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ABSTRACT

Onion peel waste poses significant environmental pollution challenges. However, nanotechnology
offers a sustainable solution by transforming this waste into nano-fertilizers with targeted delivery,
specificity, and controlled release. This study synthesized zinc oxide nanoparticles (ZnONP) using
onion peel extract and characterized them through advanced techniques, including field emission
scanning electron microscopy (FE-SEM), Fourier transform infrared spectroscopy (FTIR), and
particle size distribution (PSD). FE-SEM analysis revealed spherical particles ranging from 95.35 to
124.5 nm, while PSD showed a size distribution between 50 to 400 nm with a zeta potential of -17.9
mV. FTIR analysis identified organic molecule capping from onion peel extract, indicated by bands
within 1000 - 1800 cm™. The synthesized ZnONP were tested as a nano-fertilizer on soybean
plants. At a concentration of 500 mg kg™!, ZnONP significantly improved soybean seed germination
by 75 % compared to control seeds. Additionally, they promoted root and shoot growth and
increased chlorophyll content in soybean leaves. Chlorophyll a, chlorophyll b, and total chlorophyll
levels improved by 55.7 %, 61.1 % and 57.5 % respectively, as a relative value compared to the
control condition. These findings demonstrate that ZnONP derived from onion peel waste can serve
as an effective nano-based nutrient source, offering an environmentally friendly approach to
improving agricultural productivity.
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INTRODUCTION leaching, drift, runoff, evaporation, soil

moisture hydrolysis, photolytic and microbial

Globally, fertilizer application is considered
one of the most effective factors for increasing
crop production and ensuring food security
[1]. Typically, spraying and broadcasting are
the two most common methods of applying
conventional fertilizers to crops. As a result of

degradation, a very low concentration reaches
the targeted site, which is much lower than the
minimum desired concentration. A significant
portion of the fertilizer content is lost to the
environment and cannot be utilized by plants,
resulting in economic and environmental
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losses [2, 3]. The excessive use of fertilizers
and pesticides leads to increased resistance of
pathogens and pests, reduced soil microflora,
decreased nitrogen fixation, and the
destruction of bird habitats due to pesticide
bioaccumulation [4]. To maximize crop
nutrition while minimizing environmental
pollution, it is essential to optimize the use of
chemical fertilization.  Therefore, other
fertilization methods can also be valuable in
providing the necessary nutrients for plants
grow and production, while keeping soils
healthy and the environment pollution-free [5].

Modern agriculture relies on inorganic
fertilizers after the green revolution. Synthetic
fertilizers are inorganic fertilizers used to
improve plant growth and increase crop yields.
They can be used through soil application,
foliar feeding, or fertigation (irrigation water).
The use of nano-fertilizers has been proposed
as a way to improve fertilizer use efficiency
through fertigation, precision fertilization, and
limited application [1].

Using nanotechnology, it is possible to build
smart fertilizers as new facilities to increase
nutrient use efficiency, ensuring
environmental sustainability, economic
stability, and reducing environmental pollution
cost by exploring nanoscale or nanostructured
materials as fertilizer carriers or controlled-
release vectors [6 - 8]. The word "nano" is a
prefix derived from the Greek word for
“dwarf” and refers to a particle smaller than
100 nanometers [9].

In the field of agriculture, nanoparticles are
increasingly used as fertilizers. These particles
are classified as conventional fertilizers using
primary (N, P, K) and secondary (Ca, Mg, Zn)
mayor components, which provide essential
microelements for plant growth. Various types
of nanomaterials are available, such as single-
walled and multi-walled nanotubes,
magnetized iron nanoparticles, copper (Cu)
[10 - 12], aluminium (Al) [13], silver (Ag) [14
- 16], gold (Au) [17, 18], zinc (Zn) and zinc
oxide (ZnO) [19 - 22], silica [23 - 25], cerium
oxide (Ce203) [26 - 28], and titanium dioxide
(TiO2) [29, 30]. Nano-fertilizers have the
potential to boost crop production through

improved seed germination, seedling growth,
and photosynthesis rate [31].

Plants require zinc as essential micronutrient.
Zinc is a major component of enzymes, a
cofactor in protein synthesis, and an energy
component in plants. ZnO nanoparticles
(ZnONP) are important for seed germination,
chlorophyll production, fertilization, and
pollen function [32]. Minimal concentration of
ZnONP has great potential for improving crop
growth and development [33]. Because these
nanoparticles are site-specific and have
controlled delivery, they offer significant
advantages over traditional fertilizer which can
leach and runoff due to rain [34, 35]. The
higher concentration of ZnONP did not disturb
soil microbes, such as nitrogen-fixing
microbes and methane-oxidizing microbes
[36]. The absence of zinc has negative effects
on the plant. In many plant species,
photosynthesis is inhibited by chlorosis,
slowed growth, and white necrotic spots on the
leaves [37, 38].

Copper (Cu) is another micronutrient that
plays an important role in agriculture by aiding
in several metabolic processes, such as
photosynthesis, and also due to its antifungal
action in preventing the development of crop
diseases [39]. An increase in seed germination
of Hordeum vulgare was reported in the
concentration range of 0.005 to 0.25 mg mL"
[40]. Various plants, such as Eruca sativa [41],
Lactuca sativa, and Raphanus sativus [42],
show a positive effect or no effect at low
concentrations of Cu nanoparticles, but an
inhibitory effect at high concentrations of Cu
nanoparticles.

Further studies show that iron nanoparticles,
such as magnetite (Fe304) and maghemite (y-
Fe>O3), improve fertilization efficiency in
cases of deficiencies. These nanoparticles
promote plant growth by regulating hormones
and antioxidant enzyme activity [43 - 46].
Considering the importance of metal nano-
fertilizers in  agriculture, zinc  oxide
nanoparticles can be synthesized by various
physical, chemical, and biological methods.
Biological methods are safe and eco-friendly.
The green synthesis method synthesizes zinc

78



R. Bhimanwar et al: Bio-inspired zinc oxide ..., Holistic Approach Environ. 16(2026) 2, pp. 77 — 92

oxide using plant extract, fungi, bacteria, and
microbes. Green synthesis reduces pollution
and saves the environment.

If zinc oxide nanoparticles are synthesized
using waste materials such as vegetable waste,
this represents not only a green synthesis but
also an eco-friendly approach. In 2019, the UN
reported that 931 million tons of kitchen food
waste were generated globally, with onion
peels being a common type of waste,
particularly in India [47].

Onion peels contain minerals such as K, Ca,
Mg, Fe, Zn, Mn, Se, total phenolic, flavonoids
(Quercetin), and lauric acid. Seed germination
plays an important role in the plant life cycle,
and quercetin has been proven to play a vital
role in the process of seed germination.
Quercetin is one of several flavonoids that act
as a signalling molecule, regulating gene
expression in genes that are involved in seed
dormancy and germination in plants [48]. In
photosynthesis, quercetin alleviates salt-
induced toxicity by maintaining chlorophyll
content and promoting better plant growth
[49]. As a powerful antioxidant, quercetin
strengthens the plant antioxidant mechanism,
providing tolerance to biotic and abiotic
stresses such as salinity and heavy metals [49,
50]. Overall, quercetin facilitates essential
plant growth processes such as seed
germination, pollen growth, antioxidant
defence, and photosynthesis, contributing to
improved plant growth and stress tolerance.

In this study, a green synthesis method was
used to synthesize ZnONP from onion peel.
Their use as nano-fertilizer on soybean growth
was studied to check their impact on seed
germination of selected crop, root and shoot
length, fresh and dry weight and chlorophyll
content.

MATERIALS AND METHODS

Zinc acetate (FINE CHEM industries,
Mumbai, India), sodium hydroxide (FINE
CHEM Industries, Mumbai, India), onion
peels from the vegetable market, Pimpri

market, Pune, and soybean seeds from the
local market were used for the purpose of this
study.

Preparation of onion peel extract

The onion peels obtained from the vegetable
market are cleaned several times with double-
distilled water to remove all dust. The onion
peels were completely dried in a hot air oven
at 40 °C for three days. Once completely dried,
the peels were ground into powder using a
home grinder. The powder was then sieved to
obtain a fine powder. Furthermore, 10 g of
dried onion peel powder was weighed and
mixed with 100 mL of double-distilled water,
heated at 60 °C for 20 min, with continuous
stirring for 24 h. It was later cooled to room
temperature and then passed through Whatman
filter paper (0.2 um). The filtrate was stored in
a refrigerator for further use. Quantitative and
qualitative examination of onion peel extract
was carried out using standard techniques.

Green synthesis of ZnONP using onion peel
extract

About 50 mL of 0.02 mol/L zinc acetate
solution was prepared and kept in a stirrer
(Figure 1). Parameters such as pH and amount
of onion peel extract were optimized, and pH
10 was used throughout the experiment. With
vigorous swirling, 0.5 mL of aqueous onion
peel extract was added dropwise with 50 mL
of zinc acetate solution and stirred with a
magnetic stirrer for two hours. A 2M sodium
hydroxide solution was used to maintain the
pH of the solution at 10 throughout the
experiment. The preparation of ZnONP was
indicated by a colour change from pale yellow
to white. To separate the solution from the
residue, the white mixture was centrifuged for
five minutes at 4000 rpm. The solution was
decanted and the precipitate was retained. To
remove contaminants from the pale white
precipitate, it was washed with ethanol and
double-distilled water. The resulting pale
white precipitate was dried in an oven to
obtain a completely dried powder.
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High Performance Liquid Chromatography
(HPLC) analysis of ZnONP

HPLC analysis of onion peel extract and green
synthesized ZnONP was performed using
quercetin as a standard. The mobile phase
consisted of methanol and 0.5 % ortho-
phosphoric acid in distilled water in a ratio of
70:30. The analysis was performed on a C18
column (4.6 mm x 160 mm x 5 pm) with a
flow rate of 1 mL/min, a PDA detector set at
375 nm, an injection volume of 20 uL, with a
total run time of 8 min. A stock solution of
quercetin was prepared by dissolving 1 mg of
quercetin (purchased from Sigma Aldrich) in
100 mL of HPLC-grade methanol, and serial
dilutions were made to achieve concentrations
ranging from 1 to 6 pg/mL to determine the
linearity range. A hydro-alcoholic onion peel
extract at 100pg/mL was also prepared for
analysis. For ZnONP, 1 mg of nanoparticles
was dissolved in 10 mL of methanol, sonicated
for 45 min, and then centrifuged at 3000 rpm
for 25 min. The resulting supernatant was
injected into the HPLC system for analysis.
Quantification was based on external 5-point
calibration curves with R? using reference
standards. All the samples were analysed three
times, and the results were expressed in pg/mg
of sample solvent.

Characterization of ZnONP

The synthesized ZnONP were morphologically
characterized by FESEM. Furthermore, these
particles were analysed for PSD by dynamic

light scattering method and FTIR. These
studies helped to confirm and identify the
formation of ZnONP. For FE-SEM,
NovaNano SEMNPEP303 was used. For
analysis, a green synthesized ZnONP powder
sample was made into a thin film using
carbon-coated tape. Excess powder was
removed with blotting paper. The film on the
SEM grid was then dried under a mercury
lamp and then used to determine the surface
structure of ZnONP. For Fourier-transform
infrared  spectroscopy  (FTIR) analysis
(Shimadzu), the sample and KBr was mixed in
the ratio of [1:100] and the measurement was
performed in the range of 400 to 4000 cm!
wavenumber scale. For zeta potential analysis
and particle size distribution, a nanoparticle
size analyser was used. The dried powder was
diluted with double-distilled water in a ratio of
10:1, and then double sonicated using a bath
sonicator (Ikon industries ultrasonic bath and
probe sonicator) for 5 min each, and then the
analysis was performed.

Seed treatment and growth conditions

An evaluation of seeds vitality was performed
by suspending seeds in water that had
undergone two distillations. Those seeds that
sank to the bottom were selected for further
study. The seeds were washed twice in double-
distilled water. The seeds were further divided
into four groups, and each group was soaked
for 10 - 12 h in control solution (untreated
aqueous solution), onion peel extract, and in
two different concentrations of ZnONP
suspensions, as shown in Table 1. The soaked
seeds were sown in different pots to assess
plant growth and development. No other
fertilizer or irrigation was applied during the
entire period.

Agricultural land in the Pune region served as
the soil for the experiment. The coarse-grained
soil with a loamy-sandy texture was sieved
and a sample was taken for further physico-
chemical analysis.
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Table 1. Groups of seeds soaked in different

solutions
Groups Solution
Group 1 Control
Group 2 Aqueous onion peel extract
Group 3 ZnONP
p (concentration - 200 mg kg™")
Group 4 ZnONP
P (concentration - 500 mg kg

Plant growth measurements
Root length and shoot length

Plants in each group were carefully uprooted
from the soil two weeks after sowing the seeds
(14-days-old plants). Four to five plants in
each group with intact roots and shoots were
carefully uprooted from the soil. The roots of
the plants were carefully shaken to remove
excess soil, and the shoots were cut just above
the soil surface. Clumps of soil trapped
between the roots were also removed. After
transferring the roots to a beaker and gently
shaking the roots in water, the roots were
cleaned with a brush. Roots were extracted
from the soil extract and further processed to
determine root length, while the shoot length
was measured on a meter scale. Root length
was measured from the point below the
hypocotyls to the tip of the root. Shoot length
was measured from the base of the cotyledons.
A thread and scale were used to measure root
and shoot lengths.

Percentage of seed germination

Germination percentage is an estimate of the
viability of a seed population. The following
equation was used to calculate the germination
percentage:

GP = seeds germinated / total seeds that were
planted x 100

Relative seed germination rate was also
calculated by considering the ratio of Ns

(number of seeds that germinated in the
sample) and Nc (number of seeds that
germinated in the control).

Fresh weight and dried weight

The fresh weight of the roots and shoots of the
plants was measured using an electric balance.
Furthermore, both roots and shoots were sun-
dried for 8 days, after which the weights of the
plants were measured again in order to
construct a growth graph for analysis.

Chlorophyll estimation method

Fresh leaf extracts were homogenized in 80 %
acetone solution. A calcium carbonate solution
was added to stabilize the chlorophyll content.
The residue was filtered. Using a UV/visible
spectrophotometer, measurements were made
at 663 nm and 645 nm on a 10 ml filtered
solution. The experiment was carried out with
three replicates; each replicate contained about
five seedlings per sample or treatment. The
content of chlorophyll pigments was
calculated using the following equations [51]:

Ca (mg g''fresh leaf) = 0.0127x D663 -
0.00269% D645

Cp (mg g fresh leaf) = 0.0299 x D645 -
0.00468 x D663

Ca - chlorophyll a, Cy - chlorophyll b

Statistical analysis

Data were statistically analysed using
GraphPad Prism 8. The standard error was
calculated, and one-way analysis of variance
(ANOVA) was performed on the data with
four replicates to determine the level of
significant difference between treatment and
control. The significance level for the data was
*¥HREXP < 0.0001, ***P < 0.001, **P < 0.01,
and ns P > 0.05.
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RESULTS AND DISCUSSION

Green synthesis of ZnONP

The addition of zinc acetate dihydrate to
Allium cepa peel extract triggered a series of
physicochemical changes, including a rapid
colour change within minutes. Due to its
natural pigments and phytochemicals, the
extract is originally yellow in colour. During
this process, the colour may change from pale
yellow to light brown or off-white, indicating
the formation of zinc oxide nanoparticles. As a
result of the interaction between the bioactive
compounds in the extract and zinc acetate
dihydrate, where phytochemicals act as natural
reducing and stabilizing agents, the colour of
the extract changed from pale yellow to off-
white. When dissolved in water or plant
extract, zinc acetate dihydrate dissociates into
Zn** (zinc ions) and acetate ions (CHsCOO").
In addition, the interaction between bioactive
compounds in the extract and zinc acetate
dihydrate reduces Zn?" ions and forms zinc
hydroxide, which is then dehydrated to form
ZnONP [52, 53]. As a result of this process, it
has been shown that plant-based extracts can
be used as natural reducing and stabilizing
agents in the green synthesis of nanoparticles.
The colour changes of the reaction mixture
from pale yellow to pale white indicates and
confirms the formation of ZnO NP (Figure 2).

Figure 2. Synthesis of ZnONP: a) before, b)
after

HPLC analysis of onion peel extract and
synthesized ZnONP

For the determination and quantification of
specific phytochemicals that are responsible
for reducing and capping process in the
preparation of ZnONP, the HPLC study was
performed. In this study, the HPLC procedure
was optimized for efficient quantification of
quercetin in synthesized ZnONP [54]. Under
the optimized conditions, a sharp and well-
defined peak for quercetin was observed at a
retention time of 5.808 min (Figure 3a) in
standard solution with linearity in the range of
1 - 6 pg/mL and a regression coefficient (R?)
of 0.9971 (Figure 3b). The hydro-alcoholic
onion peel extract showed a peak at a retention
time of 5.738 min (Figure 3c) and the
synthesized ZnONP also showed the presence
of plant growth-promoting substance, i.e.
quercetin with a peak at a retention time of
5.858 min (Figure 3d). The identification of
quercetin in the onion peel extract was
confirmed by comparing the retention time of
the sample chromatogram with that of the
reference standard. The quercetin peak in the
sample solution matched the retention time of
the standard solution, confirming the presence
of quercetin in the hydro-alcoholic onion peel
extract and synthesized ZnONP. The results of
HPLC quantification (Table 2) indicate the
presence of quercetin in ZnONP with a
concentration of 2.4 pg/mg DW. The presence
of flavonoids derivatives on the surface of
nanoparticles is consistent with the results of
previously published articles that quantify the
flavonoids in various green synthesized
nanoparticles using HPLC [54 - 56].

Table 2. HPLC analysis of the biosynthesized

ZnONP
Peak Ret. time Area Concentration
ZnONP 5.858 26522 2.4 pg/mg DW
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Figure 3. Quantification of quercetin a) chromatogram of standard quercetin, b) linearity graph for
standard quercetin, c) onion peel extract d) synthesized ZnONP

Results of characterization of ZnONP

Morphological analysis of ZnONP by FE-SEM

A SEM analysis was performed to analyse the
structure  of  synthesized zinc  oxide
nanoparticles using onion extract. SEM images
show the size and the aggregation of
nanoparticles. The average size of the
nanoparticles ranged from 95.35 to 124.5 nm
and had a spherical shape, as shown in Figure

Figure 4. FE-SEM image of ZnONP
synthesized from onion peel extract. Green
text represents the size of the nanoparticles

Since the synthesized nanoparticles are smaller
in size, they are uniform in nature and less
particles aggregation is observed. Thus, the
use of plant extract for formation of metal
nanoparticles provides a dual benefit in cost
and also acts as reducing/capping agent [57].

Particle size distribution of ZnONP

Figure 5 shows a graph of the particle size
distribution of ZnONP. The particle size
distribution of the synthesized ZnONP varied
from 100 to 400 nm. The findings were
consistent ~ with  previously  produced
nanoparticles [58, 59]. ZnONP synthesized by
a green method with an average particle size
ranging from 58 to 94.36 nm in diameter were
also reported [60]. The overall particle size
appears to be larger than the actual size of the
nanoparticle due to agglomeration of particles,
resulting in the formation of larger particles.
The average particle size was 214.7 nm, and
the zeta potential was -17.9 mv. The polarity
was found to be negative, and therefore it was
found to be stable.
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Figure 5. a) ZnONP particle size distribution graph, b) zeta potential of ZnONP

FTIR study of synthesized ZnONP

The peak at 639.75 cm™ corresponds to the
Zn-O bond and indicates the formation of
ZnONP. Additional peaks at 2778.05 cm ™! and
1576.31 cm™! were observed, corresponding to
C-H stretching vibrations and stretching
vibration peaks for C=O. The stretching
vibrations of C-O at 1008.77 cm ! were
observed (Figure 6). The appearance of a band
in the spectrum ranging from 639.75cm™ to
1008.77 cm™ is related to the formation of
ZnONP, and the findings are in good
agreement with the literature [61, 62].
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Figure 6. FTIR spectra of ZnONP

Results of plant growth measurements
Soil analysis

The properties of the soil used in the study are
shown in Table 3.

Table 3. Physicochemical properties of the soil

Parameter Content
Total nitrogen 0.75 %

Phosphorous (kg m) 0.001186
Potassium (kg m) 0.08894

oH 6.98

Sulphur (mg kg!) 15.85

Zn (mg kg™ 3.8
Fe (mg kg™") 7.98
Mn (mg kg™ 28.75
Cu (mg kg™) 2

Percentage of seed germination

Seed germination is a crucial process that
affects crop yield and quality. To improve
these, it 1s of great significance to understand
the molecular aspects of seed dormancy and
germination. The result of the seed
germination rate is shown in Figure 7. 50 % of
the seedlings germinated when the control
solution was used, while 33.33 % germinated
when the aqueous onion peel extract was used,
which increased to 66.6 % when the
nanoparticles were added at a dose of 200 mg
kg!. The highest percentage of seed
germination (75 %) was observed after
treatment with nanoparticles at a concentration
of 500 mg kg!. In conclusion, the obtained
results indicate that an optimal concentration
of Zn, along with the onion peel extract, is
required for seeds to germinate at the best
possible rate. Moreover, ZnONP may alleviate
both abiotic and biotic stresses in plants, and
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also serve as bio stimulants, increasing
germination rates and overall plant growth
[63].

80 ZnONP (200
. = mg kg'")
s o= ZnONP (500
£ 60 mg kg )
E R Control
2 40 B3 Extract
g
= 20

0

T

Figure 7. Effect of ZnONP on soybean seed
germination. All the data are the mean of five
replicates (n = 3), and vertical bars show
standard errors (+ SE)

Furthermore, this study showed that in the
absence of Zn, seed germination was reduced
when seeds were treated with onion skin
extract alone. The low germination percentage
observed in seeds treated with onion peel
extract may be due to the presence of
allelochemicals in the onion peel extract,
which could affect seed germination [64, 65].
Previous studies have found that onion peel
extract inhibits the growth of mustard and

garden cress seeds [66]. At higher
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Root Fresh Mass

concentrations of onion peel extract, the
increase in inhibitory substances is more
pronounced and can drastically change critical
physiological  processes  necessary  for
germination. At lower concentrations, the
presence of fewer bioactive compounds makes
it less inhibitory compared to higher
concentrations [67]. Therefore, the pattern of
effects of onion peel extract is concentration-
dependent, indicating possible allelopathic
effects of the onion peel extract [68].

Root and shoot length

The results of the study showed a significant
increase in plant growth after the application
of zinc nano-fertilizer. The maximum sapling
root length of 6.3 cm was observed at a
ZnONP concentration of 500 mg kg™ on the
14" day after planting (Figure 8a). The
maximum sapling shoot length of 4.5 cm was
also observed at a ZnONP concentration of
500 mg kg! (Figure 8b). Compared to saplings
treated with control solution and onion peel
extract, saplings treated with ZnONP had
longer roots and shoots.

ZnONP (200
mg kg")
ZnONP (500
mg kg'")

I Control

O3 Extract

Root Dry Mass

shoot Fresh mass Shoot Dry mass

Figure 8. Effect of ZnONP on: a) root length, fresh and dry weight of roots, b) shoot length, fresh
and dry weight of shoots of soybean plants. All data are the mean of five replicates (n = 3), and
vertical bars show standard errors (= SE)
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Furthermore, the maximum fresh weight of
roots and shoots was obtained at 500 mg kg™!,
i.e. 0.14 g and 0.72 g, respectively. The fresh
weight of roots and shoots of control saplings
was lower, i.e., 0.05 g and 0.33 g, respectively.
In the case of soybean roots, the maximum dry
weight was 0.100 g at a ZnONP concentration
of 500 mg kg!, and the lowest dry weight was
0.03 g when onion peel extract was applied
(Figure 8a). Regarding shoot dry weight, the
highest value of 0.60 g was obtained with a
ZnONP concentration of 500 mg kg (Figure
8b), while the lowest value was obtained in the
case of the control.

Therefore, it can be concluded that Zn is a
micronutrient needed by the plant and that it
promotes plant growth, but at higher
concentrations these nanoparticles can lead to
phytotoxicity. It can induce enzyme and auxin
production, promoting protein synthesis and
carbohydrate metabolism. It also facilitates
starch synthesis and chlorophyll synthesis and
promotes normal growth and maturation of
seeds and stalks [69, 70]. In addition, quercetin
helps maintain plant health and processes such
as photosynthesis, pollen production, and seed
germination, and protects plants from biotic
and abiotic stresses, such as salinity, heavy
metals, and UV radiation, due to its strong
antioxidant capabilities [71, 50]. Furthermore,
toxicity can result in short roots and shoots,
leading to reduced weight, which can
ultimately affect the plant growth [72, 73].

Chlorophyll content estimation

Chlorophylls are light-harvesting pigments
that are an integral part of the photosynthetic
process. Chlorophyll concentration data will
provide information on the photosynthetic
potential of the plant. The effects of ZnONP
on the difference in the chlorophyll pigments
content of the soybean plant were investigated
and shown in Figure 9. The results show that
ZnONP at a concentration of 500 mg kg™
increased chlorophyll content in soybean
leaves compared to the control solution.
Compared to the control, chlorophyll a
increased by approximately 55.7 % (from
0.0106 mg g to 0.0165 mg g*), chlorophyll b

increased by 61.1 % (from 0.0054 mg g' to
0.0087 mg g'), and the total chlorophyll
content increased by 57.5 % (from 0.0160 mg
g ' to 0.0252 mg g"). These findings suggest
that ZnONP treatment significantly increases
chlorophyll accumulation in soybean leaves.
Consequently, it is likely that these results are
due to the improvement of the nutrient uptake
of the nano-fertilizer and are consistent with
some of the previous results [74]. The process
of photosynthesis is one of the most important
physiological processes in plants and directly
affects plant growth, biomass, yield, and
quality.

0.03A
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0.02 B3 ZnONP(200 mg kg')
22 ZnONP(500 mg kg ')
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Figure 9. Effect of ZnONP on the content of
chlorophyll a, chlorophyll b, and the total
chlorophyll in soybean leaves. All data are the
mean of five replicates (n = 3), and vertical
bars show standard errors (= SE)

CONCLUSION

Green synthesis of ZnONP using onion peel
extract is a simple, cost-effective, and
environmentally friendly way to form ZnONP,
and has proven to be suitable for application in
agricultural fields due to the simplicity of the
process [75, 76].

Based on FE-SEM analysis, the particles were
found to be nano-sized (95.05 nm) and
spherical in shape. The results of this study
show that ZnONP has a greater impact on
soybean seed germination and chlorophyll
content than treatment with control solution
and onion peel extract. The effects of
nanoparticles on plants are synergistic, as
plants treated with ZnONP showed an increase
in growth and development.
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In addition, this
researchers  in

study may help other
further research and

development of ZnONP as an environmentally
friendly and sustainable approach with a high
potential for commercialization in the coming

years.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

S.L. Tisdale, W.L. Nelson, J.D. Beaton,
Soil Fertility and Fertilizer, 4™ edition,
Macmillan Publishing Company, New
York, 1985.

P. Solanki, A. Bhargava, H. Chhipa, N.
Jain, J. Panwar, Nano-fertilizers and
their ~smart delivery system, in:
Nanotechnology in Food and
Agriculture, eds.: M. Rai, C. Ribeiro, L.
Mattoso, N. Duran, Springer, Cham,
2015, 81-101.
https://doi.org/10.1007/978-3-319-
14024-7_4

M.E. Trenkel, Controlled-Release and
Stabilized Fertilizers in Agriculture,
International Fertilizer Industry
Association, Paris, 1997.

A. Kahmen, J. Perner, V. Audorff, W.
Weisser, N. Buchmann, Effects of plant
diversity, community composition and
environmental parameters on
productivity in montane European
grasslands, Oecologia 142(2005), 606-
615. https://doi.org/10.1007/s00442-004-
1749-2

M. Miransari, Soil microbes and plant
fertilization, Applied Microbiology and

Biotechnology  92(2011),  875-885.
https://doi.org/10.1007/s00253-011-
3521-y

R. Liu, R. Lal, Potentials of engineered
nanoparticles as fertilizers for increasing
agronomic productions, Science of the
Total Environment 514(2015), 131-139.
https://doi.org/10.1016/j.scitotenv.2015.
01.104

R. Raliya, V. Saharan, P. Dhipmka, P.
Biswas, Nanofertilizer for precision and
sustainable agriculture: current state and
future  perspectives, Journal  of
Agricultural and Food Chemistry
66(2018) 26, 6487-6503.
https://doi.org/10.1021/acs.jafc.7b02178

[8]

[9]

[10]

[11]

[12]

[13]

A.A. Feregrino-Perez, E. Magaia-
Lopez, C. Guzman, K. Esquivel, A
general overview of the benefits and
possible negative effects of
nanotechnology in horticulture, Scientia
Horticulturae ~ 238(2018),  126-137.
https://doi.org/10.1016/j.scienta.2018.03.
060

K.N. Thakkar MS, S.S Mhatre MS, R.Y.
Parikh MS, Biological synthesis of
metallic nanoparticles, Nanomedicine:
Nanotechnology, Biology and Medicine
6(2010) 2, 257-262.
https://doi.org/10.1016/j.nan0.2009.07.0
02

M. Mustafa, M. Azam, H.N. Bhatti, A.
Khan, L. Zafar, AM.R. Abbasi, Green
fabrication of copper nano-fertilizer for
enhanced crop yield in cowpea cultivar:
a sustainable approach, Biocatalysis and
Agricultural Biotechnology 56(2024),
Article 102994,
https://doi.org/10.1016/j.bcab.2023.1029
94

D.V. Francis, N. Sood, T. Gokhale,
Biogenic CuO and ZnO nanoparticles as
nanofertilizers for sustainable growth of
Amaranthus hybridus, Plants 11(2022)
20, Article 2776.
https://doi.org/10.3390/plants11202776
M.A.S. Raza, J. Amin, M. Valipour, R.
Igbal, M.U. Aslam, B. Zulfiqar, F.
Muhammad, M.A. Ibrahim, A.A. Al-
Ghamdi, M.S. Elshikh, J. Igbal, M.
Toleikiene, ~ H.H.  Elsalahy, Cu-
nanoparticles enhance the sustainable
growth and yield of drought-subjected
wheat through physiological progress,
Scientific Reports 14(2024), Article
14254. https://doi.org/10.1038/s41598-
024-62680-1

F. Alghofaili, H. Tombuloglu, M.A.
Almessiere, M. Alsaeed, G. Tombuloglu,
S. Akhtar, A. Baykal, M.V. Cetiz, H.
Turumtay,  Growth-promoting  and
genotoxic effect of a potential nano
fertilizer (magnesium aluminum oxide):
a double-edged sword, Journal of Soil
Science and Plant Nutrition 25(2025),
3815-3829.
https://doi.org/10.1007/s42729-025-
02368-1

87


https://doi.org/10.1007/978-3-319-14024-7_4
https://doi.org/10.1007/978-3-319-14024-7_4
https://doi.org/10.1007/s00442-004-1749-2
https://doi.org/10.1007/s00442-004-1749-2
https://doi.org/10.1007/s00253-011-3521-y
https://doi.org/10.1007/s00253-011-3521-y
https://doi.org/10.1016/j.scitotenv.2015.01.104
https://doi.org/10.1016/j.scitotenv.2015.01.104
https://doi.org/10.1021/acs.jafc.7b02178
https://doi.org/10.1016/j.scienta.2018.03.060
https://doi.org/10.1016/j.scienta.2018.03.060
https://doi.org/10.1016/j.nano.2009.07.002
https://doi.org/10.1016/j.nano.2009.07.002
https://doi.org/10.1016/j.bcab.2023.102994
https://doi.org/10.1016/j.bcab.2023.102994
https://doi.org/10.3390/plants11202776
https://doi.org/10.1038/s41598-024-62680-1
https://doi.org/10.1038/s41598-024-62680-1
https://doi.org/10.1007/s42729-025-02368-1
https://doi.org/10.1007/s42729-025-02368-1

R. Bhimanwar et al: Bio-inspired zinc oxide ..., Holistic Approach Environ. 16(2026) 2, pp. 77 — 92

[14]

[15]

[16]

[17]

[18]

[19]

[20]

C. Krishnaraj, E.G. Jagan, R.

Ramachandran, S.M. Abirami, N.
Mohan, P.T. Kalaichelvan, Effect of
biologically synthesized silver
nanoparticles on Bacopa monnieri

(Linn.) Wettst. plant growth metabolism,
Process Biochemistry 47(2012) 4, 651-
658.
https://doi.org/10.1016/j.procbio.2012.01
-006

M. Igbal, N.I. Raja, Z.U.R. Mashwani,
M. Hussain, M. Ejaz, F. Yasmeen, Effect
of silver nanoparticles on growth of
wheat under heat stress, Iranian Journal
of Science and Technology, Transactions
A:  Science  43(2019), 387-395.
https://doi.org/10.1007/s40995-017-
0417-4

R.  Anand, M. Bhagat, Silver
nanoparticles (AgNPs): as
nanopesticides and nanofertilizers, MOJ
Biology and Medicine 4(2019) 1, 19-20.
https://doi.org/10.15406/mojbm.2019.04.
00107

H. Kang, Y.-G. Hwang, T.-G. Lee, C.-R.
Jin, C.H. Cho, H.-Y. Jeong, D.-O. Kim,
Use of gold nanoparticle fertilizer
enhances the ginsenoside contents and
anti-inflammatory effects of red ginseng,
Journal of  Microbiology and
Biotechnology 26(2016) 10, 1668-1674.
https://doi.org/10.4014/jmb.1604.04034
S. Arora, P. Sharma, S. Kumar, R.
Nayan, P.K. Khanna, M.G.H. Zaidi,
Gold-nanoparticle induced enhancement
in growth and seed yield of Brassica
juncea, Plant Growth Regulation
66(2012), 303-310.
https://doi.org/10.1007/s10725-011-
9649-z

M. Sedghi, M. Hadi, S.G. Toluie, Effect
of nano zinc oxide on the germination
parameters of soybean seeds under
drought stress, Annals of West
University of Timisoara, ser. Biology,
16(2013) 2, 73-78.

M.A. Nazir, M. Hasan, G. Mustafa, T.
Tarig, M.M. Ahmed, R.G. Dehno, M.
Ghorbanpou, Zinc oxide nano-fertilizer
differentially effects on morphological
and physiological identity of redox-
enzymes and biochemical attributes in

[21]

[22]

[23]

[24]

[25]

[26]

[27]

wheat (Triticum aestivum L.), Scientific
Reports  14(2024), Article 13091,
https://doi.org/10.1038/s41598-024-
63987-9

D.E. Elsherif, E. Abd-ElShafy, A.M.
Khalifa, Impacts of ZnO as a
nanofertilizer on fenugreek: some
biochemical parameters and SCoT
analysis, Journal of Genetic Engineering
and Biotechnology, 21(2023) 1, Article
52. https://doi.org/10.1186/s43141-023-
00501-0

M. Yuvaraj, K.S. Subramanian, J.
Cyriac, Efficiency of zinc oxide
nanoparticles as controlled release
nanofertilizer for rice (Oryza sativa L.),
Journal of Plant Nutrition 46(2023) 18,
4477-4493.
https://doi.org/10.1080/01904167.2023.2
233561

H. Naaz, K. Rawat, P. Saffeullah, S.
Umar, Silica nanoparticles synthesis and
applications in agriculture for plant
fertilization and protection: a review,
Environmental Chemistry Letters
21(2023), 539-559.
https://doi.org/10.1007/s10311-022-
01515-9

A. Rastogi, D.K. Tripathi, S. Yadav,
D.K. Chauhan, M. Zivéak, M.
Ghorbanpour, N.I.  El-Sheery, M.
Brestic,  Application  of  silicon
nanoparticles in agriculture, 3 Biotech
9(2019), Article 90.
https://doi.org/10.1007/s13205-019-
1626-7

O.M. Elshayb, A.M. Nada, H.M.
Ibrahim, H.E. Amin, A.M. Atta,
Application of silica nanoparticles for
improving growth, yield, and enzymatic
antioxidant for the hybrid rice EHRI
growing under water regime conditions,
Materials 14(2021) 5, Article 1150.
https://doi.org/10.3390/mal14051150

M. Pietrzak, E. Skiba, W.M. Wolf, Root-
applied cerium oxide nanoparticles and
their specific effects on plants: a review,
International Journal of Molecular
Sciences 25(2024) 7, Article 4018.
https://doi.org/10.3390/ijms25074018
M.H.Z. Mohammadi, S. Panahirad, A.
Navai, M.K. Bahrami, M. Kulak, G.

88


https://doi.org/10.1016/j.procbio.2012.01.006
https://doi.org/10.1016/j.procbio.2012.01.006
https://doi.org/10.1007/s40995-017-0417-4
https://doi.org/10.1007/s40995-017-0417-4
https://doi.org/10.15406/mojbm.2019.04.00107
https://doi.org/10.15406/mojbm.2019.04.00107
https://doi.org/10.4014/jmb.1604.04034
https://doi.org/10.1007/s10725-011-9649-z
https://doi.org/10.1007/s10725-011-9649-z
https://doi.org/10.1038/s41598-024-63987-9
https://doi.org/10.1038/s41598-024-63987-9
https://doi.org/10.1186/s43141-023-00501-0
https://doi.org/10.1186/s43141-023-00501-0
https://doi.org/10.1080/01904167.2023.2233561
https://doi.org/10.1080/01904167.2023.2233561
https://doi.org/10.1007/s10311-022-01515-9
https://doi.org/10.1007/s10311-022-01515-9
https://doi.org/10.1007/s13205-019-1626-7
https://doi.org/10.1007/s13205-019-1626-7
https://doi.org/10.3390/ma14051150
https://doi.org/10.3390/ijms25074018

R. Bhimanwar et al: Bio-inspired zinc oxide ..., Holistic Approach Environ. 16(2026) 2, pp. 77 — 92

[28]

[29]

[30]

[31]

[32]

Gohari, Cerium oxide nanoparticles
(Ce0O2-NPs) improve growth parameters
and antioxidant defense system in
Moldavian  balm  (Dracocephalum
moldavica L.) under salinity stress, Plant
Stress  1(2021),  Article  100006.
https://doi.org/10.1016/j.stress.2021.100
006

N.M. Ahmad, N.A. Hasan, Synthesis of
green cerium oxide nanoparticles using
plant waste from Colocasia esculenta for
seed germination of mung bean (Vigna
radiata), Journal of Nanotechnology
2023(2023), Article 9572025.
https://doi.org/10.1155/2023/9572025
M.S. Zaheer, H.H. Ali, S. Manoharadas,
A. Hameed, H. Riaz, M.A. Manzoor, S.
Rehman, M.W. Riaz, S. Sabir, A. Munir,
M.I. Akram, R. Igbal, Exploring the
impact of titanium dioxide nanoparticles
(nTiO2) at varied concentrations in

combination with Azospirillum
brasilense on wheat growth and
physiology, Journal of King Saud

University - Science 36(2024), Article
103189.
https://doi.org/10.1016/j.jksus.2024.1031
89

D. Acosta-Slane, A.C. Gonzalez-Franco,
J. Hernandez-Huerta, H. Castillo-Michel,
J. Reyes-Herrera, E. Sanchez-Chavez,
M.C. Valles-Aragén, Titanium dioxide
nanoparticles (TiO2-NPs) effect on
germination and morphological
parameters in alfalfa, tomato, and
pepper, Notulae Botanicae  Horti
Agrobotanici Cluj-Napoca 52(2024) 2,
Article 13634.
https://doi.org/10.15835/nbha52213634
Y. Kumar, K.N. Tiwari, T. Singh, R.
Raliya, Nanofertilizers and their role in
sustainable agriculture, Annals of Plant
and Soil Research 23(2021) 3, 238-255.
https://doi.org/10.47815/apsr.2021.1006
7

U. Song, J. Kim, Zinc oxide
nanoparticles: a potential micronutrient
fertilizer for horticultural crops with
little toxicity, Horticulture, Environment,
and Biotechnology 61(2020), 625-631.
https://doi.org/10.1007/s13580-020-
00244-8

[33]

[34]

[35]

[36]

[37]

[38]

[39]

K. Subham, J. Kaur, M. Chakroborty,
S.G.A. Manuel, N. Pradeep, Green
synthesis of zinc oxide nanoparticles
using the extracts of Calotropis
gigantea, Foeniculum vulgare, and
Murraya koenigii and their antimicrobial

properties, Journal of  Advanced
Scientific Research 11(2020) 3, 183-188.

N. Milani, M.J. McLaughlin, S.P.
Stacey, J.K. Kirby, G.M. Hettiarachchi,
D.G. Beak, G. Cornelis, Dissolution
kinetics of macronutrient fertilizers

coated with manufactured zinc oxide
nanoparticles, Journal of Agricultural
and Food Chemistry 60(2012) 16, 3991-
3998. https://doi.org/10.1021/j£205191y
N.C.T. Martins, A. Avellan, S.
Rodrigues, D. Salvador, S.M. Rodrigues,
T. Trindade, Composites of biopolymers
and ZnO NPs for controlled release of
zinc in agricultural soils and timed
delivery for maize, ACS Applied Nano
Materials  3(2020) 3, 2134-2148.
https://doi.org/10.1021/acsanm.9b01492
J. Xu, X. Luo, Y. Wang, Y. Feng,
Evaluation of zinc oxide nanoparticles
on lettuce (Lactuca sativa L.) growth
and  soil  bacterial community,
Environmental Science and Pollution
Research 25(2018), 6026-6035.
https://doi.org/10.1007/s11356-017-
0953-7

A. Tymoszuk, J. Wojnarowicz, Zinc
oxide and zinc oxide nanoparticles
impact on in vitro germination and
seedling growth in Allium cepa L.,
Materials 13(2020) 12, Article 2784.
https://doi.org/10.3390/mal13122784

F. Aslani, S. Bagheri, N.M. Julkapli,
A.S. Juraimi, F.S.G. Hashemi, A.
Baghdadi, Effects of engineered
nanomaterials on plant growth: an
overview, The Scientific World Journal
2014(2014), Article 641759.
https://doi.org/10.1155/2014/641759

D. Fernandez-Calviiio, J.C. Novoa-
Muioz, M. Diaz-Ravifia, M. Arias-
Estévez, Copper accumulation and
fractionation in vineyard soils from
temperate humid zone (NW Iberian
Peninsula), Geoderma 153(2009) 1-2,
119-129.

89


https://doi.org/10.1016/j.stress.2021.100006
https://doi.org/10.1016/j.stress.2021.100006
https://doi.org/10.1155/2023/9572025
https://doi.org/10.1016/j.jksus.2024.103189
https://doi.org/10.1016/j.jksus.2024.103189
https://doi.org/10.15835/nbha52213634
https://doi.org/10.47815/apsr.2021.10067
https://doi.org/10.47815/apsr.2021.10067
https://doi.org/10.1007/s13580-020-00244-8
https://doi.org/10.1007/s13580-020-00244-8
https://doi.org/10.1021/jf205191y
https://doi.org/10.1021/acsanm.9b01492
https://doi.org/10.1007/s11356-017-0953-7
https://doi.org/10.1007/s11356-017-0953-7
https://doi.org/10.3390/ma13122784
https://doi.org/10.1155/2014/641759

R. Bhimanwar et al: Bio-inspired zinc oxide ..., Holistic Approach Environ. 16(2026) 2, pp. 77 — 92

[40]

[41]

[42]

[43]

[44]

[45]

https://doi.org/10.1016/j.geoderma.2009.
07.024

O. Kadri, I. Karmous, O. Kharbech, H.
Arfaoui, A. Chaoui, Cu and CuO
nanoparticles affected the germination
and the growth of barley (Hordeum
vulgare L.) seedling, Bulletin of
Environmental =~ Contamination  and
Toxicology, 108(2022), 585-593.
https://doi.org/10.1007/s00128-021-
03425-y

M. Zaka, B.H. Abbasi, L.-ur Rahman, A.
Shah, M. Zia, Synthesis and
characterisation of metal nanoparticles
and their effects on seed germination and
seedling growth in commercially
important Eruca sativa, IET
Nanobiotechnology 10(2016), 3 134-
140. https://doi.org/10.1049/iet-
nbt.2015.0039

K.-S. Ko, I.C. Kong, Toxic effects of
nanoparticles on  bioluminescence
activity, seed germination, and gene
mutation, Applied Microbiology and
Biotechnology 98(2014), 3295-3303.
https://doi.org/10.1007/s00253-013-
5404-x

H. Tombuloglu, N. Albenayyan, Y.
Slimani, S. Akhtar, G. Tombuloglu, M.
Almessiere, A. Baykal, I. Ercan, H.
Sabit, A. Manikandan, Fate and impact
of maghemite (y-FeOs) and magnetite
(FesO4)  nanoparticles in  barley
(Hordeum wvulgare L.), Environmental
Science and  Pollution  Research
29(2022), 4710-4721.
https://doi.org/10.1007/s11356-021-
15965-1

R. Gonzélez-Feijoo, A. Rodriguez-Seijo,
D. Fernandez-Calviio, M. Arias-
Estévez, D. Arenas-Lago, Use of three
different nanoparticles to reduce Cd
availability in soils: effects on
germination and early growth of Sinapis
alba L., Plants 12(2023) 4, Article 801.
https://doi.org/10.3390/plants 12040801
A.G. Kaningini, A.M. Nelwamondo, S.
Azizi, M. Maaza, K.C. Mohale, Metal
nanoparticles in agriculture: a review of
possible use, Coatings 12(2022) 10,
Article 1586.

[46]

[47]

[48]

[49]

[50]

[51]

[52]

https://doi.org/10.3390/coatings1210158
6

A. Rodriguez-Seijo, C. Soares, S.
Ribeiro, B.F. Amil, C. Patinha, A.
Cachada, F. Fidalgo, R. Pereira, Nano-
Fe20s as a tool to restore plant growth in
contaminated soils - assessment of
potentially toxic elements
(bio)availability and redox homeostasis
in Hordeum vulgare L., Journal of
Hazardous Materials 425(2022), Article
127999.
https://doi.org/10.1016/j.jhazmat.2021.1
27999

S. Sabir, M. Arshad, S.K. Chaudhari,
Zinc oxide nanoparticles for
revolutionizing agriculture: synthesis

and applications, The Scientific World
Journal 2014(2014), Article 925494.
https://doi.org/10.1155/2014/925494

M. Corso, F. Perreau, G. Mouille, L.
Lepiniec, Specialized phenolic
compounds in  seeds:  structures,

functions, and regulations, Plant Science
296(2020), Article 110471.
https://doi.org/10.1016/j.plantsci.2020.1
10471

K. Parvin, M. Hasanuzzaman, M.H.M.B.
Bhuyan, S.M. Mohsin, M. Fujita,
Quercetin mediated salt tolerance in
tomato through the enhancement of plant
antioxidant defense and glyoxalase
systems, Plants 8(2019) 8, Article 247.
https://doi.org/10.3390/plants8080247

P. Singh, Y. Arif, A. Bajguz, S. Hayat,
The role of quercetin in plants, Plant
Physiology and Biochemistry 166(2021),
10-19.
https://doi.org/10.1016/j.plaphy.2021.05.
023

D.I. Arnon, Copper enzymes in isolated
chloroplasts. Polyphenoloxidase in Beta
vulgaris, Plant Physiology 24(1949) 1,
1-15. https://doi.org/10.1104/pp.24.1.1
M.F. Islam, S. Islam, M.A.S. Miah,
AK.O. Huq, AXK. Saha, Z.J. Mou,
M.M.H. Mondol, M.N.I. Bhuiyan, Green
synthesis of zinc oxide nanoparticles
using Allium cepa L. waste peel extracts
and its antioxidant and antibacterial
activities, Heliyon 10(2024) 3, Article
€25430.

90


https://doi.org/10.1016/j.geoderma.2009.07.024
https://doi.org/10.1016/j.geoderma.2009.07.024
https://doi.org/10.1007/s00128-021-03425-y
https://doi.org/10.1007/s00128-021-03425-y
https://doi.org/10.1049/iet-nbt.2015.0039
https://doi.org/10.1049/iet-nbt.2015.0039
https://doi.org/10.1007/s00253-013-5404-x
https://doi.org/10.1007/s00253-013-5404-x
https://doi.org/10.1007/s11356-021-15965-1
https://doi.org/10.1007/s11356-021-15965-1
https://doi.org/10.3390/plants12040801
https://doi.org/10.3390/coatings12101586
https://doi.org/10.3390/coatings12101586
https://doi.org/10.1016/j.jhazmat.2021.127999
https://doi.org/10.1016/j.jhazmat.2021.127999
https://doi.org/10.1155/2014/925494
https://doi.org/10.1016/j.plantsci.2020.110471
https://doi.org/10.1016/j.plantsci.2020.110471
https://doi.org/10.3390/plants8080247
https://doi.org/10.1016/j.plaphy.2021.05.023
https://doi.org/10.1016/j.plaphy.2021.05.023
https://doi.org/10.1104/pp.24.1.1

R. Bhimanwar et al: Bio-inspired zinc oxide ..., Holistic Approach Environ. 16(2026) 2, pp. 77 — 92

[53]

[54]

[55]

[56]

[57]

[58]

https://doi.org/10.1016/].heliyon.2024.e2
5430

S.A. Akintelu, A.S. Folorunso, A review
on green synthesis of zinc oxide
nanoparticles using plant extracts and its
biomedical applications,
BioNanoScience 10(2020), 848-863.
https://doi.org/10.1007/s12668-020-
00774-6

M. Shah, S. Nawaz, H. Jan, N. Uddin, A.
Ali, S. Anjum, N. Giglioli-Guivarc'H,
C.F. Hano, B.H. Abbasi, Synthesis of
bio-mediated silver nanoparticles from
Silybum marianum and their biological
and clinical activities, Materials Science
and Engineering C 112(2020), Article
110889.
https://doi.org/10.1016/j;.msec.2020.1108
89

S. Kazemi, A. Hosseingholian, S.D.
Gohari, F. Feirahi, F. Moammeri, G.
Mesbahian, Z.S. Moghaddam, Q. Ren,
Recent advances in green synthesized
nanoparticles: from production to
application, Materials Today
Sustainability 24(2023), Article 100500.
https://doi.org/10.1016/].mtsust.2023.10
0500

D. Carvalho, A. Jesus, C. Pinho, R.F.
Oliveira, F. Moreira, A.l. Oliveira,
Validation of an HPLC-DAD method for
quercetin quantification in nanoparticles,
Pharmaceuticals 16(2023) 12, Article
1736.
https://doi.org/10.3390/ph16121736

M. Tarroum, N.S. Alfarraj, F. Al-
Qurainy, A. Al-Hashimi, S. Khan, M.
Nadeem, A.M. Salih, H.O. Shaikhaldein,
Improving the production of secondary
metabolites via the application of
biogenic zinc oxide nanoparticles in the
Calli of Delonix elata: a potential
medicinal plant, Metabolites 13(2023) 8,
Article 905.
https://doi.org/10.3390/metabo13080905

D. Mutukwa, R.T. Taziwa, S.M.
Tichapondwa, L. Khotseng,
Optimisation, synthesis, and

characterisation of ZnO nanoparticles
using Leonotis ocymifolia (L. ocymifolia)
leaf extracts for antibacterial and
photodegradation applications,

[59]

[60]

[61]

[62]

[63]

International Journal of Molecular
Sciences 25(2024) 21, Article 11621.
https://doi.org/10.3390/ijms252111621

J.  Arumugam, S. Thambidurai, S.
Suresh, M.  Selvapandiyan, M.
Kandasamy, N. Pugazhenthiran, S.K.
Kumar, T. Muneeswaran, F. Quero,
Green synthesis of zinc oxide
nanoparticles using Ficus carica leaf
extract and their bactericidal and
photocatalytic performance evaluation,
Chemical Physics Letters 783(2021),
Article 139040.
https://doi.org/10.1016/j.cplett.2021.139
040

A. Aldalbahi, S. Alterary, R.A.A.
Almoghim, M.A. Awad, N.S. Aldosari,
S.F. Alghannam, A.N. Alabdan, S.
Alharbi, B.A.M. Alateeq, A.A. Al
Mohsen, M.A. Alkathiri, R.A. Alrashed,
Greener synthesis of zinc oxide
nanoparticles:  characterization  and
multifaceted applications, Molecules
25(2020) 18, Article 4198.
https://doi.org/10.3390/molecules251841
98

Q. Tang, H. Xia, W. Liang, X. Huo, X.
Wei, Synthesis and characterization of
zinc oxide nanoparticles from Morus
nigra and its anticancer activity on AGS
gastric  cancer cells, Journal of
Photochemistry and Photobiology B:
Biology 202(2020), Article 111698.
https://doi.org/10.1016/j.jphotobiol.2019
111698

A. Degefa, B. Bekele, L.T. Jule, B.
Fikadu, S. Ramaswamy, L.P.
Dwarampudi, N. Nagaprasad, K.
Ramaswamy, Green synthesis,
characterization of  zinc oxide
nanoparticles, and examination of
properties for dye-sensitive solar cells
using various vegetable extracts, Journal
of Nanomaterials 2021(2021), Article
3941923.
https://doi.org/10.1155/2021/3941923
D.T. Donia, M. Carbone, Seed priming
with zinc oxide nanoparticles to enhance
crop tolerance to environmental stresses,
International Journal of Molecular
Sciences 24(2023) 24, Article 17612.
https://doi.org/10.3390/ijms242417612

91


https://doi.org/10.1016/j.heliyon.2024.e25430
https://doi.org/10.1016/j.heliyon.2024.e25430
https://doi.org/10.1007/s12668-020-00774-6
https://doi.org/10.1007/s12668-020-00774-6
https://doi.org/10.1016/j.msec.2020.110889
https://doi.org/10.1016/j.msec.2020.110889
https://doi.org/10.1016/j.mtsust.2023.100500
https://doi.org/10.1016/j.mtsust.2023.100500
https://doi.org/10.3390/ph16121736
https://doi.org/10.3390/metabo13080905
https://doi.org/10.3390/ijms252111621
https://doi.org/10.1016/j.cplett.2021.139040
https://doi.org/10.1016/j.cplett.2021.139040
https://doi.org/10.3390/molecules25184198
https://doi.org/10.3390/molecules25184198
https://doi.org/10.1016/j.jphotobiol.2019.111698
https://doi.org/10.1016/j.jphotobiol.2019.111698
https://doi.org/10.1155/2021/3941923
https://doi.org/10.3390/ijms242417612

R. Bhimanwar et al: Bio-inspired zinc oxide ..., Holistic Approach Environ. 16(2026) 2, pp. 77 — 92

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Q. Yang, W. Ye, F. Liao, X. Yin, Effects
of allelochemical on seed germination,
Chinese Journal of Ecology 24(2005) 12,
1459-1465.

A.M. Radwan, H.A. Alghamdi, S.K.M.
Kenawy, Effect of Calotropis procera L.
plant extract on seeds germination and
the growth of microorganisms, Annals of
Agricultural Sciences 64(2019) 2, 183-
187.
https://doi.org/10.1016/j.a0as.2019.12.00
1

M. Patil, P. Jana, C. Murumkar, Effect of
onion and garlic biowaste on
germination and growth of microgreens,
International  Journal of Scientific
Reports 7(2021) o, 302-305.
https://doi.org/10.18203/issn.2454-
2156.IntJSciRep20211951

J.Y. Jadhav, S.S. Kamble. Effect of
biowaste of onion peel extract on jowar,
International Journal of Advanced
Research in Science Communication and
Technology  3(2023) 3, 146-148.
http://dx.doi.org/10.48175/1JARSCT-
8130

F. Cheng, Z. Cheng, Research progress
on the use of plant allelopathy in
agriculture and the physiological and
ecological mechanisms of allelopathy,
Frontiers in Plant Science 6(2015),
Article 1020.
https://doi.org/10.3389/fpls.2015.01020
D. Sasmal, P. Bhattacharya,
Understanding the vital role of zinc in
plant nutrition, International Journal of
Agriculture and Food Science 6(2024) 2,
112-116.
https://doi.org/10.33545/2664844X.2024
.v6.i12b.213

A. Jalal, E. Furlani Janior, M.C.M.
Teixeira Filho, Interaction of zinc
mineral nutrition and plant growth-
promoting  bacteria in  tropical
agricultural systems: a review, Plants
13(2024) 5, Article 571.
https://doi.org/10.3390/plants 13050571
A. Vollmannovd, T. Bojianska, .
Musilova, J. Lidikova, M. Cifrova,
Quercetin as one of the most abundant
represented biologically valuable plant
components with remarkable

chemoprotective effects - A review,
Heliyon 10(2024) 12, Article e33342.
https://doi.org/10.1016/].heliyon.2024.e3
3342

[72] S.M. Savassa, N.M. Duran, E.S.
Rodrigues, E. de Almeida, C.A.M. van
Gestel, T.F.V. Bompadre, HW.P. de
Carvalho, Effects of ZnO nanoparticles
on Phaseolus vulgaris germination and
seedling development determined by X-
ray spectroscopy, ACS Applied Nano
Materials  1(2018) 11, 6414-6426.
https://doi.org/10.1021/acsanm.8b01619

[73] R. Szolldsi, A. Molnar, S. Kondak, Z.
Kolbert, Dual effect of nanomaterials on
germination and seedling growth:
stimulation vs. phytotoxicity, Plants
9(2020) 12, Article 1745.
https://doi.org/10.3390/plants9121745

[74] M. Adil, S. Bashir, S. Bashir, Z. Aslam,
N. Ahmad, T. Younas, R.M.A. Asghar,
J. Alkahtani, Y. Dwiningsih, M.S.
Elshikh, Zinc oxide nanoparticles
improved chlorophyll contents, physical
parameters, and wheat yield under salt
stress, Frontiers in Plant Science
13(2022), Article 932861.
https://doi.org/10.3389/1pls.2022.932861

[75] H. Agarwal, S.V. Kumar, S.
Rajeshkumar, A review on green
synthesis of zinc oxide nanoparticles: an
eco-friendly approach, Resource-
Efficient Technologies 3(2017) 4, 406-
413.
https://doi.org/10.1016/].reffit.2017.03.0
02

[76] V.V. Ukidave, L.T. Ingale, Green
synthesis of zinc oxide nanoparticles
from Coriandrum sativum and their use
as fertilizer on Bengal gram, Turkish
gram, and green gram plant growth,
International Journal of Agronomy
2022(2022), Article 8310038.
https://doi.org/10.1155/2022/8310038

Acknowledgments

The authors are grateful to the Chairman and
Principal of the Dr. D. Y. Patil Institute of
Pharmaceutical Science and Research, Pimpri,
Pune, for providing excellent infrastructural
facilities to carry out this research work.

92


https://doi.org/10.1016/j.aoas.2019.12.001
https://doi.org/10.1016/j.aoas.2019.12.001
https://doi.org/10.18203/issn.2454-2156.IntJSciRep20211951
https://doi.org/10.18203/issn.2454-2156.IntJSciRep20211951
http://dx.doi.org/10.48175/IJARSCT-8130
http://dx.doi.org/10.48175/IJARSCT-8130
https://doi.org/10.3389/fpls.2015.01020
https://doi.org/10.33545/2664844X.2024.v6.i2b.213
https://doi.org/10.33545/2664844X.2024.v6.i2b.213
https://doi.org/10.3390/plants13050571
https://doi.org/10.1016/j.heliyon.2024.e33342
https://doi.org/10.1016/j.heliyon.2024.e33342
https://doi.org/10.1021/acsanm.8b01619
https://doi.org/10.3390/plants9121745
https://doi.org/10.3389/fpls.2022.932861
https://doi.org/10.1016/j.reffit.2017.03.002
https://doi.org/10.1016/j.reffit.2017.03.002
https://doi.org/10.1155/2022/8310038

