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(Capsicum annum L.) in a salt stress environment
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Chilli (Capsicum annuum L.) plants are cultivated globally and are valued for their culinary use. One of the
major challenges in agriculture is soil salinity, which drastically cuts down crop productivity. However, no
information has been reported concerning the effects of biogenic zinc oxide nanoparticles (ZnO NPs),
applied as a foliar spray, on the physio-chemical properties of chilli plants under salt stress conditions.
The nanoparticles were synthesized using an extract from Acacia nilotica leaves, which acted as
a stabilizing and reducing agent. The characteristics of the synthesized nanoparticles were analyzed
using various techniques including UV-visible spectroscopy, X-ray diffraction, Fourier transform infrared
spectroscopy, scanning electron microscopy and X-ray photoelectron spectroscopy. The pot experiment
utilized a salinity level of 50 mM NaCl and tested five concentrations of ZnO NPs (0, 25, 50, 75 and 100
ppm). The results demonstrated that the highest concentration (100 ppm) significantly enhanced growth
parameters, including the shoot length (38.6%) and root length (25.5%) compared to the control.
Additionally, biochemical parameters such as chlorophyll content (23.3%) and phenolic content (12.5%)
enhanced zinc accumulation by 38.7% and decreased oxidative stress malondialdehyde (MDA) by 54.4%
and hydrogen peroxide (H,O,) by 33.1% as compared to the control. We can conclude that foliar
application of 100 ppm of the synthesized biogenic-ZnO NPs may increase chilli growth in a salt-stress
environment.

Increasing environmental issues, such as soil salinity, pose substantial danger to worldwide agricultural sustainability and the availability of food. Traditional

agricultural practices frequently fail to appropriately tackle these difficulties and might worsen environmental harm due to excessive dependence on artificial
fertilizers and pesticides. This study investigates the foliar application of biogenic-zinc oxide (ZnO) NPs on plant leaves to enhance plant resistance and

productivity in environments with high salt levels. The results of our study indicate that biogenic-ZnO NPs have a substantial positive impact on important
physiological and biochemical characteristics of chilli plants, including their growth rates, chlorophyll synthesis, and antioxidant enzyme activities. Our work

highlights an effective approach to reduce the use of detrimental agricultural chemicals, which in turn healthily promotes the development of crops and
encourages the adoption of farming techniques that are more environmentally sustainable. Utilizing biogenic-ZnO NPs enhances crop resilience to environ-

mental shocks and supports global efforts to implement environmentally friendly agricultural technologies that protect natural resources and preserve

ecological balance.

Introduction

yield." An estimated 10 percent of the world's cultivable land
area is affected by salt stress and the amount is increasing day

Soil salinity poses a profound obstacle in agriculture, especially
in dry and semi-dry areas, where it greatly diminishes crop
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by day.? Salinized soil hampers plant growth by restricting water
absorption, obstructing nutrient assimilation, and compro-
mising metabolic functions.® This poses a significant risk to
global food security, particularly for crops like chilli (Capsicum
annuum L.), which are widely cultivated for their culinary and
economic value. Chilli belongs to the Solanaceae family, which
also includes tomatoes, eggplants, and potatoes.** This crop is
perennial and grows well in both tropical and temperate
climates, and thus it can be grown all year around.® Globally
chilli production is 31 million tons and it spans over 1.93
million hectares; about 0.2 million tons of chilies are produced
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annually in Pakistan.” During 2022-23 the production of chilli
crops was 82 thousand tons with a cultivated area of 31 thou-
sand hectares, and there was a decrease in the production of
chilli by 43.1%.8

Root causes behind the low yield, include biotic (pests and
diseases) and abiotic (water scarcity, low/high temperature and
salinity) pressure.” Maximum salt concentration causes osmotic
pressure and water deficiency all around the plasma membrane,
which minimizes the water content and leads to significant
physiological changes that restrict plant growth.'® Furthermore,
the photosynthesis rate has been reduced due to salinity which
consequently decreases the stomatal conductance, inhibits
photochemical capacity, and slows down the metabolic process
in carbon uptake." Minimizing salinity via breeding salt-tolerant
plants and providing a low-salt water source and drainage to
remove salt from the plant's root zone are two potential
approaches; however, both possibilities are expensive and time-
consuming."”” Many techniques are used to make the smallest
possible size of nanoparticles (NPs). Mainly, four methods,
chemical, physical, photochemical, and organic approaches are
used to prepare NPs.”®* Chemical, physical and photochemical
processes are costly and not eco-friendly. Worldwide, scientists
are looking to devise methods to synthesize NPs that are eco-
friendly, economical and easy to apply; among such techniques
is the biogenic method.™ In the biogenic approach, NPs are
synthesized by using plant extract, and bacteria, algae, and fungi
are used as the capping and reducing agents."®

The process of synthesizing nanoparticles using environ-
mentally friendly methods has a direct impact on plants and
their natural chemicals, like enzymes, amino acids, and vita-
mins, which act as reducing agents during the generation of
NPs. ZnO NPs have gained popularity in agriculture due to their
ability to promote the production of secondary metabolites and
provide other advantages.'® Zinc plays a vital role in facilitating
various enzymatic activities and serves as an essential cation in
some biochemical processes, including those of carbohydrates
and photosynthetic pigments."”” The ZnO foliar application
approach is effective and safe.*® Nutrients are absorbed through
the leaf cuticles and stomatal openings of leaves, as well as the
cell wall of the epidermal cells and the plasma membrane, via
active transport during foliar application.’ According to recent
data, ZnO NPs are highly effective bioactive substances that can
affect the transcriptome, tissue differentiation, proteome, and
metabolism in plants.”® In addition, zinc has an important
function in mitigating sodium buildup and improving the
potassium-to-sodium ratio in plants subjected to salt-induced
stress.”® However, lipid peroxidation, H,O, content, and
membrane impairment in plants subjected to salt stress were all
decreased by ZnO application.”” The utilization of biogenic-ZnO
NPs has the potential to significantly impact plant develop-
ment, photosynthesis, protein synthesis, respiration and
reproduction of plants.*® Further investigation is needed to
understand the interplay between salt and zinc deficiency and
how it affects plant development and yield.**

Despite the demonstrated potential of ZnO NPs in improving
plant stress tolerance, their precise impact on chilli plants under
salt stress has not been thoroughly investigated, especially when
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used as a foliar spray. The limited research on the specific inter-
actions between biogenically produced ZnO nanoparticles (NPs)
and the physiological and biochemical responses of chilli plants,
as well as their potential long-term effects on plant health and
productivity, underscores the need for further study. Therefore,
ZnO NPs were biogenically synthesized and characterized and
applied to chilli plants in the hope to reduce the adverse effects of
salinity. The aim of this study is to evaluate the effects on growth
metrics, biochemical indicators, and oxidative stress markers, and
to investigate the feasibility of using foliar application of biogenic-
ZnO NPs as a sustainable approach to improve the resilience of
chilli plants in a saline environment.

Materials and methods
Growth conditions and plant materials

The Capsicum annum L. f1 hybrid seeds were collected from
a local seed market. A pot experiment was carried out. To start
a nursery, seeds were planted in little clay containers. The soil
samples were collected from agricultural fields. Surface soil, 0-
15 cm depth, has been taken in triplicate with auger. Soil
samples were taken randomly in polythene bags. The soil
samples have been properly combined to provide composite
samples that are uniform and homogeneous. The soil was
sieved to remove stones and other impurities. Physiochemical
properties of soil (electrical conductivity (2.4 dS m ™), potential
hydrogen (7.6), and contents of nitrogen (0.6%), phosphorus
(11.2 ppm), potassium (154 ppm) and other organic matter
(0.68%)) were found out by standard procedures. Nursery was
transferred after one month of seed germination to pots for
further growth. Every container was filled with 5 kg of soil. 5
seeds were planted in each container. A 50 mM NaCl solution
was applied in the soil as salt stress on chilli plants after
transplantation of the nursery. The fertilizer was applied in the
experimental pots 50 kg ha~" but for 5 kg soil, 0.5 g of triple
super phosphate and muriate of potash was applied. After the
transplantation of chilli plants, a biogenic ZnO-NP foliar spray
was applied every 15 days. In total 5 applications of ZnO-NP
treatments (0, 25, 50, 75 and 100 ppm) were foliar applied in
each pot. The number of replicates was three. In the control
group, plants were subjected to the application of distilled water
and provided with tap water for nourishment. Some charac-
teristics, such as the fresh weight of the root and shoot, were
measured right after harvesting the plants, which occurred 60
days after transplantation. Using an electrical balance, three
plants from each pot were used to measure their average fresh
weight. After 24 hours in an oven, the electrical balance was
used to quantify the dry weight (g) of the root and shoot. The
shoot and root length of the plant were measured with
measuring tape. Leaves and roots of three plants were taken
from each pot and washed carefully with distilled water and
then stored in falcon tubes at 40 °C for further examination.

Synthesis of biogenic-ZnO NPs

Acacia nilotica leaves were collected from nearby gardens, and
carefully washed and dried in sunlight for dust particle removal.
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Afterwards, a pestle and mortar was used to crush the leaves
into a fine powder. Subsequently, a quantity of 20 g of Acacia
nilotica leaf powder was combined with 100 mL of distilled
water and agitated at a temperature of 100 °C for 15 minutes.
The solution underwent filtration using Whatman filter paper
No. 1. Subsequently, zinc acetate was utilized as a precursor in
the synthesis of ZnO nanoparticles, with the prepared plant
extract serving as the reducing and stabilizing agent. A solution
of zinc acetate with a concentration of 0.21 M was prepared in
deionized water. 40 mL of Acacia nilotica leaf extract was added
drop by drop while stirring the solution for 4 hours at 70 °C.
After that, the solution was placed on a hot plate for 1 hour and
finally, the solution underwent calcination for 4 hours at 400 °
C‘ZS

Biochemical parameter analysis

The chlorophyll concentrations were measured. 0.1 g of ground
leaves and 2-3 mL of 80% methanol were taken. At 10 000 rpm
this solution was centrifuged, and the extract was taken,
allowed to settle down and stored. A spectrophotometer was
utilized at three distinct wavelengths such as 663, 645, and
480 nm, respectively to determine the chlorophyll-a,
chlorophyll-b and carotenoid contents.>® The sample of fresh
leaves (0.25) g was taken and 5 mL of acetone was added to
ground fresh plant leaves. The solution was left to settle for 24
hours. The spectrophotometer was set at 463 nm to determine
absorbance. The phenolic contents were determined by
comparison with a standard curve at distinctive phenolic
concentrations.

Antioxidant enzyme analysis

According to ref. 27 methods, “superoxide dismutase (SOD)”
contents were calculated. The reaction mixture was prepared
using 100 mL of methionine, 650 mL of phosphate buffer,
50 mL of riboflavin, and 100 mL of enzyme extract and subse-
quently, NBT (nitroblue tetrazolium) was added to the mixture.
The reduction was conducted for approximately 10 min under
the illumination of a 15 (W) fluorescent lamp from a distance of
approximately 13 cm. To achieve uniform illumination, a digital
lux meter (Lutron Lx-101, Taichung, Taiwan) was utilized to
regulate the illumination within 6500-7500 1x, and the absor-
bance was measured using a spectrophotometer at a wavelength
of 560 nm. The method given in ref. 28 was used to calculate
“ascorbate peroxide (APX)” activity. The test tubes were
prepared with 2.2 mL of phosphate buffer (pH 7.0), 0.3 mL of
methionine, and 0.2 mL of EDTA, and were thoroughly shaken
to ensure proper mixing. After this 50 pL enzyme extract and
0.1 mL (NBT) were added to it and shaken again. All the tubes
were placed under light for about 7 min. Subsequently, the
spectrophotometer was used to measure the absorbance at
a wavelength of 560 nm. The “catalase (CAT)” and “peroxidase
(POD)” activity were analysed by the procedure described.*

ZnO accumulation analysis

A mixture containing HNO; and HCIO,, 3 : 1, was employed for
digestion of dry fine ground chilli plant leaves (0.5 g) and left
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overnight. Plant samples were dried in an oven at 80 °C. The
digestion process will be carried out by following the protocol
introduced in ref. 30 for 3-4 hours until fumes appear. The
absorbance of ZnO was quantified using an atomic absorption
spectrophotometer.

Reactive oxygen species (ROS) analysis

The method given in ref. 31 was used to calculate the H,O,
concentration. In this method, 0.1% (w/v) trichloroacetic acid
(TCA) and 0.1 g of fresh plant sample were homogenized in an
ice bath. 3 mL of KI was mixed with 0.1 mL potassium phos-
phate buffer (pH 7.0) and then 0.1 mL of supernatant was added
to it, shaken well and left for 30 min at room temperature. The
absorbance was evaluated with the help of a spectrophotometer
at 390 nm. By comparison with the standard curve, distinctive
H,0, concentration was measured. The MDA contents were
determined using the prescribed procedure given in ref. 32. In
this technique, 0.25 g fresh plant samples were mixed with 5 mL
TCA and centrifuged at 10 000 rpm for 15 min. After this, in
a test tube, 1.5 mL of 0.6% tributaric acid (TBA) and 1.5 mL
supernatant were taken and shaken properly. After shaking for
30 min, it was placed in a water bath at 100 °C and absorbance
was measured at 532, 600 and 450 nm.

Statistical data analysis

Statistically significant differences between treatments were
determined from the data obtained throughout the experiment
using one-way analysis of variance (ANOVA) and the appropriate
statistical tools. The mean values of each treatment were
compared by the CRD test (p < 0.05). Graphs were plotted using
Microsoft Excel, GraphPad Prism 9.0, and Origin Program.

Results
Characterization of biogenic-ZnO NPs

The XRD pattern of the product is illustrated in Fig. 1. The peaks
in the figure are 26 = 31.79, 34.42, 36.25, 47.53, 56.60, 62.86,
67.96 and 69.09. The identified peaks correspond to the (100),
(002), (101), (102), (110), (103), (112), and (201) cross-lattice
planes, respectively, and these planes were determined to be
characteristic of the hexagonal wurtzite structure in the
produced nanoparticles. The observed peaks appear to be
following the reference data.*

The FT-IR spectrum of the biogenic-ZnO NPs is recorded. FT-
IR spectrum analysis was performed by referring to the reported
study** as shown in Fig. 2(A). A significant absorption band was
discovered at a wavenumber of 414.82 cm™', which can be
attributed to the stretching vibration of Zn-O bonds. In prior
investigations on ZnO nanoparticles, researchers were able to
successfully examine the FT-IR spectra, which exhibited
a prominent band at around 400 cm . The identification of all
detected peaks was based on references from prior scholarly
studies, hence validating the obtained results. Prior studies on
the synthesis and characterization of ZnO-NPs yielded compa-
rable findings. The peaks seen at 1426 cm™ " and 1613 cm ™"
correspond to the symmetric and asymmetric stretching

© 2025 The Author(s). Published by the Royal Society of Chemistry
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vibration, respectively, of the adsorbed carbonate anion.
Meanwhile, the peaks observed at 1029 cm ™" indicate the lattice
vibration of carbonate-generated absorption peaks. In addition,
the 3402.82 cm ™" absorption peak corresponds to the stretching
of the hydroxyl group. Some extra peaks show that biogenic
particles were added in ZnO-NPs.

The surface morphology of ZnO NPs was examined using
scanning electron microscopy. The SEM image in Fig. 2(B) shows
the irregular shape nanoparticles formed with a diameter range
of 11-25 nm.* Fig. 2(C) shows the UV-visible spectrum of ZnO
nanoparticles which presented a strong peak at 355 nm which
features the congenital band gap of ZnO absorption.? Fig. 2(D)
illustrates the conversion of the optical absorption, denoted as «,
into (whv)® and its representation as a function of energy, E, and
a linear section with a tangential slope, indicating stronger
absorption, is extrapolated. The point at which this line crosses
the X-axis is often referred to as the optical bandgap for the given
system. The observed bandgap value is about 3.22 eV.%”

Fig. 3(A) presents further evidence for the purity and
composition of biogenic-ZnO NPs, as determined using XPS
spectrum analysis. The XPS spectrum samples indicated the
existence of Zn, O, C, as well as a N reference. Fig. 3(B) illustrates
the high-resolution spectrum of Zn 2p. The binding energy
values of Zn 2p;;, and 2p;, are 1044.65 and 1021.50 €V,
respectively. Fig. 3(C) shows that the peak position at 531.64 eV
can be attributed to oxygen O 1s-in the lattice of ZnO.* Fig. 3(E)
shows the XPS spectra of C 1s. The 284.3 eV binding energy of C
1s is usually used as an internal reference in the spectrum.* As
shown in Fig. 3(D), the N 1s peak, which is centred at 399.57 eV,
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has a significantly reduced intensity in the sample that has been
exposed to oxygen, indicating the presence of molecularly
chemisorbed nitrogen. Conversely, the intensity of the N 1s peak
in the sample irradiated in a nitrogen environment is higher.*

Physical parameter analysis

The application of ZnO NPs significantly improved the physical
growth parameters of chilli plants under salt stress. The data
presented in Fig. 4 indicate that at a concentration of 100 ppm,
the plants showed a notable increase in both shoot and root
length. Specifically, the maximum shoot length increased from
5.6 cm under salt-stress conditions to 7.76 cm under normal
conditions. Similarly, the root length increased from 2.63 cm
under stress to 3.3 cm normally. This improvement was also
reflected in the fresh and dry weights of both shoots and roots,
with the maximum values observed at the highest nanoparticle
concentration compared to the control (Table 1).

Biochemical parameter analysis

As shown in Fig. 5 foliar application of biogenic ZnO NPs
enhanced the biochemical parameters of the chilli plants,
particularly under salt stress conditions. Chlorophyll content,
a key indicator of plant health, significantly increased at
100 ppm of ZnO NP application. Chlorophyll a increased from
1.21 mg g ' under salt stress to 1.52 mg g ' normally, and
chlorophyll b from 0.82 mg ¢~ * to 1.22 mg g~ *. The total chlo-
rophyll content and carotenoids also improved, supporting
better photosynthetic efficiency and stress response. The
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Table 1 Impact of different ZnO NP concentrations on physical growth of chilli

Shoot length Shoot fresh weight Shoot dry weight Root length Root fresh weight Root dry weight
Concentration (ppm)  (cm) ® ® (cm) ® ®
0 (control) 23+45e 0.18 = 0.27 ¢ 0.01 + 0.02 e 0.83 +2.33 ¢ 0.01 + 0.03 e 0.012 £ 0.017 e
25 2.8 +6.4d 0.32 +1.37d 0.01 +0.04d 1.13 £ 2.50 d 0.02 +£0.14 d 0.016 + 0.026 d
50 31+7.0c 0.63 + 1.66 ¢ 0.02 + 0.05 ¢ 1.30 £ 2.73 ¢ 0.03 + 0.18 ¢ 0.018 £+ 0.029 ¢
75 44+7.5Db 1.29+1.75b 0.02 +0.10 b 1.86 +2.90 b 0.09 £ 0.21 b 0.020 £ 0.032 b
100 56+7.7a 1.59 +1.83a 0.03 £ 0.16 a 2.63 +3.30 a 0.14 + 0.28 a 0.024 £+ 0.035 a

% The + symbol represents standard deviation. Different letters indicate significant differences among treatments at p =< 0.05.

maximum phenolic content was observed at the highest NP
concentration compared to the control.

Antioxidants enzyme analysis

The applied amendments significantly impacted the antioxi-
dant enzyme activity. Statistical analysis in Fig. 6(A)-(D) showed

© 2025 The Author(s). Published by the Royal Society of Chemistry

that maximum SOD, APX, CAT and POD activity were observed
at 100 ppm (ZnO NPs) in normal and salt-stress treatments,
respectively, while minimum antioxidant enzymes were
observed in the control treatment. Antioxidant enzymes are
gradually enhanced with increasing concentration of biogenic
ZnO-NPs as compared to the control (Table 3).
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ZnO accumulation in chilli plants

Statistical analysis in Fig. 7 showed that maximum ZnO accu-
mulation (0.45 mM g ' and 0.41 mM g ') was observed at
100 ppm in normal and stress treatments, and a minimum uptake
of ZnO in plants (0.21 mM kg™ " and 0.11 mM g~ ') was observed in
control treatments. ZnO accumulation in plants was increased
gradually with the increasing application of biogenic ZnO NPs.

Reactive oxygen species (ROS)

The results regarding the impact of applied treatment on reactive
oxygen species are reported in Fig. 8(A) and (B). Foliar applica-
tion of biogenic-ZnO NPs has decreased MDA and H,O, content
statistically under salt stress conditions. Statistical analysis
showed that minimum MDA contents of 3.2 nmol g " and 8.3
nmol g " and those of H,0, of 11.2 nmol g * and 20.2 nmol g *
were observed at 100 ppm (ZnO NPs) in normal and salt-stress
treatments, respectively. Maximum malondialdehyde and H,0,
contents (18.2, 30.1 nmol g~ ') were observed in the control
treatment. ROS activity gradually decreased with increasing
concentration of biogenic-ZnO NPs as compared to the control.

312 | Environ. Sci.. Adv, 2025, 4, 306-317

Principal component analysis (PCA)

The study demonstrated the impact of treatment of certain
amounts of biogenic-ZnO NPs on chilli plants in both normal
and stressful situations, as shown in (Fig. 9). The cumulative
variance was calculated, with one component accounting for
95.15%, and the second 4.15%. Additionally, noticeable varia-
tion in the chosen levels of biogenic ZnO between the control
and salt stress conditions in chilli plants was observed. Ts
shows the highest coordinate on the PCA-biplot. The analysis
also revealed that a notable variation was present among attri-
butes; almost all attributes are correlated with each other. There
was a negative correlation between MDA and H,0,, while other
characters are positively correlated.

Discussion

Salinity is a major obstacle to plant development and produc-
tivity, especially in arid and semi-arid regions.** ZnO NPs are
more soluble and reactive compared to ordinary ZnO fertilizers
due to their nanoscale size and larger surface area.*” Thus,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 Effect of different treatments of ZnO NPs on antioxidants of chilli plants. (A) SOD, (B) APX, (C) CAT, (D) POD. Values presented are means of
three replicates. Different letters indicate significant differences among treatments at p = 0.05.

Table 2

Impact of different concentrations of ZnO NPs on chlorophyll content of chilli plants®

Concentration (ppm)  Chlorophyll a (mg g~')  Chlorophyll b (mg g %)

Total chlorophyll (mg g ')  Carotenoid (gm )  Phenolic (mg g *)

0 (control) 0.21 +041le 0.11 £ 031e
25 0.41+0.91d 0.28 +0.71d
50 0.52 + 1.07 ¢ 0.41 +£091c
75 091 +1.21b 0.62 + 1.08 b
100 1.21 +£1.52a 0.82 + 1.22 a

0.41 £ 0.81e 0.01 £ 0.02 ¢ 399+799e

0.61 + 108 d 0.03 + 0.04 d 59.9 + 118.1d
0.81+141c 0.04 £0.05 ¢ 69.6 £ 128.5¢
1.08 £1.61b 0.05 + 0.06 b 80.2 £138.1b
142 +2.15a 0.06 £ 0.07 a 90.3 £150.2 a

“ The + symbol represents standard deviation. Different letters indicate significant differences among treatments at p =< 0.05.

substituting Zn fertilizer with ZnO NPs could enhance the
availability of Zn for meeting the nutritional needs of crops.*
Our research aimed to produce biogenic-ZnO NPs with a more
uniform shape and high dispersion using a synthesis method
involving Acacia nilotica leaf extract and zinc acetate. Tech-
niques such as XRD, SEM, FT-IR, UV-vis spectroscopy and XPS
were employed to analyze the properties and effectiveness of the
synthesis procedure by demonstrating the formation of single
crystalline ZnO NPs with a hexagonal wurtzite structure. The FT-
IR experiments provided convincing evidence of ZnO synthesis
and confirmed that the plant extract acts as a capping and
stabilizing agent through various phytochemicals. The analysis
of the results demonstrates that the precursors have signifi-
cantly influenced the surface morphology and structure of ZnO
NPs.*

The results show that the growth parameters of chilli plant
as compared to the control significantly decreased with salinity

© 2025 The Author(s). Published by the Royal Society of Chemistry

stress. Growth parameters such as the shoot and root length,
and fresh and dry weight of both shoots and roots in normal
and salt-stressed plants has increased with the application of
ZnO NPs at 100 ppm (Table 1). Plants take up nutrients through
the xylem and phloem. In the absence of stress, plants can easily
take up nutrients. However, under salinity stress plants are
unable to take up nutrients due to the shortage of water.
Metabolic activities are also affected due to the shortage of
nutrients and water within the plant cell. After some period in
stressed plants, a defense system of oxidative species is present
in plants whose threshold varies from crop to crop, which
damages the crop under stress conditions.** Foliar application
might enhance the overall development by stomatal opening
and take up more zinc;** biogenic-ZnO NPs also improved
physiological and biochemical parameters under salt-stress
conditions.*®
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Table 3
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Impact of different concentrations of ZnO NPs on antioxidant enzyme activities in chilli plants®

Concentration (ppm) SOD (min g ")

APX (min g™ )

CAT (min g™ ") POD (min g ')

0 (control) 11.8 £ 15.0 e 1.06 + 3.16 e 12.1 +16.0a 213 t6e
25 18.0 £24.7d 5.1+6.03d 15 £20.0d 8.06 £ 11.1d
50 19.8 £ 30.1¢c 6.03 +7.1¢c 171 +£22.0c 10.2 £ 12.0 c
75 24.9 £349b 71+8.1b 19.2 £24.1b 12.1+£13.2b
100 30.1 £40.1a 8.1+£9.23a 20.3 £ 26.0a 13.3 £15.2a
“ The + symbol represents standard deviation. Different letters indicate significant differences among treatments at p =< 0.05.
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Fig. 7 ZnO uptake in chilli plants under different treatments of
biogenic-ZnO NPs. Values presented are means of three replicates.
Different letters indicate significant differences among treatments at
p = 0.05.

Due to salt stress biochemical parameters were negatively
affected in stressed plants. While in plants without stress, this
content showed a positive increase. Whereas, biogenic-ZnO NPs
were applied in the form of foliar application with a maximum
increase in biochemical parameters such as chlorophyll a,
chlorophyll b, total chlorophyll, carotenoids and phenolic
content observed in normal and stress treatments (Table 2). The

I Without stress [ With stress

MDA (nmol g!)

100

Control 25 50 75
Treatments

PC 1 (95.15%)

Fig. 9 PCA-based biplot showing foliar application of biogenic-ZnO
NP attributes on chilli plants under control and salt stress conditions;
T1 (control), T2 (25 ppm), T3 (50 ppm), T4 (75 ppm), T5 (100 ppm), RFW
(root fresh weight), RL (root length), SL (shoot | length), SFW (shoot
fresh weight), Chl a (chlorophyll a), T Chl (total chlorophyll), Chl
b (chlorophyll b), SDW (shoot dry weight), RDW (root dry weight), SOD
(superoxide dismutase), CAT (catalase), Phen (phenolics), CAR (carot-
enoids), POD (peroxidase), APX (ascorbate peroxide activity), MU
(metal uptake), MDA (malondialdehyde), and H,O, (hydrogen
peroxide).

photosynthesis rate depends upon many factors like water
availability, chlorophyll and light. Water is broken down into
ions in the light reaction phase. For the reduction of NADP' to

®) 40

Il Without stress B With stress

w
=]
1

H,0, (nmol g
[
T

Control 25 50 75
Treatments

100

Fig. 8 Effect of different treatments of ZnO NPs on ROS content of chilli plants. (A) MDA, (B) H,O,. Values presented are means of three
replicates. Different letters indicate significant differences among treatments at p < 0.05.
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NADPH hydrogen ions are carried to the dark phase. Shortage of
hydrogen ions occurred when the shortage of water occurred.
Photosynthesis is reduced due to a shortage of water. Chloro-
phyll enhances its light spectra due to carotenoid assistance.
Phenolics maintain the structural integrity of plants and also
protect the plants against stress.*”

Antioxidant activity (POD, APX, SOD and CAT) also decreased
in pots where salt stress was applied. Our findings showed that
values of antioxidant parameters were reduced under salt stress
conditions as compared to without stressed plants. However,
foliar application of biogenic-ZnO NPs upgrades the antioxidant
level in without stressed plants and stress treatments. Antioxi-
dant levels increased in stressed plants with increasing
concentrations of biogenic ZnO NPs (Table 3). Against oxidative
stress, antioxidants have a natural defense mechanism to
defend the plants. Antioxidants protect the plant to some extent
and cope with reactive oxygen species and scavenging species
under stress.*®

Our findings showed that the plants grown under salt stress
had a lower accumulation of ZnO. Salt stress leads to ion
imbalance, osmotic stress, and ionic toxicity and also disturbs
the metal uptake rates and transport mechanisms within the
plants. The application of biogenic ZnO NPs through foliar
application increased the digestion of ZnO in plants with
increasing concentration. The maximum ZnO uptake was
observed at 100 ppm in normal and stress treatments, while
minimum digestion of ZnO was observed in control treatments.
Nutrients applied via foliar spray are absorbed directly through
the leaves because of stomatal openings, and nutrients are
rapidly transported to various parts of the plants. Higher
concentration of ZnO NPs has the potential to cause toxicity,
affecting both the plant and the consumers. Nevertheless, when
present in low amounts, ZnO NPs can function as a micro-
nutrient, thereby potentially providing advantages to the plant
without inflicting any damage. A study indicates that ZnO can
be a hazardous nanomaterial when used in quantities over
50 mg L~ .*>*° However, the foliar application of biogenic ZnO
NPs might have a positive impact on the uptake of ZnO in the
shoots and roots of the plant particularly at 100 ppm.**

Oxidative stress (MDA and H,0,) was increased under salt
stress conditions. The use of biogenic ZnO NPs by foliar spray
decreased the reactive oxygen species growth. Maximum growth
was observed in 100 ppm treatment in both without stress and
stress plants as compared to the control treatment (Table 4).
Under stress, scavenging species (MDA and H,0,) may generate
and damage plant cells with the help of rupturing cell
membranes. This scavenging also induces oxidative stress in
plants, while by the foliar application of biogenic-ZnO NPs
scavenging species such as MDA and H,0, significantly reduced
in both normal and stress treatments. These scavenging species
work against antioxidants. The reason behind this scavenging
species germination is that salt stress also causes water stress,
water stress produces free radicles due to oxidative damage
which activates lipid peroxidation, and lipid peroxidation
produces MDA in the plant.®* Salt stress boosted reactive oxygen
species and decreased the antioxidant activity in the chilli crop.
By absorbing reactive oxygen species and improving the activity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Impact of different ZnO NP concentrations on ROS and metal
uptake in chilli pants®

Concentration ZnO uptake MDA H,0,

(ppm) (mM g ) (nmol g) (nmol g )

0 (control) 0.11 £ 0.21e 182+ 8.1e 30.1 +18.1¢€
25 0.31 £ 0.36d 141+t6d 26.2 £14.1d
50 0.35 +0.38 ¢ 12.2 £ 5.06 ¢ 241 +13.2¢
75 0.38+0.41b 10.2+4.1b 22.2+12.2b
100 0.41 + 0.45a 83+32a 20.2 +11.1a

“Vvalues are means of three replicates. The + symbol represents
standard deviation. Different letters indicate significant differences
among treatments at p < 0.05.

of antioxidants such as SOD, POD, CAT, and APX. ZnO nano-
particles have many effective activities. Application of biogenic-
ZnO NPs decreases MDA and H,O, and increases the antioxi-
dants under both stressed and without stress conditions.
Scavenging species activity decreases with increasing concen-
tration of biogenic-ZnO NPs.>

Conclusion

Chilli plant exposure to salt stress resulted in a considerable
decrease in many plant development metrics, as well as
biochemical and physiological indicators. The foliar application
of biogenic-ZnO NPs significantly ameliorated the detrimental
effects of salinity on chilli plants. Particularly at 100 ppm, these
NPs notably increased growth parameters such as plant height
and biomass, and biochemical indices such as chlorophyll a,
chlorophyll b, total chlorophyll, carotenoids, and phenolic
contents, including levels of antioxidants such as SOD, APX,
CAT and POD and zinc content, while effectively reducing
oxidative stress indicators such as MDA and H,0,. These find-
ings highlight the capacity of foliar application of ZnO NPs
synthesized via eco-friendly techniques, as a promising strategy
that may improve the resilience and productivity of chilli plants
under saline conditions. This approach not only conforms to
a sustainable agricultural methodology by employing green
synthesis techniques but it may also offer a feasible resolution
to the worldwide issue of soil salinity, which presents
a substantial risk to crop productivity and food security.
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