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A B S T R A C T

Unfavorable environmental conditions during planting can reduce seed germination and hinder 
seedling growth. To address this issue, manufacturers are exploring innovative and cost-effective 
methods, such as cold plasma discharge. This simple, low-cost, and efficient physical technique 
induces significant biological responses in seeds and plants without the use of traditional, envi-
ronmentally hazardous chemicals. This study investigated the impact of dielectric barrier 
discharge (DBD) plasma and plasma-activated water (PAW), produced by gliding arc plasma, on 
the germination and seedling growth of My344 cotton seeds. The seeds were pre-treated with 80 
W of DBD plasma for 0, 1, 2, and 3 min, and subsequently soaked for 90 min in PAW with varying 
pH levels of 5.82, 3.88, 3.63, and 3.38. The results showed that plasma treatment positively 
influenced seed germination and seedling growth. The highest germination percentage (98.89 %) 
was observed with 1 min of DBD treatment, followed by PAW priming at pH levels of 3.63 and 
3.38. Additionally, a 3-min DBD treatment followed by soaking in PAW with a pH of 3.63 led to 
significant increases in stem length (76.76 %), root length (48.77 %), and wet weight (76.44 %). 
Furthermore, it was observed that the electrical conductivity of the seeds in all groups decreased 
significantly with increased PAW acidity. The physical and chemical effects of cold DBD plasma 
on the seed surface, as well as changes in hydrophilicity, were further examined using scanning 
electron microscopy (SEM), Fourier-transform infrared spectroscopy (FTIR), and water contact 
angle imaging.

1. Introduction

In agriculture, the successful cultivation of crops relies heavily on the effective germination, emergence, and early growth stages of 
planted seeds. These stages are crucial for meeting the increasing demand for food and materials such as cotton. For instance, in cotton 
farming, poor seed sprouting and weak early plant growth can significantly reduce cotton yield. Additionally, the establishment of a 
robust crop depends not only on seed quality and planting practices but also on various environmental factors such as temperature 
fluctuations, water scarcity, and soil salinity, which can pose significant challenges to successful crop establishment. Effectively 
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addressing these factors is essential for meeting the ever-growing demands of modern agriculture [1]. Currently, several methods are 
employed to address germination issues, including the use of chemical sanitizers, organic and inorganic acids, hormones, scarification, 
and genetic modification of seeds. However, some of these methods have issues such as toxicity, damage, or high costs. Therefore, there 
is a pressing need in agriculture for an alternative solution that is both cost-effective and environmentally safe. This solution should 
thoroughly sanitize seeds without the risks or expenses associated with current methods, underscoring the importance of continued 
research and innovation for improved crop management and yield [2–4].

Nowadays, NTP (non-thermal plasma) technology has emerged as a promising innovation in the agricultural and food packaging 
sectors, offering an alternative or complementary approach to enhancing plant growth and reducing pathogen and chemical 
contamination in seeds. NTP refers to an ionized gas generated through various methods, such as microwaves, radio frequency, pulsed 
or alternating currents, in different gas mixtures and setups, including dielectric barrier discharge (DBD), atmospheric pressure plasma 
jet (APPJ), and corona discharges. These plasma systems are characterized by a unique feature: while heavy particles like ions and 
molecules remain at low temperatures, making them suitable for treating delicate material surfaces, the high electron temperature 
leads to the production of reactive oxygen and nitrogen species (ROS and RNS) and UV radiation, which effectively contribute to the 
decontamination and sterilization of surfaces exposed to NTP discharges [5].

In agriculture, researchers have harnessed these effects of plasma technology to deliberately induce stress, thereby selectively 
promoting seed germination [6,7], decontaminating seed surfaces [8], enhancing seed disease resistance [9], and fostering 
biochemical processes linked to increased crop yields [10]. A notable advantage of plasma treatment is its ability to simultaneously 
decontaminate seed surfaces and promote germination and growth using the same dosage. This dual functionality is particularly 
valuable as it ensures the safety and quality of seeds as a food source without compromising their integrity, as highlighted by previous 
studies [6].

In addition to the etching-related increase in the imbibition rate, the application of air-derived cold plasma further enhances seed 
germination rates through surface functionalization and the deposition of bioactive compounds [11]. This surface modification 
induced by air plasma alters both the physical and chemical properties of the seed coat, which effectively breaks dormancy and 
initiates germination [12]. The plasma environment generates bioactive molecules that adhere to the seed surface and penetrate up to 
10 nm into the seed [13], acting as a stimulatory coating for germination. These molecules serve as a stimulatory coating for 
germination. Since atmospheric air is primarily composed of nitrogen and oxygen, air plasma discharge produces molecular nitrogen 
and oxygen, atomic nitrogen, and atomic oxygen. Under highly reactive plasma conditions, nitrogen oxide molecules such as NO, NO2, 
and N2O are also produced [14,15]. These species are physiologically significant in biological systems and may directly promote 
germination processes while selectively disinfecting surface-dwelling pathogenic fungi and bacteria without harming the cotyledon 
[16,17].

Furthermore, plasma-activated water (PAW) has demonstrated its efficacy in promoting seed and seedling germination, fostering 
plant development, and combating plant-related pathogenic bacteria and fungi-infected seedlings [18–21].

Research into the effects of cold plasma treatment on water has highlighted its ability to eliminate organic contaminants and 
promote the production of reactive species such as H2O2, NO3− , and NO2− . Plasma-activated water is derived from various sources 
such as tap water, distilled water, or demineralized water, which are exposed to plasma-generating electrical discharge in different 
environments, including vacuum, air, inert gases, or others, using various reactor configurations [22]. Studies have shown the positive 
impact of PAW on germination rates and plant growth [5,23–25].

These beneficial effects of PAW in agricultural contexts are attributed to the synergistic actions of various reactive species, 
particularly oxygen and nitrogen species, generated during the plasma treatment of water [26–28]. These reactive species are believed 
to participate in plant signaling pathways, regulating metabolic processes, facilitating plant development, and enhancing responses to 
diverse stresses. This cascade of effects ultimately contributes to improved germination rates and enhanced plant growth, underscoring 
the potential of PAW as a sustainable solution in agriculture [27,29,30].

2. Materials and methods

This research was conducted at the Advanced Laser-Plasma Research Institute and the Medicinal Plants Research Institute of Shahid 
Beheshti University in 2023. Cotton seed samples of the certified foreign variety My344 were obtained from the Iran Seed and Sapling 
Registration and Certification Institute for this study. The seeds were pre-treated with cold atmospheric plasma using a DBD setup for 
durations of zero (D0), one (D1), two (D2), and three (D3) minutes at 80 W [3]. Subsequently, the seeds were soaked for 90 min in 
water treated by gliding arc plasma to produce plasma-activated water (PAW) with varying pH levels. Distilled water was treated for 
zero (P0 = pH 5.82), two (P1 = pH 3.88), four (P2 = pH 3.63), and six (P4 = pH 3.38) minutes. The experiment was conducted using a 
factorial 4 × 4 design, which involved four durations of direct seed treatment with DBD and four durations of seed priming with PAW, 
all within a completely randomized design with three replications, each consisting of 30 seeds.

The electrical conductivity (EC) of seed leachates was measured to assess the extent of electrolyte leakage from plant tissues, which 
provides an estimate of seed vigor. EC rates in seeds were recorded before and after PAW treatment to determine the changes in seed 
EC. Treated seeds were placed in sterilized containers between two filter papers and incubated at 25 ◦C. After checking the percentage 
and speed of germination, the seeds were transferred to culture trays after 3 days and kept for 10 days. Then, 10 seedlings were 
randomly selected from each culture to measure physical characteristics.

The general characteristics measured included germination percent (GP), germination speed (GR), stem length (SL), root length 
(RL), fresh weight (FW), dry weight (DW), and EC. For the samples treated with the optimal voltage and the control sample, additional 
tests were conducted to evaluate the physicochemical modifications induced by Dielectric Barrier Discharge (DBD) plasma on seed 
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surfaces, including Scanning Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FTIR) [31–33], and water droplet 
contact angle measurements. The optical emission spectrometry of DBD and gliding arc plasmas was measured to determine the species 
present in the plasma.

The shoot and root lengths of seedlings were measured using a ruler, while seedling fresh and dry weights were recorded using a 
digital scale. Other indices are presented in Table 1.

For the direct treatment of seeds in this study, the DBD Enhancedtech-151 device was used, and PAW was generated using the 
Plasmatek-15B plasma generator manufactured by Kaavosh Yaran Fan Puya Company (see Figs. 1 and 2). DBD plasma was generated 
using pulsed direct current voltage with a frequency of 6 kHz and a variable output of 10–24 kV for the upper electrode, and a fre-
quency of 50 Hz with an output of 0–24 kV for the lower electrode. Samples were placed in Pyrex dishes (dielectric, diameter 22 cm, 
height 10 cm, thickness 4 mm) between the two electrodes. The experiment was conducted at atmospheric pressure, with treatments 
lasting 1, 2, and 3 min at 80 W (24 kV).

For PAW, the distance from the gliding arc setup nozzle tip to the water surface was 2 cm. Distilled water with a pH of 5.82 was used 
for the experiment, and the output power of the gliding arc device was 2100 W.

3. Results

The data analysis revealed that PAW treatment had a significant impact (p < 0.05) on all the parameters examined, except for the 
germination percentage. Similarly, DBD treatment significantly influenced (p < 0.05) all parameters except for the germination rate. 
When PAW treatment was combined with DBD treatment, there was no significant change in germination percentage, consistent with 
the effect observed with PAW alone. The subsequent sections will describe the measurements of seed and seedling parameters.

3.1. Seed germination percentage

Statistical analysis at a 95 % confidence interval showed that DBD treatment was an effective factor in influencing germination 
percentage, while PAW treatment and the interaction between PAW and DBD did not significantly affect cotton seed germination. The 
highest germination percentage (98.89 %) was observed with a 1-min DBD treatment followed by PAW priming at pH 3.63 and 3.38 
(D1P2 and D1P3). The germination percentage then decreased linearly with increasing DBD treatment duration. For priming with non- 
activated water, the highest germination was observed with 1 and 3 min of DBD treatment (D1 and D3), both achieving 96.67 %. The 
lowest germination rate (85.55 %) was recorded in the untreated control (D0P0). The effects of different DBD treatment times and 
PAW treatments are illustrated in Fig. 3.

3.2. Germination rate

The study also examined the impact of PAW priming and DBD treatment on the germination rate (speed) of seeds (Fig. 4). Statistical 
analysis revealed that PAW priming and the interaction between PAW and DBD were significant factors influencing germination rate 
(p < 0.05), whereas DBD treatment alone was not. The highest germination rate (14.97 seeds/day) was observed with the combined 
treatment of 1-min DBD and PAW at pH 3.38 (D1P3). The untreated control seeds (D0P0) had the lowest germination rate of 12.7 
seeds/day.

3.3. Stem length and root length of the seedlings

All DBD and PAW treatments significantly affected stem length (p < 0.005) (Fig. 5). The best result was obtained with a 3-min DBD 
treatment followed by PAW priming at pH 3.63 (D3P2), which resulted in a 76.76 % increase in stem length compared to the control 
group. The worst result was observed with a 3-min DBD treatment alone (D3P0), where stem length decreased by 41.21 % compared to 
the control group.

All treatments also significantly affected root length (p < 0.05) (Fig. 6). The best result was obtained with a 3-min DBD treatment 
followed by PAW priming at pH 3.63 (D3P2), leading to a 23.77 % increase in root length compared to the control group. The worst 
result was observed with a 1-min DBD treatment alone (D1P0), where root length decreased by 48.77 % compared to the control group. 

Table 1 
Total number of seeds and Ni: Germinating seeds at the end of 3rd day, ni: germinated seeds per day, and di: counting day.

Studied indices Calculation formula Unit of measurement

Germination percent [34] GP =
Ni

N
*100 %

Germination rate [34] GR =
∑ ni

di
*100 Number/day

Root length ruler Cm
Stem length ruler Cm
Fresh weight Laboratory digital scale g
Dry weight Laboratory digital scale g
EC [35] EC = EC sample - EC water μS cm− 1g− 1
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The data demonstrated that the combination of DBD treatment and PAW priming enhanced both stem and root lengths compared to 
controls with D3P2 yielding the best results. However, DBD treatment alone (P0) could negatively impact growth depending on the 
duration, indicating that longer treatment times are necessary to optimize the effects.

3.4. Wet and dry weight of the seedlings

The data showed that all treatments significantly impacted fresh plant weight (p < 0.05). The most effective treatment was a 
combination of 3 min of dielectric barrier discharge (DBD) followed by 3.63 pH of plasma-activated water (PAW) priming (D3P2), 

Fig. 1. Plasma produced by DBD Enhancedtech-151.

Fig. 2. Expusuring distild water to gliding arc plasma produced by Plasmatek-15B

Fig. 3. This graph shows the changes in the germination percentage of cotton seeds. Different colors represent different pH values (P0 = 5.82, P1 =
3.88, P2 = 3.63, and P3 = 3.38) combined with different DBD time (D0 = 0min, D1 = 1min, D2 = 2min, D3 = 3min). The highest germination 
percentage (98.89 %) was observed in D1P2 and D1P3.
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Fig. 4. This graph shows the changes in the germination rate of cotton seeds. Different colors represent different pH values (P0 = 5.82, P1 = 3.88, 
P2 = 3.63, and P3 = 3.38) combined with different DBD time (D0 = 0min, D1 = 1min, D2 = 2min, D3 = 3min). The highest germination rate (14.97 
number/day) was observed in D1P3. The untreated control seeds (D0P0) had the lowest germination rate of 12.7 seeds per day.

Fig. 5. This graph depicts the stem length of seedlings. Different colors represent different pH values (P0 = 5.82, P1 = 3.88, P2 = 3.63, and P3 =
3.38) combined with different DBD time (D0 = 0min, D1 = 1min, D2 = 2min, D3 = 3min). The best result was obtained in D3P2 which increased by 
76.76 % compared to the control group.

Fig. 6. This graph depicts the root length of seedlings. Different colors represent different pH values (P0 = 5.82, P1 = 3.88, P2 = 3.63, and P3 =
3.38) combined with different DBD time (D0 = 0min, D1 = 1min, D2 = 2min, D3 = 3min). The best result was obtained in D3P2 which increased by 
23.77 % compared to the control group.

M.H. Mohajer et al.                                                                                                                                                                                                   Heliyon 10 (2024) e38160 

5 



which increased fresh weight by 76.44 % compared to the control group. In contrast, the least effective treatment was 3 min of DBD 
alone (D3P0), which decreased fresh weight by 28.32 % compared to the control. For PAW primings of P0 = 5.82, P1 = 3.88, and P3 =
3.38, the fresh weight exhibited a sinusoidal trend concerning DBD treatment time, while P2 = 3.63 showed an upward trend (Fig. 7).

Additionally, all treatments significantly impacted seedling dry weight. The most effective treatment for increasing dry weight was 
2 min of DBD followed by 3.88 pH of PAW (D2P1), which increased dry weight by 53.44 % compared to the control. Conversely, the 
least effective treatment was 3 min of DBD alone (D3P0), which decreased dry weight by 13.8 % compared to the control. For PAW 
primings of P1 = 3.88, P2 = 3.63, and P3 = 3.38, dry weight exhibited a sinusoidal trend concerning DBD treatment time, while P0 =
5.82 showed a downward trend (Fig. 8).

3.5. Electrical conductivity test (EC)

In this study, the electrical conductivity (EC) test was conducted to evaluate the effect of plasma treatment on seed germination. 
This rapid and reliable test assesses the condition of seed cellular membranes, which play a crucial role in germination, by measuring 
the amount of leachates and electrolytes released into the soaking solution. The EC test can determine whether plasma treatment 
improved or degraded the integrity of cellular membranes, consequently impacting germination potential [30,32,34]. Based on Fig. 9, 
the highest amount of leachate was released when seeds were untreated. In the PAW treatment groups, minimal leakage of cell 
electrolyte materials was observed, particularly with pH P3 = 3.38, followed by P2 = 3.63 and P1 = 3.88, with a notable difference 
from the control (about 60 %). When combining DBD with PAW treatment, it was inferred that increasing DBD treatment time from 1 
to 3 min initially increased EC but then reduced it. In treatments with only DBD, a decreasing trend was observed as DBD time duration 
increased. Overall, PAW itself had a significant effect on reducing seed leakage.

3.6. Scanning electron microscope (SEM)

The effects of atmospheric air plasma treatment on cotton seeds were examined, specifically focusing on the influence of exposure 
time on seed surface topography. Conducted over durations of 1, 2, and 3 min, the atmospheric air plasma treatment induced notable 
changes in the seed’s surface morphology, as observed through scanning electron microscope (SEM) imaging (Fig. 10). It was observed 
that prolonged plasma exposure led to increased surface damage. These alterations are hypothesized to facilitate water uptake and 
imbibition by creating microchannels within the seed coat.

3.7. Fourier transform Infrared Spectroscopy (FTIR)

Untreated and plasma-treated cotton seeds (those treated by DBD) were analyzed using Fourier Transform Infrared Spectroscopy 
(FTIR) to identify the functional groups and bonds present on the seed coat. The FTIR spectra in the range of 600–4000 cm⁻1 revealed 
the functional groups on the seed surface (Fig. 11). The increase in the intensity of the hydroxyl group (O-H) peak at 3300 cm⁻1 in the 
FTIR spectrum of plasma-treated seeds can be attributed to the interaction between the seed surface and reactive oxygen species (ROS) 
present in the DBD plasma. During plasma treatment, various reactive species are generated, including oxygen radicals (O•), hydroxyl 
radicals (OH•), and ozone (O₃). These reactive oxygen species can interact with the seed surface in several ways.

1. Direct oxidation: Oxygen radicals can directly oxidize surface molecules, creating new hydroxyl groups.

Fig. 7. This graph shows the wet weight of seedlings. Different colors represent different pH values (P0 = 5.82, P1 = 3.88, P2 = 3.63, and P3 =
3.38) combined with different DBD time (D0 = 0min, D1 = 1min, D2 = 2min, D3 = 3min). The most effective treatment was D3P2 which increased 
the fresh weight by 76.44 % compared to the control group.
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2. Hydrogen abstraction: Hydroxyl radicals can abstract hydrogen atoms from surface molecules, leaving behind sites for hydroxyl 
group formation.

3. Chain scission: Plasma species can break polymer chains in the seed coat (e.g., cellulose, lignin), exposing more sites for 
hydroxylation.

The increase in hydroxyl groups on the seed surface is directly related to plasma species because these reactive species are 
responsible for the chemical modifications observed. This increase in hydroxyl groups contributes to enhanced surface hydrophilicity, 
as hydroxyl groups are polar and can form hydrogen bonds with water molecules. Furthermore, the observed increases in peaks related 
to C-N, N-H, and C=O groups (1400, 1550–1560, 1735, 1743 cm⁻1) also support the interaction of plasma species (including nitrogen- 
containing species) with the seed surface, resulting in the incorporation of various polar functional groups [36–38].

3.8. Measuring water contact angle

Water contact angle measurements are essential in evaluating plasma treatment effects on seed surfaces, providing crucial insights 
into seed coat hydrophilicity/hydrophobicity. This non-destructive technique quantifies surface changes, indicates surface activation, 
and aids in optimizing treatment parameters. Decreasing contact angles post-treatment signifies successful surface modification and 
incorporation of hydrophilic functional groups, potentially correlating with improved water uptake and germination rates [39]. 
Previous studies on plasma activation of seeds showed that effective plasma etching can affect seed hydrophilicity and may improve 
water permeation into the endosperm and embryo. Whether these functional groups may act as reactive oxygen and nitrogen species 
(RONS) or include peroxide-like species known for deactivating the germination-retardant hormone Abscisic acid (ABA) is debated 
[40]. The plasma treatments effectively transformed the cotton seed surface from hydrophobic to hydrophilic by etching. Water 

Fig. 8. This graph shows the dry weight of seedlings. Different colors represent different pH values (P0 = 5.82, P1 = 3.88, P2 = 3.63, and P3 =
3.38) combined with different DBD time (D0 = 0min, D1 = 1min, D2 = 2min, D3 = 3min). The most effective treatment for increasing dry weight 
was D2P1 which increased the dry weight by 53.44 % compared to the control.

Fig. 9. This graph shows the change in EC of seeds. Different colors represent different pH values (P0 = 5.82, P1 = 3.88, P2 = 3.63, and P3 = 3.38) 
combined with different DBD time (D0 = 0min, D1 = 1min, D2 = 2min, D3 = 3min). PAW showed a significant impact on EC and with a pH of 3.38 
it reduced by about 60 %.
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droplets spread more on treated than untreated seeds (Fig. 12). With increasing exposure time, the droplet contact angle on the seed 
surface decreased. Water contact angle measurements were performed using a custom-built setup at the Laser and Plasma Research 
Institute of Shahid Beheshti University. The setup consists of a camera and, opposite to it, a seed holder and a water syringe holder. A 
water droplet is gently placed on the seed using the syringe, and the image is captured immediately (Fig. 13).

3.9. Optical emission spectroscopy (OES)

Subsequently, the optical emission spectroscopy (OES) of two plasma regimes used in this experiment to identify the chemical 
species present in the plasma was investigated. The spectrometer utilized in this experiment was an Avantes model. For spectral 
acquisition from the plasma generated by the Enhancedtech-15I (DBD) device, a window on the plasma chamber was used, the 
spectrometer’s optical fiber was securely positioned facing this window, and the plasma spectrum was recorded (Fig. 14-A). For 
spectral acquisition from the Plasmatech-15B device (Gliding arc), the probe was placed at a safe distance from the plasma torch flame, 
and its spectrum was recorded too (Fig. 14-B). Using the NIST database and reviewing similar studies, the species corresponding to 

Fig. 10. Impact of DBD atmospheric plasma on cotton seed coat. C: untreated surfaces. Other photos show the effect of 1,2 and 3 min of treatment. 
As it is shown, with the increase in the treatment time, the surface destruction has increased.

Fig. 11. Fourier Transform Infrared Spectroscopy (FT-IR) shows increasing in some areas related to C-N, N-H (1400, 1550–1560,1735 cm− 1), O-H 
(3300 cm− 1), and C=O (1735 cm− 1 and 1743 cm− 1) groups.
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each peak were identified. Both plasmas contain various reactive oxygen and nitrogen species. As can be observed, most of the peaks 
are related to active nitrogen species [41].

4. Discussion

As demonstrated in Fig. 3, the highest germination percentage (98.89 %) was seen in the 1-min DBD treatment followed by a pH of 

Fig. 12. C is the control seed. The other photos are related to DBD plasma treatment for 1, 2, and 3 min. As it is observed, with the increase of time, 
the hydrophilicity of the seed surface increases and the contact angle of the droplet decreases. In the 3 min of treatment, the droplet is completely 
spread over the surface of the seed.

Fig. 13. Schematic of water droplet contact angle measurement device.

M.H. Mohajer et al.                                                                                                                                                                                                   Heliyon 10 (2024) e38160 

9 



3.63 and 3.38 PAW priming (D1P2 and D1P3). Even in the distilled water priming treatment, the 1 and 3-minute DBD treatments 
(P0D1, P0D3) achieved germination percentages of 96.67 % and 96.66 %, respectively. Compared to the 80 % minimum national 
germination standard [42] direct cold plasma treatment increased germination by over 15 %. Across all DBD treatments combined 
with PAW, the direct 1-min DBD treatment (D1) consistently resulted in the highest germination rates (32.13 % increase compared to 
the control group). Based on Fig. 4, it is observed that increasing the time in the treatment of only DBD plasma increases the 
germination rate, but increasing the time in the combination of DBD plasma and PAW priming has an almost downward effect on the 
seed germination rate. Notably, the control treatment without any DBD plasma or PAW priming (D0P0) exhibited the lowest 
germination rate of 11.33.

These findings align with numerous studies [43–47] that have demonstrated the efficacy of cold plasma in enhancing seed 
germination rates across various plant species, including tomatoes, wheat, and safflower. Similarly, the positive impact of PAW on 
germination has been reported, with increases ranging from 10 to 15 % in black gram seeds 21, 50 % in rye seeds, and even reaching 
100 % germination in soybeans by the third day [24,25].

The maximum root and stem lengths of 5.05 cm and 9.02 cm, respectively, were observed in the seeds subjected to a 3-min DBD 
plasma treatment, followed by 3.63 pH of PAW priming (D3P2).

Fig. 14. A The optical emission spectroscopy of DBD plasma, B The optical emission spectroscopy of gliding arc plasma are shown at atmospheric 
pressure. The highest peak intensity is related to active nitrogen and oxygen species.

Fig. 15. A and B images related to the control group and C and D images related to the D3P2 treatment group (3 min of DBD treatment followed by 
priming in PAW with pH of 3.63). As can be seen in the photo, the treated seeds have better color and quality than the control group.
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These findings are supported by previous studies [43,45,46,48,49] that have demonstrated the positive effects of plasma treatments 
on seedling growth and overall plant development. The improved wettability of the seeds, as evidenced by chemical and physical 
changes created on the seed surface and a significant increase in surface hydrophilicity (Figs. 10, 12 and 13), aligns with the obser-
vations of Bormashenko et al. [49], suggesting that plasma treatment can modify the chemical structure and surface roughness, 
thereby enhancing water absorption [50].

Moreover, the increased seedling dry weight by 53 % in D1P1(Fig. 8) observed in this study is proposed to be related to improved 
seed reserve mobilization and depletion percentage [51], as the interaction between seed cells and plasma may enhance the activities 
of germination enzymes and accelerate the breakdown of inner seed nutrients, contributing to improved seedling growth [52].

5. Conclusion

In conclusion, this study has demonstrated that subjecting May 344 cotton seeds to atmospheric DBD plasma followed by priming 
for 90 min in PAW with varying pH levels resulted in enhanced germination, germination rate, and seedling growth (Fig. 15). These 
findings suggest that cold plasma treatment can be effectively utilized to promote and improve the quality of cotton seeds.
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