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Introduction
Salinization is a global problem as soil salinity plays a 
role, in determining crop yields which leads to decreased 
productivity in areas where the soil has high salt concen-
trations [1]. In Pakistan’s farmland, 6.68  million hect-
ares of soil are impacted by salt. Among these Punjab 
accounts for 2.67  million hectares with medium to ele-
vated salt levels [2, 3]. Exposure to high salt stress can 
cause several problems in the plant, like slower growth, 
poor development, yellowing of leaves, messed-up hor-
mones, and less effective antioxidants [4]. When plants 
experience osmotic stress, it can lead to a decrease in 
their growth and the amount they produce. This hap-
pens because osmotic stress changes some important 
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Abstract
Salinity is the major abiotic stress among others that determines crop productivity. The primary goal is to examine 
the impact of Zinc Oxide Nanoparticles (ZnO NPs) on the growth, metabolism, and defense systems of pea plants 
in simulated stress conditions. The ZnO NPs were synthesized via a chemical process and characterized by UV, 
XRD, and SEM. The ZnO NPs application (50 and 100) ppm and salt (50 mM and 100 mM) concentrations were 
carried out individually and in combination. At 50 ppm ZnO NPs the results revealed both positive and negative 
effects, demonstrating an increase in the root length and other growth parameters, along with a decrease in 
Malondialdehyde (MDA) and hydrogen peroxide concentrations. However, different concentrations of salt (50 mM 
and 100 mM) had an overall negative impact on all assessed parameters. In exploring the combined effects of ZnO 
NPs and salt, various concentrations yielded different outcomes. Significantly, only 50 mM NaCl combined with 50 
ppm ZnO NPs demonstrated positive effects on pea physiology, leading to a substantial increase in root length 
and improvement in other physiological parameters. Moreover, this treatment resulted in decreased levels of MAD, 
Glycine betaine, and hydrogen peroxide. Conversely, all other treatments exhibited negative effects on the assessed 
parameters, possibly due to the high concentrations of both stressors. The findings offered valuble reference data 
for research on the impact of salinity on growth parameters of future agriculture crop.
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processes in the plant’s body [5]. For example, in peas, 
having too much sodium and chloride ions can make the 
plant’s growth slow down [6, 7]. Abiotic stresses cause a 
reduction in the amount of chlorophyll [8], affecting how 
the plant exchanges gases with the air, and changing the 
plant’s water and mineral uptake balance [9, 10]. Peas are 
a major cash crop globally, accounting for approximately 
40% of all pulse trade. Field peas are rich in carbohy-
drates and provide highly digestible nutrients, with about 
86 to 87% digestibility, making them an excellent choice 
for livestock feed. In Pakistan, peas are grown on a total 
area of 23.58 thousand ha and production is 149.02 thou-
sand tons with a regular yield of 6.32 tones/ha [11].

Before sowing seed priming is a significant strategy 
to enhance the intime growth and yield of the valued 
crops [12]. Among sustainable approaches, it promptly 
increases the quality of trait and seed development result-
ing in enhanced plant growth [13, 14]. In agriculture seed 
priming is a traditional practice applied to stimulate seed 
germination and plant development [15]. Several studies 
have stated that seed priming acts as a defense for seed 
storage and enhances seed, seed emergence, germination 
rate, and growth by altering the physiological states such 
as nutrient uptake, water use efficiency, and refining tol-
erance to abiotic and biotic stresses [14, 15].

ZnO NPs are widely recognized as the most extensively 
manufactured NPs globally [16], second only to carbon 
nanotubes [17, 18], gold, silver and titanium dioxide NPs 
[19–21]. ZnO NPs are produced at a rate of between 550 
and 5550 tons per year, which is 10–100 times higher 
than any other nonmaterial [22, 23]. The significance of 
ZnO NPs stems from their tiny dimensions, distinctive 
shapes, and captivating physical and chemical properties 
[24]. ZnO NPs are deemed one of the most vital nano-
materials, whose applications are expanding mostly due 
to their tiny sizes [25–27], distinctive shapes [28], and 
appealing physical and chemical properties [24, 29]. In Zn 
deficit areas specifically, it has been commonly used as a 
nano-fertilizer to enhance plant germination and growth 
[30, 31]. NPs may raise the nutrient availability to plants 
which ultimately improves crop production [32]. In 
recent studies due to extensive application ZnO NPs have 
shown a positive impact on plant growth and physiology 
in the agriculture sector [33]. The main objective of this 
study was to developed a new protocal for cash crops to 
cope against salinity stress particularly P sativum growth 
to enhanced morphological, physiological and biochemi-
cal perspective. For this purpse, our hypothesis was that 
ZnO NPs treatment may ameliorate detrimental effects 
of salinity by affecting ROS mediated ionic homeostasis 
in plant tissues conditions. The dual role of ZnO NPs as 
plant growth promoter and stress mitigator was evalu-
ated by assessing the plant biomarker such as MAD, gly-
cine betaine, and hydrogen peroxide. Furthermore, this 

study also illustrated impact of ZnO NPs on plant growth 
in stress conditions which leads towards dehydration of 
cell and also influenced on the salt imbalance. Moreover, 
this study give a complete mechanism of cell physiology 
in production of ROS in result of salinity stress and their 
defense system trigger by the ZnO NPs for normal func-
tion enzymes and their respective reactions.

Materials and methods
Synthesis of zinc oxide nanoparticles
The ZnO NPs was synthesized as a colloidal suspension 
using a sol- gel technique. Briefly, 0.5  mol/L (8.78  g) of 
zinc acetate dihydrate (99.5%) was dissolved in 80 mL of 
2-propanol (99.9%) at 50 °C. The solution was diluted to 
840 mL using 2-propanol. Then, 160 mL of a 0.5 mol/L 
(3.2 g/160 mL) sodium hydroxide (99.5%) solution (pre-
pared using a 7:1 mixture of 2-propanol and di-H2O) was 
added at 0  °C within 1  min under stirring. The mixture 
was immersed in a water bath preheated to 65 °C for 2 h. 
After seven days of further aging at room temperature, 
the solvent was removed by centrifugation at 7000  rpm 
for 15 min. The centrifugation process was repeated until 
the by-products will completely remove. The precipitate 
was dried in an oven at 120 °C for 8 h. Finally, the powder 
was calcined in a muffle furnace at 400  °C for 2  h. The 
calcinations of the sample were done at 500 °C for 2 h to 
attain ZnO NPs [34].

Characterization of ZnO NPs
UV-vis spectroscopy analysis
ZnO NPs were examined with the help of ultraviolet 
spectrometry. In this technique, ZnO NPs were moni-
tored by periodic sampling of aliquots, and time spectra 
of the ZnO NPs solution were measured. These spectra 
were recorded after every 15 min, and the UV spectrum 
of all aliquots was monitored as a function of time reten-
tion on the UV spectrophotometer operated at a resolu-
tion of 1 nm.

X-ray diffraction analysis
For a comprehensive understanding of the structural 
characteristics of the ZnO NPs, X-ray diffraction (XRD) 
analysis was employed. The X-ray diffractometer used in 
this study was a Shimadzu Model: XRD 6000. This analy-
sis was conducted on ZnO NPs in their powdered form.
The XRD investigation covered a range of diffraction 
angles from 20 to 80 degrees at 2 theta, corresponding 
to a wavelength of 0.154 nm. The XRD, by examining the 
X-ray’s interaction with the ZnO NPs structure, provided 
insights into their crystalline properties [35].

FTIR analysis
To identify the various functional groups present in the 
ZnO NPs, an infrared spectra analysis was conducted in 
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transmission mode. This was achieved using a Fourier-
Transformed Infrared Spectrophotometer (FT/IR-610, 
JASCO). The wavelength range selected for this analy-
sis spanned from 400 to 4000  cm^-1. The FTIR helped 
in identifying the specific chemical groups within the 
ZnO NPs by examining their unique infrared absorption 
patterns.

Scaaning electron microscopy
The morphology and texture of ZnO NPs were explored 
by Quanta Inspect scanning electron microscope, operat-
ing at 25 kV in vacuum. For this purpose, ZnO NPs were 
used in the powder form.

Seed priming
The seeds of peas were obtained from National Agricul-
ture Research Center (NARC) Islamaabd. The supreme 
variety of peas was soaked in a prepared solution of ZnO 
NPs. To prepare a 50ppm solution 0.25  g of ZnO NPs 
was added to 500  ml distilled water. Similarly, 0.50  g of 
ZnO NPs was added to 500 ml distilled water to prepare 
a 100 solution. Now we soaked 50 seeds in three differ-
ent Petri dishes at concentrations of 0 ppm, 50 ppm, and 
100 ppm. The conditions for Pea seeds priming were fully 
immersed in priming agents for 3 h at room temperature 
in the dark [36, 37]. After these 5 seedlings were trans-
planted from each petri dish into an earthen pot.

Experimental design
Seeds were sown in clean earthen pots (22 cm in diam-
eter) containing clay-sandy soil (2:1 v/v). Pots were filled 
with 5  kg of thoroughly mixed soil; five seedlings were 
transplanted from the Petri dishes to each earthen pot. 
Water was used according to the requirements of the 
crop. Salt treatments were imposed to 15-day-old seed-
lings by adding 250 mL NaCl solution to the soil. The salt 
irrigation persisted for 2 weeks (5 day interval). The har-
vest of the vegetative stage was performed after 15 days 
of the salt treatment; plant samples were collected for 
estimation of growth parameters. For the experimental 

layout, CRD (completely randomized design) with 3 
replications was used. Temperature was recorded as 
25–27 °C at day time and 15–18 °C at night time. Humid-
ity was recorded from 56 to 62% at day time and 76–81% 
at night time.

When plants became mature and ready to be harvested, 
yield parameters were measured as mentioned in Table 1.

Morpho-physiological parameters
Different physiological and morphological parameters 
were assessed and measured as previously reported [38]. 
Root length is the distance between the tip of the root 
and the portion of the plant just touching the surface 
soil was measured as the root length in centimetr (cm). 
All three replicates groups plants were measure their 
root lenths and average was used as final value. Sinmi-
larly, Plant height was evaluated and measured with the 
measuring tape. Plant height was measured from the soil 
surface to the tip of the plant of all three replicates and 
then average was calculated. The total number of plant 
pods was counted at 3–4 days intervals. After this aver-
ages were calculated. The pod length (cm) was measured 
with the measuring scale and then the average was cal-
culated. Number of the seeds of ripened pods was calcu-
lated. To calculate the fresh grain weight of pea seeds, the 
known quantity of pea seeds was directly onto the scale, 
ensuring an even distribution. Weight was recorded and 
displayed on the scale. To calculate the dry grain weight 
of pea seeds fresh pea seeds were placed in an oven or 
drying apparatus set to a specific temperature (typically 
between 80  °C and 105  °C) for a predetermined drying 
period (usually 12–24 h). After drying seeds were cooled 
in a desiccator and weighed. The difference between the 
fresh weight and the dried weight gives dry grain weight.

Biochemical parameters
Different Biochmeical parameters were assessed and 
measured as previously reported [10].

Hydrogen peroxide (H2O2) determination
For the determination of H2O2 procedure followed 
by Velikova et al., (2000). Green leaves (0.5  g) were 
extracted in 5 mL of 0.1% (w/v) TCA (trichloroace-
tic acid). After this mixture was placed in an ice bath. 
In the extract potassium phosphate buffer (0.5 mL) 
and potassium iodide (I mL) was inserted. Mixture was 
shaken and absorbance was measured at 390  nm by 
spectrophotometer.

Malondialdehyde (MDA)
The method followed by Carmak and Horst, (1991) to 
assess MDA content in leaf samples. 0.5  g plant sample 
was ground in 5 mL of 1.0% TCA (trichloroacetic acid), 
followed by centrifugation at 20,000  rpm. Next, 0.25mL 

Table 1  Treatment details regarding the ZnO NPs application 
under control and salinity stress
Treatments Concentrations
C Control
N1 50 ppm ZnO NPs
N2 100 ppm ZnO NPs
S1 50 mM NaCl
S1*N1 50 mM NaCl + 50 ppm ZnO NPs
S1*N2 50 mM NaCl + 100 ppm ZnO NPs
S2 100 mM NaCl
S2*N1 100 mM NaCl + 50 ppm ZnO NPs
S28N2 100 mM NaCl + 100 ppm ZnO NPs
N: Represents Nanparticles S: represents Salt
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of the sample was mixed with 0.25mL of 0.5% TBA in 
20% TCA. In a shaking water bath, the resulting mixture 
was heated at 100 °C for 1 h and then cooled on the ice. 
It was centrifuged at 10,000 × g for 10 min after cooling. 
By using a spectrophotometer, the OD (optical density) 
of the filtrate was determined at 600 nm and 532 nm.

Statistical analysis
The results for the different morphological parameters 
were displayed as (mean ± SE). The significant differences 
among the mean values were concluded using ANOVA. 
Assumptions for the raw data normality and variance 
homogeneity were calculated. A parametric data dis-
tribution was verified by a variance homogeneity test. 
Values were considered significantly different at a signifi-
cance level of p < 0.05.

Results
ZnO NPs characterization
The scanning electron microscopy (SEM) micrograph 
of the ZnO NPs revealed a cottony shape Fig.  1(a). The 
round shaped ZnO NPs were looking effective for agri-
culture application due to nanosize and high sureface 
area [29, 38–40]. Spherical shaped nanoparticles espe-
cially the Zinc were previously studied in agriculture for 
reducing the abiotic stress [41, 42]. Previous research 
and current work in case of morphological looks same 
and mightbe very effective [43, 44]. The XRD (X-ray dif-
fraction) spectrum of the green-synthesized ZnO NPs 
displayed a pointed band with a reflection at 20, indicat-
ing that the produced material is constituted with crys-
talline ZnO Fig. 1(b). The ZnO NPs crystalline size was 
estimated by the Scherrer equation, where D represents 
the particle size in nm (nanometers), k is the Scherrer 
constant (k = 0.94), β represents the FWHM (full width 
at half maximum) of the diffraction peak, X-ray wave-
length is denoted by λ (1.54178 Å), and θ stands for the 

Fig. 1  Characterization of the ZnO NPs prepared by Sol gel Method. (a) Scanning electron microscopy analysis of ZnO NPs (b) Xray Diffraction of ZnO NPs 
(c) UV-Vis absorption analysis of ZnO NPs (d) Fourier-Transformed Infrared Spectrophotometer of prepared ZnO NPs
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angle of diffraction. Ultimately, the average crystalline 
size of the ZnO NPs was determined to be 17.76  nm. 
This study showed good result comparative to previous 
reports regarding the characterization in case of struc-
ture [23]. Furthermore, the provided UV absorption 
data offers a glimpse into the optical behavior of ZnO 
NPs across a range of wavelengths. The UV-Vis absorp-
tion analysis of zinc oxide nanoparticles synthesized 
through chemical methods is analyzed at 300–800  nm. 
At 350  nm, NPs exhibit a substantial absorption peak, 
indicating their strong affinity for light in the ultraviolet 
spectrum Fig. 1(c). This peak suggests the involvement of 
the local density state of ZnO NPs. The absorption values 
gradually decrease as the wavelength increases, suggest-
ing a diminishing ability to absorb light at longer wave-
lengths. This information is pivotal for understanding 
the nanoparticles’ optical properties, which play a crucial 
role in various applications. For instance, the significant 
absorption observed in the UV range implies their poten-
tial application in UV sensors and detectors. Moreover, 
the gradual decrease in absorption towards visible light 
wavelengths hints at the nanoparticles’ potential use in 
transparent coatings or films, where light transparency is 
desirable.

However, previous work also showed the same kind of 
presentation in the profiling of Uv spectra [45–47]. The 
FTIR bands shows charcteristics peaks at different points 
691 cm− 1, 1461 cm− 1, 1671 cm− 1, 1740 cm− 1, 2925 cm− 1 , 
3298 cm− 1 that confirm formation of metal oxygen bands 
and characteristics hydroxyl, amines, alcohol, protein and 
phytochemical metabolites bonds Fig. 1(d). FTIR spectra 
also shwed the involvement of reducing agent molecules 
from the chemical reaction which have same peaks as 
reported previously [26, 27, 48].

Growth parameters
ZnO NPs showed excellent characterization which 
means, these NPs can be very effective and might be 
good for their agriculture application therefore, a study 
was designed to see the morphological, biochemical, 
physiological and immune response paramteres were 
explored in salt stress conditions. Intially, Different mor-
phological growth parameters were calculated including 
the shoot length, root length, fresh and dry grain weight. 
The results illustrated in Fig.  2(a). Notably, ZnO NPs 
application led to a substantial increase in root length, 
with the magnitude of this effect being more pronounced 
at higher NPs application rates. Data exposed that salinity 
stress induced the declines in all the growth criteria. The 
visible antagonistic impact of saltiness on pea was shown 
in terms of the marked reduction in root length 18.72% 
over control when treated with 100 mM salt Fig.  3(a-i). 
ZnO NPs resulted in higher root length under control 
and salinity-stressed conditions in pea plants relative to 

the controls. Plants experimented with 50 ppm ZnO NPs 
showed maximum increase of 9.72% in root length over 
the control Fig. 3(e) but when treated with high concen-
tration as 100 ppm ZnO NPs there was a 12% decline in 
the growth of root Fig. 3(e). The combined effect of salt 
and nanoparticles proved a significant increase in the 
root growth of peas. Highest root length in our experi-
ment was seen in the combined effect of 50 ppm ZnO 
NPs and 50 mM NaCl which was 71.37%. Increase over 
the control. While there was a decline of 21% when 
treated with 100ppm ZnO NPs along with 100 mM Nacl 
Fig. 3(i).

In case of shoot length, the heights of pea plants exhib-
ited significant variation. The largest plants, at a maxi-
mum 33.2 cm height were seen in the group treated with 
S1 (50mM NaCl) Fig.  2(b). The second-highest height, 
measuring 32.6  cm, was recorded among plants treated 
with a combination of 50 ppm ZnO NPs and 50 mM 
NaCl (S1N1). In contrast, plants treated with CN2 (100 
ppm ZnO NPs) demonstrated the least growth, reach-
ing a height of 25.3  cm. The remaining plant variations 
displayed moderate performance concerning this specific 
trait.

The effect of ZnO NPs and salinity on fresh and dry 
weight of pea grains can vary depending on the specific 
experimental conditions, concentrations used, and dura-
tion of exposure. The collective application of ZnO NPs 
and exposure to salt stress can have a significant impact 
on the fresh and dry grain weight of pea plants.

The data presented highlighted distinct outcomes 
among the replicates subjected to various treatments. 
Notably, the replicates treated with treatment S1*N1 
(50 ppm ZnO NPs + 50 mM NaCl) exhibited the highest 
fresh grain weight (0.38) Fig. 2(c). as well as the highest 
dry grain weight (0.08) Fig.  2(d). In contrast, the rep-
licates treated with S2*N2 (100 ppm ZnO NPs + 100 
mM NaCl) displayed the lowest values, with mean fresh 
grain weight of 0.2 and mean dry grain weight of 0.03. 
These findings underscore the impact of different treat-
ments on the measured parameters. Interestingly, the 
study highlights that the most favorable concentration 
of ZnO NPs for promoting growth and yield in these 
crops is around 50 ppm. At concentrations above this, 
like 100 ppm, the effects on growth and yield become 
less positive. This suggests that there’s an optimal range 
for reaping the benefits of ZnO NPs in agriculture. The 
fresh weight increased with the increasing concentration 
of zinc nanoparticles (Fig.  3). There were nine different 
treatments, including ZnO NPs, salt, and a control group. 
The highest weight (0.38  g) was seen with 50 ppm zinc 
nanoparticles and 50mM salt concentration. The low-
est weight (0.20 g) was observed with 50 ppm zinc oxide 
nanoparticles and 100 mM salt.
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The growth of pea plants was better when zinc oxide 
nanoparticles were applied, in contrast with the control 
group. Plants treated with nanoparticles looked healthy 
and produced a greater number of leaves than those in 
the control group. The combined influence of zinc oxide 
NPs and salt stress on pea plants can impact the number 
of leaves Fig. 4(a). ZnO NPs, when applied in conjunction 
with salt stress, may exhibit a dual role in regulating leaf 
development.One way that these NPs might function is 
as a stress mitigator, assisting in reducing the negative 
consequences of salt stress and maintaining the integrity 
of the leaf. On the other hand, the NPs themselves might 
induce changes in leaf morphology and physiology.

The ZnO NPs application consistently increase the 
growth of pea plants contrasted to the control group, 
Fig. 4(b). ZnO NPs impact on the number of grains per 

pod in plants is a multifaceted phenomenon, contin-
gent upon various factors. Zinc, as an important micro-
nutrient, plays a pivotal role in plant development and 
growth, and NPs of zinc oxide have the potential to posi-
tively influence nutrient uptake, thereby enhancing seed 
development. High soil salinity can significantly impact 
the number of grains produced by pea plants. The pres-
ence of elevated salt concentrations in the soil poses 
multiple challenges to the growth and development of 
peas.Stunted growth and altered reproductive struc-
tures further contribute to a decreased number of flow-
ers and, consequently, grains. The plants treated with 
these nanoparticles appeared healthy and yielded more 
grains than those in the control group. The average seed 
count per pod ranged from 0 to 5 indicates that the high-
est number of grains per pod was observed in plants 

Fig. 2  Morphological characterization of pea plant with stress and ZnO NPs. (a) Root length (cm) (b) Shoot length (cm) (c) Fresh grain weight (g) and 
(d) Dry grain weight (g) were measured. Mean values of each plant parameters with different letters are significantly different according to ANOVA (n = 5, 
p < 0.05)
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treated with S1N1 (50 ppm ZnO NPs + 50 mM NaCl) (5 
grains per pod), and CN1 (50 ppm ZnO NPs) (3 grains 
per pod). On the other hand, plants treated with S2N2 
(100 mM NaCl + 100 ppm ZnO NPs) and S2 (100 mM 

NaCl) had the lowest seed count per pod (1 seed per 
pod). The remaining treatments displayed intermediate 
results in terms of number of grain per pod modifica-
tions. The comparative analysis of means and variances 

Fig. 3  Morphological of root in pea plant with stress and ZnO NPs (a) Control (cm) (b) root with 50 ppm NPs (c) root with 100 ppm NPs (d) root in salinity 
50 mM (e) root in salinity 50 mM with 50 ppm NPs (f) root in salinity 100 mM with 100 ppm NPs (g) root in salinity 100 mM (h) root in salinity 100 mM with 
50 ppm NPs (i) root in salinity 100 mM with 50 ppm NPs. Mean values (n = 5) in each point with different lettering are significantly different corresponding 
to ANOVA ( p < 0.05)
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across different treatment groups is aptly illustrated in 
Fig. 4(b). The combined impact of zinc oxide NPs and salt 
stress on pea plants can lead to changes in pod length. 
In current study the pod length data revealed significant 
variations across the different treatments. Upon compar-
ing the treatment means, it was evident that the highest 
pod length approximately (7 cm) was found in the repli-
cates of treatment of S1*N1 (50 ppm ZnO NPs + 50 mM 
NaCl) followed by the (6.3  cm) in C*N1 (50 ppm ZnO 
NPs) Fig.  4(c). On the other hand plants treated with 
the treatment S2 (100 mM NaCl) showed the minimum 
(5 cm) length followed by the (5.16 cm) in the treatment 
of S2*N1(100 mM NaCl + 50ppm ZnO NPs).The remain-
ing treatments displayed intermediate results in terms 
pod length modifications.

Biochemical parameters
Glycine betaine
The results obtained from seed priming experiments 
using various concentrations of ZnO NPs are illustrated 
in the Fig. 5. These results show that when greater con-
centrations (100 ppm) of ZnO NPs were given (treatment 
CN2), there was a considerable rise in the amount of GB 
(20.23% higher than the control Fig.  5(a). In contrast, 
there was no significant difference observed when plants 
were treated with 50 ppm ZnO NPs (treatment CN1). 
A substantial increase in antioxidants such as GB was 
observed when Pea plants were grown in saline condi-
tions. Specifically, there was a 48% increase in GB content 
when plants were exposed to a high level of salt (100mM 
NaCl, treatment S2), and a 14.34% increase when treated 
with 50 mM NaCl (treatment S1).

Fig. 4  Biochemical characterization of in pea plant with stress and ZnO NPs (a) number of leaves (b) grain pods (c) pod length (g) (d) ratio between grain 
pod, number of leaves and pod length. Mean values in each point with different letters are significantly different according to ANOVA (n = 5, p < 0.05)
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Furthermore, the combined impact of ZnO NPs and 
salt stress yielded even more promising results. The most 
significant increase, approximately 23.17%, was observed 
when plants were subjected to the dual treatment of 
100mM NaCl along with 50 ppm ZnO NPs (treatment 
S2*N1). This was followed by treatment S2N2 (100mM 
salt + 100ppm ZnO NPs), which resulted in a 19.88% 
increase over the control. Conversely, treatment with 
S1N1 (50mM NaCl + 50ppm ZnO NPs) led to a signifi-
cant decrease in GB content (10.80% lower than the con-
trol).The remaining treatment combinations exhibited 
intermediate effects on this specific trait.

Hydrogen peroxide
Hydrogen peroxide in plants can serve various roles, 
including defense against pathogens, cell signaling, and 
regulation of physiological processes. However, main-
taining the right balance of hydrogen peroxide is crucial, 
as excessive levels can be harmful and lead to oxidative 
stress.Hydrogen peroxide levels in pea plants treated 
with CN1 (50 ppm ZnO NPs) showed lower concen-
trations than those in the control group, by 9.98%. This 
indicates that ZnO NPs have the potential to mitigate 
hydrogen peroxide concentrations within plant tissues.
As we increased the concentrations to 100ppm ZnO NPs 
(treatment C*N2) there was a significant increase 6.98% 
over the control in H2O2 seen Fig. 5(b).

Furthermore, the combined impact of ZnO NPs and 
salt stress showed even more promising results. The 
maximum decrease, approximately 11.47%, was achieved 
when plants were subjected to the dual treatment of 50 
ppm ZnO NPs and 50 mM NaCl. In contrast, an increase 
in hydrogen peroxide content (2.42% over control) was 
noticed when plants were subjected to high concentra-
tions of salt and ZnO NPs (100 ppm ZnO NPs + 100 mM 
NaCl treatment S2*N2).

Notably, the levels of hydrogen peroxide gradually 
increased when plants were exposed to salt stress on 
its own.As for our experiment when plant treated with 
100 mm Nacl (treatment S2) there was 13.35% increase in 
hydrogen per oxide over the control seen. This suggests 
that salt stress alone may enhancethe effect on hydrogen 
peroxide within pea plants.

The remaining treatment combinations exhibited inter-
mediate effects on this specific trait. These findings high-
light the substantial influence of ZnO NPs, especially 
when combined with salt.

Malondialdehyde (MDA)
In recent years, the role of nanotechnology in enhanc-
ing salt tolerance in various plant species has gained 
significant attention, as previously noted by Chen and 
Yada in 2011. Our new study found that plants treated 
with salt had more melodealdehyde (MAD) compared 
to untreated ones. Among the different salt treatments, 
the S2 treatment (100  Mm Nacl) showed the highest 
increase in MAD (115% more than control), followed 
closely by the S1 treatment (50  Mm Nacl) which had a 
90% increase. When we added ZnO NPs along with salt 
stress, the S1N1 treatment (50 ppm ZnO NPs + 50 mM 
NaCl) reduced MAD by 1.40% compared to control. But 
in all other combined treatments, MAD levels increased. 
For example, S1N2 increased by 4%, S2N1 by 52%, and 
S2N2 by 73%. Using ZnO NPs alone also improved MAD 
levels in pea plants. When plants were treated with only 
50 ppm ZnO NPs, MAD decreased by 1.22% compared 
to normal Fig. 5(c). These findings show that ZnO NPs, 
especially combined with salt stress, affect MAD levels in 
pea plants.The relationship between ZnO NPs salt stress, 
and MAD content in pea plants is complex, and this 
study highlights their significant impact.

Fig. 5  Levels of Glycine betain (a), Hydrogen peroxide (b) and Malondialdehyde (c) in P. sativum L. subjected to different levels of salt and ZnO NPs. Mean 
values in each point with different letters are significantly different according to ANOVA (n = 5, p < 0.05)
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Discussion
According to literature, root is the most susceptible to 
the effects of salt stress. Salinity-stressed pea plants 
had shorter root lengths, corresponding to the findings 
in Fig.  3. Related results were recorded in Tanacetum 
parthenium L, and three varieties of green beans by Assi-
makopoulou et al. [49]. and Phaseolus vulgaris L [50]. In 
the current study, pea plants exposed to ZnO NPs in dif-
ferent doses (0, 50, and 100 mgL− 1) showed an improve-
ment in plant growth under priming treatment with 50 
mgL− 1 ZnO NPs compared to the corresponding con-
trol; however, 100 mgL− 1 ZnO NPs higher doze brought 
a reduction in growth. Similarly [51] discovered that (50 
ppm) ZnO NPs increased the growth of broad beans, and 
Salem et al. [52]. discovered similer effects on the growth 
of tomatoes. Related results were shown by Singh et al. 
on wheat which depicted that plant height increased 18% 
over control on application of ZnO NPs [53]. Verma et 
al., (2023) also showed in their work on wheat that the 
plant height of wheat significantly increased with the ini-
tial concentration (upto 50 ppm) and decreased at higher 
doses at 100 ppm.

The comparative analysis of means and variances across 
different treatment groups is aptly illustrated in Fig. 4(c). 
However, the ratio and comparative studies between pod 
length, grain per pod and number of leaves were illus-
trated in Fig. 4(d). High salinity levels can lead to reduced 
growth, a decrease in the leaves number, as the plant may 
struggle to sustain its normal growth processes under 
such stress. In current study, it was observed that plants 
considered with 50 ppm of zinc oxide nanoparticles along 
with salt (NaCl) had the highest number of leaves (an 
average of 56 in 3 replicates). On the other hand, plants 
gave with 100 ppm of ZnO NPs along with salt had the 
lowest number of leaves (37). These results are similar to 
erliar reports found in maize plants [49, 54]. Additionally, 
Salama et al., (2019) discovered that the number of leaves 
in common bean plants increased as the amount of zinc 
oxide nanoparticles increased. However, Ahmed et al., 
(2022) found that very high concentrations, like 800 ppm, 
led to a reduction in the number of leaves [55].

The present inquiry was commenced to improve tol-
erance of the morphophysiological and biochemical 
mechanisms associated in salinity tolerance, and prompt 
stimulation of such mechanisms by exogenous treat-
ments of ZnO NPs. The addition of nanoparticles showed 
ameliorative effects in both non-saline and saline condi-
tions [56]. Application of ZnO NPs on NaCl-subjected 
P. sativum L. considerably decreased the ROS level, oxi-
dized products like Glycine betaine, MDA, and Hydro-
gen peroxide. Treatment that was applied revealed a 
reduced negative impact of NaCl-stress on growth as 
shown in Fig.  6. It is one of the main factors restrict-
ing plant development and yield output, especially for 

leguminous plants, is soil salinity [57]. However, the 
biomarker expression due to ZnO NPs not only reduce 
the salrt stress effect but also improve the growth by 
stimulating the hormones and other biochemical mol-
ecules as indicated by the previous researcher [58, 59]. 
Reduced osmotic potential from salt-induced ion imbal-
ance affects physiological, morphological, biochemical 
and other metabolic processes, which reduces growth 
overall [60, 61]. An increased or high amount of salt in 
the cytoplasm interferes with cell division, elongation, 
and other growth processes by challenging the vacuole’s 
ability to compartmentalize [61, 62]. As per our findings 
plant treated with high level of salt (100 mm) increased 
the amount of GB content 48% over the control. Paral-
lel results were documented incommon bean plants anx-
ious by 100 mM of NaCl [50]. The effect of ZnO NPs on 
the glycine betaine content of pea plants can vary based 
on the concentration of NPs used and the specific condi-
tions of the experiment. Glycine betaine is a compatible 
solute that helps plants cope with abiotic stress, including 
salinity and drought as already reported work. In some 
studies, it has been described that the treatment of zinc 
oxide nanoparticles can enhance the growth of osmopro-
tectants like glycine betaine in plants. When used in suit-
able amounts, nanoparticles can trigger stress responses 
in plants, prompting the synthesis of substances such as 
glycine betaine. These compounds aid the plant in with-
standing unfavorable conditions.However, the specific 
effect on glycine betaine content in pea plants would 
depend on the concentration of ZnO NPs, the duration 
of exposure, and the plant’s physiological response to 
these nanoparticles. When stress in applied Glycine beta-
ine is produced in many crop plants, including Beta vul-
garis, Spinacia oleracea [63], Hordeum vulgare, Triticum 
aestivumand, Sorghum bicolor [64]. As a result of water 
stress many physiological processes such as photosyn-
thesis and protein synthesis are protectd by GB. Research 
has demonstrated that ZnO NPs exposure can affect 
plant physiology in both favorable and negative ways. 
When combined with salt stress, ZnO NPs have demon-
strated the possibility to mitigate the adverse effects of 
salinity on pea plants as per our findings synergitic effect 
of ZnO NPs and salt stress S2N1 treatment with concen-
tratins of (100 mm salt + 50 ZnO NPs) produced a signifi-
cant amount of GB in leaves of pea approximately 23.7% 
higher than control on the other hand treatment S1N1 
(50 mM Nacl + 50 PPM ZnO NPs) reduced the amount 
approximately 10.8% then control. Similar fndings were 
reported by (Gaafar et al. (2020) on salinitystressed soy-
bean plant.Research suggests that the presence of ZnO 
NPs can enhance the accumulation of glycine betain in 
pea plants, potentially contributing to their improved salt 
tolerance [65]. ZnO NPs levels (50 and 100 mg L− 1).
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The effect of ZnO NPs on the levels of malondialde-
hyde (MDA) in pea plants can be multifaceted.The out-
come can differ based on factors like NPs concentration, 
exposure duration, and the plant’s physiological condi-
tion.In some instances, when applied in suitable con-
centrations, ZnO NPs have shown a positive influence 
by reducing MDA levels as shown in mechanism Fig. 6. 
This reduction suggests that the nanoparticles might 
have antioxidative properties or trigger stress responses 
that help the pea plants cope with environmental chal-
lenges. However, when used in excessive concentrations, 
ZnO NPs may have the opposite effect, inducing oxida-
tive stress and causing an increase in MDA levels. Fur-
thermore, due to stress, some enzymes were expressed 
to regulate the homestasis which modulate antioxidant 
response of the plant to cope the toxicity. However, some 

antoxidatn ezymes also showed their expression in pres-
ence of nanoparticles as stress but work antagonstically 
[66, 67].

MDA concentration (act as an indicator of lipid per-
oxidation) was utilized to assess the lipid peroxidation 
in stressed plants. The plants introduced 100 mM NaCl 
showed a considerable increase in lipid peroxidation, 
with a jump of 115% when compared to the control 
plants. Additionally, the S1 treatment (50 mM NaCl) led 
to a 90% increase in lipid peroxidation. Similar findings 
were reported by Mogazy & Hanafy in Vicia faba plants, 
demonstrating a substantial increase in amount of MDA 
in response to high-level salt treatment [68].

In our study, the application of 50 ppm zinc oxide 
significantly reduced MDA content. This aligns with 
the conclusions of Yasmin et al. (2021), who reported 
a 65% decrease in MDA content in sunflowers when 
treated with ZnO NPs [69]. Furthermore, our learning 

Fig. 6  Schemtic illustration of Mechanism underlying reaction occurring in P. sativum L. exposed to ZnO NPs and salt stress
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demonstrated that the combined treatment of salt and 
nanoparticles led to a substantial decrease in MDA con-
tent. Zinc oxide nanoparticles alleviated oxidative stress 
induced by salinity by enhancing plant defense mecha-
nisms and antioxidant enzyme activities. These results are 
reliable with the findings of previous reports who moni-
tored the alleviation of salinity stress in cotton plants 
with nano-zinc application [42, 70–73]. The impact of 
ZnO NPs combined with table salt stress on the hydrogen 
peroxide content of pea plants is intricate and contingent 
upon various factors. Under certain conditions, ZnO NPs 
can function as antioxidants, mitigating oxidative stress 
by scavenging reactive oxygen species like hydrogen per-
oxide. In these cases, the nanoparticles might counteract 
the increase in hydrogen peroxide induced by salt stress, 
demonstrating a protective effect. On the other hand, the 
result could potentially be neutral, with the ZnO NPs 
having little effect on the plant’s capacity to fend off oxi-
dative stress brought on by salt. Conversely, in situations 
where the concentrations of ZnO NPs are excessive, they 
could exacerbate oxidative stress, potentially leading to a 
significant rise in hydrogen peroxide content when com-
bined with salt stress. Excessive exposure to anions can 
be detrimental to plants due to the rapid generation of 
ROS and the collection of Na (sodium) and Cl (chloride) 
ions, disrupting plant growth and physiological functions 
[74, 75]. In our study, pea plants exposed to salinity stress 
(100 mm salt, a 13.35% increase over control) exhibited a 
significant rise in hydrogen peroxide (H2O2) levels when 
compared to control plants. Parallel results were regis-
tered by Gupta and Pandey (2020) and Sofy et al. (2020) 
[76]. The elevated levels of free radicals can damage the 
plasma membrane, leading to cell membrane component 
degradation. Salt stress potentially compromises cellular 
membrane integrity and essential molecules like proteins 
and lipids. Although reactive oxygen species play a cru-
cial role in plant responses to abiotic stress, their exces-
sive production can be toxic and energetically costly to 
detoxify. Energy-intensive pathways aimed at ROS detox-
ification may become ineffective once energy reserves are 
depleted, leading to ROS toxicity. As a result, plants may 
experience oxidative stress due to increased concentra-
tions of nanoparticles (NPs), such as ZnO NPs, which 
would decrease the activity of antioxidant enzymes.Our 
study demonstrated that 50 ppm ZnO NPs mitigated the 
oxidative stress in pea plants as compared to the control. 
However, treatment with 100 ppm ZnO NPs increased 
oxidative stress, consistent with the outcomes of Burman 
et al. (2013), who observed defensive effects of ZnO NPs 
on bio-membranes in the seedlings of chickpea, alter-
ing the membrane permeability and inducing oxidative 
stress [77]. The influence ZnO NPs and salt on H2O2 
levels was investigated, and the results differed according 
to the amounts utilized.Treatment with 50 mm NaCl and 

50 ppm ZnO NPs significantly decreased H2O2 levels in 
pea plants. However, with increasing concentrations, a 
substantial rise in malondialdehyde (MAD) content was 
observed. These outcomes align with Gaafar et al. (2020), 
who reported reduced H2O2 content in soybean plants 
under salinity stress exposed to 25 and 50 ppm ZnO NPs 
but a significant enhance in response to 100 and 200 ppm 
zinc oxide nanoparticles.

Conclusions
The findings of our study reveal that elevated salt levels 
100 mM have detrimental effects on pea morphology, 
leading to reduced root length and stunted growth while 
hydrogen peroxide and MDA levels was increased. Con-
versely, ZnO NPs with concentration 50 ppm showed 
positive impacts on pea morphology and biochemi-
cal parameters. However, 100 ppm of ZnO NPs showed 
adverse effects on all assessed parameters, possibly indi-
cating NPs toxicity at higher concentrations. Moreover, 
combined impacts of salt stress and ZnO NPs on peas 
showed concentrations dependent results. Among all 
these concnetrations, only S1*N1 demonstrated a posi-
tive impact on pea physiology, significantly increasing 
root length and improving other physiological param-
eters, while concurrently decreasing MDA and hydro-
gen peroxide levels. Conversely, all other treatments 
exhibited negative effects on the assessed parameters, 
potentially attributed to the high concentrations of both 
stressors.

Acknowledgements
AcknowledgementThe authors express their gratitude for the financial 
support from Quaidi Azam University Islamabad and The Islamia University 
Bahawalpur, Pakistan.

Author contributions
Ghazala Mustafa: Experimentation, Software, statistical analysis. Madhia 
Manzoor: First draft writing, Supervision. Sunbal Khalil C: Funding, supervision. 
Sana Batool: Experimentation, data collection. Mehrnaz Hatami: Writting, 
editing, Formal analysis. Murtaza Hasan: Conceptualization, supervision, 
Manuscript writing.

Funding
Declaration.
There is no funding to support this study.

Data availability
All data generated or analyzed during this study are included in this article. 
Further enquiries can be directed to the corresponding author.

Declarations

Ethics approval and consent to participate
All methods performed in this study were in compliance with the relevant 
institutional, national, and international guidelines and legislation.

Consent for publication
Not applicable.

Competing interests
All the authors stated and declared no conflict of interest.



Page 13 of 15Mustafa et al. BMC Plant Biology          (2024) 24:835 

Received: 21 May 2024 / Accepted: 29 August 2024

References
1.	 Pradeep Kumar S, Ranjitha BD, Kumari. Impact of ethyl methane sulphonate 

mutagenesis in Artemisia vulgaris L. Under nacl stress, BioTech 10 (2021). 
https://doi.org/10.3390/BIOTECH10030018

2.	 Rani S, Vanzetti D, Petersen E, Qasim M. Estimation of supply and demand 
elasticities for major crops produced in Pakistan. LAHORE J Econ. 2020;25. 
https://doi.org/10.35536/lje.2020.v25.i1.a5

3.	 Chandio AA, Magsi H, Rehman A, Ghulam J, Sahito M. Types, sources and 
importance of agricultural credits in Pakistan. J Appl Environ Biol Sci 7 (2017).

4.	 de Medeiros RLS, de Paula RC, de Souza JVO, et al. Abiotic stress on seed ger-
mination and plant growth of Zeyheria tuberculosa. J For Res. 2023;34:1511–
22. https://doi.org/10.1007/s11676-023-01608-3

5.	 Erofeeva EA. Hormetic effects of abiotic environmental stressors in woody 
plants in the context of climate change. J For Res. 2023;34:7–19. https://doi.
org/10.1007/s11676-022-01591-1

6.	 Hussain K, Sarfraz M, Nawaz K, Yasin G, Geng Z, Sajjad M, Parveen S. Deter-
mination of effective method of NPK fertilization in pea (Pisum sativum L.) cul-
tivars grown in Pakistan. LEGUME Res - Int J. 2020. https://doi.org/10.18805/
lr-570

7.	 Gardezi Z. Biological Management of Powdery Mildew of pea (Pisum Sativum 
L). Agricultural Sci J. 2021;3. https://doi.org/10.56520/asj.v3i1.54

8.	 Zia-Ul-Haq M, Amarowicz R, Ahmad S, Riaz M. Antioxidant potential of some 
pea (Pisum sativum L.) cultivars commonly consumed in Pakistan. Oxid Com-
mun 36 (2013).

9.	 Hasan M, Mehmood K, Mustafa G, Zafar A, Tariq T, Hassan SG, Loomba S, Zia 
M, Mazher A, Mahmood N, Shu X. Phytotoxic evaluation of phytosynthesized 
silver nanoparticles on lettuce, Coatings (2021). https://doi.org/10.3390/
coatings11020225

10.	 Mustafa G, Komatsu S. Nanoparticles mediated soybean response mecha-
nism at morphological, physiological, and proteomic level. Curr Proteom. 
2017;14. https://doi.org/10.2174/1570164613666161128145103

11.	 Shanthakumar P, Klepacka J, Bains A, Chawla P, Dhull SB, Najda A. The current 
Situation of pea protein and its application in the Food Industry. Molecules. 
2022;27. https://doi.org/10.3390/molecules27165354

12.	 Acharya P, Jayaprakasha GK, Crosby KM, Jifon JL, Patil BS. Nanoparticle-
mediated seed priming improves germination, growth, yield, and quality of 
watermelons (Citrullus lanatus) at multi-locations in Texas. Sci Rep. 2020;10. 
https://doi.org/10.1038/s41598-020-61696-7

13.	 Dutta P. Seed priming: New vistas and contemporary per-
spectives, in: Advances in Seed Priming, 2018. https://doi.
org/10.1007/978-981-13-0032-5_1

14.	 Salam A, Khan AR, Liu L, Yang S, Azhar W, Ulhassan Z, Zeeshan M, Wu J, 
Fan X, Gan Y. Seed priming with zinc oxide nanoparticles downplayed 
ultrastructural damage and improved photosynthetic apparatus in maize 
under cobalt stress. J Hazard Mater. 2022;423. https://doi.org/10.1016/j.
jhazmat.2021.127021

15.	 Bourioug M, Ezzaza K, Bouabid R, Alaoui-Mhamdi M, Bungau S, Bourgeade P, 
Alaoui-Sossé L, Alaoui-Sossé B, Aleya L. Influence of hydro- and osmo-prim-
ing on sunflower seeds to break dormancy and improve crop performance 
under water stress. Environ Sci Pollut Res. 2020;27. https://doi.org/10.1007/
s11356-020-07893-3

16.	 Mustafa G, Miyagawa S, Hasan M, Yamaguchi H, Hitachi K, Tsuchida K, Kom-
atsu S. Bio-synthesized Nanoflowers and chemically synthesized nanowires 
Zinc-Oxide induced changes in the Redox and protein folding in soybean 
seedlings: a proteomic analysis. J Plant Growth Regul. 2022. https://doi.
org/10.1007/s00344-022-10728-9

17.	 Gao H, Huang Q, Li Q, Wu L, Liao H, Hasan M, Gong S, Zhou X. An efficient 
designing of nitrogen decorated carbon quantum dots as Fe fluorescent 
probe: on account of binary carbon source system. Mater Today Commun. 
2023;35. https://doi.org/10.1016/j.mtcomm.2023.105707

18.	 Tian J, An M, Zhao X, Wang Y, Hasan M. Advances in fluorescent sensing 
Carbon dots: an account of Food Analysis. ACS Omega. 2023;8. https://doi.
org/10.1021/acsomega.2c07986

19.	 Zulfiqar H, Zafar A, Rasheed MN, Ali Z, Mehmood K, Mazher A, Hasan M, 
Mahmood N. Synthesis of silver nanoparticles using: Fagonia Cretica and 
their antimicrobial activities. Nanoscale Adv. 2019. https://doi.org/10.1039/
c8na00343b

20.	 Hasan M, Iqbal J, Awan U, Saeed Y, Ranran Y, Liang Y, Dai R, Deng Y. Mecha-
nistic study of silver nanoparticle’s synthesis by Dragon’s blood resin ethanol 
extract and antiradiation activity. J Nanosci Nanotechnol. 2015. https://doi.
org/10.1166/jnn.2015.9090

21.	 Hasan M, Teng Z, Iqbal J, Awan U, Meng S, Dai R, Qing H, Deng Y. Assessment 
of bioreducing and stabilizing potential of dragon’s blood (dracaena cochi-
nchinensis, Lour. S. C. Chen) resin extract in synthesis of silver nanoparticles. 
Nanosci Nanatechnol Lett. 2013. https://doi.org/10.1166/nnl.2013.1600

22.	 Hussain R, Zafar A, Hasan M, Tariq T, Saif MS, Waqas M, Tariq F, Anum M, 
Anjum SI, Shu X. Casting zinc oxide nanoparticles using Fagonia Blend 
Microbial arrest. Appl Biochem Biotechnol. 2022. https://doi.org/10.1007/
s12010-022-04152-8

23.	 Saif MS, Zafar A, Waqas M, Hassan SG, ul Haq A, Tariq T, Batool S, Dilshad 
M, Hasan M, Shu X. Phyto-reflexive zinc Oxide Nano-flowers synthesis: an 
advanced photocatalytic degradation and infectious therapy. J Mater Res 
Technol. 2021. https://doi.org/10.1016/j.jmrt.2021.05.107

24.	 Selim YA, Azb MA, Ragab I, Abd El-Azim MHM. Green Synthesis of Zinc Oxide 
nanoparticles using Aqueous Extract of Deverra tortuosa and their cytotoxic 
activities. Sci Rep. 2020;10. https://doi.org/10.1038/s41598-020-60541-1

25.	 Luo F, Wang M, Huang L, Wu Z, Wang W, Zafar A, Tian Y, Hasan M, Shu X. 
Synthesis of Zinc Oxide Eudragit FS30D nanohybrids: structure, characteriza-
tion, and their application as an Intestinal Drug Delivery System. ACS Omega. 
2020. https://doi.org/10.1021/acsomega.0c01216

26.	 Huang X, Kainat I, Hasan M, Zafar A, Tariq T, Ahmad K, Hassan SG, Javed 
HU, Shu X, Ghorbanpour M. Investigation of pretreatment parameters for 
bioethanol production from Spirogyra using ZnO nanoparticles. Biomass 
Convers Biorefin. 2023. https://doi.org/10.1007/s13399-023-05024-9

27.	 Hasan M, Zafar A, Imran M, Iqbal KJ, Tariq T, Iqbal J, Shaheen A, Hussain R, 
Anjum SI, Shu X. Crest to Trough Cellular drifting of Green-synthesized zinc 
oxide and Silver Nanoparticles. ACS Omega. 2022;7:34770–8. https://doi.
org/10.1021/acsomega.2c02178

28.	 Hasan M, Altaf M, Zafar A, Ali Z, Munawar T, Saif MS, Iqbal F, Khan MW, Mustafa 
G, Mahmood A, Mahmood N, Shu X. Bioinspired synthesis of zinc oxide 
Nano-flowers: a surface enhanced antibacterial and harvesting efficiency. 
Mater Sci Engineering: C. 2020. https://doi.org/10.1016/j.msec.2020.111280

29.	 Farooq A, Khan I, Shehzad J, Hasan M, Mustafa G. Proteomic insights to 
decipher nanoparticle uptake, translocation, and intercellular mecha-
nisms in plants. Environ Sci Pollut Res. 2024;31. https://doi.org/10.1007/
s11356-024-32121-7

30.	 Luo F, Zeng D, Chen R, Zafar A, Weng L, Wang W, Tian Y, Hasan M, Shu X. 
PEGylated dihydromyricetin-loaded nanoliposomes coated with tea saponin 
inhibit bacterial oxidative respiration and energy metabolism. Food Funct. 
2021;12. https://doi.org/10.1039/d1fo01943k

31.	 Naz G, Shabbir M, Ramzan M, Haq BU, Arshad M, Tahir MB, Hasan M, Ahmed 
R. Synergistic effect of Cux/Mgx and Zn1 – xO for enhanced photocatalytic 
degradation and antibacterial activity. Phys B Condens Matter. 2022;624. 
https://doi.org/10.1016/j.physb.2021.413396

32.	 Dimkpa CO. Can nanotechnology deliver the promised benefits without 
negatively impacting soil microbial life? J Basic Microbiol. 2014;54. https://doi.
org/10.1002/jobm.201400298

33.	 Mustafa G, Hasan M, Yamaguchi H, Hitachi K, Tsuchida K, Komatsu S. A 
comparative proteomic analysis of engineered and bio synthesized silver 
nanoparticles on soybean seedlings. J Proteom. 2020;224. https://doi.
org/10.1016/j.jprot.2020.103833

34.	 Reverberi AP, Kuznetsov NT, Meshalkin VP, Salerno M, Fabiano B. Systematical 
analysis of chemical methods in metal nanoparticles synthesis. Theor Found 
Chem Eng. 2016. https://doi.org/10.1134/S0040579516010127

35.	 Amooaghaie R, Saeri MR, Azizi M. Synthesis, characterization and biocom-
patibility of silver nanoparticles synthesized from Nigella sativa leaf extract 
in comparison with chemical silver nanoparticles. Ecotoxicol Environ Saf. 
2015;120. https://doi.org/10.1016/j.ecoenv.2015.06.025

36.	 Arafa SA, Attia KA, Niedbała G, Piekutowska M, Alamery S, Abdelaal K, 
Alateeq TK, Ali MAM, Elkelish A, Attallah SY. Seed priming boost adaptation 
in pea plants under drought stress. Plants. 2021;10. https://doi.org/10.3390/
plants10102201

37.	 Tamindžić G, Ignjatov M, Miljaković D, Červenski J, Milošević D, Nikolić Z, 
Vasiljević S. Seed priming treatments to improve heat stress tolerance of 
Garden pea (Pisum sativum L). Agric (Switzerland). 2023;13. https://doi.
org/10.3390/agriculture13020439

38.	 Zafar S, Farooq A, Batool S, Tariq T, Hasan M, Mustafa G. Green synthesis of 
iron oxide nanoparticles for mitigation of chromium stress and anti-oxidative 

https://doi.org/10.3390/BIOTECH10030018
https://doi.org/10.35536/lje.2020.v25.i1.a5
https://doi.org/10.1007/s11676-023-01608-3
https://doi.org/10.1007/s11676-022-01591-1
https://doi.org/10.1007/s11676-022-01591-1
https://doi.org/10.18805/lr-570
https://doi.org/10.18805/lr-570
https://doi.org/10.56520/asj.v3i1.54
https://doi.org/10.3390/coatings11020225
https://doi.org/10.3390/coatings11020225
https://doi.org/10.2174/1570164613666161128145103
https://doi.org/10.3390/molecules27165354
https://doi.org/10.1038/s41598-020-61696-7
https://doi.org/10.1007/978-981-13-0032-5_1
https://doi.org/10.1007/978-981-13-0032-5_1
https://doi.org/10.1016/j.jhazmat.2021.127021
https://doi.org/10.1016/j.jhazmat.2021.127021
https://doi.org/10.1007/s11356-020-07893-3
https://doi.org/10.1007/s11356-020-07893-3
https://doi.org/10.1007/s00344-022-10728-9
https://doi.org/10.1007/s00344-022-10728-9
https://doi.org/10.1016/j.mtcomm.2023.105707
https://doi.org/10.1021/acsomega.2c07986
https://doi.org/10.1021/acsomega.2c07986
https://doi.org/10.1039/c8na00343b
https://doi.org/10.1039/c8na00343b
https://doi.org/10.1166/jnn.2015.9090
https://doi.org/10.1166/jnn.2015.9090
https://doi.org/10.1166/nnl.2013.1600
https://doi.org/10.1007/s12010-022-04152-8
https://doi.org/10.1007/s12010-022-04152-8
https://doi.org/10.1016/j.jmrt.2021.05.107
https://doi.org/10.1038/s41598-020-60541-1
https://doi.org/10.1021/acsomega.0c01216
https://doi.org/10.1007/s13399-023-05024-9
https://doi.org/10.1021/acsomega.2c02178
https://doi.org/10.1021/acsomega.2c02178
https://doi.org/10.1016/j.msec.2020.111280
https://doi.org/10.1007/s11356-024-32121-7
https://doi.org/10.1007/s11356-024-32121-7
https://doi.org/10.1039/d1fo01943k
https://doi.org/10.1016/j.physb.2021.413396
https://doi.org/10.1002/jobm.201400298
https://doi.org/10.1002/jobm.201400298
https://doi.org/10.1016/j.jprot.2020.103833
https://doi.org/10.1016/j.jprot.2020.103833
https://doi.org/10.1134/S0040579516010127
https://doi.org/10.1016/j.ecoenv.2015.06.025
https://doi.org/10.3390/plants10102201
https://doi.org/10.3390/plants10102201
https://doi.org/10.3390/agriculture13020439
https://doi.org/10.3390/agriculture13020439


Page 14 of 15Mustafa et al. BMC Plant Biology          (2024) 24:835 

potential in Triticum aestivum. Hybrid Adv. 2024;5. https://doi.org/10.1016/j.
hybadv.2024.100156

39.	 Khan I, Hasan M, Kausar R, Shehzad J, Mustafa G. Plant Molecular Responses 
to Nanoparticle Stress, in: Plant and Nanoparticles, 2022. https://doi.
org/10.1007/978-981-19-2503-0_9

40.	 Mustafa G, Farooq A, Riaz Z, Hasan M, Amna. Nano-Proteomics of Stress Toler-
ance in Crop Plants, in: 2021. https://doi.org/10.1007/978-3-030-86876-5_15

41.	 Hasan M, Liu Q, Kanwal A, Tariq T, Mustafa G, Batool S, Ghorbanpour M. A 
comparative study on green synthesis and characterization of Mn doped 
ZnO nanocomposite for antibacterial and photocatalytic applications. Sci 
Rep. 2024;14. https://doi.org/10.1038/s41598-024-58393-0

42.	 Ullah H, Khan I, Mustafa G, Shehzad J, Hasan M, Saeed U, Chaudhari SK. 
Molecular characterization and Mitigative Role of Silicon Dioxide Nanopar-
ticles in Ocimum Basilicum under lead (pb) stress. Silicon. 2023;15. https://
doi.org/10.1007/s12633-022-02178-5

43.	 Batool S, Hasan M, Dilshad M, Zafar A, Tariq T, Shaheen A, Iqbal R, Ali 
Z, Munawar T, Iqbal F, Hassan SG, Shu X, Caprioli G. Green synthesized 
ZnO-Fe2O3-Co3O4 nanocomposite for antioxidant, microbial disinfec-
tion and degradation of pollutants from wastewater. Biochem Syst Ecol. 
2022;105:104535. https://doi.org/10.1016/j.bse.2022.104535

44.	 Batool S, Hasan M, Dilshad M, Zafar A, Tariq T, Wu Z, Chen R, Gul Hassan S, 
Munawar T, Iqbal F, Saqib Saif M, Waqas M, Shu X. Green synthesis of Cordia 
myxa incubated ZnO, Fe2O3, and Co3O4 nanoparticle: characterization, and 
their response as biological and photocatalytic agent. Adv Powder Technol. 
2022;33:103780. https://doi.org/10.1016/j.apt.2022.103780

45.	 Yu H, Saif MS, Hasan M, Zafar A, Zhao X, Waqas M, Tariq T, Xue H, Hussain 
R. Designing a Silymarin Nanopercolating System using CME@ZIF-8: an 
Approach to hepatic injuries. ACS Omega. 2023. https://doi.org/10.1021/
acsomega.3c08494

46.	 Mahmood F, Zehra SS, Hasan M, Zafar A, Tariq T, Javed HU, Shu X, Xue H, 
Hatami M. Morpho-physiological growth performance and anti-oxidative 
capabilities of Acacia Jacquemontii and Acacia nilotica upon exposure to 
Co3O4 nbs in lead-contaminated soil. Plant Physiol Biochem. 2023;204. 
https://doi.org/10.1016/j.plaphy.2023.108081

47.	 Hasan M, Zafar A, Jabbar M, Tariq T, Manzoor Y, Ahmed MM, Hassan SG, Shu X, 
Mahmood N. Trident Nano-indexing the Proteomics table: next-version clus-
tering of Iron Carbide NPs and Protein Corona. Molecules. 2022;27. https://
doi.org/10.3390/molecules27185754

48.	 Huang X, Zafar A, Ahmad K, Hasan M, Tariq T, Gong S, Hassan SG, Guo J, Javed 
HU, Shu X. Biological synthesis of bimetallic hybrid nanocomposite: a remark-
able photocatalyst, adsorption/desorption and antimicrobial agent. Appl Surf 
Sci Adv. 2023;17. https://doi.org/10.1016/j.apsadv.2023.100446

49.	 Assimakopoulou A, Salmas I, Nifakos K, Kalogeropoulos P. Effect of salt stress 
on three Green Bean (Phaseolus vulgaris L.) cultivars. Not Bot Horti Agrobot 
Cluj Napoca. 2015;43. https://doi.org/10.15835/nbha4319905

50.	 Sofy MR, Elhawat N, Alshaal T. Glycine betaine counters salinity stress 
by maintaining high K+/Na + ratio and antioxidant defense via limiting 
na + uptake in common bean (Phaseolus vulgaris L). Ecotoxicol Environ Saf. 
2020;200. https://doi.org/10.1016/j.ecoenv.2020.110732

51.	 Kahlel AMS, Ghidan AY, Al-Antary TM, Alshomali IA, Asoufi HM. Effects of 
nanotechnology liquid fertilizers on certain vegetative growth of broad bean 
(Vicia faba l). Fresenius Environ Bull 29 (2020).

52.	 Saleem S, Khan MS. Phyto-interactive impact of green synthesized iron oxide 
nanoparticles and Rhizobium pusense on morpho-physiological and yield 
components of greengram. Plant Physiol Biochem. 2023;194. https://doi.
org/10.1016/j.plaphy.2022.11.013

53.	 Singh A, Singh NB, Afzal S, Singh T, Hussain I. Zinc oxide nanoparticles: a 
review of their biological synthesis, antimicrobial activity, uptake, trans-
location and biotransformation in plants. J Mater Sci. 2018. https://doi.
org/10.1007/s10853-017-1544-1

54.	 Rahman S, Ahmad I, Nafees M. Mitigation of heavy metal stress in maize (Zea 
mays L.) through application of silicon nanoparticles. Biocatal Agric Biotech-
nol. 2023;50. https://doi.org/10.1016/j.bcab.2023.102757

55.	 El-Saadony MT, Desoky ESM, Saad AM, Eid RSM, Selem E, Elrys AS. Biological 
silicon nanoparticles improve Phaseolus vulgaris L. yield and minimize its 
contaminant contents on a heavy metals-contaminated saline soil. J Environ 
Sci (China). 2021;106. https://doi.org/10.1016/j.jes.2021.01.012

56.	 Amooaghaie R, Norouzi M, Saeri M. Impact of zinc and zinc oxide nanopar-
ticles on the physiological and biochemical processes in tomato and wheat. 
Botany. 2017;95. https://doi.org/10.1139/cjb-2016-0194

57.	 Shehzad J, Mustafa G. Mechanism of Reactive Oxygen Species Regulation 
in Plants, in: Reactive Oxygen Species: Prospects in Plant Metabolism, 2023. 
https://doi.org/10.1007/978-981-19-9794-5_2

58.	 Mardani Korrani F, Amooaghaie R, Ahadi A. He–Ne laser enhances seed 
germination and salt acclimation in Salvia officinalis seedlings in a Manner 
Dependent on Phytochrome and H2O2. Protoplasma. 2023;260. https://doi.
org/10.1007/s00709-022-01762-1

59.	 Vafadar F, Amooaghaie R, Ehsanzadeh P, Ghanadian M. Salinity stress alters 
ion homeostasis, antioxidant activities and the production of rosmarinic acid, 
luteolin and apigenin in Dracocephalum Kotschyi Boiss. Biol (Bratisl). 2020;75. 
https://doi.org/10.2478/s11756-020-00562-3

60.	 Mustafa G, Sakata K, Komatsu S. Proteomic analysis of flooded soybean root 
exposed to aluminum oxide nanoparticles. J Proteom. 2015;128. https://doi.
org/10.1016/j.jprot.2015.08.010

61.	 Hossain Z, Mustafa G, Sakata K, Komatsu S. Insights into the proteomic 
response of soybean towards Al2O3, ZnO, and Ag nanoparticles stress. J 
Hazard Mater. 2016;304. https://doi.org/10.1016/j.jhazmat.2015.10.071

62.	 Yasmeen F, Mustafa G, Jhanzab HM, Komatsu S. Current scenario and future 
trends of plant nano-interaction to mitigate abiotic stresses: A review, in: 
Impact of Engineered Nanomaterials in Genomics and Epigenomics, 2023. 
https://doi.org/10.1002/9781119896258.ch16

63.	 Azmat R, Altaf I, Moin S. The reflection of the photocatalytic properties of tio2 
nanoparticles on photosynthetic activity of spinacia oleracea plants. Pak J 
Bot. 2020. https://doi.org/10.30848/PJB2020-4(2)

64.	 Chen X, Zhang R, Li B, Cui T, Liu C, Liu C, Chen B, Zhou Y. Alleviation of 
oxidative damage Induced by CaCl2 priming is related to osmotic and ion 
stress reduction rather than enhanced antioxidant capacity during germi-
nation under salt stress in Sorghum. Front Plant Sci. 2022;13. https://doi.
org/10.3389/fpls.2022.881039

65.	 Gaafer K. Production of isomalto-oligosaccharides from available economic 
starchy materials. J Curr Veterinary Res. 2019;1. https://doi.org/10.21608/
jcvr.2019.65031

66.	 Amooaghaie R, Tabatabaei F, Ahadi A. Alterations in HO-1 expression, heme 
oxygenase activity and endogenous NO homeostasis modulate antioxi-
dant responses of Brassica nigra against nano silver toxicity. J Plant Physiol. 
2018;228. https://doi.org/10.1016/j.jplph.2018.01.012

67.	 Amooaghaie R, Tabatabaei F, mohammad Ahadi A. Role of hematin and 
sodium nitroprusside in regulating Brassica nigra seed germination under 
nanosilver and silver nitrate stresses. Ecotoxicol Environ Saf. 2015;113. https://
doi.org/10.1016/j.ecoenv.2014.12.017

68.	 Mogazy AM, Hanafy RS. Foliar Spray of Biosynthesized Zinc Oxide nanopar-
ticles alleviate salinity stress effect on Vicia faba plants. J Soil Sci Plant Nutr. 
2022;22. https://doi.org/10.1007/s42729-022-00833-9

69.	 Akhtar N, Ilyas N, Mashwani Z, Hayat R, Yasmin H, Noureldeen A, Ahmad P. 
Synergistic effects of plant growth promoting rhizobacteria and sili-
con dioxide nano-particles for amelioration of drought stress in wheat, 
Plant Physiology and Biochemistry 166 (2021). https://doi.org/10.1016/j.
plaphy.2021.05.039

70.	 Shehzad J, Khan I, Zaheer S, Farooq A, Chaudhari SK, Mustafa G. Insights 
into heavy metal tolerance mechanisms of Brassica species: physi-
ological, biochemical, and molecular interventions. Environ Sci Pollut Res. 
2023;30:108448–76. https://doi.org/10.1007/s11356-023-29979-4

71.	 Shehzad J, Mustafa G, Arshad H, Ali A, Naveed NH, Riaz Z, Khan I. Morpho-
physiological and biochemical responses of Brassica species toward 
lead (pb) stress. Acta Physiol Plant. 2023;45. https://doi.org/10.1007/
s11738-022-03493-5

72.	 Banaei-Asl F, Bandehagh A, Uliaei ED, Farajzadeh D, Sakata K, Mustafa G, 
Komatsu S. Proteomic analysis of canola root inoculated with bacteria under 
salt stress. J Proteom. 2015;124. https://doi.org/10.1016/j.jprot.2015.04.009

73.	 Mustafa G, Anwar S, Joyia FA, Hayat MB, Zia MA, Ghazala MS, Khan. Molecular 
characterization and mycoparasitic aptitude of indigenous biocontrol agent 
trichoderma harzianum. J Anim Plant Sci. 2020;30. https://doi.org/10.36899/
JAPS.2020.6.0171

74.	 Yang B, Li Q, Cheng K, Fang J, Mustafa G, Pan J, Xing B, Lv Q, Zhang L, Cheng 
K. Proteomics and metabolomics reveal the mechanism underlying dif-
ferential antioxidant activity among the organs of two base plants of Shiliang 
tea (Chimonanthus Salicifolius and Chimonanthus zhejiangensis). Food Chem. 
2022;385. https://doi.org/10.1016/j.foodchem.2022.132698

75.	 Ahmad B, Chang L, Satti UQ, ur Rehman S, Arshad H, Mustafa G, Shaukat U, 
Wang F, Tong C. Phyto-Synthesis, characterization, and in Vitro Antibacterial 
activity of silver nanoparticles using various plant extracts. Bioengineering. 
2022;9. https://doi.org/10.3390/bioengineering9120779

https://doi.org/10.1016/j.hybadv.2024.100156
https://doi.org/10.1016/j.hybadv.2024.100156
https://doi.org/10.1007/978-981-19-2503-0_9
https://doi.org/10.1007/978-981-19-2503-0_9
https://doi.org/10.1007/978-3-030-86876-5_15
https://doi.org/10.1038/s41598-024-58393-0
https://doi.org/10.1007/s12633-022-02178-5
https://doi.org/10.1007/s12633-022-02178-5
https://doi.org/10.1016/j.bse.2022.104535
https://doi.org/10.1016/j.apt.2022.103780
https://doi.org/10.1021/acsomega.3c08494
https://doi.org/10.1021/acsomega.3c08494
https://doi.org/10.1016/j.plaphy.2023.108081
https://doi.org/10.3390/molecules27185754
https://doi.org/10.3390/molecules27185754
https://doi.org/10.1016/j.apsadv.2023.100446
https://doi.org/10.15835/nbha4319905
https://doi.org/10.1016/j.ecoenv.2020.110732
https://doi.org/10.1016/j.plaphy.2022.11.013
https://doi.org/10.1016/j.plaphy.2022.11.013
https://doi.org/10.1007/s10853-017-1544-1
https://doi.org/10.1007/s10853-017-1544-1
https://doi.org/10.1016/j.bcab.2023.102757
https://doi.org/10.1016/j.jes.2021.01.012
https://doi.org/10.1139/cjb-2016-0194
https://doi.org/10.1007/978-981-19-9794-5_2
https://doi.org/10.1007/s00709-022-01762-1
https://doi.org/10.1007/s00709-022-01762-1
https://doi.org/10.2478/s11756-020-00562-3
https://doi.org/10.1016/j.jprot.2015.08.010
https://doi.org/10.1016/j.jprot.2015.08.010
https://doi.org/10.1016/j.jhazmat.2015.10.071
https://doi.org/10.1002/9781119896258.ch16
https://doi.org/10.30848/PJB2020-4(2)
https://doi.org/10.3389/fpls.2022.881039
https://doi.org/10.3389/fpls.2022.881039
https://doi.org/10.21608/jcvr.2019.65031
https://doi.org/10.21608/jcvr.2019.65031
https://doi.org/10.1016/j.jplph.2018.01.012
https://doi.org/10.1016/j.ecoenv.2014.12.017
https://doi.org/10.1016/j.ecoenv.2014.12.017
https://doi.org/10.1007/s42729-022-00833-9
https://doi.org/10.1016/j.plaphy.2021.05.039
https://doi.org/10.1016/j.plaphy.2021.05.039
https://doi.org/10.1007/s11356-023-29979-4
https://doi.org/10.1007/s11738-022-03493-5
https://doi.org/10.1007/s11738-022-03493-5
https://doi.org/10.1016/j.jprot.2015.04.009
https://doi.org/10.36899/JAPS.2020.6.0171
https://doi.org/10.36899/JAPS.2020.6.0171
https://doi.org/10.1016/j.foodchem.2022.132698
https://doi.org/10.3390/bioengineering9120779


Page 15 of 15Mustafa et al. BMC Plant Biology          (2024) 24:835 

76.	 Dikshit PK, Kumar J, Das AK, Sadhu S, Sharma S, Singh S, Gupta PK, Kim BS. 
Green synthesis of metallic nanoparticles: applications and limitations. Cata-
lysts. 2021;11. https://doi.org/10.3390/catal11080902

77.	 Burman U, Tarafdar JC, Kaul RK, Saini M, Kumar K, Kumar P. Changes in carbon 
partitioning in pearl millet (Pennisetum glaucum) and clusterbean (Cyamopsis 
tetragonoloba) in response to ZnO nanoparticle application. Indian J Agric 
Sci. 2013.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.3390/catal11080902

	﻿Zinc oxide nanoparticles mediated salinity stress mitigation in ﻿Pisum sativum﻿: a physio-biochemical perspective
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Synthesis of zinc oxide nanoparticles
	﻿Characterization of ZnO NPs
	﻿UV-vis spectroscopy analysis
	﻿X-ray diffraction analysis
	﻿FTIR analysis
	﻿Scaaning electron microscopy


	﻿Seed priming
	﻿Experimental design
	﻿Morpho-physiological parameters
	﻿Biochemical parameters
	﻿Hydrogen peroxide (H﻿2﻿O2) determination
	﻿Malondialdehyde (MDA)

	﻿Statistical analysis
	﻿Results
	﻿ZnO NPs characterization
	﻿Growth parameters



