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Abstract
Taking functional scientific devices and metal-based nanoparticles into account, the present research was carried out to 
evaluate the plant (Capsicum annuum) responses to cold plasma and zinc oxide nanoparticle (nZnO) in in vitro and pot 
conditions. Seeds were exposed to plasma (0.84 W/cm2 surface power densities) with three exposure times (0, 60, and 120 s) 
and/or two concentrations of nZnO (0 and 100 mgl− 1). The treated seeds were cultured in hormone-free MS medium (MS) 
or supplemented with 2 mgl− 1 BA and 0.5 mgl− 1 IAA (MSH). The seed pre-treatment with plasma enhanced a germination 
process and plant early growth, in contrast with the nZnO treatment. The treatment of nZnO significantly decreased the total 
fresh mass and leaf area in the seedlings grown in both culture media, while its growth-delaying impact was mitigated by 
the plasma treatment. The chlorophyll a and carotenoid were increased to 39.35 and 32% for the plasma-treated seedlings, 
respectively, than the control. The plasma and/or nZnO treatments acted as effective elicitors to induce the peroxidase activi-
ties in both culture media. Similarly, the activities of phenylalanine ammonia-lyase and soluble phenols were found to be 
significantly higher in the plasma and/or nZnO groups in both roots and leaves. Interestingly, inhibiting effects of nZnO on 
xylem differentiation was alleviated by the plasma treatments. In the pot condition, soaking seeds before the plasma treat-
ment was the most effective method to affect plant growth. This is a first report reflecting the potential benefits of the cold 
plasma treatment to improve plant growth and resistance to the nanoparticle.

Keywords  Applied physics · Nanoparticle · Nitric oxide · Non-thermal plasma · Plant growth · Seed priming · Stress · Zinc 
oxide

Introduction

Recently, there are many interests in applying diversities of 
the functional devices generating cold plasmas to facilitate 
treating various living organisms, thereby influencing cells, 
tissues, growth, differentiation, development, and metabo-
lism (Iranbakhsh et al. 2018). There are various kinds of 
producing instruments designed for different biological 
and biomedical aims, like potential therapy in dentistry and 
oncology (Hoffmann et al. 2013), as well as food industry 
(Ulbin-Figlewicz et al. 2015). One of these vastly developing 
devices is called dielectric barrier discharge plasma (DBD). 
Microbial contamination is regarded as one of the most criti-
cal issues and a restricting factor in the food industry (Ulbin-
Figlewicz et al. 2015) and in vitro culture. Considerable anti-
microbial effects of plasma, mainly due to the produced free 
radicals, charged particles, excited compounds, ozone, and 
emitted UV, have been well documented. DBD leads to UV 
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radiation and generations of different kinds of active materi-
als, especially nitrogen and oxygen reactive species (Bußler 
et al. 2015) which had sufficiently long lifetimes to affect 
cells and organic compounds. Therefore, DBD may be intro-
duced as an alternative possible instrument to treat seeds 
for different aims (Iranbakhsh et al. 2017, 2018; Safari et al. 
2017), especially decontamination, germination, growth, and 
plant protection. There are some limited reports, focusing on 
reactions of different plants to cold plasma, like improve-
ments in germination rates (Será et al. 2008; Chen et al. 
2012), decreases in the microbial contamination of seed 
(Mitra et al. 2014), increases in plant growth (Mihai et al. 
2014), changes in some physiological parameters (Wu et al. 
2007; Ling et al. 2014; Stolárik et al. 2015; Iranbakhsh et al. 
2017, 2018), modifications in differentiation process (Safari 
et al. 2017), and alterations in pattern of gene expression 
(Iranbakhsh et al. 2018). The plasma treatment may affect 
plant cell at molecular level and act as an effective elicitor to 
modifying plant physiology (Iranbakhsh et al. 2017, 2018). 
So, more exact research is required to elucidate the basic 
mechanisms implicated in plant–plasma interaction.

Nowadays, there is great interest in nanotechnology and 
novel utilizations of nanoparticles is rapidly developing in 
the various sciences and industries (Asgari-Targhi et al. 
2018). The size and concentration of nanoparticle, the plant 
species (Yang et al. 2015; Sheteiwy et al. 2015), and a type 
of soil (Peralta-Videa et al. 2014) have been mentioned as 
three main factors that play critical roles in plant responses 
to nanoparticles. Considering the importance of metal oxide 
nano-particles, especially nZnO as the most extensively 
applied (Keller et al. 2013), more studies are required to 
characterize their exact influences on plant cell and physiol-
ogy. It has been manifested that nZnO is cytotoxic, capable 
of provoking double-stranded DNA damage and affecting 
specific signaling pathways in the exposed mammalian 
cells (Ng 2011). Varieties of nanoparticles in the form of 
metal oxide have been utilized to improve plant growth and 
protection (Gogos et al. 2012). Furthermore, the beneficial 
effects of in vitro application of nZnO on the growth and 
production of steviol glycoside have been recorded in Stevia 
rebaudiana (Javed et al. 2016). However, the phytotoxicity 
of various kinds of metal oxide nanoparticles in different 
plant species has been recorded (Yang et al. 2015; Sheteiwy 
et al. 2015). The inhibiting impacts of nZnO on the root 
elongation have been reported in maize and rice (Yang et al. 
2015). The application of nZnO had detrimental impacts on 
the growth of rice (Boonyanitipong et al. 2011). Phytox-
icity of nZnO in Oryza sativa induced critical antioxidant 
enzymes, and up-regulated expression of the antioxidant-
related genes which are partially mitigated by seed priming 
with polyethylene glycol (Sheteiwy et al. 2015). The toxic 
concentrations of nZnO in the exposed rice seedlings pro-
voked oxidative stress, and led to inductions in activities of 

antioxidant enzymes, increases in abscisic acid (ABA) con-
tent, and decreases in gibberellic acid (GA) level (Sheteiwy 
et al. 2017). Also, the histochemical evidence confirmed the 
severe oxidative burst in roots of rice plants counteracted 
with nano-ZnO (Sheteiwy et al. 2017). Deposition of nano 
metal oxides, like nZnO on the cell surface and different 
cellular organelles, leads to oxidative stress and follow-up 
signaling (Buzea et al. 2007).

Capsicum annuum L. belongs to Solanaceae family and 
is of importance, especially because of Capsaicin, an active 
component of chili peppers, which has several valuable 
properties, including antioxidant, antibacterial and anticar-
cinogenic (Baytak and Aslanoglu 2017; Safari et al. 2017). 
Plant culture in in vitro condition is considered as a suitable 
method to elucidate various hypotheses, proposed in plant 
science. Seed-borne contamination is known as an impor-
tant restricting factor in plant tissue culture. Despite good 
documentation of the antimicrobial effects of plasma, there 
are not many studies on the behavior of plasma-pretreated 
seedlings in in vitro condition. Various strategies have been 
employed to develop new alternative approaches to pro-
mote plant growth, physiology, and protection. There are 
limited studies on the potential benefits of seed priming with 
the plasma (especially in in vitro condition) and possible 
responses and the involved mechanisms are unknown. Con-
sidering the highlighted crucial importance of the plasma 
and nanosciences and technologies, this study was carried 
out to evaluate the possible effects of the cold plasma and/
or nZnO on the various aspects of growth, anatomy, and 
physiology of Capsicum annuum Var. cayenne. The pre-
sent research provides the valuable information about plant 
growth, behavior, morphogenesis, and differentiation, as 
well as modifications in physiological traits in pepper, trig-
gered by the cold plasma and/or nZnO in in vitro and pot 
conditions, for the first time.

Materials and methods

Materials, experimental apparatus, treatments 
and culture conditions

Seeds of Capsicum annuum cayenne were purchased from 
a reliable industrial company (Nikandishan, Iran). In this 
research, nZnO of 10–30  nm was purchased from US 
research nanomaterials, Inc (3302 Twig Leaf Lane Houston, 
TX 77,084, USA).

The experimental apparatus was DBD. Plasma at atmos-
pheric pressure is generated between two glass plates as 
dielectric barriers covering the two powered circular plate 
copper electrodes (radius = 5.5 cm). The gap between dielec-
trics is 3 mm. Argon was utilized as a functional gas between 
dielectrics. The dielectric acts as a stabilizing material when 
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the potential across the gap reaches the breakdown voltage 
leading to the formation of a large number of micro-dis-
charges. To generate DBD plasma, a modified AC high volt-
age power supply was used. Applied voltage was measured 
by a high voltage probe (Pintek HVP40) connected to an 
oscilloscope (Tektronix TDS1012B). During experiments 
throughout the plasma treatment, the frequency and the volt-
age were fixed at 23 kHz and 11 kV, respectively. The instru-
ment power was 80 W, so for 94.98 cm2 plasma treatment 
areas, the surface power density was equal to 0.84 W/cm2. 
The plasma diagnostic data (Iranbakhsh et al. 2018) and 
schematic of the applied plasma system (Iranbakhsh et al. 
2017) were presented in our previously published papers.

Seeds were surface sterilized with 3% sodium hypochlo-
rite, containing two drops liquid detergent for 10 min. Then, 
seeds were thoroughly washed three times with sterile dis-
tilled water. Seeds were exposed to plasma with three dif-
ferent exposure times, including 0, 60 or 120 s, and/or two 
levels of nZnO (0 and 100 mgl− 1). Seed pretreatment with 
nZnO was done by their incubations in the nZnO solution 
of 100 mgl− 1 during 2.5 h.

To evaluate the possible effects of the different applied 
treatments of plasma and/or nZnO on the germination rates 
and plant early growth, plasma and/or nZnO-treated seeds 
were grown in a petri dish condition (three replications 
with five uniform intact seeds in each) and the results were 
recorded 7 days after treatments.

Murashige and Skoog (MS) medium (Murashige and 
Skoog 1962) was applied for in vitro experiments. For 
in vitro experiments, the sterilized treated seeds with plasma 
(0, 60, or 120 s) and/or nZnO (0 or 100 mgl− 1) were cul-
tured in hormone-free MS medium (called as MS) or sup-
plemented with hormones of 2 mgl− 1 BA and 0.5 mgl− 1 IAA 
(called as MSH). All cultures were incubated in a germinator 
at 25 °C under illumination of 28 µmol photon m− 2 s− 1 (16 h 
of light and 8 h of dark). Non-treated seeds grown in MS or 
MSH condition were used as control samples in each culture 
medium. Treatment groups were called as follows: C: con-
trol; nZnO: seeds treated with nZnO; P60: seeds treated with 
plasma of 60 s; P120: samples treated with plasma of 120 s; 
P60–nZnO: seeds treated with plasma of 60 s and nZnO; 
P120–nZnO: seeds treated with plasma of 120 s and nZnO.

In complementary experiments, the seeds (dry or 
24 h-soaked) were treated with the plasma and/or nZnO 
(similar to the mentioned conditions for in vitro studies) 
and grown in pots, containing soil mixture of perlite and 
peat (1:1) under illumination of 33.75 µmol photon m− 2 s− 1.

Characteristics of nZnO

The characteristics of nZnO were determined by Fourier 
transform infrared spectroscopy (FTIR, Thermo Nicolet) 
and X-ray diffraction (XRD) (SEIFERT XRD 3003 PTS).

Growth and Histological studies

Thirty five days after seed pretreatments, seedlings were 
harvested for further analyses. Total leaf areas were meas-
ured by a digital leaf area meter (Leaf Area Meter- AM-200; 
ADC BioScientific Ltd, UK). Also, the total fresh weights 
were determined and expressed in g plant− 1. Handmade 
cross sections of the basal stems [Ethanol:glycerol (80:20) 
as a fixator solution] were prepared, stained by carmine and 
methylene blue, observed with the light microscope and pho-
tographed in two different magnifications, including 100× 
and 400×.

Photosynthetic pigments

Photosynthetic pigments, including chlorophyll a (Chla), 
chlorophyll b (Chlb) and carotenoids, were extracted using 
80% acetone. The contents of these pigments were calcu-
lated based on the equation presented by (Lichtenthaler and 
Wellburn 1983).

Enzyme extraction

The frozen fresh organs were powdered by liquid nitrogen. 
Then, enzymes were extracted at 4 °C in a mortar and pes-
tle using 0.1 M phosphate buffer at pH of 7.5, containing 
0.5 mM Na2-EDTA and 0.5 mM ascorbic acid as an extrac-
tion buffer. The homogenates were centrifuged for 15 min at 
4 °C and the supernatants were applied as enzyme extracts.

Peroxidase activity

Peroxidase activity was measured according to the previ-
ously method described by Hemeda and Klein (1990). Per-
oxidase activity was expressed as ΔA min− 1 g− 1 fw.

Phenylalanine ammonia lyase

The reaction mixture for measuring activity of phenylalanine 
ammonia lyase (PAL) enzyme consisted of 6 µM phenylala-
nine, Tris–HCl buffer (0.5 M, pH 8), and 200 µL of enzyme 
extract. After 60 min at 37 °C, the reaction was ended by 
adding 50 µL of 5 N HCl. PAL activities were analyzed 
(the rate of conversion of L-phenylalanine to trans-cinnamic 
acid) at 290 nm. PAL activity was determined by measur-
ing the amount of cinnamic acid produced and expressed in 
µgCin min− 1 g− 1 fw, according to the method described by 
Beaudoin-Eagan and Thorpe (Beaudoin-Eagan and Thorpe 
1985).
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Soluble phenols

Total soluble phenolics were extracted from the leaves and 
roots of seedlings grown in MS medium using ethanol 80% 
(v/v) as a solvent. Phenol contents were assessed using the 
Folin–Ciocalteu reagent procedure. Tannic acid was applied 
as a standard compound. Total soluble phenol contents were 
expressed in mgg− 1 fw.

Statistical analysis

The experimental design was completely randomized design 
(CRD) in factorial experiment. Data were analyzed using 
SPSS software. Mean separation was performed with Dun-
can’s multiple range test at the level of P ≤ 0.05.

Results and discussion

Characteristics of nZnO

The characterization of nZnO was obtained by the XRD 
patterns using X-ray diffraction. XRD analysis confirmed 
the nZnO presence (Supplementary Fig). The strong intense 
peaks ranging from 30 to 40 theta scales indicated the crys-
talline nature of the nanoparticles. The intense absorption 
band in the range of 3237–3565 cm− 1 is due to the O–H 
stretching (Gnanasangeetha and SaralaThambavani 2013). 
The peak at about 1425–1495 cm− 1 shows the carboxylate 
group (Chithra et al. 2015). The band at 881 is assigned to 
bending mode of carbonate. The peak in the region between 
482 and 595 cm− 1 is allotted to Zn–O stretching mode. The 
peak observed at 570 is owing to the successful synthesis of 
nZnO (Chithra et al. 2015).

Early growth of seedlings in the petri dish condition

The individual and combined plasma treatments enhanced 
the growth of root system in the seedlings grown under the 
petri dish condition, over the untreated control (Fig. 1). This 
finding is in agreement with the previous studies, indicating 

the enhancing effects of the cold plasma on the early growth 
of seedlings (Sera et al. 2008, 2010, 2017; Mihai et al. 2014; 
Stolarik et al. 2015; Iranbakhsh et al. 2017, 2018; Safari 
et al. 2017). The plant responses to the plasma treatment 
may differ depending on the four key factors, including plant 
species and developmental stage, types of plasma producing 
instruments, time of treatment, and feed gases (Sera et al. 
2017; Iranbakhsh et al. 2018). The plasma-triggered reac-
tions have been mainly attributed to the different mecha-
nisms, including the modifications in seed coat structure 
(Filatova et al. 2014; Stolarik et al. 2015), changes in water 
uptake rates (Ling et al. 2014), some other physiological 
changes (Iranbakhsh et al. 2017), and differentiation process 
(Safari et al. 2017). The plasma-induced sharp modifications 
in the surface structure of seeds in maize, wheat, and lupines 
have been confirmed in the scanning electron microscope 
images recorded by Filatova et al. (2014). Interestingly, 
the growth-delaying impact of nZnO was mitigated by the 
plasma treatment. Recently, the evidence has been provided 
that the cold plasma modified the expression pattern of heat 
shock factor A4A (HSFA4A; known as a hydrogen peroxide 
sensor, anti-apoptosis agent, and crosslink agent with vital 
signaling cascades) and improved wheat growth, physiology, 
and resistance to salt stress (Iranbakhsh et al. 2018). The 
vital elicitor and signaling agents (especially nitric oxide 
(NO), ozone, and/or UV) which are generated during the 
plasma production may contribute to the induced changes 
(Iranbakhsh et al. 2018). NO may determine the growth of 
root system, mainly through regulating auxin transport, cell 
division process in a meristem region, and cellular differen-
tiation (Fernández-Marcos et al. 2011). In addition, the cold 
plasma changed the hormonal status in Pisum sativum (Sto-
lárik et al. 2015). On the other hand, there is strong evidence 
that nZnO may change the hormonal balances (Sheteiwy 
et al. 2017). The inhibiting impact of nZnO has been attrib-
uted to the reductions in α-amylase activities (an important 
enzyme implicated in the starch hydrolysis process) which in 
turn lead to a lack of the required energy for seedling early 
growth (Sheteiwy et al. 2016). Therefore, it seems that the 
plasma-originated agents, especially NO, may be responsible 
for the observed results, probably via triggering a specific 

Fig. 1   The effects of plasma and/or nZnO on the early growth of the 
treated seeds grown in petri dish, 7 days after the treatments. a Con-
trol; b the plasma treatment of 60 s; c the plasma treatment of 120 s; 

d nZnO; e the plasma treatment of 60 s and nZnO; f the plasma treat-
ment of 120 s and nZnO
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signaling, altering cellular metabolism, and modifying the 
hormonal balances.

Growth and biomass of seedlings grown in in vitro 
conditions

The morphological differences between the plasma and/
or nZnO-treated seedlings cultured in a hormone-free MS 
medium or supplemented with the hormones are depicted 
in Fig. 2. In both MS and MSH media, the nZnO treatments 
led to the delay or reductions in the growth and biomass 
production, indicated by a fewer total fresh mass and leaf 
area found in the nZnO groups, compared with the control. 
Plasma significantly (p ≤ 0.05) increased the total fresh mass 
by 12.5, 40.6, 46.9, and 18.7% for the P60, P60–nZnO, P120, 
and P120–nZnO treatments, respectively, relative to the con-
trol in MS medium (Table 1). Interestingly, the significant 
(p ≤ 0.05) increase in the fresh mass was also observed in 
the plants treated with the plasma than the control in MSH 
medium (Table 1). The maximum fresh mass was noticed 

with the P120 treatment, compared with the control. Despite 
the observed inhibiting or delaying impacts of nZnO, no 
necrotic and/or chlorosis symptoms of nZnO toxicity were 
found. In the both MS and MSH media, the leaf area was 
significantly (p ≤ 0.05%) decreased at the nZnO treatment 
alone compared to the control (Table 1). However, the leaf 
area was found to be significantly increased to 6.3, 13.8, 
31.4, and 24.9% for P60, P60–nZnO, P120, and P120–nZnO 
groups, respectively, in MS medium, while it was promoted 
by 53.3, 7.3 and 62.4% for P60, P60–nZnO, and P120 treat-
ments, respectively, in the MSH medium, compared to the 
untreated control (Table 1).

It seems that nZnO had a detrimental impact on the shoot 
and/or root meristem zones, thereby delaying or inhibiting 
the growth rates and differentiation process. It has been 
well hypothesized that plant sensitivities to various envi-
ronmental factors are dependent on the plant species and 
developmental stage. The application of nZnO may disrupt 
membranes and damage DNA (Ma et al. 2013). It had the 
damaging impacts on the root system and early growth rates 

Fig. 2   The morphological differences in the plasma and/or nZnO-
treated seedlings (35 days after seed treatment) cultured in hormone-
free MS medium (a–f) or supplemented with the hormones, including 
2 mgl− 1 BA and 0.5 mgl− 1 IAA (MSH) (G–L). a Control in MS; b 
the plasma treatment of 60 s in MS; c the plasma treatment of 120 s 
in MS; d nZnO in MS; e the plasma treatment of 60 s and nZnO in 

MS; f the plasma treatment of 120 s and nZnO in MS; g control in 
MSH; H- the plasma treatment of 60  s in MSH; i the plasma treat-
ment of 120 s in MSH; j nZnO in MSH; k the plasma treatment of 
60 s and nZnO in MSH; l the plasma treatment of 120 s and nZnO in 
MSH
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in rice plant (Boonyanitipong et al. 2011). Moreover, nZnO 
provoked oxidative burst and increased.

malondialdehyde (MDA) contents as a sign of lipid per-
oxidation of cellular membrane in rice seedlings (Sheteiwy 
et al. 2017). Also, the adverse effects of nZnO on the growth 
and production of secondary metabolites have been recorded 
in Stevia rebaudiana (Javed et al. 2016). The deleterious 
impacts of nano-metal oxides have been attributed to the 
oxidative stress (Buzea et al. 2007; Sheteiwy et al. 2017). 
The improving effects of the cold plasma on the plant early 
growth have been reported in various species, including 
Chenopodium album (Sera et al. 2008), wheat (Sera et al. 
2010; Iranbakhsh et al. 2017, 2018), radish (Mihai et al. 
2014), pea (Stolarik et al. 2015), pepper (Safari et al. 2017), 
and Cannabis sativa (Sera et al. 2017). Interestingly, the 
plasma treatments relieved the reducing effects of nZnO on 
the plant growth, probably via inducing plant defense-related 
responses by UV radiation and/or signaling molecules gen-
erated during the plasma. The obtained results showed that 
the presence of the applied hormones in a culture medium 
amplified the effects of plasma of 60 s on the total biomass 
accumulation, suggesting that the cold plasma treatments 
may probably alter the hormonal balances and/or cellu-
lar sensitivities to the hormones. Therefore, it seems that 
the composition of the culture medium may modify the 
plasma–plant interactions. The possible provoked changes 
in the meristem zones, cell cycle, differentiation, and/or 
hormonal balances may be responsible for the observed 
morphological differences between the treatment groups. 
The modifications in the growth and differentiation process 
provoked by the cold plasma might be attributed to the dif-
ferent bioactive signaling molecules [especially ozone and 
nitric oxide (NO)] originated from the plasma treatments 
as well as UV radiation, generated during the plasma. NO, 
known as a bioactive signaling compound, can modify cell 

division reaction in the meristem, cell differentiation pro-
cess, and polar auxin transport via affecting the PIN1 protein 
levels (Fernández-Marcos et al. 2011). There is evidence 
that the phytohormonal balances were altered by the cold 
plasma in pea plants (Stolárik et al. 2015). Up-regulations 
and down-regulations of transcripts were found in Arabi-
dopsis thaliana exposed to nZnO (Landa et al. 2015). Also, 
nZnO changed the pattern expression of some critical genes 
in rice (Sheteiwy et al. 2015).

Photosynthetic pigments and tissue differentiation

In the present study, the photosynthetic pigment contents 
were increased by nZnO and plasma treatments over the 
control (Table 1). Interestingly, the photosynthetic pig-
ments were increased significantly (p ≤ 0.05) to 34.8, 28, 
31.8, 40% (for chlorophyll a) and 43.9, 36, 36.3, and 36% 
(for carotenoid), respectively, for the P60, P60–nZnO, P120, 
and P120–nZnO treated plants than the control (Table 1). 
The level of Chlorophyll b was also enhanced significantly 
(p ≤ 0.05) by 33.3 and 23.8% for P120 and P120–nZnO treat-
ments, respectively, compared to the control, whereas the 
Chlorophyll b contents in the nZnO, P60, and P60–nZnO 
treated plants did not change significantly over the 
untreated plants (Table 1). The observed differences in 
the tissue patterns of the basal stems of the nZnO and/
or plasma-treated seedlings cultured in MS medium sup-
plemented with the hormones are presented in Fig. 3. The 
patterns of the vascular system clearly varied between the 
treatments, among which the widest vessels were found 
in seedlings treated with plasma of two min (Fig. 3). The 
inhibiting impacts of nZnO on the differentiation of the 
vascular tissues were considerably relieved by the seed 
pre-treatments with plasma. According to the above-
described changes in the growth, physiology, and anatomy, 

Table 1   The effects of the plasma and/or nZnO treatments on the 
total biomass, total leaf area and photosynthetic pigments in the pep-
per plants grown in hormone-free MS medium (MS) or MS medium 

supplemented with 2 mgl− 1 BA and 0.5 mgl− 1 IAA (MSH) (35 days 
after the seed plasma treatments)

The treatments; C (control), nZnO, P60 (plasma of 60 s), P60–nZnO (plasma of 60 s and nZnO), P120 (plasma of 120 s), P120–nZnO (plasma of 
120 s and nZnO)
Mean values followed by different letters are significantly different at P ≤ 0.05 according to Duncan’s multiple range test

Treatments Total fresh 
mass (g 
plant− 1)

Total fresh 
mass (g 
plant− 1)

Total leaf area 
(cm2 plant− 1)

Total leaf area 
(cm2 plant− 1)

Chla (mgg− 1 fw) Chlb (mgg− 1 fw) Carotenoid (mgg− 1 fw)

MS MSH MS MSH MS MS MS

C 0.32 ± 0.009c 0.35 ± 0.003b 6.37 ± 0.1e 7.52 ± 0.24c 0.66 ± 0.02b 0.21 ± 0.01b 0.25 ± 0.01c

nZnO 0.24 ± 0.01d 0.31 ± 0.003c 5.58 ± 0.09f 4.45 ± 0.09e 0.75 ± 0.024b 0.24 ± 0.007ab 0.28 ± 0.01bc

P60 0.36 ± 0.003b 0.45 ± 0.02a 6.77 ± 0.11d 11.53 ± 0.3b 0.89 ± 0.027a 0.24 ± 0.03ab 0.32 ± 0.007b

P60–nZnO 0.45 ± 007a 0.38 ± 0.003b 7.25 ± 0.03c 8.07 ± 0.1c 0.87 ± 0.034a 0.26 ± 0.01ab 0.35 ± 0.02a

P120 0.47 ± 0.016a 0.47 ± 0.02a 8.37 ± 0.05a 12.21 ± 0.2a 0.95 ± 0.028a 0.28 ± 0.01a 0.34 ± 0.01a

P120–nZnO 0.38 ± 0.003b 0.39 ± 0.007b 7.96 ± 0.08b 6.11 ± 0.08d 0.90 ± 0.05a 0.26 ± 0.01a 0.34 ± 0.02a
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the beneficial effects of the plasma treatment could be 
attributed to the underlying mechanisms, like improve-
ments in the vascular system, plant nutritional status, and/
or possible enhances in the photosynthesis process. While, 
increases in the reactive oxygen species (ROS), lipid 
peroxidation of membranes, and nutritional disturbance 
appear to be responsible for the toxicity of nZnO. Dis-
turbing potential of nZnO on the plant nutritional status, 
especially S and P, has been reported (Peralta-Videa et al. 
2014). High levels of nZnO in suspensions completely 
inhibited the root elongation of some crop including rad-
ish, rape, ryegrass, lettuce, corn and cucumber (Lin and 
Xing 2007). The overaccumulations of ROS in Spirodela 
punctuta (Thwala et al. 2013) and rice (Chen et al. 2015; 
Sheteiwy et al. 2017) plants exposed to nZnO have been 
reported. Also, nZnO altered hormonal balances (ABA 
and GA), mainly via modifying the expression patterns 
of the key involved genes (OsABA8ox2 and OsNCED1) 
(Sheteiwy et al. 2017). It is obvious that changes in the 
hormonal balances may affect differentiation process and 
the relation between sources and sink organs. Interestingly, 
the ultra-structural analysis provided valuable evidence 
showing that the high doses of nZnO led to severe damage 
in the leaf mesophyll cells in rice cultivars (Sheteiwy et al. 
2015). Also, increases in the number of osmiumphobilic 
granule and starch grains, the disappearance of various 
organelles, and damages in cell structure were found in 
leaf cells of rice counteracted with nZnO (Sheteiwy et al. 
2015).

Peroxidase, PAL and soluble phenols

In MS condition, the pre-treatment with plasma resulted in 
the significant promotions in the peroxidase activities of the 
leaves and roots. The leaf peroxidase activities of seedlings 
grown in MS were significantly (p ≤ 0.05) increased by 
42.7, 33.4, and 55.6% for P60–nZnO, P120, and P120–nZnO 
treatments, respectively, compared to the control (Table 2). 
The root peroxidase activity was found to be significantly 
(p ≤ 0.05) induced by the nZnO and/or plasma treatments in 
comparison with the control (Table 2). The P120 treatment 
alone caused the drastic rise in the root peroxidase activity, 
over the untreated control (Table 2). The significant induc-
tions in the peroxidase activities were found in the plasma 
and/or nZnO-treated seedlings grown in MSH, among which 
the highest amounts were recorded in the nZnO treatments 
(Table 2). The plasma and/or nZnO treatments led to the 
significant considerable inductions in the activities of PAL 
enzymes in leaves and roots of the seedlings cultured in the 
both culture media (Table 3). The results showed that the 
PAL activity in the leaves of seedlings cultured in MS was 
found to be increased significantly (p ≤ 0.05) by 35.1, 30.8, 
67, 63.3, and 43.1% for the nZnO, P60, P60–nZnO, P120, and 
P120–nZnO treatments, respectively compared to that of the 
control (Table 3). In the roots of seedlings grown in MS 
medium, increases in the PAL activity were significantly 
(p ≤ 0.05) raised from the plasma and/or nZnO treatments 
(Table 3). In the plants grown in MSH, the nZnO treatment 
alone did not change significantly (p ≤ 0.05) the leaf PAL 

Fig. 3   The effects of plasma and/or nZnO treatments on the tissue 
patterns of the basal stem of Capsicum annuum cayenne grown in MS 
medium supplemented with 2 mgl− 1 BA and 0.5 mgl− 1 IAA (MSH) 
(35 days after seed treatment). 1: Cortex region; 2: xylem tissues; 3: 
pith parenchyma. a Control; b nZnO; c the plasma treatment of 120 s; 

d the plasma treatment of 120  s and nZnO (a–d photographed at 
magnification of ×100). e Control; f nZnO; g the plasma treatment of 
120 s; h the plasma treatment of 120 s and nZnO (e–h photographed 
at magnification of ×400)
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activity compared to the untreated control, while the PAL 
activity was enhanced by 33, 44.4, 27.9, and 25.9% for the 
P60, P60–nZnO, P120, and P120–nZnO treatments respectively, 
compared to the control (Table 3). In comparison to the con-
trol, the significantly higher amounts of the root PAL activ-
ity were found in the plasma and/or nZnO-treated seedlings 
(Table 3). Furthermore, the leaf soluble phenols were also 
significantly (p ≤ 0.05) enhanced by 87, 48.2, 91.8, 82.3, and 
52.9% for the nZnO, P60, P60–nZnO, P120, and P120–nZnO 
treatments, respectively, over the control. Interestingly, 
the highest concentration of the root soluble phenols was 
noticed with the P120–nZnO treatment (Table 3). There was 
a positive correlation between the PAL activities and total 
soluble phenol contents in the leaves and roots of the treated 
seedlings (r = 0.753 and r = 0.882, respectively p = 0.001).

The obtained findings indicated that the independent fac-
tors of the present study considerably influenced the activi-
ties of the peroxidase (an important antioxidant enzyme) and 
PAL (a key enzyme in phenylpropanoid pathway) as well as 
the soluble phenol contents in both leaves and roots of the 
treated seedlings. The observed alterations in the evaluated 

physiological traits seem to be elicited by UV, and the vital 
signaling bioactive compounds, especially NO and ozone, 
generated during the plasma treatments. Treatments of wheat 
seedlings with cold plasma (DBD) led to the significant 
improvements in peroxidase and PAL activities (Iranbakhsh 
et al. 2018), as well as increases in phenols and biomass 
accumulations (Iranbakhsh et  al. 2017). Cold plasma-
induced activities of PAL, in combination with antioxidant 
enzymes in tomato plants, have been proposed as key crucial 
mechanisms, thereby counteracting against Ralstonia sola-
nacearum, pathogen (Jiang et al. 2014). The cold plasma 
treatment provides a complicated situation in which cells are 
exposed to UV and critical signaling bioactive molecules, 
among which NO is the most important. In our opinion, the 
eliciting possible compound may be oligosaccharins, mainly 
originated from the plasma-caused structural changes in the 
cell wall. Some oligosaccharins are known as elicitors which 
exert signaling effects and induce various physiological 
mechanisms by which defense system is activated (Fry et al. 
1993) and, hence, plant resistance against different stress 
factors is improved. The found inductions in the peroxidase 

Table 2   The effects of the 
plasma and/or nZnO treatments 
on the peroxidase activities of 
leaves and roots in the pepper 
plants grown in the Hormone-
free MS medium (MS) or MS 
medium supplemented with 2 
mgl− 1 BA and 0.5 mgl− 1 IAA 
(MSH) (35 days after the seed 
plasma treatments)

The treatments; C (control), nZnO, P60 (plasma of 60  s), P60–nZnO (plasma of 60  s and nZnO), P120 
(plasma of 120 s), P120–nZnO (plasma of 120 s and nZnO)
Mean values followed by different letters are significantly different at P ≤ 0.05 according to Duncan’s mul-
tiple range test

Treatments Leaf peroxidase (ΔA 
min− 1 g− 1 fw)

Root peroxidase (ΔA 
min− 1 g− 1 fw)

Leaf peroxidase (ΔA 
min− 1 g− 1 fw)

Root peroxidase 
(ΔA min− 1 g− 1 fw)

MS MS MSH MSH

C 316.84 ± 6.15d 525.56 ± 16.6c 266.66 ± 22.7d 288.41 ± 23.6c

nZnO 335.19 ± 2.6cd 637.30 ± 15.1b 422.86 ± 11.7a 499.26 ± 19.8a

P60 370.83 ± 12bcd 644.53 ± 26.9b 325.52 ± 11.14c 482.08 ± 26.4a

P60–nZnO 452.22 ± 62.8ab 785.00 ± 28.2a 390.31 ± 12.9ab 369.84 ± 21.1b

P120 422.85 ± 19.6abc 823.89 ± 20.5a 371.73 ± 17.6bc 440.02 ± 37.7ab

P120–nZnO 493.15 ± 34.9a 645.21 ± 26.9b 334.44 ± 10.5c 431.96 ± 13.6ab

Table 3   The effects of the plasma and/or nZnO treatments on the 
activities of PAL enzyme and the contents of total soluble phenols in 
pepper plants grown in the hormone-free MS medium (MS) or MS 

medium supplemented with 2 mgl− 1 BA and 0.5 mgl− 1 IAA (MSH) 
(35 days after the seed plasma treatments)

The treatments; C (control), nZnO, P60 (plasma of 60 s), P60–nZnO (plasma of 60 s and nZnO), P120 (plasma of 120 s), P120–nZnO (plasma of 
120 s and nZnO)
Mean values followed by different letters are significantly different at P ≤ 0.05 according to Duncan’s multiple range test

Leaf PAL activity 
(µgCin min− 1 g− 1 fw)

Root PAL activity 
(µgCin min− 1 g− 1 fw)

Leaf PAL activity 
(µgCin min− 1 g− 1 fw)

Root PAL activity 
(µgCin min− 1 g− 1 fw)

Leaf phenols 
(mgg− 1 fw)

Root phenols 
(mgg− 1 fw)

MS MS MSH MSH MS MS

C 1.88 ± 0.05c 2.13 ± 0.07d 2.43 ± 0.08c 1.14 ± 0.1c 0.85 ± 0.03c 0.34 ± 0.02d

nZnO 2.54 ± 0.24ab 2.47 ± 0.02c 2.86 ± 0.14bc 2.36 ± 0.2a 1.59 ± 0.07a 0.59 ± 0.04c

P60 2.46 ± 0.13b 2.43 ± 0.05c 3.24 ± 0.18ab 2.19 ± 0.07ab 1.26 ± 0.05b 0.62 ± 0.01bc

P60–nZnO 3.14 ± 0.29a 2.51 ± 0.03c 3.51 ± 0.2a 2.36 ± 0.17a 1.63 ± 0.09a 0.56 ± 0.015c

P120 3.07 ± + 0.21a 2.79 ± 0.11b 3.10 ± 0.14ab 2.16 ± 0.06ab 1.55 ± 0.06a 0.68 ± 0.02b

P120–nZnO 2.69 ± 0.17ab 3.07 ± 0.1a 3.06 ± 0.09ab 1.92 ± 0.05b 1.30 ± 0.03b 0.85 ± 0.04a
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and PAL activities in the seedlings treated with plasma may 
be considered as one of the important mechanisms involved 
in alleviating the inhibitory impacts of nZnO on the plant 
growth. It is obvious and well documented that the anti-
oxidant enzymes, like peroxidase, play critical roles in the 
scavenging process of active oxygen species and regulating 
cellular redox status in plants exposed to the stress condi-
tions. A peroxidase activity is considered as a critical index 
of the plant resistance against the various abiotic stresses 
(Iranbakhsh et al. 2018). The achieved results clearly showed 
that plant secondary metabolism and systemic modification 
in the plant biochemistry were triggered by the mentioned 
independent variables of this research (plasma, nZnO, and 
their interactions). NO as an active nitrogen species exerts 
potential of reacting with different extra/intracellular targets 
(Groß et al. 2013). It has been stated that NO induces the 
accumulations of cytoprotective proteins and the synthesis 
of some antioxidant enzymes in the plant cell (Wang et al. 
2013). In addition to NO, ozone and UV radiation, gener-
ated during the plasma treatment, also have high potential 
for affecting plant physiology. Hence, the plasma-triggered 
accumulations cyto-protectant enzymes or compounds may 
be regarded as the possible potent mechanisms involved in 
relieving the toxicity signs of nZnO in the treated seedlings. 
In addition, bioactive compounds like ozone generated dur-
ing plasma treatment may cause physiological changes. 

Four-hundred and sixteen up-regulated transcripts, as well 
as 961 down-regulated transcripts (particularly, the genes 
contribute to cell organization and DNA or RNA metabo-
lism) have been found in Arabidopsis thaliana exposed to 
nZnO (Landa et al. 2015). There is evidence that nZnO 
up-regulated the expression of various vital genes, includ-
ing APXa, APXb, CATa, CATb, CATc, SOD1, SOD2, and 
SOD3 (Sheteiwy et al. 2015) and GR1, GR2, Amy2A, and 
Amy3A (Sheteiwy et al. 2016) in rice.

Complementary pot experiment

The plasma treatments (especially plasma of 2 min) had 
the desirable enhancing effects on the growth rates of seed-
lings grown in the pot experiment. Moreover, the plasma 
treatments not only had the stimulatory effects on the plant 
growth but also mitigated the inhibitory impacts of nZnO 
(Figs. 4, 5). The evaluations based on the pot experiments 
indicated that the plasma treatments of soaked seeds were 
the most effective method to trigger the plant growth 
and development. It seems that soaking before the seed 
pretreatment considerably enhances the efficiency of the 
plasma treatment to improve the plant growth, most prob-
ably due to the existence of a positive and close correlation 
between water uptake and metabolism rates. It is obvious 
that the water uptake triggers the cellular metabolism in 

Fig. 4   The effects of the nZnO 
and/or Plasma treatments on the 
growth of Capsicum annuum 
Var. cayenne in the pot experi-
ment, 50 days after plasma 
treatment where the plasma 
treatments were done on water 
soaked seeds for 24 h before the 
plasma treatment. a Control; b 
the plasma treatment of 60 s; c 
the plasma treatment of 120 s; 
d nZnO; e the plasma treatment 
of 60 s and nZnO; f the plasma 
treatment of 120 s and nZnO

Fig. 5   The effects of the nZnO 
and/or plasma treatments on the 
growth of Capsicum annuum 
cayenne in the pot experiment, 
35 days after the treatments. 
The plasma treatments were 
done on the dry seeds. a Con-
trol; b the plasma treatments 
of 60 s; c the plasma treatment 
of 120 s; d nZnO; e the plasma 
treatment of 60 s and nZnO; f 
the plasma treatment of 120 s 
and nZnO
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embryo, thereby amplifying and accelerating the effects 
of the bioactive signaling molecules generated during the 
plasma treatment. The observed plasma-induced modifica-
tions in the different characteristics related to the growth, 
differentiation, and physiology could be regarded as a sup-
porting data and mechanisms implicated in alleviating the 
adverse impacts of nZnO.

Conclusion

In summary, the pot and in vitro experiments confirmed 
that the plasma treatment had the considerably growth 
promoting and protective effects. Also, the inhibiting 
and delaying impacts of nZnO on the growth and differ-
entiation, especially the vascular system, were relieved 
by the plasma treatments, which could be attributed to 
the plasma-induced changes in the cellular physiology 
and defense system, through the possible specific sign-
aling triggered by the bioactive agents (especially NO), 
and UV generated during the plasma. This research repre-
sents the remarkable and novel findings, depicting that the 
plasma treatments have the potential benefits to trigger and 
modify the critical physiological characteristics, thereby 
improving plant resistance against stress condition. This 
is the first report, showing the considerable potency of the 
plasma to improve plant resistance against nanoparticles in 
the form of metal oxide. Our research could be path find-
ing for studying the efficiency of the cold plasma treatment 
as a possible new alternative approach to plant science, 
especially in the fields of seed science and plant tissue cul-
ture for disinfecting seed-borne contaminations and elicit-
ing the productions of secondary metabolites. The cold 
plasma generating devises may be employed to scale up 
for different agriculture goals. These findings may improve 
our knowledge regarding the plasma science and technol-
ogy to develop a new alternative approach in seed sci-
ences, taking into account sustainable agriculture and/or 
environmental issues. It is obvious that further researches 
are required for elucidating the key and main involved 
mechanisms, especially at genetic levels, in these kinds 
of plant responses to the cold plasma and nanoparticles.
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