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Abstract
The process of seed germination is described as the culmination of a series of events that 
start with wetting and end with the emergence of the embryo (typically the radicle) from 
the seed coat. This method has an impact on crop output and quality. The characteristics 
of the seed surface and the surroundings have an impact on the kinetics and volume of 
water absorption by seeds. As a result, modifying the characteristics of a seed’s surface is 
a useful tactic for influencing seed germination. Low-temperature plasma (LTP) treatment 
of the seed for surface activation is now being researched as an effective pre-sowing tech-
nique. This study looked at the effects of LTP on radish (Raphanus sativus) seeds at room 
temperature for various times. The seed’s germination properties, growth parameters, water 
contact angle (WCA), Scanning Electron Micrograph (SEM), and FTIR analysis were 
examined. WCA and SEM examination revealed a considerable alteration in the seed coat 
following LTP treatment, which is directly connected to water permeability into the seeds. 
Similarly, FTIR analysis confirmed that the enhancement of the hydrophilic properties of 
the seeds following plasma treatment is likely due to the damage of the hydrophobic moie-
ties on the seeds’ surface. The LTP treatment improved each germination-related param-
eter, including the vigor index, chlorophyll content, in-vitro radical scavenging activities, 
total flavonoid, and phenol in the seedlings. Our findings indicate that LTP treatment has a 
beneficial impact on early seed sprouting and the development of radish.
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Introduction

White Radish is the popular name for Raphanus sativus around the world, which belongs 
to the Brassicaceae family and is used in culinary as a dietary supplement. People around 
the world consume R. sativus mainly in the form of salads, vegetables, pickles, and juice 
[1]. The evidence of traditional medicine practice shows that the various parts of R. sativus 
are used in treating jaundice, gastrointestinal disorders, and liver diseases [2, 3]. Moreover, 
it contains various vitamins, carbohydrates, sugars, fibers, minerals, and secondary metab-
olites which have various promising biochemical activities in augmenting good health in 
human beings [1, 2]. So, R. sativus is now of attraction to scientific communities as an 
ingredient for producing healthy, functional food.

The worldwide population growth is triggering the highest ever-demand food supply 
and causing environmental exploitation. Ending world hunger is one of the Sustainable 
Development Objectives, and feeding a growing world population is a major socioeco-
nomic challenge on a global scale. An upsurge in global industrialization, infrastructure 
development, and urbanization is causing land degradation, loss of productivity, and ulti-
mately affecting food security. To overcome the problems of food security, it is of utmost 
importance to maintain and increase crop and food production through sustainable, eco-
nomically viable, and socially feasible modern agricultural processes [4]. Along with land 
degradation, the loss of genetic diversity, seed damage, excessive use of pesticides, nutrient 
loss, and slapdash irrigation practice in contemporary agriculture is accelerating the loss of 
early seed sprouting and development [5]. To overcome the problem of the loss of germi-
nation capacity of seeds and the exhausted growth of seedlings, various physical, chemical, 
and biological methods are in use. Although those methods can accelerate seed germina-
tion and improve germination rates, they are labor-intensive, time-consuming, and produce 
residues that might directly affect the environment [6].

Seed germination is critical and one of the most sensitive processes in the physiological 
development of plants [7]. The rigorous research in plasma science and its application over 
the last few decades has provided various evidence that LTP seed exposure can signifi-
cantly improve early seed sprouting and development [8]. Low-temperature plasma (LTP) 
is one of the proven methods of enhancing plant cultivation’s potential. In addition to 
accelerating seed germination and improving germination rate, pre-sowing LTP treatment 
can increase germination, growth, enzymatic activity, and plant yield [9–12]. The pace at 
which seeds germinate is a measure of how well a crop may be produced overall, and it is 
affected by water absorption, which causes the embryo’s dormant stage to be broken down. 
The main principle behind these positive impacts of plasma treatment in the seed is basi-
cally due to the ability of plasma to produce a chemically rich healthy environment and 
its ability to enable the delivery of energetic reactive species in a very beneficial way on 
the surface of biological tissue [13]. Furthermore, the LTP treatment in seeds minimizes 
surface contamination and stops the spread of undesirable pathogenic microbes [14]. So, 
the application of plasma is one of the best ways to enhance seed germination and seedling 
growth of commonly used food crops with no negative environmental impacts [15–17].

Radishes are farmed and consumed worldwide, so a number of studies have been 
done on their seeds. Following the promotion of crop growth, biomass yield, branch-
ing, seed ripening, and better disease resistance, the use of cold plasma has beneficial 
effects on seed disinfection and sprouting [18]. Tonmitr et  al. exposed seedlings to 
admixture discharge gas of Ar-O2 and showed that the LF microwave hybrid plasma 
produced more reactive oxygen species than a traditional LF plasma jet [19]. According 
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to analysis using SEM, the wettability of the radish seed was modified by etching effects 
on the seed coat that followed the argon plasma treatments [20]. The kinetics of seed 
germination was affected by plasma treatment, and the maximum germination rate was 
influenced by seed color and the length of time the seeds were stored after harvest. The 
sprouts from grey radish seeds responded more favorably to plasma treatment than those 
from brown radish seeds [21]. On seedlings that had been infected, plasma reduced 
Escherichia coli and Bacillus pumilis by 90% and Fusarium ozysporum by 99%. Over-
all, plasma systems have great potential, but further research is needed [22]. The major-
ity of findings on the effects of seed treatment with NTP come from laboratory or small-
scale field research. The effects of NTP on plants should be confirmed in larger-scale 
agricultural research, and NTP treatment systems for huge amounts of seeds should be 
developed [23].

For the past few years, Nepal has been facing various challenges in the field of agri-
culture. The rapid pace of unplanned urbanization and developmental activities, along 
with an increase in population, triggers and reduces the land availability to conduct 
agricultural activities[24]. Moreover, the drastic change in the weather pattern, reduced 
water and fertilizer availability, and declining manpower numbers make it difficult to 
carry out regular and conventional agricultural activities. However, food demand is 
increasing rapidly, while agricultural production is decreasing in Nepal, on the other 
hand [25]. The introduction of contemporary "plasma agriculture" along with intensi-
fied farming practice will be one of the greatest alternatives to overcome the problem 
of low agricultural productivity. Plasma agriculture potentially also has a crucial role in 
the inactivation of microorganisms while having minimal adverse environmental effects, 
in addition to accelerating seed germination and improving germination rate. R. sativus 
is a prominent food crop in Nepal. Therefore, in this work, we looked at how LTP can 
improve early seed sprouting and development of R. sativus, as well as how post-treat-
ment affects the physicochemical and biological parameters of seedlings.

Materials and Methods

Details of Experimental Setup

The typical experimental setup employed in the current work is shown in Fig. 1. A translu-
cent polycarbonate cylinder measuring 357 × 200 × 150 mm makes up the reactor chamber. 
A rectangular copper strip measuring 75.4 × 49.8 × 10.0 mm was used as an electrode. A 
2.0 mm thick polycarbonate plate was used as a dielectric barrier between them. During 
this whole work, a discharge at line frequency was created in an argon environment (4 L/
min) using a 12.50 kV high voltage ac power source. A high voltage probe (HVP—28 HF) 
fabricated by PINTEK with an attenuation ratio of 1000:1 was used to measure the inter-
electrode voltage. An oscilloscope probe was used to measure the discharge current across 
a 10 kΩ shunt resistance. The voltage and current waveforms were recorded by an oscil-
loscope. USB 2000 + spectrometer was used for the identification of excited species in the 
discharge. A flow meter was used to regulate the Ar gas flow rate to guarantee the stability 
of the discharge. At least 250 radish seeds were mechanically positioned into the generated 
LTP discharge to maintain uniform treatment. Seeds were exposed to LTP for periods vary-
ing from 1 to 3 min during the trials.
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Seed Collection and Growing Condition

The “Nepal Agricultural Research Council (NARC), Lalitpur, Nepal” provided the R. sativus. 
for the investigation. Instead of hybrid seeds, only locally produced seeds were utilized. Rad-
ish seeds that were in good condition and had no noticeable flaws were chosen for germina-
tion. On the bottom electrode in the discharge zone that was covered by the dielectric, 250 rad-
ish seeds were mechanically positioned into the generated LTP discharge to maintain uniform 
treatment. The seeds were then treated for 1–3 min using the created discharge. The seeds 
were immediately kept in sterile jars upon treatment and stored there until they were not sown. 
The cocopeat was cleaned with distilled water and then dried at room temperature. Cocopeat 
was then added to a germination tray. To ensure the accuracy of the results, each tray had 
three replicates of each control and treated 250 radish seeds, and the germination parameters 
were studied on various germination days. An equal amount of distilled water was used every 
two days on the tray to maintain the cocopeat’s moisture level to avoid evaporation-related 
alterations.

Study of Growth Characteristics

Estimation of Germination Percentage (G %)

Germination percentage is a measure of the survival of a collection of seeds [26].

where N is the total number of seeds utilized, and ni is the number of seeds that germinated 
on the ith day.

(1)
Germination percentage =

k∑
i=1

ni

N
× 100

Specification: “(1,2) Electrodes, (3) Dielectric Sheet (PC), (4) Ballast Resistor, (5) Shunt 
Resistor, (6) Current Probe, (7) High Voltage Probe, (8) Oscilloscope, (9) Computer Interface, 
(10) OES, (11) Ground, (12) High Voltage Transformer, (13) Gas Cylinder, (14) Pipe, (15) 
Reaction Chamber” 

Fig. 1  Experimental arrangement
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Relativized Percentage of Germination (R %)

As indicated in Eq.  2, “relativize germination percentage enables comparisons between 
treatments that are equivalent when the quantity of dormancy disrupts varies”[27].

The Mean Germination Time (MGT)

MGT as expressed in Eq. 3 is defined as “the average time it takes for a seed to germinate 
or emerge” [27, 28].

where niti is the number of seeds germinated on the ith time interval, and ni is the number 
of seeds germinated on the ith time.

The Mean Germination Rate (MGR)

“MGR was calculated as the reciprocal of the MGT” [28].

where t is the mean germination time.

Uncertainty of the Germination Process (U)

“The germination process uncertainty, which is determined by Eq. 5, indicates the degree 
of uncertainty associated with the relative frequency of germination dispersion” [27].

where fi represents the relative frequency of germination.

(2)R% =
Actual percentage

The highest percentage among the group of datas
× 100

(3)t =

k∑
i=1

niti

k∑
i=1

ni

(4)v =
1

t

(5)U =

k∑
i=1

fi log2 fi

fi =
ni
k∑

i=1

ni
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Synchrony of Germination Process (Z)

“It specifies the amount to which members in a certain demographic overlap. The syn-
chronization index produces a value if and only if two seeds finish the sprouting process 
in the same moment” [29]. It can be estimated using Eq. 6.

where Cni,2
= combination of seeds germinated in the ith time, two by two, and ni is the 

number of seeds germinated on ith time. The number Z equals one when all seeds sprout at 
the same time. And when Z is zero, at least two seeds may sprout simultaneously.

Coefficient of Variation of Germination Time  (CVt)

Equation 7 was employed to estimate the (CVt) [29].

here St represents the standard deviation of germination time and t represents MGT.

Germination Index (GI)

“The germination index is a measurement of how long it takes for a specific percentage 
of seeds to germinate (in days)” [30].

where the symbols have their usual meanings.

(6)
Z =

k∑
i=1

Cni,2
ti

C∑
ni,2

Cni,2
=

ni(ni − 1)

2

(7)CVt =
St

t
× 100

St =

���������

k∑
i=1

ni(ti − t)2

k∑
i=1

(ni − 1)

(8)
GI =

k∑
i=1

ni

ti
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Coefficient of Velocity of Germination (CVG)

CVG was measured by using Eq. 9 [31].

Time to 50% Germination  (T50)

“T50 is the time required for 50% of the seeds to germinate” [30].

To obtain the values of ni and nj in above equation, we examine the total number of 
seeds sprouted, which is listed as a criterion below.

where ni = nearest cumulative number of seeds germinated Cn
i

<

⎛⎜⎜⎝

k∑
i=1

ni

2

⎞⎟⎟⎠
.

nj = nearest cumulative number of seeds germinated Cn
j

>

⎛
⎜⎜⎝

k∑
i=1

ni

2

⎞⎟⎟⎠
.

ti = the time corresponding to ni.
tj = the time corresponding to nj.
Similarly, time-related germination characteristics, like T10, T25, T75,and T90 can be 

estimated simply by changing 
k∑

i=1

ni

2
with

k∑
i=1

ni

10
,

k∑
i=1

ni

4
,
3

k∑
i=1

ni

4
and

9
k∑
i=1

ni

10
respectively.

.

Mean Daily Germination (MGD) Percent

“It is the daily average of how many seeds germinate. The ratio of the number of seeds ger-
minating every day to the total number of seeds germinated is another way to look at it” [32].

here GP represent the final cumulative germination percentage and Tn indicates the total 
number of intervals required for final germination.

(9)CVG =

k∑
i=1

ni

k∑
i=1

niti

× 100

(10)
T50 =

ti +

⎛⎜⎜⎝

k∑
i=1

ni

2
− ni

⎞⎟⎟⎠
nj − ni

�
tj − ti

�

ni <

⎛
⎜⎜⎜⎜⎝

k∑
i=1

ni

2

⎞
⎟⎟⎟⎟⎠
< nj

(11)MDG =
GP

Tn
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Germination Value

“Germination value is calculated by integrating the speed and completeness of germination 
into a composite score” [33].

here PV = the overall number of germinated seeds at the point on the germination curve 
when the rate of germination begins to decline.

Statistical Tools

A minimum of three replicates were conducted for each experiment, and the results were 
calculated as mean ± standard deviation. Different letters (a–d) among the group denote the 
significant differences between the mean at p < 0.05 using one-way analysis of variance 
(ANOVA) and Tukey’s multiple comparison test.

Results and Discussion

Electrical Signal Analysis

The typical waveforms of the applied voltages and the associated discharge current in 
argon are shown in Fig. 2. The total charge transported over a single period is zero, and the 
curve resembles a parallelogram. It is noticeable that within a single voltage pulse, there 
are multiple prominent discharge current peaks. An attribute that sets atmospheric pressure 
DBD apart is the existence of micro-discharge [34].

(12)G − Value = MDG × PV

Fig. 2  Waveforms of the discharge currents and applied voltages in argon
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When an electric charge (Q) is plotted as a function of the applied voltage (V), Lissa-
jous figure is obtained as indicated in Fig. 3. Similarly, the relation between capacitance of 
dielectric and air space is given by Eq. 13 [35].

where Cd and Cg denotes the capacitance of dielectric and air space respectively.
The expression for the average energy and power consumed [35–37]

where f is the input signal frequency, Vmax and Vmin are the maximal and minimal input 
voltage required to begin the argon discharge respectively.

The value obtained from Fig. 3 was kept in Eqs. 13–15, and after calculating, we found 
that the average energy consumed and the power dissipated were 0.32  J and 15.92  W, 
respectively. Additionally, we also realized that inserting seeds for treatment in the dis-
charge zone alters the values of these two parameters.

Similarly, discharge voltage (VD) was obtained from the measured value of Vmin, Cg, and 
Cd [37].

The discharge voltage in our case was determined to be 3.83 kV. The electric field in the 
discharge zone was found to be 15.3 kV/cm using these values.

(13)
1

C
=

1

Cg

+
1

Cd

(14)E = 4Cd

1

1 +
Cg

Cd

Vmin(Vmax − Vmin)

(15)P = 4fCd

1

1 +
Cg

Cd

Vmin(Vmax − Vmin)

(16)VD = Vmin

1

1 +
Cg

Cd

Fig. 3  Charge versus voltage dia-
gram of the generated discharge
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Similarly, Eq. 17 is used to calculate the electron density ( ne ) [38, 39]:

Here J represents the average current density, e the electronic charge, �e the electron mobil-
ity and, E represents the electric field in the discharge region.

The electron mobility was estimated using Bolsig + software and was found to be 337.56 
 cm2/Vs. The average electron density was found to be 1.2 ×  1011 per  cm3 using the obtained 
values in Eq. 17.

Optical Characterization

For the estimation of excitation temperature, Boltzmann Plot method, was used [40]. Fig-
ure 4 depicts the optical emission spectra of an atmospheric pressure LTP argon discharge. 
The emission spectrum includes Ar lines in the UV and visible-NIR regions as well as 
OH bands resulting from the dissolution of atmospheric water vapor. The spectrum also 
includes bands in the UV spectral region of the first negative system of  N2

+ and the second 
positive system of  N2 [40, 41]. From the discharge spectrum, eleven suitable lines of Ar 
I (801.48 , 811.53 , 810.37 , 852.14 , 696.54 , 420.06 , 426.62, 434.51, 706.87, 772.42m, 
419.1 nm) were chosen.

The wavelength (�) and intensity (I) of the spectral lines are taken from the observation 
in Eq. 18. The essential values: gj (values of statistical weight) , Aji (transition probability), 
and Ej (energy) in Eq. 18 of eleven chosen lines are determined using “The National Insti-
tute of Standards and Technology (NIST) Atomic Spectra Database”[42]. Furthermore, K 
denotes the Boltzmann constant, and C is a constant.

(17)ne =
J

e�eE

(18)Ln

(
I�ji

hcAjigj

)
= −

Ej

KTexc
+ C

Fig. 4  OES of an atmospheric 
pressure LTP argon discharge
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Finally, plugging energy (Ej) along x-axis and Ln
(

I�ji

hcAjigj

)
 along y- axis yields a straight 

line, and the slope of the straight line can be used to calculate the excitation temperature. 
As seen in Fig. 5, the excitation temperature is found to be 8526 K. The linear fitting was 
consistent with an R-square value of almost 0.93, indicating excitation equilibrium of LTP 
discharge had been satisfactorily verified.

Influence of LTP on Germination parameters

Germination (%) was observed from the 2nd day of seed sowed till the 6th day. Overall, 
LTP-treated seedlings germinated at a greater rate (%) than untreated seeds. Comparing the 
1, 2, and 3- minutes seedlings to control seedlings on the 2nd day, the germination percent-
age for each group rose by 9.6, 35.6, and 36.8%, respectively. Similarly, the germination per-
centage of LTP exposed seeds was found to be 15.6, 27.2, and 29.8% higher than the con-
trol on the  3rd day after germination. Furthermore, on the 4th day, LTP-exposed seedlings 
germinated faster than the seed that was not treated. Similarly, on the 5th, 6th, and 7th days 
after germination, LTP-exposed seeds had a 4% higher germination rate than control seed-
lings. These findings showed that plasma-exposed seeds germinated more quickly [Fig. 6].

From Table 1, it was clear that there is a significant change in the MGT and MGR before 
and after LTP treatment. However, no significant differences were observed in 2  and 3 min 
of treatment time. Our findings are in good agreement with the reported articles by various 
researchers [28, 43]. Additionally, it has been found that seeds exposed to LTP for 2 and 
3 min had a significantly reduced value of the uncertainty process. “Low uncertainty val-
ues indicate frequencies with few peaks (i.e., are focused germination over time)”. Its value 
being close to zero indicates coordinated germination[27, 29]. It was observed that there is 
no discernible synchronization of germination among untreated and LTP exposed seeds, as 
shown in Table 1.

The CVt between control and LTP exposed seeds differs significantly, which can be 
seen in Table 2. CVt and GI values was discovered to rise by (10.4, 22.8, and 14.57%) and 
(25.97, 45.45, and 46.92%) in the case of seeds exposed to LTP for 1, 2, and 3 min, respec-
tively when compared to seeds that were not exposed to LTP, However, 2 and 3-min LTP 

Fig. 5  Linear fitting of Boltz-
mann plot’s data to determine 
excitation temperature
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expose seeds showed no significant differences in GI value. “A higher GI score indicates a 
higher percentage and rate of germination” [44].

The CVG is “a measure of how quickly seeds germinate and its value rises as the number 
of germinated seeds rises, and the time needed for germination falls” [31]. From Table 2, we 

Fig. 6  Estimation of germination 
percentage after LTP treatment

Table 1  Estimation of “Relativized Percentage of Germination (RPG), Mean Germination Time (MGT), 
Mean Germination Rate (MGR), Uncertainty of Germination Process (U), and Synchrony Germination 
Process (Z)” before and after LTP treatment

Different letters (a–d) among the group denote the significant differences between the mean at p < 0.05 
using one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test

Treatment Time RPG (%) MGT (day) MGR (day)−1 U (bit) Z

Control 97.00 ± 1.00b 3.71 ± 0.01a 0.27 ± 0.01c 1.44 ± 0.01b 0.49 ± 0.00a

1 min 100.00 ± 1.00a 3.02 ± 0.01b 0.33 ± 0.00b 1.47 ± 0.01a 0.44 ± 0.00c

2 min 100.00 ± 1.00a 2.63 ± 0.02c 0.38 ± 0.00a 1.35 ± 0.01c 0.43 ± 0.00c

3 min 100.00 ± 1.00a 2.58 ± 0.03c 0.38 ± 0.00a 1.24 ± 0.01d 0.46 ± 0.00b

Table 2  Estimation of “Coefficient of Variation of Germination Time  (CVt), Germination Index (GI), Coef-
ficient of Velocity of Germination (CVG), Mean Daily Germination Percent (MDG), and Germination 
Value (G-value)” before and after LTP treatment

Different letters (a–d) among the group denote the significant differences between the mean at p < 0.05 
using one-way analysis of variance (ANOVA) and Tukey’s multiple comparison test

Treatment Time CVt (% seed/day) GI (day) CVG (%) MDG (%) G-value

Control 20.86 ± 0.07d 68.88 ± 0.1d 26.93 ± 0.07d 16.08 ± 0.01b 155.02 ± 0.84d

1 min 23.05 ± 0.07c 86.77 ± 0.1c 33.18 ± 0.03c 16.54 ± 0.01a 190.23 ± 0.85c

2 min 25.62 ± 0.07a 100.17 ± 0.1b 38.07 ± 0.02b 16.54 ± 0.01a 217.4 ± 1.18b

3 min 23.9 ± 0.07b 101.2 ± 0.1a 38.73 ± 0.03a 16.54 ± 0.01a 225.15 ± 0.42a



123Plasma Chemistry and Plasma Processing (2023) 43:111–137 

1 3

noticed for 1, 2, and 3 min treated seeds, CVG increased by 23.90, 41.36, and 43.70% and 
G-value increased by 22.71, 40.23, and 45.23% respectively, when compared to control seeds. 
We noticed that there was no significant change in MDG between the control and LTP- treated 
seeds while significant differences were observed in G-value between LTP-treated seeds.

The results from Table 3 showed that LTP-treated seed germinates much more quickly 
than untreated seed. From germination to ripening through maturation, RONS are engaged 
in several seed processes [45][45]. RONS is used in a variety of signaling processes 
throughout the plant life cycle, including the emergence of dormancy during seed germina-
tion [47]. Exogenous RONS has been shown to facilitate sunflower and maize seed germi-
nation by enhancing the production of gibberellic acid (GA) and the degradation of absci-
sic acid (ABA) [46]. Additional research has revealed that GA stimulates the germination 
of dormant caryopses via regulating the levels of ABA and the ROS-antioxidant state [48]. 
Therefore, as reported by numerous researchers, the results of our research also demon-
strate that RONS created in the discharge may cause GA to improve seed germination.

Mass Loss

The percentage of mass loss after LTP treatment is calculated using Eq. 19 [6]:

where mi = mass of the sample before treatment and m0 = mass of the sample after 
treatment.

50 seeds were exposed to LTP for different time interval. The LTP-exposed seeds for 
1 min resulted in the highest mass loss and there was a significant difference across treat-
ments, as shown in Fig.  7. The LTP may have etched the seed surface and reduced the 
treated sample’s mass [49]. However, as compared to 1- minute treatment, mass loss is 
found to be fairly minimal as treatment time rises. Reactive species may have been depos-
ited on the seed surface during the time of treatment thereby resulting in lower mass loss as 
compared to 1- minute treatment [50].

Wettability after LTP Treatment

50 seeds were placed in the LTP discharge area for specified treatment time. The seeds’ 
mass was promptly measured using a weighing machine (MG124Ai) fabricated by Bel 
instruments. 20 mL of distilled water were kept in a petri dish and then untreated and 
LTP treated seeds were dipped. Their mass was then measured every 1.5 h for a total of 
12 h. Then, the wettability was calculated accordingly using Eq. 20 [51, 52].

(19)Mass Loss (%) =

(
m

i
− m0

m
i

)
× 100

Table 3  Estimation of “Time to T10, T25, T75, and T90 germination” before and after LTP treatment

Treatment Time T10 (day) T25 (day) T50 (day) T75 (day) T90 (day)

Control 1.93 2.93 3.35 3.72 3.94
1 min 1.5 2.08 2.49 2.89 3.56
2 min 1.22 1.54 2.08 2.61 2.93
3 min 1.21 1.53 2.06 2.57 2.88
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where m0 and mi are the mass before and after they have been dipped in water respectively.
From Fig. 8, we can conclude that after LTP treatment, the water absorption by seeds 

gets accelerated and is found to be positively correlated with treatment time. The most 
significant difference at 1 min was seen at 9 h when seeds absorbed 15.28% more water 
than untreated seed.

(20)Wettability =
mi − m0

m0

× 100%

Fig. 7  Estimation of Mass Loss 
(%) after LTP treatment

Fig. 8  Estimation of water 
uptake of seeds before and after 
LTP treatment
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Estimation of the Seedling length

From day 7 to day 13, germinated seedlings were carefully removed from the tray and 
measured with a ruler to measure the total length of roots, shoots and seedling lengths.

Figure 9A illustrates a photograph of the total seedling length taken on the 7th day after 
seed sowing, while Fig. 9B, C depict the overall seedling length as well as the root and 
shoot lengths on different days. Compared to control, seedling length increased by 32.78, 
39.74, and 64.55% on the 7th adays, whereas it increased by 13.98, 33.64, and 42.57% on 
the 13th day for 1, 2, and 3-min LTP treated seeds respectively.

Similar results were seen on the 7th day, with shoot length increasing by 61.46, 59.2, 
and 94.11%, and root length increasing by 6.15, 21.67, and 37.10% for seeds treated for 1, 
2, and 3 min, respectively. Similarly, on the 13th day, following 1, 2, and 3 min of plasma 
treatment, the shoot length increased significantly by 18.9, 50.85, and 57.41%, while the 
root length increased considerably by 8.54, 14.9, and 26.31% compared to control. Based 
on our observation, we noticed that the root and shoot lengths as well as the overall total 
length were found to be considerably larger in the LTP-treated seeds.

Calculation of Vigor Index

The vigor indicates "the totality of the seed’s qualities that govern the potential degree of 
activity and performance during germination and seedling emergence" and is calculated 
using Eq. 21 [26].

Plasma treatment significantly increased the vigor index I [Fig. 10]. Compared to the 
seeds that weren’t exposed to LTP, the VI-I of treated seeds improved by 1.3—1.7 times. 
These may be influenced by a significant rise in seedling total length and fresh weight 
which is consistent with the findings of several studies [53, 54] for soybean. The variations 
in germination and early seedling growth noted in our experiment may be explained by the 
activation of natural signals, hormones, and enzyme activities that result from the direct 
interaction between LTP and vegetal cells [55].

Estimation of Contact Angle and Surface Free Energy of Seed Surface

The wettability and subsequently the permeability of the seed surface were assessed by 
measuring water contact. Because a hydrophilic surface absorbs more water to initiate ger-
mination than a hydrophobic surface, an increase in hydrophilicity, as shown by a decrease 
in WCA on the seed surface, is crucial in enhancing seed germination [56, 57].

Figure 11 depicts the change in water contact angle (WCA) and surface free energy 
(SFE) on untreated and LTP exposed seeds. 2 �L of distilled water was kept to the 
surface of the seeds for the estimation of WCA. The experiments were repeated three 
times and then the average value of the WCA and SFE was determined. WCA of the 
untreated seed was found to be 107.75◦ ± 3◦ . The contact angle of the seeds reduced 
to 39.7◦ ± 2.1◦ , 41.5◦ ± 2.8◦ , and 44.3◦ ± 2.9◦ after 1, 2, and 3  min of LTP treatment. 

(21)Vigor Index I (VI - I) =
Average seedling length (cm) × Germination (%)

100
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Fig. 9  A Photograph of seed-
lings, Estimation of B Seedlings 
length C Shoot and root length 
on different days before and after 
LTP treatment
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Similarly, a considerable variation in surface-free energy was noticed between treated 
and control seeds.

After LTP exposure, the seed sample had been found to improve water absorp-
tion as a result of the decrease of contact angle and established new chemical bonds 
on the surface, and perhaps functionalize the seed coat. It is hypothesized that interac-
tions between seeds and reactive plasma species of LTP alter not only the characteris-
tics of the seed coat but also the physiology of germination in many plant species [58]. 
As a result, RONS produced during discharge may be converted to hydrogen perox-
ide through further interactions with water vapor molecules, which are then ingested 
and has a favorable impact on metabolic processes. According to our observations, 

Fig. 10  Estimation of VI-I before 
and after LTP treatment

Fig. 11  Estimation of contact angle and surface free energy before and after LTP treatment



128 Plasma Chemistry and Plasma Processing (2023) 43:111–137

1 3

plasma-treated seeds had significantly improved wettability compared to untreated 
seeds, which may have accelerated germination.

Scanning Electron Microscope (SEM) Imaginary of Seed’s Anatomy

Figure 12 illustrates the SEM images of control and treated seeds exposed to LTP for 1, 
2, and 3 min captured using “a scanning electron microscope (JEOL JSM-7001F)”. It is 
observable that the texture of treated seed is relatively rougher than the control.

Plant seeds are only subjected to extremely mild stress as a result of plasma activation 
during the LTP treatment, and they remain intact. These characteristics allow the plasma to 
either enrich the seed’s surface with functional groups containing oxygen or produce slight 
surface etching (via ion bombardment) [59]. These groups can significantly improve the 
hydrophilicity of the surface, which greatly enhances seed germination and metabolism as 
well as improves significantly surface permeability for various supplements [43, 53].

FTIR Analysis

The FTIR spectra have been recorded from the one spot on the surface of the seeds 
before and after the treatment with argon plasma for 5 min. The samples were attached 

Fig. 12  SEM micrograph of A Control, and plasma-treated seed for B 1 min, C 2 min, and D 3 min
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with the carbon tape to the silicon wafer. The reflective mode has been applied to the 
measurement. The Jasco 6400 spectrometer equipped with a microscope and liquid 
nitrogen—cooled MCT detector has been applied. The magnification of 8 times was 
applied to focus the IR beam onto the sample. The spectra were recorded in the wave-
length range between 4000   and 1000   cm−1 with a resolution of 4   cm−1. The spectra 
were registered in the amount of 1500 and were averaged. It should be noted however 
that the plasma treatment causes the changes at depths less than 10  nm, whilst the 
FTIR analysis in reflectance mode is able to analyze the depths between a few hundred 
nanometers up to few micrometers. Therefore, the FTIR spectra are dominated by the 
signal collected from the untreated region of the radish seed peel.

Region between 2500  and 2200  cm−1 is not shown, because of the presence of domi-
nating band for  CO2.

In Fig. 13, we can see that the plasma treatment caused the weakening of the bands 
characteristic for C-H bonds stretching in the range between 2860  cm−1 and 3000  cm−1 
[60, 61] as well as the band characteristic for C-H scissoring mode at 1470   cm−1 [60, 
61]. Therefore, the enhancement of the hydrophilic properties of the seeds after the 
plasma treatment can be tentatively related to the damaging of the hydrophobic moieties 
on the surface of the seeds.

Plant Collection and Extract Preparation

Leaf samples for biochemical analysis were collected at day 70 of germination. 5  g 
of the root samples were dried at room temperature and softened with 80% Methanol 
(50 mL) and 50% Ethanol (50 mL) for 24 h and then Whatman filter paper was used 
to filter the extract to assess the change in flavonoids, total phenolics, and radical scav-
enging activities. Using a “vacuum evaporator (Hanil/Modul 4080C)”, the sample was 
dried. Prior to further examination, the crude samples obtained were kept at 4 ºC.

Fig. 13  FTIR spectra of radish 
seeds: native (black) and plasma-
treated (red) (Color figure online)
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Estimation of Chlorophyll Content and Total Carotenoids Before and After LTP 
Treatment

Plant pigmentation is the basis for the photosynthetic transformation of solar energy to 
chemical energy in plants. Among the various pigments, chlorophyll a, chlorophyll b, and 
carotenoids plays important role in the physiological processes of plants [62]. In addition, 
chlorophyll pigments in plant are also considered as an indicator of response to stress and 
habitat. In general, chlorophyll provides green pigmentation and carotenoids are respon-
sible for red, yellow, and orange pigmentation which are essential for the health of plants 
[63]. The examination of plant pigments is a good source for the study of plant physiologi-
cal condition and their health.

As indicated in Table 4, standard protocols were used to measure chlorophyll and carot-
enoid concentrations in acetone solvent [64].

So, in this study, we evaluated and compared the chlorophyll and carotenoid content 
of seedling’s leaf extracts which were grown by treating seeds with plasma. Our results 
revealed the remarkable change in chlorophyll-a & b content and total carotenoid content 
in leaf extracts of untreated and plasma-treated seeds. The highest content of chlorophyll-a 
was found in 2 min treated seedling leaf extract. The changes in the content of chlorophyll-
a in the extract of untreated and seedlings that were treated provide us evidence that the 
plasma treatment helps in augmenting the total biochemical and physiological activities of 
seedlings [26, 65]. However, there were no such remarkable changes in chlorophyll-b and 
carotenoid content due to the LTP treatment [Fig. 14].

Estimation of Total Flavonoids and Phenolics

Total flavonoid concentration of root extracts’ is often assessed using a colorimetric alu-
minum chloride technique that has been previously reported by researchers [66]. The 
results were expressed as milligrams of quercetin equivalents per gram of dry weight of 
extract (mg QE/g DW) and a standard curve was created using quercetin. Additionally, the 
Folin-Ciocalteu procedure was used to measure the variations in the total phenolic content 
of leaf extracts [66]. Gallic acid was used to find an appropriate calibration curve, and the 
findings were represented as milligrams of gallic acid equivalent per gram dry weight of 
extract (mg GAE/g DW).

Determination of Change in Radical Scavenging Potential

The ABTS and DPPH assays were used to examine the changes in the free radical scav-
enging capability of root extracts after plasma treatment as commonly used by previous 
researchers [67].

Table 4  Estimation of chlorophyll and total carotenoids content in acetone extract

Extracting

solvents

Chlorophyll a Chlorophyll b Total carotenoids

Acetone 12.70A
663

− 2.69A
645

22.90A
645

− 4.68A
663

1000A470−1.82[Chl a]−85.02[Chl b]

198
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where C and D are the absorbances of the control and test sample, respectively.

Change in Total Flavonoids, Total Phenolic Content, and Radical Scavenging Activities

Flavonoids and phenolics are the major plant secondary metabolites having various health 
benefits [68]. From last few decades, scientists are interested in identifying novel flavo-
noids and phenolics and their potential biochemical activities. Plants create chemical called 
secondary metabolites, which are currently unknown to have any role in photosynthe-
sis, growth, reproduction, or other fundamental activities. The changes in these second-
ary metabolites indicated the change in environmental conditions and the physiological 
response of plants [68]. It is already proven that every plant species has some extent of fla-
vonoids and phenolics composition which represents the health and biochemical potential 
of the plant. To determine the effectiveness of LTP treatment in seeds, the flavonoid and 
phenolic content of untreated and treated seedlings were compared. Our results show that 

(22)%ABTS∕DPPHScavenging =
C − D

C
× 100%

Fig. 14  Estimation of A Chlorophyll-a, B Chlorophyll-b, and C Total carotenoids content before and after 
LTP treatment
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the 2 min of plasma treatment boost both flavonoids and phenolics content in the seedling 
leaf in both ethanol and methanol extracts [Fig. 15 (A, B)].

Moreover, the excessive production of reactive species might cause various complica-
tions in plants and animals. The search for natural antioxidants that can act against reac-
tive species is gaining more attention in modern pharmacological and agricultural fields. 
The radical scavenging potential of plants can be considered as an indicator of the good 
health of plants and the presence of diverse secondary metabolites within them [69]. So, 
we attempted to compare the radical scavenging capability of root extracts of untreated and 
plasma-treated seedlings by both ethanol and methanol extraction. The results showed that 
plant extracts had a greater ability to scavenge both DPPH and ABTS free radicals when 
treated for 1 and 2 min and decreased remarkably in 3 min of treatment time [Fig. 15 (C, 
D)]. This might be due to excessive production of reactive species by plasma after 2 min of 
treatment.

Analysis of Change in Physical Properties of Water

For the preliminary analysis of activation of seed through plasma treatment; water was 
analyzed by soaking the untreated and treated seeds into deionized water for 24  h and 

Fig. 15  Estimation of total A Flavonoids, B Phenolic content, change in C DPPH and D ABTS scavenging 
potential, in untreated and treated seedlings extract
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measuring the change in physical properties of water. The changes in pH, electrical con-
ductivity, total dissolved solids, turbidity, and total dissolved oxygen were analyzed by a 
standard multi-parameter probe (Lutron, WA-2015). The screening of the effects of plasma 
on seeds can be characterized and confirmed by analyzing the effects of treated seeds on 
the physicochemical properties of water. Table 5 revealed the change in physical param-
eters of analyzed deionized water.

From Table 5, optimum results were observed in 1 min of plasma treatment. Other ions 
and dissolved compounds were freed during plasma etching, as revealed by electrical con-
ductivity tests, and the wettability of the seeds was improved, as indicated by a reduction in 
the apparent water contact angle, resulting in increased water imbibition.

Conclusions

The pace at which seeds germinate is a measure of how well a crop may be produced over-
all. Our research showed that germination parameters, vigor index, and seedlings length 
were significantly enhanced by LTP treatment. LTP exposure changes the seed surface in 
a way that improves water absorption by eliminating the topmost layers or porating the 
surface to improve water contact. SEM images show that the seeds’ surfaces become 
much rougher over time compared to the control. The change in water contact angle on 
the treated seed can be linked to surface roughness caused by treatment and the attach-
ment/detachment of a polar functional groups of the seed coat. Furthermore, FTIR analysis 
revealed that the enhancement of the hydrophilic properties of the seeds after the plasma 
treatment is plausibly related to the damaging of the hydrophobic moieties on the surface 
of the seeds. Also, LTP treatment resulted in significantly higher levels of Chlorophyll-a in 
the leaves, but there was no discernible improvement in Chlorophyll-b and total carotenoid 
content. Our findings showed that two minutes plasma treated seeds had a higher concen-
tration of flavonoids and phenolic content. Plant extracts had a greater ability to scavenge 
both DPPH and ABTS free radicals in 1 and 2 min in LTP-exposed seeds and decreased 
remarkably in 3 min of LTP-exposed seeds. Utilizing this technology as a standard proce-
dure for seed treatment before sowing might assist in reducing the consumption of agro-
chemicals, improving crop productivity without compromising environmental degradation. 
All the results of our study suggest that early seed sprouting and radish growth can be suc-
cessfully enhanced by LTP treatment. In our view, field tests should be carried out imme-
diately to observe the impacts of LTP-treated seeds and make them applicable to society, 
rather than being limited to the lab.

Table 5  Change in the physical properties of deionized water by the introduction of plasma- treated seeds

Parameters Deionized water Control 1-min treatment 2-min treatment 3-min treatment

pH 7.20 7.17 6.84 6.76 6.72
Dissolved oxygen (ppm) 7.00 5.00 4.20 4.60 6.00
Total dissolved solids 

(ppm)
0.00 28.30 49.30 37.00 34.40

Electrical conductivity 
(ppm)

0.00 43.50 74.50 55.00 53.00

Turbidity (NTU) 0.00 12.27 21.59 17.10 13.79
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