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Seeds are vulnerable to physical and biological stresses during the germination process. Seed priming

strategies can alleviate such stresses. Seed priming is a technique of treating and drying seeds prior to

germination in order to accelerate the metabolic process of germination. Multiple benefits are offered by

seed priming techniques, such as reducing fertilizer use, accelerating seed germination, and inducing

systemic resistance in plants, which are both cost-effective and eco-friendly. For seed priming, cold

plasma (CP)-mediated priming could be an innovative alternative to synthetic chemical treatments. CP

priming is an eco-friendly, safe and economical, yet relatively less explored technique towards the

development of seed priming. In this review, we discussed in detail the application of CP technology for

seed priming to enhance germination, the quality of seeds, and the production of crops in a sustainable

manner. Additionally, the combination treatment of CP with nanoparticle (NP) priming is also discussed.

The large numbers of parameters need to be monitored and optimized during CP treatment to achieve

the desired priming results. Here, we discussed a new perspective of machine learning for modeling

plasma treatment parameters in agriculture for the development of synergistic protocols for different

types of seed priming.
1. Introduction

The global community has decided to improve people's lives by
2030, and the second goal is to end hunger. The World Food
Program is also screening methods for improving nutrition and
promoting sustainable agriculture to end hunger by 2030.1 We
need to ramp up food production to feed the billion people in
this world amid the rapidly growing world population. A large
percentage of the world's food is grown via agriculture, and
seeds are vital elements of sustainable farming and food
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production. Emerging technologies in the agriculture sector are
playing an increasingly important role in seed quality
improvement, triggering a new revolution in seed technology.2

Cold plasma technology is one of the innovative and emerging
technologies in the seed industry; it is an important technology
to address many grave issues related to seed quality and stor-
ability. Treatment of seeds is a modern eco-agricultural tech-
nology reputed to boost plant growth.3–6 CP treatment improves
seed performance and crop yield in a fast, economical, and
pollution-free way.6 It plays an essential role in several devel-
opmental and physiological processes in plants, including
decreasing the bacterial load on seeds, altering seed coat
structures, increasing seed germination, as well as stimulating
seedling growth.7–9 Seed priming is a feasible and economical
method of obtaining uniform seed development in eld crop
production and improves nutrient uptake, water use efficiency,
photo- and thermo-dormancy, and crop yield, therefore seed
priming with CP enhances stress resistance and reduces culti-
vation costs. CP mediated seed priming increases the seed
germination rates, plant growth, as well as agricultural yields.7–9

CP priming in agriculture have several advantages over
conventional priming methods, including short treatment
times, easy accessibility, and low temperatures during opera-
tion. Reactive chemical species in plasma change surface
RSC Adv., 2022, 12, 10467–10488 | 10467
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chemistry, which can improve surface wettability, water
absorption and, consequently, initiate the complex signaling
pathways in seeds.10,11 The CP priming treatment conditions
can also affect DNA, enzyme activity, hormone balance, etc. The
results of plasma-induced seed priming changes may improve
the germination, growth, and development of plants, as well as
their resistance to biotic and abiotic stresses, and synergistically
promote yield.9 Furthermore, CP priming is able to treat seeds
and crops by applying ambient conditions without harming
their essential architecture. In comparison to thermal plasma,
CP or non-thermal plasma is better suited to the treatment of
thermally unstable biological samples since the samples are
heated to ambient levels. To ensure desired seed priming
responses, parameters of CP treatment needs to be monitored
or optimized. The use of machine learning (ML) methods in
data analytics of CP can help to optimize the parameters. Based
on ML methods, we demonstrated that data analytics can be
used to estimate operation-relevant parameters in a simple and
effective manner to achieve expected responses in seed
behavior. The present review will focus on the benets and
application of cold plasma as a next-generation priming agent
to improve seed metabolism, seed vigor, abiotic and biotic
stress resistance, enhance seed germination, and seedling
establishment. The use of ML methods is especially helpful in
curtailing the irreproducible effects of CP in seed priming.12 The
Fig. 1 There are several challenges associated with seed germination, s
and germination. Seed viability and vigor are compromised by long seed

10468 | RSC Adv., 2022, 12, 10467–10488
aim and scope of this review discusses briey how ML methods
or algorithms could serve as an effective means of optimizing
parameters of CP as part of real-time monitoring to develop the
best priming treatment for different types of seeds.

2. Major challenges associated with
seed germination

For themaintenance and expansion of plant populations as well
as their recovery from disturbances, seed germination and
establishment are essential. The use of chemical fertilizers
poses serious challenges to balancing sustainable seed germi-
nation and growth. Many factors can contribute to seeds not
germinating or seedlings dying before they can become healthy
plants. Some major issues associated with seeds are listed
below in Fig. 1:

2.1 Low water-absorbing capacity of seeds

Seed water uptake is assumed to be a major factor affecting seed
germination.13 Water absorption is the rst step in germination,
increasing the rate of water absorption should increase germi-
nation. Even in agricultural situations with different soil
temperatures, water absorption may be inuenced by soil
temperature even if the supply of water is adequate. In order to
understand the seed coat hydration behavior, the permeability
eeds have low water absorption, resulting in poor seed coat hydration
dormancy, seed-borne diseases and abiotic stress factors.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the seed coats has been extensively examined. A seed with
poor hydration kinetics exhibits a barrier to water penetration
and could be considered an impermeable seed.14 When water is
available to a permeable seed (normal), it readily absorbs it.
However, an impermeable seed (hard) may not absorb water for
hours, days, and even weeks, resulting in a poor germination
rate.

2.2 Seed dormancy

Seed dormancy is one of the key traits altered during the
domestication process since it is crucial for crop establishment.
Dormancy is an adaptable trait that enables seeds of many
species to remain dormant until the conditions are favorable for
germination. Conversely, seed dormancy is a complex
phenomenon that is inuenced by both endogenous and
external factors; it is oen considered one of the least under-
stood aspects of seed biology. In this process, both intrinsic and
extrinsic cues are involved, which result in a complex set of
physiological and biochemical processes. Seed dormancy and
germination are inuenced by ethylene production, nitric oxide
production, brassinosteroids production, and reactions to light,
temperature, and other environmental factors, among others.
In seed germination, dormancy occurs when the seed coat is not
permeable or when enzymes are insufficient (internal
dormancy).15–17 Most eld crops are affected by dormancy,
which limits crop production. It is possible for seeds to lose
viability during dormancy. To preserve the genetic integrity of
seeds, seed viability needs to be preserved for a longer duration.
Dormancy of the seeds delays the seedling, which can lead to
non-uniform germination and difficulty maintaining plant
populations.

2.3 Seed borne diseases

It is important to use the healthy seed in order to successfully
farm all types of crops. A healthy seed or one that is pathogen-
free is essential. A good harvest depends on the health of the
seed population. The health of a seed lot is determined by the
presence or absence of disease-causing organisms in the seeds,
such as fungi, bacteria, viruses, nematodes, and insects. Among
the factors contributing to low germination rates are epiphytic
and phytopathogenic bacteria, as well as lamentous fungi
contaminating seeds. These infections may weaken or kill
embryos, storage fungi kill and weaken seed embryos over time.
The quality of seed is affected by several factors, including seed-
borne pathogens that not only inhibit seed growth but also
reduce seed vigor, which leads to low yields.18 Plant-borne
pathogens reduce plant germination ability not only by
affecting the morphology of the plant in the eld, but they can
reduce yields by 15 to 90%.19,20 Crop yields can be increased
signicantly when seeds are healthy, in addition to aiding in
successful cultivation.21

2.4 Poor resistance to stress

Seed growth and development are adversely affected by abiotic
stresses or constant changes in the external environment.
Drought, salinity, heat, cold, and heavy metals are some of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
abiotic stresses that seeds experience that cause complex
response that result in reduced crop yield as well as reduced
growth.22 There is a signicant reduction in average crop yield
of >50% as a result of these stresses. By activating different
signaling cascades and regulating physiological and growth
processes abscisic acid biosynthesis is able to mediate stress
adaptation responses.23 Many different levels are being studied
regarding the impact of abiotic stress on seed performance,
including metabolic/physiological responses, molecular
signaling pathways, ecophysiology, and crop breeding. Abiotic
stress results in altered biosynthesis and nutrient acquisition,
which can inhibit plant growth. Multiple signaling pathways
involve many genes, proteins, and post-translational modica-
tions. A number of stress-responsive transcription factors
orchestrate the downstream responses required to mount
a defense against specic abiotic problems, including MAPK,
ABF/bZIP, Ca2+-CBL-CIPK, and CBF/DREB pathways. It is
important that these molecular signaling pathways can antici-
pate and balance the effects of abiotic stress. Abiotic stress
responses are mediated by signal transduction pathways
mediated by phytohormone. It has been found that abscisic
acid plays a major role in stress reactions, while auxin is key to
plant growth.

New technologies are in high demand to overcome these
challenges and to improve seed performance because conven-
tional methods have many limitations. Cold plasma priming
technology, an environmentally friendly, non-thermal method
that offers unique advantages over traditional processing tech-
nologies, has recently been tested by researchers for its poten-
tial to improve germination.3–6 A cold plasma priming treatment
can cause seed coat erosion. It has been observed that, as
a consequence of the cold plasma treatment, seeds oen have
a slightly damaged surface. Germination occurs when the hard
seed coat is scratched or nicked to allow moisture within the
seed to enter. In order to break seed dormancy, plasma treat-
ment generates reactive species, which are formed during
plasma discharge, including nitric oxide, which breaks seed
dormancy and speeds up germination. Inactivating bacteria
and fungi with cold plasma treatment allows seeds to be less
likely to breed disease and cause economic losses.24 Plasma-
treated seeds are less likely to harbor bacterial contamination
and therefore pose fewer health risks.
3. Overview of cold plasma
technology

The plasma is a fourth fundamental state of matter which
consists of electrons, positively charged ions, radicals, gas
atoms, molecules (in ground or excited state), and photons from
a range of energies, including ultraviolet and vacuum ultraviolet
radiation.25 The energy and electrical density of plasma are the
most signicant characteristics to consider. Different types of
natural or articial plasmas can be recognized based on the
values of microscopic parameters, and are divided into two
categories: hot plasmas and cold plasmas. CPs are articial
plasmas produced by a low frequency (0.02 to 0.4 MHz), radio
RSC Adv., 2022, 12, 10467–10488 | 10469
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Fig. 2 A schematic representation of the plasma exposure to seeds within various plasma reactors. (A) AAP is a plasma in which the pressure
approximates that of the surrounding atmosphere. (B) DBD plasma can be generated at atmospheric pressure and (C) relatively high-density RF
plasma generated under low-pressure conditions, (D) CD are electric discharges caused by ionization of air surrounding a conductor that carries
a high voltage.
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frequency (RF) reduction of ux inltration (<500 MHz), or
microwave (0.5 to few GHz) persist or alternate discharge at
relatively low pressure (10�2–10 Torr).25 The energy and elec-
tronic density of CPs are equal to 1–10 eV and �1010 cm�3,
respectively. Their ionization degree is less than 10�3, therefore
the gas phase is mostly made up of excited neutral species or
radicals of neutral species.26 The absence of thermodynamic
equilibrium between the electronic temperature (�1000 �C)
and gas temperatures (close to ambient) is the main feature of
these plasmas. CPs are oen created using different type of
reactors such as tubular-type and bell-jar-type reactors.27 The
plasma generated reduces reactive oxygen and nitrogen species
(ROS and RNS), as well as changes the physical and chemical
properties of the solution, such as pH, electrical conductivity,
and oxidation–reduction potential.
Fig. 3 Different reactive species originate from gas plasma, both in the
atmosphere and at the gas–liquid interfaces.
3.1 Type of cold plasmas

Different type of plasma techniques has been used to generate
the CPs. However, among all plasma techniques, atmospheric
pressure plasma, dielectric-barrier discharge, glow discharge or
radio frequency discharge, and corona discharge are the most
common techniques.28 These all techniques that are used to
generate CPs are briefed below and well-drawn in Fig. 2(A–D).
Atmospheric Pressure Plasma (APP) provides the maximum
plasma density. It is a one-of-a-kind nonthermal discharge
plasma that can operate at atmospheric pressure. The feed gas,
which is primarily an inert carrier gas like He with a minor
amount of additives like CF4, O2, and H2O, is discharged at
10470 | RSC Adv., 2022, 12, 10467–10488
a high ow rate.29 Dielectric-Barrier Discharge (DBD) is gener-
ated by passing a pulsed voltage between two electrodes, one of
which is covered by a dielectric solid substance.30 Dielectric
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00809b


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
d’

ab
ri

l 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
5/

3/
20

26
 1

4:
48

:3
5.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
coatings prevent the generation of thermal plasma that would
result from arc discharges and enhance treatment uniformity.31

One electrode is usually operated at less frequency (�100 kHz)
or ac current while the other is grounded. Due to the DBD
plasma's extremely short time duration, typically measured in
microseconds, the temperature of the gas does not typically
raise much.30,31 Glow Discharge or Radio Frequency Discharge
(GD or RFD) is produced at a low pressure which ensures the
best homogeneity throughout treatment. DC current, RF
frequency (0.04 to 13.56 MHz), or low frequency (50 Hz) voltage
is applied to both electrodes to create plasma.32,33 Using
a microwave (2.45 GHz) power supply, an electrodeless micro-
wave glow discharge can also be accomplished.34 This plasma
can be categorized into two types such as capacitive-coupled
plasmas (CCP) and inductively coupled plasmas (ICP), which
is depends on the generation of plasma inside the coil. Under
low-pressure conditions, an RF set-up can generate a relatively
large volume of high-density plasma with minimal heating.35

When a pulsed high voltage or low frequency is applied to an
electrode pair at atmospheric pressure, the Corona Discharge
(CD) forms. The size of the electrodes varies greatly. A series of
tiny lightning-like discharges comprise this plasma. Because of
its inhomogeneity and high local energy levels, this is not
a desirable method for treating materials.
3.2 Characterization of cold plasma

Plasmas are formed by electrons being produced, their density
rising to about ne ¼ 1011–1016 cm�3 and then they are being
accelerated by an electric eld in a gas medium.36 An important
parameter of plasmas is its electron density. When electrons
travel at high speeds and densities, they collide a lot with each
other and with atoms and molecules. In plasmas, a wide variety
of reactive oxygen and nitrogen species are produced through
a variety of chemical reactions. Through electric discharge in
a gas, which is oen dened as a partially ionized gas con-
taining both charged and neutral particles, CPs are generated.
In CPs, ions, radicals, and excited molecules are also found
along with photons emitted from dissociating electrically
excited molecules. As shown in Fig. 3, CPs can generate short-
lived species with half-lives in the s range (H2O2, NO2

�, NO3
�,

O3) and relatively long-lived species with half-lives in the
millisecond range (O, cOH, O2

�, 1O2, NOc, NO2c).37 Relative
species concentrations of various charged and neutral species
Table 1 Examples of the relative concentrations of various charged
and neutral species that are generated by CP in gas phase

Plasma generated species Chemical formula Density (cm�3)

Superoxide radicals O2c
� 1010–1012

Hydroxyl radicals OHc 1015–1017

Hydrogen peroxide H2O2 1014–1016

Singlet oxygen 1O2 1014–1016

Ozone O3 1015–1017

Nitric oxide NO 1013–1014

Electrons e� 109–1011

Positive ions M+ 1010–1012

© 2022 The Author(s). Published by the Royal Society of Chemistry
produced by gas-phase CPs plasmas are as follows (Table 1).
Using an electric eld, gases such as Ar, O2, N2, He, and/or air
can be ionized to produce electrons, ions, UV, thermal radia-
tion, and reactive species. The air plasmas contain ROS such as
superoxide (O2

�), hydrogen peroxide (H2O2), hydroxyl radical
(OHc), singlet oxygen (1O2), ozone (O3), and RNS such as nitric
oxide (NOc), peroxynitrite and nitrogen dioxide radical (NO2c).
The CPs can be generated by using neon, argon, or nitrogen as
the working gas. Inert gases like Ne, Ar, and N2 can have their
meta-stable forms formed by electric discharges. Ozone, or 1O2,
is created when a small amount of O2 is added to another
working gas.38 The results are other reactive particles and OH
radicals. Adding water to CP-treated samples leads to the
formation of very reactive OH radicals, the by-product of water
in the sample. NO and other nitrogen oxide species may be
produced in air or when air is present as part of the working gas.
However, the nal composition of CPs is dependent on more
parameters than just working gas. CPs composition can be
affected by discharge characteristics (DBD, CD, microwave
discharge, gliding arc, plasma jet, etc.), input parameters
(frequency, voltage, power density, etc.), and gas ow.37

Changing the physical input parameters (amount of energy
supplied) of plasma devices can lead to differing CPs compo-
sitions or particle counts. Because of this, it can be challenging
to compare the results of different devices that use plasma.
4. Cold plasma effects on seed
germination

Depending on the plasma system, different modes of CP can be
applied to the seeds. The treatment can be performed in direct
mode or glow mode, or indirect mode (aerglow). Plasma
particles (ions, electrons, and other excited atoms and mole-
cules) are emitted from the surface exposed to the discharge
(direct plasma treatment) and is UV and/or VUV radiation
sources.39,40 While indirect treatment uses non-equilibrium gas,
the samples are still exposed to long-lived radicals without
being exposed to the glowing plasma region. Usually, indirect
plasma treatments are weaker and require longer exposure
times in order to achieve similar results to direct plasma
treatments. The physical factors such as heat, ultraviolet light,
electromagnetism elds, and mechanical scarication are the
rst points of contact with the seed coat, triggering downstream
consequences. As depicted in Fig. 4, the beginnings of the use of
cold plasma in seed quality improvement can be traced back to
Sir William Crookes, who observed plasma for the rst time in
1879, describing it as “radiant matter”. In 1927, Irving Lang-
muir gained the Nobel Prize for Chemistry for coining the term
“plasma”. Considering that Langmuir discovered the plasma
sheath phenomenon, he may be considered the rst plasma
physicist in history. Krapivina et al. published the rst US
patent on plasma application to seeds, which enhanced the
germination and growth of soybean seeds with cold atmo-
spheric pressure plasma generated from a mixture of inorganic
gases.
RSC Adv., 2022, 12, 10467–10488 | 10471
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Fig. 4 Timeline illustrating some of the important milestones of cold plasma technology execution in seed treatment to improve seed quality
and crop productivity in the agriculture field ultimately leading to seed priming technology.
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Scientists have observed the effects of CP exposure on seed
germination and later growth and development of seedlings.
Moreover, plasma treatment could also increase plant metab-
olism, which signicantly increases crop yields. The agents
generated by plasma may trigger signaling cascades and exert
various biochemical and structural effects. The treatment of
seeds with CP can be effective in increasing germination rates
and promoting faster germination in various crops.6 CP treated
seeds grew better roots and shoots while control seeds devel-
oped differently. Moreover, root branching development varied
depending on the plasma type, treatment conditions, plant
species, and even plant variety. Thus, systematic studies
relating seed type and variety to treatment conditions are
needed. A systematic study correlating treatment conditions
with seed types and varieties is thus needed.3,9 Although CP has
been shown to improve germination and viability of seeds, we
are still unsure what mechanisms are behind the effect. In order
to understand plasma–seed interactions, it is important to note
that different research groups use different experimental
setups, parameters, and types of seeds. All of these factors
contribute to the results. In this review, all their results are
summarized in Table 2, and in Table 3, summarizes a few of the
ndings regarding the use of cold plasma in seed treatment
found in patent databases and literature.

5. Cold plasma and seed priming
technology

Seed priming is a pre-sowing and further drying treatment, this
approach activates pre-germination metabolism and speeds up
the seed germination process. The seed priming technique is an
established and reliable technique for enhancing germination
efficiency and plant growth.113 It improves yield by improving
vigor, reducing germination time, and reducing seedling
10472 | RSC Adv., 2022, 12, 10467–10488
mortality. Among the many techniques for priming seeds,
hydropriming, halopriming, osmopriming, biological priming,
chemical priming, and hormonal priming are among the most
popular.114 Priming makes it possible for the seed to take up
water (imbibition), which triggers a series of actions called pre-
germinative metabolism. DNA repair and oxidative stress are
two critical events that occur before pre germinative metabo-
lism is fully activated. Reactive oxygen species act as signaling
molecules in the germination cascade. During germination,
antioxidant mechanisms also are induced to maintain reactive
oxygen species accumulation.115 Cold plasma induces reactive
species and charged particles that affect the seed coat, causing
the surface to crack and making it easier for water to pene-
trate.116 While a small number of studies have examined the
long-standing effects of cold plasma seed priming on plant
systems, these processes break dormancy and accelerate seed
germination. It is important to study the long-term effects of
cold plasma seed priming on plants to evaluate its versatility.
The mechanisms of molecular changes and their regulation
aer cold plasma seed priming yet remain unclear and is
a potential target for future research.

5.1 Seed priming with cold plasma

Adhikari et al. (2020)117 assessed the germination and subse-
quent growth of tomato plants (Solanum lycopersicum) by cold
plasma priming. By priming seeds with cold plasma, the seed
coat is modied and free radicles are generated. Radicles of
reactive oxygen and nitrogen regulate epigenetic levels in
tomato seedlings, promoting germination at the seedling stage
and promoting germination at the seed stage. Various antioxi-
dant, phytohormone, and stress resistance-related genes are
affected by epigenetic expression, resulting in morphological
and biochemical changes in tomato seedlings. Moreover, cold
plasma primed seedlings developed the ability to cope with
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 A collection of research publications regarding cold plasma–seed treatments

No. Seed type Plasma treatment Exposure time Results References

1 Broccoli Corona discharge plasma jet; atm.
pressure: air (voltage: 20 kV DC,
frequency: 58 kHz)

0–3 minutes (min) Improved seed
metabolism, reduced
microbial load on seeds

41

2 Cotton DBD; atm. pressure; air, N2

(voltage: 19 kV, frequency: 1 kHz)
3 min, 9 min, and 27
min

Improved seed coat for
healthy germination

42

3 Pepper & lentil RF inductive; low pressure; air
(frequency: 13.56 MHz; pressure
0.5 Torr; power: 18 W)

60 seconds (s) Improved seed coat for
healthy germination

43

4 Soybean DBD; atm. pressure; Ar (voltage:
22.1 kV)

12 s Improved seed
germination and
seedling growth

44

5 Barley DBD; atm. pressure; N2 and air
(plasma power: 400 W)

0 to 80 s Improved seed
germination and plant
growth

45

6 Norway spruce CCP RF; low pressure (60 Pa); air
(frequency: 5.28 MHz, specic
power of 0.35 W cm�1)

5, 10, and 15 min Improved seed
germination and seed
growth

46

7 Chili pepper DBD; atm. pressure; Ar (voltage:
11 kV, frequency: 23 kHz)

0, 60 and 120 s Improved seed
germination and seed
growth

47

8 Wheat DBD; atm. pressure; Ar (plasma
power: 80 W)

15 s, 30 s, 60 s, 90 s and
120 s

Improved wheat growth
and salinity resistance

48

9 Cucumber & pepper DBD; atm. pressure; air
(frequency: 15 kHz and power: 400
W)

4 s for pepper, 20 s for
cucumber

Improved seeds
germination and
reduced disease

49

10 Tomato DBD (uidized); atm. pressure; air
(voltage: 13–17 kV amplitude: 50
Hz)

5, 15, 30 and 45 min Improved seed
germination and seed
growth

50

11 Arabidopsis (1) DBD; atm. pressure; air 15 min Improved seed
germination and seed
growth

51
(2) Plasma jet; atm. pressure; He
(voltage: 10 kV, frequency: 9.7
kHz)

12 Sunower Plasma ashlight; atm. pressure
Ar, O2 (voltage: 8, 10, 12, and 14
kV)

1, 3, and 5 min Improved seed
germination and seed
growth

52

13 Arabidopsis, radish RF; low pressure (20–80 Pa); O2, Ar
(frequency: 13.56 MHz, power: 60
W)

— Improved seed
germination and seed
growth

53

14 Thuringian mallow Gliding arc; atm. pressure; N2

(voltage: 3.7 kV, frequency: 17
kHz)

1, 2, 5, 10 and 15
minutes

Improved seed
germination and seed
growth

54

15 Wheat DBD; low pressure (10 Torr); air,
Ar, O2 (voltage: 5–10 kV,
frequency: 3–8 kHz)

— Modied seed coat,
improved seed
germination and
growth

55

16 Pea & zucchini Gliding arc; atm. pressure; air 30 and 60 s Improved seed
germination

56

17 Maize, peppers,
wheat, soybeans,
tomatoes, eggplants,
pumpkins

CCP glow RF; low pressure (30–
200 Pa); air, He (frequency: 13.56
MHz, power: 50–1000 W)

5–90 s Improved seed
germination

57

18 Coffee and grape seeds DBD; atm. pressure; He
(frequency: 10 kHz)

30 s, 60 s, 120 s and 240
s

Improved seed
germination

58

19 Artichoke CCP RF; low pressure; N2 (plasma
power: 10 W)

3, 10, and 15 min Improved seed
germination and seed
growth

59

20 Tomato ICCP RF; low pressure (150 Pa); He
(frequency: 13.56 MHz)

15 s Improved seed
germination

60

21 Asparagus RF; low pressure (800 mTorr); N2,
O2 (frequency: 13.56 MHz, plasma
power: 50 W)

1, 15 and 30 min Improved seed
germination

61

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 10467–10488 | 10473
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Table 2 (Contd. )

No. Seed type Plasma treatment Exposure time Results References

22 Wheat RF capacitive; low pressure; Ar
(voltages: 200–800, frequency:
13.56 MHz)

1–8 min Improved seed
germination, pesticidal
effect against red our
beetles

62

23 Wheat DBD; low pressure (10 Torr); air,
Ar, O2 (voltage: 5–10 kV,
frequency: 3–8 kHz)

90 s Reduced toxicity of
cadmium. Improved
seed germination

63

24 Rapeseed, mustard DBD; low pressure (10 Torr); air,
Ar, O2 (voltage: 3–6 kV, frequency:
3–10 kHz)

— Improved metabolism 64

25 Wheat Not clear; low pressure; Ar
(voltage: 800 V, frequency: 10 Hz)

1–4 min Improved seed
germination and seed
sterilization

65

26 Basil RF; low pressure; (0.40 mbar) O2

and Ar (frequency: 13.56 MHz,
power: 300 W)

10 min Improved seed growth
and seedling
establishment

66

27 Arabidopsis DBD; atm. pressure; air (voltage:
10 kV frequency: 10 kHz)

— Improved seed
germination and
salinity resistance

67

28 Wheat Plasma jet; atm. pressure; N2

(frequency: 20 kHz, voltage: 2.6
kV)

2, 4, 6, 8 and 10 min Improved water uptake
and germination

68

29 Melissa officinalis DBD; atm. pressure; Ar (voltage:
10 kV, frequency: 13 kHz)

0, 50 or 90 s Synergistic effect of cold
plasma and
nanoparticles to
improve seed
germination

69

30 Soybean Needle to plane DBD; atm.
pressure; N2, O2 (voltage: 25 kV,
frequency: 50 Hz)

60 to 180 s Improved seed
germination and yield

70

31 Astragalus fridae DBD; atm. pressure; Ar 0, 30, 60, and 90 s Improved seed
germination,
physiology and growth

71

32 Wheat DBD; atm. pressure; air (voltage:
80 kV, frequency: 50 Hz)

30, 60, or 180 s Improved seed
germination and seed
surface chemistry

72

33 Radish, mung bean,
wheat, tomato,
lettuce, mustard,
Dianthus and sticky
bean

DBD jet; atm. pressure; N2, O2, air
(voltage: 0–18 kV, frequency: 500
Hz)

— Improved seed
germination

73

34 Arabidopsis DBD; atm. pressure; air (voltage:
8.47 kV, frequency: 7.95 kHz)

0.5, 1, and 3 min Improved seed
germination

24

35 Pine DBD; atm. pressure; air (voltage:
10 kV, frequency: 14 kHz)

5, 10, 60, 180, and 300 s Improved seed growth
and sterilization of
seeds

74

36 Sunower CCP RF; low pressure (200 Pa); air
(voltage: 17.96 kV, frequency: 5.28
MHz)

2, 5, and 7 m Improved seed
germination and
seedling development

75

37 Pea DBD; atm. pressure; air (plasma
power: 15 W)

1–10 min Improved seed growth 76

38 Bitter melon DBD; atm. pressure; Ar (voltage:
10 kV, frequency: 13 kHz)

0, 60, and 120 s Improved seed
germination, growth
and yield

77

39 Basil DBD; atm. pressure; air 30 s and 3 m Improved seed
germination and
seedling development

78

40 Moringa RF; low pressure; Ar (frequency:
13.56 MHz, power: 0–200 W)

1, 5, 10, and 15 min Improved seed
germination and
growth

79

41 Arabidopsis (seedlings) DBD; atm. pressure; air (voltage: 6
kV and frequency: 20 kHz)

2, 5, 10, 15, or 20 s Improved seed
germination and
growth

80

10474 | RSC Adv., 2022, 12, 10467–10488 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

No. Seed type Plasma treatment Exposure time Results References

42 Maize, wheat, lupine CCP RF; low pressure (200 Pa); air
(frequency: 5.28 MHz)

2, 4, 5 and 7 min Improved seed growth
and sterilization of
seeds

81

43 Grape cultivar
Muscat of Alexandria

DBD; atm. pressure; He and O2

(plasma power: 30 W)
2, 5 and 10 min Improved seed

germination and
growth

82

44 Catharanthus roseus DBD; atm. pressure; Ar (power:
80 W; voltage: 10 kV frequency: 13
kHz)

0, 30, 60, and 90 s Improved seed
germination and
seedling growth

83

45 Radish DBD; atm. pressure; humid air
(frequency: 14.4 kHz)

3 min Modied seed coat,
improved seed
germination and
growth

84

46 Hyssop Not clear; atm. pressure; air
(voltage: 23 kV)

1, 5, and 10 min Tissue modication 85

47 Black gram DBD; low pressure (400 Torr); air
(voltage: 5 kV, frequency: 4.5 kHz)

20 to 180 s Modied seed coat,
improved seed
germination and
growth

86

48 Rice (1) Arc discharge; low or atm.
pressure; underwater

10–30 min Improved seed
germination and
disease resistance

87

(2) DBD; low and atm. pressure;
(0.6–1 atm); not clear (frequency:
12 Hz)

49 Hemp DBD; atm. pressure; Ar
(frequency: 13 kHz; power: 80 W)

0, 40, and 80 s Improved seed
germination

88

50 Arabidopsis DBD; atm. pressure; air (voltage:
7 V, frequency: 500 Hz)

— Improved seed
germination

89

51 Coriander (1) DBD; atm. pressure; Ar, N2, air 30 s, 1 and 3 min Improved seed
germination and
development

90
(2) Microwave plasma torch for
NO; N2, O2 (frequency: 15.4 kHz,
power: 400 W)

52 Clover Not clear; not clear; not clear
(plasma power: 20–280 W)

— Improved seed
germination and seed
growth

91

53 Pea DBD; atm. pressure; air (voltage:
10 kV, frequency: 14 kHz)

60 to 600 s Improved seed
germination and
metabolism

92

54 Wheat DBD; atm. pressure; air
(frequency: 50 Hz)

5, 15, 30 min Improved seed
germination and early
growth

93

55 Radish DBD; atm. pressure; air, O2, NO,
He, Ar, N2 (voltage: 9.2 kV,
frequency: 10 kHz)

3 min Improved seed growth 94

56 Radish Plasma ashlight; atm. pressure;
Ar (voltage: 0–30 kV)

2, 4 and 6 min Improved seed
germination

95

57 Ajwain CCP RF; low pressure; air (plasma
power: 50 W)

2 min Improved seed
germination

96

58 Peanut CCP RF; low pressure (150 Pa); He
(frequency: 13.56 MHz, power: 60–
140 W)

15 s Improved seed
germination, growth
and yield

97

59 Rice Hybrid microcorona discharge;
atm. pressure; air, Ar; (frequency:
700 Hz)

�1 min Improved seed
germination and
disease resistance

98

60 Mung bean Plasma jet array; atm. pressure;
He, N2, air, O2 (voltage: 0–20 kV
frequency: 9.0 kHz)

3 min Improving seed
germination and
seedling growth

99

61 Wheat DBD; atm. pressure; air (voltage:
20 kV, frequency: 14 kHz)

10–600 s Improved seed
germination and
disease resistance

100

62 Mulungu Plasma jet DBD; atm. pressure; He
(voltage: 10 kV, frequency: 750 Hz,
power: 150 W)

60 s Modication of seed
coat, improved seed
germination

101

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 10467–10488 | 10475
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Table 2 (Contd. )

No. Seed type Plasma treatment Exposure time Results References

63 Bell pepper Glow discharge; low pressure (0.2
mbar); O2

0, 3, 6, 9, 12, 15 min Seed coat modication,
growth parameters

102

64 Wheat DBD; atm. pressure; air, Ar, O2, N2

(voltage: 13.0 kV, frequency: 50
Hz)

2 min Improved seed
germination and
seedling growth

103

65 Mimosa DBD; atm. pressure; air (voltage:
17.5 kV, frequency of 990 Hz)

3, 9 and 15 min Increased wettability
and seed germination

104

66 Soybean Needle to plane DBD; atm.
pressure; Ar (voltage: 22.1 kV,
frequency: 60 Hz)

12 s Improved seed growth
and seed metabolism

105

67 Wheat DBD; atm. pressure; air (voltage:
0–50 kV, frequency of 50 Hz)

4 min Improved seed
germination and
drought resistance

106

68 Quinoa (1) DBD; low pressure (500 mbar);
dry air

15 min Improved seed
germination

107

(2) RF; low pressure (0.1 mbar);
dry air (voltage: 8.2 kV, frequency:
1 kHz)

69 Radish Corona discharge plasma jet; atm.
pressure air (voltage: 20 kV,
frequency: 58 kHz)

2 min Improved seed
germination and
disease resistance

108

70 Rapeseed Corona discharge plasma jet; atm.
pressure; air (voltage: 20 kV,
frequency: 58 kHz)

3 min Improved seed
germination and
disease resistance

109

71 Cultivars of hemp (1) Gliding arc; atm. pressure;
humid air

0, 180, 300 and 600 s Improved seed
treatment

110

(2) Microwave plasma discharge;
low pressure (140 Pa); Ar, O2

(frequency 50 Hz)
72 Wheat DBD; atm. pressure; air (voltage:

0–50 kV, frequency: 50 Hz)
0, 1, 4, 7, 10, and 13 min Improved seed

germination and
growth

111

73 Purple coneower CCP RF; low pressure (60 Pa); air
(frequency: 5.28 MHz)

2–7 min Growth parameters 112
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drought stress induced by polyethylene glycol (PEG). The effects
of cold plasma on tomato seed priming were examined in terms
of its growth, development, and its stress capacity. Cold plasma
seed priming will probably have a wide application in tomato
crop improvement in the future according to this study. Ghaemi
et al. (2020)118 have investigated the transcriptional changes
following seed priming with cold plasma and electromagnetic
elds in Salvia nemorosa L. An analysis of the effects of cold
plasma or electromagnetic elds on early growth, biomass
accumulation, and expression of SnWRKY1, SnAREB1, SnCCR2,
and SnRAS genes has been conducted in S. nemorosa. Here, the
authors propose that the plasma or electromagnetic eld-
mediated modulation of WRKY1 and AREB1 genes may play
a crucial role in the improvement of plant protection under
stress. Further, primed seeds with cold plasma or electromag-
netic elds modulated the expression of SnCCR2 and SnRAS
genes, which are involved in secondary metabolism. Using
these ndings, seed and agriculture technologies may improve
knowledge of plants' reactions to cold plasma and electromag-
netic elds. According to Ghasempour et al. (2019), seed
priming with cold plasma improved seedling performance,
10476 | RSC Adv., 2022, 12, 10467–10488
secondary metabolism, and expression of the deacetylvindoline
O-acetyltransferase gene in Catharanthus roseus.83 The present
study indicated that cold plasma inuenced growth, photo-
synthetic pigments, antioxidant enzymes, and proline concen-
tration in response to the exposure time. Using cold plasma to
seed prime led to improvements in total soluble phenols, PAL
activity, DAT gene expression (which contributed to the
synthesis of alkaloids), and an alkaloid concentration. In
Catharanthus roseus, as a valuable pharmaceutical plant,
a molecular analysis of plasma inuences on secondary
metabolism is potentially presented. Using cold plasma therapy
and exogenous salicylic acid (SA) priming, Sheteiwy et al. (2018)
studied Oryza sativa seedling salinity tolerance.119 Chlorophyll
uorescence, photosynthetic pigments, and photosynthetic gas
exchange were improved by cold plasma treatment and SA
priming improved seed performance under salinity stress in
comparison with untreated seeds. Cultivars of rice under
salinity stress signicantly improved their antioxidant enzyme
activities when prioritizing SA with cold plasma treatment. A
combination of cold plasma and SA priming under salinity
stress increased the activities of enzymes involved in secondary
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The cold plasma treatment of seeds as described in the patent literature

No. Inventors
Patent
year Patent registration no. Title of patent Description of invention

1 Yuanhua
Dong et al.

2018 US20150327430A1US20150327430A1 Cold plasma seed treatment device The present invention belongs to the cold
plasma seed treatment eld, and particularly
relates to a cold plasma seed treatment device

2 Ferencz S.
Denes et al.

2000 WO2014086129A1 Cold-plasma treatment of seeds to
remove surface materials

Plasma processing of materials and
particularly to plasma treatment of seeds

3 Edward
Bormashenko
et al.

2013 WO2013168038A1 Processing seeds by cold plasma
treatment to reduce an apparent
contact angle of seeds coat surface
methods

Methods for reduction on apparent contact
angle of seeds coat surface by cold plasma
treatment, agricultural devices for said
treatment and seeds obtained by methods
thereof
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metabolism assimilation. Under salinity stress, the activities of
enzymes involved in secondary metabolism assimilation were
up-regulated with either cold plasma alone or cold plasma
combined with SA priming. Hence, the cold plasma treatment
and SA priming can be helpful in improving the growth of rice
in high salinity soil.
Fig. 5 Schematic illustrating the effect of the combination of nanoparticle
a result, cold plasma infusions improve the physiological processes and pa
treated with nanoscale particles and boosting the response to defense
dismutases, IAA: indole-3-acetic acid, GA: gibberellic acid, ABA: abscisic

© 2022 The Author(s). Published by the Royal Society of Chemistry
5.2 Integrating cold plasma priming with nanomaterials

Plant species from across the globe have beneted from nano-
priming involving various nanomaterials in terms of seedling
growth and germination.120,121 As shown in Fig. 5, cold plasma
and nanoparticles work together as a seed priming treatment at
the molecular level. In seed treated with nanoscale particles and
s and cold plasma treatments on seed priming at themolecule level. As
thogen inactivation by enhancing antioxidant enzyme systems in seeds
stimuli (CAT: catalase, APX: ascorbate peroxidase, SOD: superoxide
acid).
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cold plasma, the enhancement of antioxidant enzyme systems
and the boosting of defense response improve physiological
processes and contribute to pathogen inactivation.

Seed priming with cold plasma and multi-walled carbon
nanotubes (MWCNT), Seddighinia et al. (2020) examined bitter
melon (Momordica charantia) growth, tissue differentiation,
anatomy, and yield.77 Treatments with plasma and MWCNT
concurrently amplied their individual effects. The study
examined the potential benets of seed priming with plasma
and MWCNTs on Momordica charantia's growth rates, tissue
differentiation, anatomy, and reproductive efficiency, as well as
possible contributing mechanisms. Several positive phenotypic,
physiological, developmental, and anatomical alterations were
observed for both individuals and combinations of plasma and
CNT treatment. A dose of MWCNTs of the highest applied level
did not result in any toxicity. MWCNT may hold promise for
cultivating crops even under long-term exposures. Cold plasma
and CNT technologies can be applied to the plant, agriculture,
and food sciences according to the ndings. In a study by Abedi
et al. (2020), seed priming with cold plasma improved Cichorium
intybus early growth, owering, and protection against selenium
nanoparticles. This result provides further insight into the
potential advantages of cold plasma in terms of improving plant
growth and protection. This nding demonstrates that plasma
can be used to improve plant tolerance to stress conditions by
enhancing plant defense mechanisms, particularly antioxidant
release mechanisms. Further, plasma priming in combination
with nano-selenium at a very low optimum dose can be utilized
as an efficient protocol to support plant growth, biochemistry,
and protection. Using a non-thermal plasma, Babajani et al.
(2019) investigated seed priming with modications regarding
plant reactions to selenium oxide or zinc oxide nanoparticles.69

A study was conducted to determine whether seed priming with
non-thermal plasma could modify the responses of Melissa
officinalis nanoparticles to zinc oxide (nZnO) or selenium (nSe)
nanoparticles. Plasma was used as a primer for germinating
seeds, and then the seeds were cultured in Petri dishes con-
taining a Hoagland nutrient solution modulated by nSe and
nZnO. The plasma treatment not only enhanced growth-related
traits (say, stem, root, and leaf width) and led to more biomass
accumulation, but also reduced the toxicity signs of nSe. It has
been reported that M. Moghanloo et al. (2019) discovered
differential expression and physiology of phenylalanine
ammonia-lyase (PAL) and universal stress protein (USP) in
endangered species.122 Using cold plasma for priming seeds as
well as silica nanoparticles for treating culture medium-
induced peroxidase activities in roots and leaves of the plants.
The simultaneous application of plasma and nSI enhanced the
expression rate of phenylalanine ammonia lyase gene. USP
expression levels in plasma- and nSi-treated seedlings were not
signicantly different, but nSi-treated seedlings displayed
higher levels of USP. Following plasma and nSi exposure, leaf
thicknesses and vascular development (xylem and phloem) were
reinforced. In the study, evidence demonstrates the potential
benets of plasma and nSi against phytotoxicity, which may
serve as the basis for possible commercial exploitation. Cold
plasma on Capsicum annum cayenne restored all signs of toxicity
10478 | RSC Adv., 2022, 12, 10467–10488
from nano zinc oxide, as shown by Iranbakhsh et al. (2018).47

The present study examined the plant's (Capsicum annuum)
responses to cold plasma and zinc oxide nanoparticles (nZnO)
in vitro and in-pot, using functional scientic devices andmetal-
based nanoparticles. It was found that nZnO and/or plasma
treatments played an important role in eliciting peroxidase
activity in both culture media. We also found that both roots
and leaves of the plasma and nZnO groups exhibited signi-
cantly higher activities of phenylalanine ammonia-lyase and
soluble phenols. The plasma treatments alleviated the inhibit-
ing effects of nZnO on xylem differentiation. During the pot
experiment, soaking the seeds before plasma treatment was the
most effective way to stimulate plant growth.
6. Role of reactive species in cold
plasma seed priming

As discussed earlier, a CP is a mixture of neutral gas, ionized
gas, reactive oxygen species (ROS) and reactive nitrogen species
(RNS), and positively charged particles. As shown in Fig. 6, in
CP- mediated seed priming, ROS, and RNS play a wide range of
regulatory roles during seed development and growth processes
including germination, metabolism, signal transduction,
nutrient uptake, senescence, and the ability to tolerate biotic
and abiotic stress.123 During the past three decades, it has been
discovered that ROS can act as helpful signaling molecules to
regulate stress response processes in primed seeds.113 ROS are
commonly produced and associated with the theory of oxidative
stress, resulting in pathological changes to DNA, proteins, and
lipids because of stress conditions. A signicant amount of
ROS, which primarily includes superoxide anion (O2c

�), singlet
oxygen (1O2), hydroxyl radicals (cOH), and hydrogen peroxide
(H2O2), is produced during CP priming treatment.117 Findings
clearly indicated that seed priming with CP could trigger
molecular mechanisms, in seeds.124 In a recent study, Adhikari
et al., proposed that cold plasma-primed seeds exhibited greater
levels of H2O2, NOx, and O2c

� than control seedlings of toma-
toes.124 Present study reveals that oxygen radicals such as O2+

cause the etching of seed coats and stimulate germination
chemistry. By modifying the seed coat and inducing water and
gaseous exchange inside the seed, CP seed priming results in
the generation of reactive oxygen species. The reactive oxygen
species (H2O2, O2c

�) and water uptake modulate the phytohor-
mone ratio, activate the amylase enzyme, and stimulate the
germination signal. However, CP priming also affects the
growth, development, and sustainability of seedlings at the
early vegetative stage, and improves the level of reactive oxygen
and nitrogen species. In seed cells, reacting species serve as
signaling molecules that stimulate oxidative signaling. During
seedling development, reactive oxygen species also cause the
expression of histone modication genes that are responsible
for epigenetic modication. Various antioxidant, phytohor-
mone, and stress resistance-related genes are modulated by
these epigenetic alterations and translate to improvement in
morphological and biochemical traits. The up-regulated reac-
tive species activate the antioxidant machinery to maintain
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Reactive oxygen species (ROS) and reactive nitrogen species (NOS) generation by cold plasma at atmospheric or low pressure conse-
quently affects seed germinating parameters, physiology, biochemical and molecular processes that are critical to germination, growth, and
sustainability.
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redox homeostasis in seedlings. Plasma-primed seedlings
showed higher superoxide activity, indicating a greater rate of
superoxide radical conversion into H2O2. Additionally, super-
oxide radical serves as a precursor to highly metabolically active
molecules such as H2O2 and cOH. This study found that CP seed
treatment modulated tomato growth, redox homeostasis, and
osmotic stress responses by producing ROS. Additionally,
Adhikari et al. observed increased antioxidant enzyme activity
in CP primed seedlings and asserted that plasma plays an
important role in redox regulation. As compared to control
seedlings, biochemical proling of tomato seedlings suggests
that accumulated reactive species activate antioxidant
machinery, lower oxidative damage, and induce phytohormone
synthesis in CP primed seeds.117 Other studies also showed that
CP seed priming had a positive impact on physiological and
© 2022 The Author(s). Published by the Royal Society of Chemistry
biochemical characteristics of seeds at the germination stages,
including antioxidants, sugars and proteins. Hydrogen peroxide
triggers the synthesis of salicylic acid and jasmonic acid in
plants. CP primed seedlings accumulate H2O2 in the form of
salicylic acid and jasmonic acid, therefore salicylic acid and
jasmonic acid levels are induced.117

Some studies also indicated that CP treatment enhances
seed water uptake ability by modifying the seed surface.125 CP
seed priming breaks the dormancy and speeds up the germi-
nation process. CP-induced reactive species and charged parti-
cles interact with seed coats, creating cracks on the surface that
facilitate imbibition.126 Therefore, CP seed priming induces
seed germination through modication of the seed coat. The
studies by Li et al.,127 examined the interaction between
morphological, physiological, biochemical, molecular, genetic,
RSC Adv., 2022, 12, 10467–10488 | 10479
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and hormonal factors in tomato seedlings to demonstrate
modulation of cold stress tolerance at the molecular and
molecular levels induced by CP seed priming treatments. In the
case of tomato seeds exposed to CP treatment, complex physical
and chemical reactions between neutral gas, ionized gas, ROS,
and RNS molecules, electrons and positively charged particles
possess key role in the generation and stimulation of the
embryo. Seed priming with CP is in its initial stages. Few studies
have been published describing the proper mechanism of CP
priming. For a better understanding of the cold plasma seed
priming effects at different stages of the plant, further studies
need to be conducted at the cellular and metabolic levels.
7. Modeling, simulation, and
diagnostics of cold plasmas for seed
priming treatment using a machine-
learning approach
7.1 Machine learning and cold plasma

The branch of articial intelligence called machine learning
(ML) is concerned with analyzing statistical or probabilistic data
in order to identify patterns.128,129 ML system is a collection of
tools that can analyze and utilize large amounts of data and be
used for a variety of purposes. In ML, learning is said to be
supervised when input data is provided to the machine for
matching with output data. By observing many inputs and
outputs of a complex system, researchers can train a computer
algorithm that can predict or discover patterns in its behavior
much more effectively than programming a set of rules. CP
modeling, simulation, diagnostics, and control are potentially
Fig. 7 Machine learning application for the CP mediated seed priming te
predict the best parameters for the cold plasma treatment and their eff
opment of stronger and more efficient treatment protocols for germina

10480 | RSC Adv., 2022, 12, 10467–10488
transformed by machine learning.130 Plasma applications can
range from chemical, physical, and electrical properties of
a target surface to plasma properties such as degree of molec-
ular gas dissociation, plasma density, electron energy, the
rotational and vibrational temperature of neutral, species or
energetic and angle distributions of sputtered particles.131

Applications of machine learning can analyze, for example,
optical emission spectrums, current and voltage signals, elec-
troacoustic emission measurements, laser-induced uores-
cence measurements, mass spectrometry measurements, and
visual images.132,133 Any information about the plasma state can
be used as input data for predicting various properties of the
plasma or its effects on adjacent surfaces as output data.
Understanding and minimizing irreproducible plasma effects
can be achieved by monitoring plasma characteristics in real-
time. By monitoring plasma characteristics in real-time, it is
possible to detect abnormal or undesirable operating condi-
tions. To enhance CP treatment reliability as well as reduce
variability, real-time plasma diagnostics are essential for
advanced process control.

Several new models, diagnoses, and control tools are
emerging based onmachine learning that can be used tomodel,
diagnose, and control cold plasma systems applied to complex
systems such as surfaces or even biological systems. As shown
in Fig. 7 modeling cold plasma treatment properties, parame-
ters, and effects on seed priming through machine learning
offers the possibility of developing treatment protocols for
different seed types aimed at improving their germination and
vigor with cold plasma treatments.130
chnology. With a machine-learning algorithm, it becomes possible to
ects on seed priming. The machine learning models allow the devel-
tion and vigor improvement for different types of seeds.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Machine learning methods and their description for real-time CP diagnostics

No. ML methods Description Visualization

1 Linear regression

Supervised linear model i.e. a model that assumes
a linear relationship between the input variables (x)
and the single output variable (y) e.g.: y ¼ B0 + B1 �
x. Regularized least-squares estimation is
commonly used to avoid over-tting

2 k-Means clustering

An unsupervised method that groups data into
groups or clusters. A cluster is dened by the
location of its center point, also called a centroid. K-
Means clustering initializes the centroids of the
clusters at random points and then evaluates the
distances from each input to its corresponding
centroid using some distance metric, like the
euclidean norm.

3
Gaussian process (GP)
regression

In GP regression, a nonparametric method of
machine learning is used rather than a parametric
one. A joint Gaussian distribution is assumed in GP
regression models. GP regression provides
condence bounds on the model predictions by
predicting a variance associated with expected
value. This variance is identied in the model
predictions
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7.2 An approach to modeling and simulating cold plasma by
machine learning

ML has been highly successful in modeling and simulating CP
behavior in order to understand the chemical and physical
mechanisms of the interactions between the plasma and
complex surfaces. Two primary ways ML can help develop
predictive models for CPs are as follows: (1) using surrogate
models for physics-based predictions, and (2) learning models
for plasma–surface interactions and plasma induced surface
effects from experiments when comprehensive theoretical
models are not available for the fundamental plasma–surface
interaction mechanisms. CPs can be modeled and simulated in
several different ways, such as uid, particle, or hybrid uid-
particle models. Based on such models, it is possible to deter-
mine the spatiotemporal distributions of the density and energy
of charged particles, the self-consistent electric eld and
currents, and the densities and temperatures of neutral species.
Surrogate models can be developed using supervised learning
methods such as articial neural networks (ANN), support
© 2022 The Author(s). Published by the Royal Society of Chemistry
vector machines (SVMs), and kriging models, which are much
more compact and cost much less to evaluate than their high-
delity counterparts. A surrogate model of the interface of
fundamental plasma and surface processes can be used for
modeling and simulation of CPs to bridge time- and length-
scale differences between them. Data-driven modeling of CPs
is also a promising application of machine learning. As opposed
to physics-based models, data-driven modeling builds models
from experimental data. A data-driven model is essentially
a ‘black box’ model, which draws on enormous amounts of
input and output measurements. A multiscale model allows for
the prediction of the complex effects of ‘plasma outputs’ (for
instance reactive species uxes, charges, electric eld emission,
photon ow, or localized heating) on the surface response. In
this way, supervised learning of plasma–surface interface
models can be useful for understanding fundamental surface
mechanisms, for instance, in plasma catalysis or plasma
medicine, in which the complex surface effects of CP are
generally not fully understood.
RSC Adv., 2022, 12, 10467–10488 | 10481

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra00809b


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
d’

ab
ri

l 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
5/

3/
20

26
 1

4:
48

:3
5.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
7.3 A real-time diagnostic approach for cold plasma based
on machine learning

Due to the requirement for expensive equipment and complex
analysis, real-time diagnostics of CP sources can be challenging.
This challenge can be addressed with data analytics based on
machine learning algorithms predicting the quantitative struc-
ture–activity relationship (QSAR) modeling,134 in silico Discrimi-
nant Function Analysis135 and absorption, distribution,
metabolism, and excretion (ADME) calculations.136 The QSAR and
ADME proling are being used to classify the effect of CP on the
seed viability. Data analytics utilizing ML techniques can provide
a method for estimating real-time parameters relevant to opera-
tions, including temperature, vibration, and substrate character-
istics.137 We have found that machine learning holds great
potential as a real-time diagnostic tool for CPs. Transitions
between modes are also frequently observed in CP sources, for
example, streamer-to-spark transitions in corona-like air
discharges. Research and applications in CP are challenged by
such variability, particularly where the plasma interacts with
complex systems, as in plasma treatment to biological systems.
ML can monitor variations in plasma characteristics, which could
be especially useful for both analyzing and minimizing irrepro-
ducible plasma effects. Diagnoses can detect unstable operating
conditions as well as dris in plasma characteristics in real-time.
Real-time plasmamonitoring is essential, as it reduces (partly) the
variability of CP sources and improves their operating reliability.138

Traditionally, extracting spectra information has been accom-
plished with pure physical approaches. With data analytics, this
can be done differently. ML algorithms, which discover patterns in
data through detecting patterns, have gained traction as data
analytics tools because data sets are larger than ever. An ML
analysis can be used to infer physical quantities, which would
otherwise be difficult to obtain in real-time because of instru-
mentation limitations or the length of time, required for analysis.
There are two considerations relating to the output data that are
important to consider: (1) continuous or discrete output variables.
(2) Whether the output data is used for training. When an ML
method uses the output data for training, it is known as super-
vised learning. The goal is to predict continuous output variables
(e.g., regression) or discrete output variables (e.g., classication).
By contrast; unsupervised learning is only concerned with
discovering patterns in the data. Following Table 4 is a brief
overview of selected ML methods, as tools for real-time CP
diagnostics.

The application of machine learning in plasma can create
enormous opportunities for modelling the results of plasma
treatment, allowing the development of personalized treatment
protocols.
8. Conclusion and future prospects

The development and application of plasma in agriculture are
just beginning internationally, and it is one of the current
hotspots in Agro-research. It combines low operating costs, no
variation, no pollution, and strong practicability with plasma
seed processing technology to use in agricultural production.
10482 | RSC Adv., 2022, 12, 10467–10488
Cold plasma seed priming is believed to trigger a variety of
biological, biochemical, and molecular events. By moderating
seed coats with cold plasma, free radicles are generated in the
seed, which signicantly increases the yield. Oxygen and
nitrogen reactive species are likely to play a major role in the CP
priming of seeds. In addition, it is important to determine
which properties and parameters of the CP were responsible for
the changes. With machine learning methods, the potential for
modeling parameters, properties, and end effects of plasma
treatment in agriculture is greatly enhanced, allowing for the
development of treatment protocols for different seed types.

Future advancements of CP treatment must take into
account, the treatment parameters need to optimize, in order to
achieve a reproducible benecial effect of priming on seeds. By
optimizing the parameters of CP, it is possible to apply CP to
seeds for getting signicant priming effects. CP-priming also
needs to be understood over time to gain an understanding of
the genotoxicity effect on seed and plant growth, it is important
to nd out at which parameters CP-priming is showing toxicity
to seeds and how they will affect future plant generations. There
is no clear knowledge of the mechanisms of changes occurring
in seeds during and aer CP treatment. There are few studies
published on the molecular mechanism of CP- mediated seed
priming and toxicity effects, for the future it needs to study the
plasma priming treatment effect on seed at the molecular level.
These plasma treatments and biological effects must be repro-
duced consistently, not only that, but the plasma priming
treatments must be scaled up for industrial applications as well.
We may eventually be able to learn how plasma–seed priming
works in detail to turn this into a viable seed processing tech-
nology. Plasma priming treatments will hopefully be another
useful technology in the agriculture community.
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Z. Naučienė, I. Filatova, V. Lyushkevich, P. Haimi,
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