronomy 2021, 11, 1467. [Google Scholar] [CrossRef]

	



Holubová, Ľ.; Švubová, R.; Slováková, Ľ.; Bokor, B.; Chobotová Kročková, V.; Renčko, J.; Uhrin, F.; Medvecká, V.; Zahoranová, A.; Gálová, E. Cold Atmospheric Pressure Plasma Treatment of Maize Grains—Induction of Growth, Enzyme Activities and Heat Shock Proteins. Int. J. Mol. Sci. 2021, 22, 8509. [Google Scholar] [CrossRef] [PubMed]

	



Ivankov, A.; Naučienė, Z.; Degutytė-Fomins, L.; Žūkienė, R.; Januškaitienė, I.; Malakauskienė, A.; Jakštas, V.; Ivanauskas, L.; Romanovskaja, D.; Šlepetienė, A.; et al. Changes in Agricultural Performance of Common Buckwheat Induced by Seed Treatment with Cold Plasma and Electromagnetic Field. Appl. Sci. 2021, 11, 4391. [Google Scholar] [CrossRef]

	



Ji, W.; Li, M.; Yang, T.; Li, H.; Li, W.; Wang, J.; Ma, M. Effect of cold plasma on physical-biochemical properties and nutritional components of soybean sprouts. Food Res. Int. 2022, 161, 111766. [Google Scholar] [CrossRef]

	



Karmakar, S.; Billah, M.; Hasan, M.; Sohan, S.R.; Hossian, M.F.; Hoque, K.M.F.; Kabir, A.H.; Rashid, M.M.; Talukder, M.R.; Reza, M.A. Impact of LFGD (Ar+O2) plasma on seed surface, germination, plant growth, productivity and nutritional composition of maize (Zea mays L.). Heliyon 2021, 7, e06458. [Google Scholar] [CrossRef]

	



Kučerová, K.; Henselová, M.; Slováková, Ľ.; Bačovčinová, M.; Hensel, K. Effect of Plasma Activated Water, Hydrogen Peroxide, and Nitrates on Lettuce Growth and Its Physiological Parameters. Appl. Sci. 2021, 11, 1985. [Google Scholar] [CrossRef]

	



Lamichhane, P.; Veerana, M.; Lim, J.S.; Mumtaz, S.; Shrestha, B.; Kaushik, N.K.; Park, G.; Choi, E.H. Low-Temperature Plasma-Assisted Nitrogen Fixation for Corn Plant Growth and Development. Int. J. Mol. Sci. 2021, 22, 5360. [Google Scholar] [CrossRef]

	



Lee, Y.; Lee, Y.Y.; Kim, Y.S.; Balaraju, K.; Mok, Y.S.; Yoo, S.J.; Jeon, Y. Enhancement of seed germination and microbial disinfection on ginseng by cold plasma treatment. J. Ginseng Res. 2021, 45, 519–526. [Google Scholar] [CrossRef] [PubMed]

	



Luang-In, V.; Saengha, W.; Karirat, T.; Buranrat, B.; Matra, K.; Deeseenthum, S.; Katisart, T. Effect of cold plasma and elicitor on bioactive contents, antioxidant activity and cytotoxicity of Thai rat-tailed radish microgreens. J. Sci. Food Agric. 2020, 101, 1685–1698. [Google Scholar] [CrossRef] [PubMed]

	



Mravlje, J.; Regvar, M.; Starič, P.; Mozetič, M.; Vogel-Mikuš, K. Cold Plasma Affects Germination and Fungal Community Structure of Buckwheat Seeds. Plants 2021, 10, 851. [Google Scholar] [CrossRef]

	



Ndiffo Yemeli, G.B.; Svubova, R.; Kostolani, D.; Kyzek, S.; Machala, Z. The effect of water activated by nonthermal air plasma on the growth of farm plants: Case of maize and barely. Plasma Process. Polym. 2020, 18, e2000205. [Google Scholar] [CrossRef]

	



Peťková, M.; Švubová, R.; Kyzek, S.; Medvecká, V.; Slováková, Ľ.; Ševčovičová, A.; Gálová, E. The Effects of Cold Atmospheric Pressure Plasma on Germination Parameters, Enzyme Activities and Induction of DNA Damage in Barley. Int. J. Mol. Sci. 2021, 22, 2833. [Google Scholar] [CrossRef]

	



Recek, N.; Holc, M.; Vesel, A.; Zaplotnik, R.; Gselman, P.; Mozetič, M.; Primc, G. Germination of Phaseolus vulgaris L. Seeds after a Short Treatment with a Powerful RF Plasma. Int. J. Mol. Sci. 2021, 22, 6672. [Google Scholar] [CrossRef]

	



Švubová, R.; Slováková, Ľ.; Holubová, Ľ.; Rovňanová, D.; Gálová, E.; Tomeková, J. Evaluation of the Impact of Cold Atmospheric Pressure Plasma on Soybean Seed Germination. Plants 2021, 10, 177. [Google Scholar] [CrossRef]

	



Suriyasak, C.; Hatanaka, K.; Tanaka, H.; Okumura, T.; Yamashita, D.; Attri, P.; Koga, K.; Shiratani, M.; Hamaoka, N.; Ishibashi, Y. Alterations of DNA Methylation caused by cold plasma treatment restore delayed germination of heat-stressed rice (Oryza sativa L.). ACS Agric. Sci. Technol. 2021, 1, 5–10. [Google Scholar] [CrossRef]

	



Kitazaki, S.; Sarinont, T.; Koga, K.; Hayashi, N.; Shiratani, M. Plasma induced long-term growth enhancement of Raphanus sativus L. using combinatorial atmospheric air dielectric barrier discharge plasmas. Curr. Appl. Phys. 2014, 14, S149–S153. [Google Scholar] [CrossRef]

	



Bormashenko, E.; Grynyov, R.; Bormashenko, Y.; Drori, E. Cold Radiofrequency Plasma Treatment Modifies Wettability and Germination Speed of Plant Seeds. Sci. Rep. 2012, 2, 741. [Google Scholar] [CrossRef]

	



Gao, X.; Zhang, A.; Heroux, P.; Sand, W.; Sun, Z.; Zhan, J.; Wang, C.; Hao, S.; Li, Z.; Li, Z.; et al. Effect of Dielectric Barrier Discharge Cold Plasma on Pea Seed Growth. J. Agric. Food Chem. 2019, 67, 10813–10822. [Google Scholar] [CrossRef] [PubMed]

	



Koga, K.; Thapanut, S.; Amano, T.; Seo, H.; Itagaki, N.; Hayashi, N.; Shiratani, M. Simple method of improving harvest by nonthermal air plasma irradiation of seeds of Arabidopsis thaliana (L.). Appl. Phys. Express 2016, 9, 016201. [Google Scholar] [CrossRef]

	



Ji, S.-H.; Choi, K.-H.; Pengkit, A.; Im, J.S.; Kim, J.S.; Kim, Y.H.; Park, Y.; Hong, E.J.; Jung, S.K.; Choi, E.-H.; et al. Effects of high voltage nanosecond pulsed plasma and micro DBD plasma on seed germination, growth development and physiological activities in spinach. Arch. Biochem. Biophys. 2016, 605, 117–128. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.H.; Woo, K.S.; Yong, H.I.; Jo, C.; Lee, S.K.; Lee, Y.-Y.; Lee, B.; Kim, H.-J. Physicochemical properties of brown rice according to the characteristics of cultivars treated with atmospheric pressure plasma. J. Cereal Sci. 2019, 87, 138–142. [Google Scholar] [CrossRef]

	



Zhou, R.; Li, J.; Zhou, R.; Zhang, X.; Yang, S. Atmospheric-pressure plasma treated water for seed germination and seedling growth of mung bean and its sterilization effect on mung bean sprouts. Innov. Food Sci. Emerg. Technol. 2019, 53, 36–44. [Google Scholar] [CrossRef]

	



Koga, K.; Attri, P.; Kamataki, K.; Itagaki, N.; Shiratani, M.; Mildaziene, V. Impact of radish sprouts seed coat color on the electron paramagnetic resonance signals after plasma treatment. Jpn. J. Appl. Phys. 2020, 59, SHHF01. [Google Scholar] [CrossRef]

	



Dhyal, M.; Lee, S.Y.; Park, S.-U. Using low-pressure plasma for Cathmus tinctorium L. seed surface modification. Vacuum 2006, 80, 499–506. [Google Scholar] [CrossRef]

	



Tounekti, T.; Mujahid, Z.I.; Khemira, H. Non-thermal dielectric barrier discharge (DBD) plasma affects germination of coffee and grape seeds. AIP Conf. Proc. 2018, 1976, 020029. [Google Scholar] [CrossRef]

	



Motrescu, I.; Filip, M.; Herciu, F.P.; Jitareanu, G. Utilization of Atmospheric Plasmas for Agricultural Applications. In Engineering Sustainable Future. INTER-ACADEMIA 2019. Lecture Notes in Networks and Systems; Varkonyi-Koczy, A., Ed.; Springer: Cham, Switzerland, 2020; Volume 101, pp. 278–287. [Google Scholar] [CrossRef]

	



Donkor, O.N.; Stojanovska, L.; Ginn, P.; Ashton, J.; Vasiljevic, T. Germination grains—Sources of bioactive compounds. Food Chem. 2012, 135, 950–959. [Google Scholar] [CrossRef]

	



Gan, R.Y.; Lui, W.Y.; Wu, K.; Chan, C.L.; Dai, S.H.; Sui, Z.Q.; Corke, H. Bioactive compounds and bioactivities of germinated edible seeds and sprouts: An updated review. Trends Food Sci. Technol. 2017, 59, 1–14. [Google Scholar] [CrossRef]

	



Nestle, M. Broccoli sprouts in cancer prevention. Nutr. Rev. 1998, 56, 127–130. [Google Scholar] [CrossRef] [PubMed]

	



Ghante, M.H.; Badole, S.L.; Bodhankar, S.L. Health benefits of garden cress (Lepidum sativum Linn.) seed extracts. In Nuts and Seeds in Health and Disease Prevention; Preedy, V.R., Watson, R.R., Patel, V.B., Eds.; Academic Press: Cambridge, MA, USA; Elsevier Inc.: Amsterdam, The Netherlands, 2011; pp. 521–525. [Google Scholar] [CrossRef]

	



Painuli, S.; Quispe, C.; Herrera-Bravo, J.; Semwal, P.; Martorell, M.; Almarhoon, Z.M.; Seilkhan, A.; Ydyrys, A.; Rad, J.S.; Alshehri, M.M.; et al. Nutraceutical profiling, bioactive composition, and biological applications of Lepidum sativum L. Oxidative Med. Cell. Longev. 2022, 2022, 2910411. [Google Scholar] [CrossRef] [PubMed]

	



Eto, H.; Ono, Y.; Ogino, A.; Nagatsu, M. Low-temperature sterilization of wrapped materials using flexible sheet-type dielectric barrier discharge. Appl. Phys. Lett. 2008, 93, 221502. [Google Scholar] [CrossRef]

	



Ziuzina, D.; Patil, S.; Cullen, P.J.; Keener, K.M.; Bourke, P. Atmospheric cold plasma inactivation of Escherichia coli in liquid media inside a sealed package. J. Appl. Microbiol. 2012, 114, 778–787. [Google Scholar] [CrossRef] [PubMed]

	



Jayasena, D.D.; Kim, H.J.; Yong, H.I.; Park, S.; Kim, K.; Choe, W.; Jo, C. Flexible thin-layer dielectric barrier discharge plasma treatment of pork butt and beef loin: Effects on pathogen inactivation and meat-quality attributes. Food Microbiol. 2015, 46, 51–57. [Google Scholar] [CrossRef] [PubMed]

	



Stalder, A.F.; Kulik, G.; Sage, D.; Barbieri, L.; Hoffman, P. A Snake-Based Approach to Accurate Determination of Both Contact Points and Contact Angles. Colloids Surf. A Physicochem. Eng. Asp. 2006, 286, 92–103. [Google Scholar] [CrossRef]

	



Lichtenthaler, H.K.; Wellburn, A.R. Determination of total carotenoids and chlorophylls a and b of leaf extracts in different solvents. Biochem. Soc. Trans. 1983, 11, 591–592. [Google Scholar] [CrossRef]

	



Wang, B.; Liu, D.; Zhang, Z.; Li, Q.; Wang, X.; Kong, M.G. A new surface discharge source: Plasma characteristics and delivery of reactive species. IEEE Trans. Plasma Sci. 2016, 44, 3295–3301. [Google Scholar] [CrossRef]

	



Gomez-Ramierez, A.; Lopez-Santos, C.; Cantos, M.; Garcia, J.L.; Molina, R.; Cotrino, J.; Espinos, J.P.; Gonzalez-Elipe, A.R. Surface chemistry and germination improvement of Quinoa seeds subjected to plasma activation. Sci. Rep. 2017, 7, 5924. [Google Scholar] [CrossRef]

	



Bafoil, M.; Jemmat, A.; Martinez, Y.; Merbahi, N.; Eichwald, O.; Dunand, C.; Mohammed, Y. Effects of low temperature plasmas and plasma activated waters on Arabidopsis thaliana germination and growth. PLoS ONE 2017, 13, e0195512. [Google Scholar] [CrossRef]

	



Guo, Q.; Meng, Y.; Qu, G.; Wang, T.; Yang, F.; Liang, D.; Hu, S. Improvement of wheat seed vitality by dielectric barrier discharge plasma. Bioelectromagnetics 2017, 39, 120–131. [Google Scholar] [CrossRef] [PubMed]

	



Sidaway, G.H. Influence of electrostatic fields on seed germination. Nature 1966, 211, 303. [Google Scholar] [CrossRef]

	



Pietruszewski, S. Electromagnetic fields, impact on seed germination and plant growth. Encycl. Agrophysics Encycl. Earth Sci. Ser. 2011, 44, 267–269. [Google Scholar]

	



Kurek, K.; Plitta-Michalak, B.; Ratacjzak, E. Reactive Oxygen Species as Potential Drivers of the Seed Aging Process. Plants 2019, 8, 174. [Google Scholar] [CrossRef] [PubMed]

	



El-Maarouf-Bouteau, H.; Bailly, C. Oxidative signaling in seed germination and dormancy. Plant Signal. Behav. 2008, 3, 175–182. [Google Scholar] [CrossRef]

	



Pedrosa Gomes, M.; Souza Garcia, Q. Reactive oxygen species and seed germination. Biologia 2013, 68, 351–357. [Google Scholar] [CrossRef]

	



Rahman, M.M.; Sajib, S.A.; Rahi, M.S.; Tahura, S.; Roy, N.C.; Parvez, S.; Reza, M.A.; Talukder, M.R.; Kabir, A.H. Mechanism of signaling associated with LPDBD plasma mediated growth improvement in wheat. Sci. Rep. 2018, 8, 10498. [Google Scholar] [CrossRef]

	



Abdelazis, A.A.; Ishijima, T.; Seto, T.; Osawa, N.; Wedaa, H.; Otani, Y. Characterization of surface dielectric barrier discharge influenced by intermediate frequency for ozone production. Plasma Sources Sci. Technol. 2016, 25, 035012. [Google Scholar] [CrossRef]

	



Gorbanev, Y.; Privat-Maldonado, A.; Bogaerts, A. Analysis of short-lived reactive species in plasma-air-water systems: The dos and do nots. Anal. Chem. 2018, 90, 13151–13158. [Google Scholar] [CrossRef]

	



Graves, D.B. Reactive species from cold atmospheric plasma: Implications for cancer therapy. Plasma Process. Polym. 2014, 11, 1120–1127. [Google Scholar] [CrossRef]

	



Szili, E.J.; Hong, S.H.; Oh, J.S.; Gaur, N.; Short, R.D. Tracking the penetration of plasma reactive species in tissue models. Trends Biotechnol. 2018, 36, 594–602. [Google Scholar] [CrossRef] [PubMed]

	



Lungoci, C.; Motrescu, I.; Filipov, F.; Jitareanu, C.D.; Teliban, G.-C.; Ghitau, C.S.; Puiu, I.; Robu, T. The Impact of Salinity Stress on Antioxidant Response and Bioactive Compounds of Nepeta cataria L. Agronomy 2022, 12, 562. [Google Scholar] [CrossRef]








[image: Agronomy 13 00150 g001 550] 





Figure 1. Schematic representation of the flexible configuration used for the seed treatments: (a) direct plasma, (b) with cover, (c) picture of the electrode from above without and with discharge. 
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Figure 2. (a) Typical IV characteristic of the discharge and (b) estimation of the NTP power as a function of the peak-to-peak discharge voltage value from electrical measurements. 
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Figure 3. Emission spectrum indicating some of the radiative reactive species produced. 
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Figure 4. (a) Germination potential for broccoli seeds for 30s treatments with and without cover: (b) stem length and (c) root length for broccoli seeds (p < 0.005). 
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Figure 5. ESEM images of the surface of untreated and treated broccoli (a–f) and cress (g–i). (a) untreated broccoli seed, (b) broccoli seed treated with 12 kV NTP for 60s without cover, (c) broccoli seed treated with 12 kV NTP with cover, (d) broccoli seed treated with 12 kV NTP for 120s without cover, (e) broccoli seed treated with 12 kV NTP for 120s with cover, (f) broccoli seed treated with 14 kV NTP for 120s without cover, (g) cress seed untreated, (h) cress seed treated with 12 kV NTP for 120s without cover, and (i) cress seed treated with 12 kV NTP for 120s with cover. 
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Figure 6. ESEM images of seed section for broccoli and garden cress seeds. 






Figure 6. ESEM images of seed section for broccoli and garden cress seeds.



[image: Agronomy 13 00150 g006]







[image: Agronomy 13 00150 g007 550] 





Figure 7. Biometric measurements for cress sprouts (stem and root length) and water contact angle for the seeds after treatment in different conditions. 
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Figure 8. Concentrations of Chlorophyll a and Chlorophyll b in cress sprouts for seeds treated without cover (full squares—Ch a, full circles—Ch b) and with cover (empty squares—Ch a, empty circles—Ch b). 






Figure 8. Concentrations of Chlorophyll a and Chlorophyll b in cress sprouts for seeds treated without cover (full squares—Ch a, full circles—Ch b) and with cover (empty squares—Ch a, empty circles—Ch b).



[image: Agronomy 13 00150 g008]







[image: Table] 





Table 1. Water contact angle of cress seeds treated in different conditions: without cover and with cover.






Table 1. Water contact angle of cress seeds treated in different conditions: without cover and with cover.





	
Voltage

	
DP/IP

	
0

	
30s

	
60s

	
90s

	
120s






	
11 kV

	
DP/

	
101.3

	
106.3

	
105.2

	
108.4

	
106.4




	

	
/IP

	
107.5

	
110.2

	
99.5

	
100.2




	
12 kV

	
DP/

	
106.0

	
107.5

	
101.1

	
107.5




	

	
/IP

	
109.1

	
116.0

	
100.9

	
101.8




	
13 kV

	
DP/

	
102.4

	
101.2

	
100.5

	
100.4




	

	
/IP

	
113.4

	
115.6

	
109.1

	
100.5




	
14 kV

	
DP/

	
93.8

	
91.5

	
90.3

	
87.1




	

	
/IP

	
88.9

	
97.3

	
87.0

	
83.2

















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
‘Stem length (cm)

untreated

)

w0 oW
Processing time (5

12KV 305
with cover

£

Mkve0s
with cover

"

Processing tme (5)

2 )
Operating voltage (kV)






media/file4.png
Applied voltage [kV]

(a)

9.0x10° 0.10
.08
3
6.0x10 06
.04
3.0x107 0
.02
0.0 .00
0.02
-3.0x107 0.04
-0.06
-6.0x107
-0.08
3 n
010770 5.0x10° 1.0x10° i
time [s]

Discharge current [A]

Discharge power [W]

(b)

120
100-
80 -
60
40

20

10

1 12 13 14 15
Discharge voltage [kV]






nav.xhtml


  agronomy-13-00150


  
    		
      agronomy-13-00150
    


  




  





media/file16.png
Chlorophyll a (ng/g)

30

55

50 -

45 -

40 -

T " ! i |

without cover %/f

with cover ' %‘ ------- 0

- 25

- 20

-15

10

| . | 4 | . I : I » | & I

0 20 40 60 80 100 120

treatment time (s)

Chlorophyll b (1g/g)





media/file2.png
(a) oscilloscope

seeds discharge V
dielectric / \\ g source ‘
.. ® 00
\ ,
2 / c—
ground electrode metallic mesh electrode -
cove
(b) — 1.0 ~ oscilloscope
seeds '[ —é
dielectric / \\ 1om source \
o

-
A /

ground electrode metallic mesh electrode






media/file5.jpg
Intensity [a.u.]

3x10° N, SPS C'r1 =B,
N, FNS B’y "= X'z "
—— " ° 3 Rk
N, FPS B'I1 ~A'S,
=AT,
2x10°
1x10° % % 4
0, FNS b’y =a'l
| o=,
\ ' l 0 3p°Pa3ss”
il ‘ | ‘
oL/ LA, AA ML
300 400 500 600 700 800 900

wavelength [nm]





media/file3.jpg
(b)

Discharge voltage (V)

(a)

i

szs33583

IR E
) samod smumig

vl weuns oBievosia

oo

s

1 4 3
2 H

Wil oBeaion poyddy





media/file1.jpg
(@

_— oscilloscope
dIB\G\Cmc 1/ «\‘\\‘ ﬂlmé:ge V| =
e |
ground ei;mwde metallic mesh electrode

()  ocover

- oscilloscope

50m
3
dielectric X

ground electrode metallic mesh electrode





media/file7.jpg





media/file10.png
“J

-

Z” (R).12KV 1
DN

Y (%

l

J K ¥ 1Y
2( “ho cover
( " \

=L .jé(c)12k 905»9 ver

—_—






media/file12.png
Broccoli seed

Garden'cressise

Garden cress s

h

L NS 2
d-

g -






media/file9.jpg





media/file0.png





media/file14.png
120s with cover

60s with cover
90s with cover

- 30s

30s with cover
B s0s

[ 90s

Y

A

5

O
o
E
=]
o
=
w0
w0
5]
o
o
L=
o
& & © © v
> > > > o
Q 9@ 9 Q _ b4
o o o o 2
S St B S e |
M X
T N ANOOOMT T
L\ NPAER S
NN ° AN TR
I & I = 1 e I L I L I
< ™ N - o T T I
o (=] o
(wo) yibua) Jooy N S )
5 5 5 5 (saaibap) ajbue joejU0D J13)epr
> > > >
o o (@) o
(&) o o o
T B b
X X ¥ ¥ X ¥ ¥ X (7)<}
11223344. o 2
T T T T T T T T 0
S s (&)
2z =
/////////////////ff//////f/f//l k t
—g
- 3
©
@
E
-t
o
£
£ N @
2 S 2
] ™ 0o
: 22
-
a NS
T 3
©
7]
=
©
P
it
—
7o) =)

(wo) yibus| ways

Operating voltage (kV)





media/file8.png
B 10kv
Wz 10kV cover
[ J11kv
11kV cover

AN

processing time [s]

——
Q
S

o
D O M~ © OV & M N - ©

[wa] Ybus) jooy

I 5«

@ eV cover

| ERY

/A 9kV cover

B 10KV

10KV cover

T J11kv

7 111kV cover
90

60

processing time [s]

Z N

——

[{=] 2] T ] N -

[wo] yibus| weys

8
Discharge voltage [kV]

109 (a)

[%] d©





media/file11.jpg
°
2
@
o

°
2
3
2

o






media/file6.png
Intensity [a.u.]

3x10° - N2 SPS C’nu = Baﬂg
N, FNS B’y "= X'x |
| — N, FPS Bl =A’s
2x10° -
1X10s" + A - 4
O, FNS b’y "=a'll,
, 0 3p°P-3s°S’°
L |
0 _"J‘JJ ~ ML ; '_J'_f‘ g LJ' J
300 400 500 600

wavelength [nm]





media/file15.jpg
Chlorophyll a (ug/g)

30

@
o

o
3

A
&

8

without cover

0.

) S
with cover . SRS

ra2s

20

F15

10

20

40 60 80 100 120
treatment time (s)

Chlorophyll b (ug/g)





