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ABSTRACT

Efficacy of nano urea, titanium dioxide and zinc oxide nanoparticles on growth, fruiting and yield of okra
plant (cv. Kashi Lalima) was evaluated in the present study. The cop was grown on high pH (8.2) soil at
subtropical agro-climatic condition of Lucknow during Zaid season of 2022-23 and 2023-24 at Horticulture
Research Farm, Department of Horticulture, Babasaheb Bhimrao Ambedkar University, Lucknow, Uttar
Pradesh, India. The experiment was laid out in Randomized Block Design (RBD) with 17 treatments viz.
Control (nofertilizer), recommended dose of fertilizer (RDF 100%, 75%, 50% and 25%), Nano urea (2 ml/I, 4
ml/I'and 6 ml/l), TiO,NPs (10, 15 and 20 ppm), ZnO NPs (50, 75 and 100 ppm) with 3 replications having 51
plots (1.8 m x 1.2 m). ZnO and TiO, nanoparticles (NPs) were prepared through green synthesis technology
using aqueous extract of Ipomoea carnea (morning glory) leaves and Nano urea which was procured from
IFFCO. Detailed characterisation i.e. size, morphology, composition and stability of selected NPs was carried
out using UV-visible spectroscopy, FTIR, HRTEM, EDX, BET, X-ray diffraction, XPS and particle size
distribution studies at department of Chemistry and University Scientific Instrumentation Centre (USIC) of
the University. Recorded observations indicated that foliar application of 75% RDF + 2 ml/I Nano urea + 50
ppm ZnO NPs performed best in terms of growth parametersi.e. higher plant height- 128.84 cm, maximum
number of leaves- 32.25/plant, basal stem diameter- 2.70 cm and number of primary branches/plant) at 120
DAS. It also caused earliness in flowering for 39.38 days as compare to control (49.88 DAS). This treatment
also exhibited higher flowering (22.8) and yield (159.81 g/ha) thus, the study concluded that application of
75 % RDF + 2 ml/l Nano urea + 50 ppm ZnO NPs may be beneficial for getting better crop growth and fruit
yield of okra.
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Introduction

To ensure sustainable food and agricultural
production, advanced applications of nanotechnology are
critical (Fraceto et al., 2016; Wang et al., 2018; Neme et
al., 2021). Climate change and land degradation have a
global impact on crop cultivation sustainability (Webb et
al., 2017; Jiang et al., 2021). Nanotechnology plays an
increasingly important role in most areas of human activity
including crop production. Engineered nanoparticles
(ENPs) have catalytic, photovoltaic, energetic, and
sensory applications in diverse industries (Williams et al.,
2020; Ismael et al., 2020; Esfe et al., 2020; Vinitha et

al., 2021; Selvakumar et al., 2021). Nanotechnology has
gained significant attention in the field of agriculture due
to its potential for improving crop productivity.
Researchers have extensively studied the ability of
nanoparticles to absolve in plants body due to their nano
size (Agrawal et al., 2022; Faizan et al., 2020). The
studies on beneficial effects showed that, at optimum
concentrations, NPs might improve enzyme activities,
photosynthesis, nitrogen absorption and growth
parameters of early seedlings (Gao et al., 2006; Yang et
al., 2006). Nano fertilizers (NFs), which are modified
versions of conventional fertilizers that are extracted from
various plant parts by chemical, physical, mechanical, or
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biological means, are utilised to enhance soil fertility, crop
productivity, and the quality of agricultural products
(Qureshi et al., 2018). Furthermore, using plants is a more
convenient method than using commercial products
because it avoids the time-consuming process of nurturing
cell cultures and is better suited for the large-scale
synthesis of nanoparticles (Ahmad et al., 2020) with
minimal environmental impact. Nanoparticles are
nanomaterials with unique physicochemical properties
such as increased reactivity, standard surface structure,
and a high ratio of surface to volume (Noohpisheh et al.,
2021; Badawy et al., 2021). Because of these properties,
NPs can be utilised as nanofertilizers in a better way
(Jiang et al., 2021; Noohpisheh et al., 2021; Awan et al.,
2021) and to minimise nutrient deficiency (Etienne et al.,
2018). Thus, controlled and targeted mineral nutrients
supplied to plants (Salama et al., 2019) leads to improved
crop expansion and growth (Wang et al., 2018; Rajput et
al., 2021; Srivastava et al., 2021). According to the Indian
Farmers Fertilizer Co-operative Limited, India (IFFCO),
nanofertilizers are needed in very small amounts viz.,
500 ml of Nano-urea may substitute 45 kg of commercial
urea, while just 10g of nano-zinc is enough for a hectare
of the land. This may helps to reduce the need for
chemical fertilizers by 50% to 70% (Lakshman et al.,
2022). Nano urea is energy saving and resource friendly
and it reduces excess application of bulk urea and
associated volatilization as well as leaching and run off
losses (Anonymous, 2022; Kumar et al., 2023). Nano -
urea enhances crop efficiency, yield and quality
parameters by increasing nutrient use efficiency, reducing
nutrients waste and lowering cultivation costs (Prem
Baboo, 2021). Similarly, TiO, nanoparticles enhanced
germination and photosynthesis (Khan et al., 2019).
TiO, NPs have a wide range of applications in diverse
fields of human activity, including agriculture. Similar to
ZnO NPs, surface properties of TiO, NPs are often
modified to help with their stability or to increase their
positive effects and decrease their toxicity (Macwan et
al., 2011; Silvaetal., 2013). TiO, NPs have been applied
to protect seeds, enhance plant growth and germination,
control crop diseases (Servin et al., 2015), degrade
pesticides and detect their residues (Aragay et al., 2012).
In addition, these NPs have been reported to increase
root and shoot growth, seed or produce yield, and improve
plant health. Environmental stresses, such as drought in
wheat (Mustafa et al., 2021) and high Cd levels in maize
(Lian et al., 2020), were also alleviated significantly with
the use of TiO, NPs. The studies showed the need to
explore further the effects and interaction of NPs under
more realistic conditions as the underlying trend from

laboratory experiments involved the application of higher
doses of the nanoparticles which were toxic to the plants.
In contrast, at appropriate lower concentrations, many
NPs were found to positively affect the plants’ growth,
health, and quality (Du et al., 2015: Prasad et al., 2012).
For example, TiO, NPs applied on barley during stem
elongation and a second time during the four-leaf stage
at concentrations of 0.01 to 0.03% increased grain yield
and the weight of 1000 grains (Moaveni et al., 2011).
Likewise, peanut plants also responded positively to low
concentrations of ZnO NPs and higher concentrations
of 2000 mg Zn L revealed inhibitory effects (Prasad et
al., 2012). Mostly, both ZnO and TiO, NPs are only toxic
at high concentrations, i.e. concentrations higher than
2000 mg.L™! (Prasad et al., 2012). Both ZnO and
TiO, NPs were found to alleviate stresses caused by
drought and heavy metals such as Cd. Three different
concentration ranges of TiO, NPs were used to improve
plants’ growth and yield parameters and health (Korosi
et al., 2019 and Kolencik et al., 2020) the application of
TiO, NPs at a lower concentration range of 25 to 300
mg.L* was found to have promising positive effects on
plant height, straw and grain yields, dry biomass, the
weight of 1000 grains, and chlorophyll contents (Moaveni
et al., 2011; Irshad et al., 2021; Kattak et al., 2021).
TiO, NPs synthesised by the green method with plant
extracts exhibited a significantly better effect when
compared with TiO, NPs synthesised via the sol-gel
method (Irshad et al., 2021). It was proposed that this
effect can be caused by the presence of the plant extract
traces on the TiO, NPs surface or their slightly smaller
size (6 to 8 nm for green synthesised TiO, NPs compared
with 10 to 13 nm for chemically synthesised ones) (Irshad
etal., 2021). Moreover, these were also found to increase
the plant height, a number of branches, fruit yield, increase
in amino acids, total sugars, total phenols, total indoles,
and pigments in coriander (Khater et al., 2015). ZnO
NPs have been revealed as the smartest delivery method
for meeting plant zinc demands, replacing traditional zinc
fertiliser and increasing Zn availability (Rajputet al., 2021;
Awan et al., 2021). ZnO nanoparticles improved yield in
lentil (Lens culinaris Medik.) crops (Alwan et al., 2022;
Kolencik et al., 2022), improved growth, photosynthesis
and maturation of corn, onion, tomato, olive, capsicum,
cucumber, wheat and zucchini. However, plant responses
to ZnO NPs application vary depending on genotype,
plant stage and nanoparticle concentration (Salama et
al., 2019). The use of chemically synthesised ZnO NPs
has been criticised when compared to biosynthesised
counters (Rai et al., 2018; Jamkhande et al., 2019).
Nevertheless, the use of biologically generated ZnO NPs
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as nanofertilizers to enhance zinc content and improve
the physiological and morphological characteristics and
antioxidant properties of leafy vegetables during the initial
vegetative stages is limited (lziy et al., 2019; Salama et
al., 2019; Regni et al., 2022). In addition, ZnO NPs are
reported to have an ability to decrease the effect of
environmental stresses on plants, such as drought (Dimkpa
et al., 2020), temperature (Hassan et al., 2018), metals,
metalloids (Rizwana et al., 2019: Rizwana et al., 2019),
and salt (Torabian et al., 2016). When applied at suitable
concentrations, ZnO NPs increase seed germination
(Garcia-Lopez et al., 2018), growth (Singh et al., 2019),
the activity of antioxidants and protein production (Salama
etal., 2019), chlorophyll content (Pullagurala et al., 2018),
photosynthesis (Faizan et al., 2018), production of oils
and seeds (Kolencik et al., 2020: Kolencik et al., 2019),
and uptake of essential elements (Peralta-vedia et al.,
2014). Thus, there is a need to evaluate the effect of
nano urea, TiO, and ZnO NPs on growth, yield and quality
of okra specially when grown on slightly saline soil having
pH 8.2 under sub-tropical climate.

Materials and Methods

The field experiment was carried out at Horticulture
Research Farm, Department of Horticulture, Babasaheb
Bhimrao Amdedkar University, Lucknow (U.P.)-226025
(26° 84’ North latitude and 80° 94’ East longitudes, 123
m above mean sea level (MSL) during February to May
2022. Experimental site had 21.1 -41.8°C temperature in
summer, relative humidity of 30-67.9% and 750 mm
annual rainfall, while, soil of the site is quite alkaline with
8.2 pH. The experiment was comprised of 17 treatments
having foliar application of Nano urea (2ml/I, 4ml/l and
6ml/l), TiO, NPs (10, 15, 20 ppm) and ZnO NPs (50, 75,
100 ppm) with soil application of different percentage of
RDF (75%, 50%, 25%). The treatments were replicated
thrice randomly following Randomized Block Design
(RBD) having 51 plots (1.8 m x 1.2m). The field
operations were done to maintain healthy plant and
standard agronomical practices like sowing, weeding,
hoeing, earthing up, irrigation and plant protection
measures were adapted. The seeds of selected cultivar
Kashi Lalima were collected from Indian Institute of
Vegetable Research (1IVR, Varanasi). Kashi Lalima is a
reddish-purple coloured okra hybrid variety released by
IIVVR, Varanasi and shows resistance against yellow vein
mosaic virus (YVMV), okra leaf curl virus (OLCV). It
is a short duration crop having high yield, high anthocyanin
and phenolic content, suitable for both summer and kharif
season cultivation, popular in agro-climatic condition of
Uttar Pradesh and Bihar state of India having subtropical
dry to humid climate. The seeds were sown on 1

February at 45cm x 30 cm spacing, germination started
4-7 days after sowing (DAS). Okra is a nutrient loving
plant requiring N, P, K—120 kg, 80 kg, 50 kg, respectively.
Nano urea are collected from IFFCO Bhawan, Lucknow.
It expressed desirable particle size about 20-50nm and
more surface area (10,000 times over 1 mm urea prill)
and number of particles (55,000 nitrogen particles over 1
mm urea prill). Hence, Nano urea increase its availability
to crop by more than 80% resulting in higher nutrient use
efficiency (Kumar et al., 2023). TiO, and ZnO NPs were
green synthesized with Ipomoea carnea sub sp. fistulosa
(morning glory) leaves with the help of aqueous solution
of TiCl, (0.1M) and zinc nitrate hexahydrate (0.1M). The
formation and quality of compounds were investigated
by X-ray diffraction technique. The powder X-ray
diffraction pattern of TiO, and ZnO NPs were recorded
on Pananalytical’s X’Pert Pro X-ray diffractometer. UV—
visible absorption spectrum of TiO, NPs synthesized by
reduc- tion of aqueous solution of TiCl, by equeous extract
of Ipomoea carnea (morning glory) leaves exhibits a
strong UV-visible absorption band at 277 nm. which is
blue shifted corresponds to the excitonic peak of TiO,
NPs due to quantum size effect (Hitkari et al., 2018).
The quantum confinement also observed in case of ZnO
NPs which exhibited absorption peak at 275 nm. The
UV-visible absorption study results revealed formation
of small size ZnO and TiO, NPs the direct band gap
energy of TiO, and ZnO NPs has been calcu- lated using
the Tauc relation. The band gap energy of TiO, and ZnO
NPs are found to be 3.5 and 3.4 eV, respectively. Phase,
crystal structure and purity of as-synthesized TiO, and
ZnO NPs were determined by powder XRD study. The
TiO, NPs formed after reduction of TiCl, by plant
extraction aqueous medium. All the diffraction peaks are
well assigned well to anatase phase with a reference
pattern (JCPDS 21-1272) of TiO,,. It is noteworthy that
only anatase TiO, detected and no rutile phase can be
found in this sample, which is attributed to the contribution
of the low concentration of oxygen vacancies due to the
high concentration of gaseous oxygen during particle
growth, hindering the transformation from anatase to
rutile phase (Rulison et al., 1996). Moreover, observance
of very sharp and broad XRD peaks indicate formation
of small size crystalline TiO, NPs. The average crystallite
size (D) has been determined from the Debye-Scherrer
formula: D =0.9 A/ B3 cos B. Where, D is the crystallites
size (in nm), A the wavelength (in nm), B is the full width
at half maxima (FWHM) and 0 is the Bragg’s diffraction
angle. All the diffraction peaks in the XRD Pattern in
ZnO are readily indexed to hexagonal wurtzite ZnO
(JCPDS card 80-0075, a = 0.3253 nm, ¢ = 0.5209 nm)
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with space group p63mc. From the XRD pattern it is
evident that as- synthesized material obtained by reduction
zinc nitrate hexahydrate using plant extract is phase pure
ZnO. Furthermore, it is obvious from the diffraction
pattern that the XRD peaks are intense and broadened,
indicating formation of good crystalline and small size
ZnO NPs are formed. The average crystallites size of
TiO, and ZnO particles were estimated to be 7 and 52nm
respectively. The particle size distribution of TiO, and
ZnO NPs has been studied on Zeta sizer. Particle shape,
sizes and composition of materials were examined on
JEOL-2100 transmission electron microscope (TEM with
EDX; model no. TECNAI 200G2 FEI). The particle
distribution range TiO, NPs 7-10NM, ZnO NPs 42-79nm,
maximum population fall at 58.89nm and 8.69nm
respectively. The synthesis and characterization were
done at the Department of Chemistry, Babasaheb
Bhimrao Ambedkar University, Lucknow. TiO, and ZnO
NPs were applied to the crop as per treatment combination
at 30 and 60 days after seed sowing (DAS). Crop
vegetative growth, fruit yield and quality observations
were recorded as per the standard methods (Ranganna.,
1986). Total sugars and reducing sugar were determined
by titration method using Fehling’s solution Aand B and
methylene blue as an indicator (Miller, 1959). TSS was
recorded by digital refractometer (model HI 96801, 0 to
85% Brix (Hanna Intruments). The observed values of
various treatments were statistically analyzed at OPSTAT
(Sheoran et al., 1998) and mean value were compared
at 5% level of significance (Sahu and Das, 2014).

Results and Discussion
Plant height

The data showed that there was a significant
difference among the treatments on plant height at various
stage of growth during both the years. At 30 DAS plant
height was found maximum in T,, Recommended dose
of fertilizer (RDF) (16.77cm and 17.06cm) followed by
T, Treatment (75% RDF + 2ml/l Nano Urea+ 50 ppm
Zn0), (16.28 cm and 16.60cm). while minimum was
recorded in T, (control) (13.37 cm and 13.67 c¢m) during
first and second year, respectively. Similar pattern was
also observed in case of pooled data at 30 DAS T,
(16.91cm) followed by T,.(16.44 cm), while minimum
was recorded in T, (13.52 cm). But at 60, 90 and 120
DAS, T,, treatment (75% RDF + 2ml/I Nano Urea+ 50
ppm ZnO) had highest plant height (54.80 and 54.21
cm), (90.70 and 93.06 cm) and (128.84 and 130.63 cm)
followed by T, treatment (75% RDF + 2ml/I Nano Urea+
10 ppm TiO,), (47.49 and 48.77 cm), (89.12 and 93.33
cm) and (122.89 and 124.70 cm) during 1% year and 2"

year trial, respectively. Plant height lowest was recorded
in T, (control), (31.55 and 32.66 cm), (62.31 and 65.22
cm) and (84.20 and 86.02 cm) during first and second
year, respectively. Pooled value also showed the similar
trend recording higher plant height of (54.21cm),
(93.06cm) and (129.74cm) at 60, 90 and 120 DAS
respectively by the treatment T, (75% RDF + 2ml/|
Nano Urea+ 50 ppm ZnO). ZnNPs improve the
availability of zinc, a crucial micronutrient, leading to
enhanced nutrient absorption and utilization in plants
(Guardiola-Marquez et al., 2023). Treatments with
ZnNPs have been linked to increased chlorophyll content,
which boosts photosynthesis and overall plant vigor. a
study reported a 52% increase in chlorophyll levels in
treated plants (Olkhovskaya et al., 2024). The use of
nano Fertiliser can significantly improve the growth and
heights of okra plants by Subramanian et al. (2015),
delivering essential nutrients far more efficiently and
precisely (Solanki et al., 2015a; Alabdallah and Al-
Zahrani, 2020). These nano-fertilizers enhance nutrient
uptake, utilisation and overall plant health, resulting in
better vegetative development and plant height. Similar
results also reported by Satti et al. (2021), Semida et al.
(2021), Pejam et al. (2021).

Number of leaves per plant

Data indicated that there was significant change due
to treatments on number of leaves at the all stages of
growth, during both the years. The data revealed that at
30, 60, 90 and 120 DAS, In early stage of growth at
30DAS the maximum Number of leaves/plant found in
T, Recommended dose of fertilizer (RDF) (6.62 and
6.50) followed by T, , Treatment (75% RDF + 2ml/I Nano
Urea+ 50 ppm ZnO) (6.04 and 6.01), while lowest number
of leaves/plant recorded in T, (4.30 and 4.37) during 1*
year and 2" year, respectively. Similar trends also seen
in case of pooled data at 30 DAS T, (6.56) followed by
T,, (6.03), while minimum was recorded in T,(control)
(4.34). But at 60, 90 and 120 DAS, T, Treatment (75%
RDF + 2ml/l Nano Urea + 50 ppm ZnO), had highest
Number of leaves/plant (15.58 and 16.00), (24.33 and
25.66) and (32.25 and 33.75) followed by T, Treatment
(75% RDF + 2ml/l Nano Urea+ 10 ppm TiO,),(14.75
and 14.92), (22.25 and 23.25) and (29.83 and 31.33) during
1 year and 2 nd year trial, respectively. Minimum Number
of leaves/plants was recorded in T, (control) (9.33 and
10.08), (13.58 and 14.75) and (17.75 and 19.25) during
first and second year, respectively. Pooled value also
showed similar trend was also reporting higher number
of leaves at 60, 90 and 120 DAS, (15.79), (25.00) and
(33.00), respectively by treatment T, (75% RDF + 2ml/
I Nano Urea+ 50 ppm ZnO). application of Zn NPs has
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Table 1 : Effect of nano fertilizers in plant height(cm) of okra.
30 DAS 60DAS 90DAS 120DAS
Treatments
1Year | 2Year | Pooled | 1Year | 2Year | Pooled | 1Year | 2Year | Pooled | 1Year | 2Year | Pooled
T, 13.37 1367 | 1352 | 3155 | 3267 | 3211 | 6231 | 6522 | 6376 | 8420 | 8602 | 8.11
T, 16.77 17.06 | 1691 | 4625 | 4740 | 4682 | 8732 | 8893 | 8813 | 120.26 | 12213 | 121.20
T, 15.80 16.30 | 1605 | 4573 | 4690 | 4632 | 8488 | 8645 | 8566 | 119.07 | 121.00 | 120.04
T, 13.66 13.98 | 1382 | 3889 | 4017 | 3953 | 73.09 | 7468 | 7389 | 101.76 | 10352 | 102.64
T, 13.53 1384 | 1369 | 3875 | 3984 | 3929 | 7281 | 7435 | 7358 | 100.65 | 10258 | 101.62
T, 14.97 1530 | 1513 | 4297 | 4408 | 4353 | 7859 | 8017 | 79.38 | 11259 | 114.38 | 11349
T, 14.56 1480 | 1468 | 4173 | 4285 | 4229 | 7630 | 7787 | 77.08 | 10842 | 11052 | 109.47
T, 14.30 14.60 | 1445 | 4108 | 4220 | 4164 | 7559 | 7748 | 7654 | 106.75 | 108.85 | 107.80
T, 15.27 1560 | 1543 | 4322 | 4442 | 4382 | 79.69 | 8147 | 8058 | 11341 | 11525 | 114.33
T, 14.81 1512 | 1497 | 4243 | 4352 | 4298 | 7813 | 79.78 | 7896 | 111.75 | 11355 | 11265
T, 14.40 1473 | 1457 | 4143 | 4252 | 4198 | 7599 | 7764 | 7682 | 107.32 | 109.12 | 108.22
T, 15.99 16.32 | 1615 | 4749 | 4877 | 4813 | 89.12 | 9333 | 9123 | 12289 | 124.70 | 123.80
T, 16.28 16.60 | 1644 | 5361 | 5480 | 5421 | 9542 | 90.70 | 93.06 | 128.84 | 130.63 | 129.74
T, 15.40 1568 | 1554 | 4341 | 4470 | 4406 | 8255 | 84.10 | 8333 | 11585 | 11758 | 116.72
T, 15.67 16.07 | 1587 | 4439 | 4549 | 4494 | 8429 | 8585 | 8507 | 11828 | 120.35 | 119.31
T, 15.48 1578 | 1563 | 4383 | 4495 | 4439 | 8328 | 8495 | 8411 | 117.07 | 11882 | 11794
T, 15.57 1588 | 1573 | 4400 | 4521 | 4461 | 8344 | 8505 | 8425 | 118.00 | 119.80 | 118.90
CD(P=0.05) | 0.06 0.03 0.04 0.056 0.23 0.15 0.10 0.09 0.10 0.06 0.09 0.08
SEm+ 0.02 0.01 0.01 0.019 0.08 0.05 0.03 0.03 0.04 0.02 0.03 0.03
Table 2 : Effect of nano fertilizers in basal stem diameter(cm) of okra.
30 DAS 60DAS 90DAS 120DAS
Treatments
1Year | 2Year | Pooled | 1Year | 2Year | Pooled | 1Year | 2Year | Pooled | 1Year | 2Year | Pooled
T, 0.10 0.14 0.12 0.49 0.56 0.53 0.86 101 0.93 128 132 130
T, 0.35 0.39 0.37 120 121 120 194 2.07 201 252 2.56 254
T, 0.28 0.31 0.30 111 111 111 183 2.00 192 242 245 2.44
T, 0.12 0.17 0.15 0.55 0.62 0.58 104 110 107 161 165 163
T, 0.11 0.16 0.14 0.52 0.60 0.56 0.97 105 101 157 1.60 158
T, 0.17 0.23 0.20 0.69 0.75 0.72 134 154 144 1.86 192 1.89
T, 0.15 0.20 0.18 0.63 0.70 0.67 121 132 127 176 1.80 178
T, 0.13 0.18 0.16 0.57 0.65 0.61 110 115 113 1.66 170 1.68
T, 0.18 0.24 0.21 0.72 0.78 0.75 140 1.60 150 192 196 194
T, 0.16 0.22 0.19 0.66 0.72 0.69 127 142 134 181 1.86 184
T, 0.14 0.19 0.17 0.60 0.67 0.63 116 123 120 170 175 173
T, 0.30 0.33 0.31 120 132 126 202 221 212 2.66 277 271
T, 0.32 0.36 0.34 135 147 141 2.30 2.40 2.35 2.94 2.98 2.96
T, 0.20 0.25 0.22 0.76 0.84 0.80 147 165 156 198 2.00 199
T, 0.26 0.29 0.28 1.00 103 102 175 190 183 2.30 2.35 233
T, 0.22 0.26 0.24 0.83 0.87 0.85 156 172 164 2.10 2.16 213
T, 0.24 0.27 0.25 0.92 0.93 0.92 165 1.80 172 2.20 2.25 2.23
CD(P=0.05) | 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.04 0.04 0.04 0.03 0.04
SEm+ 0.005 0005 | 0.01 0.008 | 0.006 0.01 0012 0.01 0.01 0015 | 0011 0.01

been shown to

increase the levels of growth-promoting
hormones, such as auxins, which are vital for leaf
expansion and bud formation (Olkhovskaya et al., 2024).

In pepper plants, seed treatment with Zn NPs resulted in
a significant increase in the number of leaves and buds,
indicating hormonal stimulation (Olkhovskaya et al.,
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2024). Zn NPs facilitate the absorption of zinc ions
through stomata, allowing for efficient translocation to
mesophyll cells, which is crucial for leaf development
(Zhu et al., 2020).

Number of branches per plant

The number of branches/plant was counted at 60, 90
and 120 DAS. The data (Table 4) indicated that there
were significant change in treatments on number of
branches/plant at the stages of growth, during both the
years. The data revealed that at 60, 90 and 120 DAS,
T,, Treatment (75% RDF + 2ml/l Nano Urea+ 50 ppm
Zn0), had highest number of branches /plant (2.08 and
2.13), (3.01 and 3.12) and (3.58 and 3.92) followed by
T,, Treatment (75% RDF + 2ml/l Nano Urea+ 10 ppm
TiO,), (1.83 and 1.90), (2.65 and 2.86) and (3.30 and
3.50), while Minimum Number of leaves/plant was
recorded in T, (control), (0.42 and 0.43), (0.80 and 0.84)
and (1.48 and 1.50) during first and second year,
respectively. Similar trend was also reported in case of
pooled data. The maximum number of branches per plant
seen in T_,(75% RDF + 2ml/I Nano Urea+ 50 ppm ZnO)
at 60, 90 and 120 DAS, (2.11), (3.06) and (3.75),
respectively. ZnO NPs enhance chlorophyll synthesis and
photosynthetic efficiency, which are crucial for plant
growth. They facilitate better nutrient absorption, leading
to improved branches ,biomass as well as yield of the
crop (Hassan et al., 2024; Michael, 2024). Okra can
produce a significant increase in branches by applying
foliar nano-particles that includes NPK, Fe, Zn and Ti
(Raliya et al., 2018; Lekhshmi et al., 2022). These
fertilizers improve photosynthesis (Tighe-Neira et al.,
2020; Ogunkunle et al., 2020) enhance nutrient uptake
(Sompornpailin and Chayaprasert, 2020), preserve
hormonal balance (Satti etal., 2021; Semida et al., 2021;
Pejam et al., 2021) and increase stress tolerance
(Sheteiwy et al., 2021). This result is confirmation in
findings of Mogazy and Hanafy (2022).

Stem diameter

It is evident that there was significant difference
among Treatment on stem diameter during both the years.
The data presented in the Table 2, clearly indicate that
initially at 30 DAS the maximum stem diameter found in
T,, Recommended dose of fertilizer (RDF) (0.35cm and
0.39cm) followed by T, Treatment (75% RDF + 2ml/|
Nano Urea+ 50 ppm ZnO), (0.32 cm and 0.36¢cm) while
minimum was recorded in T, (control) (0.10 cmand 0.14
cm) during first and second year, respectively. Similar
patterns also observed in pooled data at 30 DAS
T,(0.37cm) followed by T, (0.34 cm), while minimum
was recorded in T, (control) (0.12 cm). But at 60, 90 and

120 DAS, T, Treatment (75% RDF + 2ml/l Nano Urea+
50 ppm ZnO), had highest stem diameter (1.35 and 1.47
cm), (2.30 and 2.40 cm) and (2.94 and 2.98 cm) followed
by T,, Treatment (75% RDF + 2ml/l Nano Urea+ 10
ppm TiO,), (1.20 and 1.32 cm), (2.02 and 2.21cm) and
(2.66 and 2.77 cm), while lowest was recorded in
T,(control) (0.49 and 0.56 cm), (0.86 and 1.01 cm) and
(1.28 and 1.32 cm) during first and second year,
respectively. Pooled value also showed the similar trend
recording higher stem diameter of (1.41cm), (2.35cm)
and (2.96 cm) at 60, 90 and 120 DAS respectively by
treatment T, (75% RDF + 2ml/l Nano Urea+ 50 ppm
Zn0). ZnO NPs influence plant hormone signaling
pathways, particularly auxins and cytokinins, which are
vital for stem elongation and overall growth. ZnO NPs
have been shown to upregulate genes associated with
hormone biosynthesis, leading to enhanced growth
responses (Wang et al., 2024). The presence of ZnO
NPs can also modulate stomatal behavior, improving gas
exchange and photosynthesis, which further supports stem
growth (Zhu et al., 2020). The use of nano-fertilizers
like nitrogen, phosphorus, potassium, iron, and zinc can
positively affect the stem diameter of okra by improving
nutrient availability and uptake (Sharma and Gupta, 2019).
This results in enhanced plant growth and structural
development. These results are close conformity with
earlier reports of Ahmed and Khan (2022).

Number of days to first flowering

An inquisition of data in Table clearly indicate that
among the Treatments, early flowering (39.50 and 39.25
days) was recorded in T, Treatment (75% RDF + 2ml/
I Nano Urea+ 50 ppm ZnO), followed by T, (75% RDF
+2ml/I Nano Urea+ 10 ppm TiO,) (40.42 and 40.17 days)
and late flowering (50.00 and 49.75 days) was noted in
T, (contro),during first and second year, respectively.
pooled value also showed the similar trend early flowering
occurring in T,,(75% RDF + 2ml/l Nano Urea+ 50 ppm
Zn0), (39.38days) and late flowering seen in T, (control)
(49.88 Days). ZnONPs facilitate better absorption of
essential nutrients, which is crucial during the early growth
stages. Improved nutrient availability supports the
development of reproductive structures, contributing to
early flowering (Donia and Carbone, 2023). The time
until okra flowers can be greatly shortened by applying
foliar nano-fertilizers containing nitrogen, phosphorus,
potassium, iron, zinc and Titanium (Prasad et al., 2012b;
Tarafdar et al., 2014). These nutrients are essential for a
number of physiological functions (Adhikari et al., 2016)
and their effective delivery through nanofertilizers
promotes photosynthesis (Tighe-Neira et al., 2020) and
metabolic activity (Ogunkunle et al., 2020), increases
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Table 3 : Effect of nano fertilizers in number of leaf in okra.

30 DAS 60DAS 90DAS 120DAS
Treatments
1Year | 2Year | Pooled | 1Year | 2Year | Pooled | 1Year | 2Year | Pooled | 1Year | 2Year | Pooled
T, 4.30 4.37 434 9.33 10.08 9.71 1358 | 1475 | 14.17 17.75 | 19.25 18.50
T, 6.62 6.50 6.56 1417 | 1425 | 1421 | 2092 | 2225 | 2158 | 2800 | 2958 | 28.79
T, 5.72 5.67 5.70 1378 | 1375 | 1376 | 2025 | 2158 | 2092 | 2742 | 2892 | 2817
T, 447 4.75 461 1075 | 1222 | 1149 | 1675 | 1808 | 1742 | 2217 | 2367 | 2292
T, 4.45 450 447 1047 | 1183 | 1115 | 1642 | 1767 | 17.04 | 2167 | 2317 | 2242
T, 5.00 517 5.08 1200 | 1308 | 1254 | 1825 | 1978 | 1901 | 2475 | 2630 | 2553
T, 4.80 5.08 494 1150 | 1275 | 1213 | 1775 | 1925 | 1850 | 2433 | 2589 | 2511
T, 461 492 4.76 11.06 | 1239 | 11.72 | 17.08 | 1850 | 17.79 | 2342 | 2492 | 24.17
T, 512 525 5.19 1230 | 1317 | 1274 | 1850 | 2000 | 1925 | 2500 | 26.64 | 25.82
T, 492 517 504 1175 | 1292 | 1233 | 1795 | 1955 | 1875 | 2458 | 26.08 | 25.33
T, 4.67 5.00 483 1125 | 1258 | 1192 | 1753 | 1892 | 1822 | 2400 | 2547 | 24.74
T, 5.83 5.78 5.81 1475 | 1492 | 1483 | 2225 | 2325 | 2275 | 2983 | 31.33 | 3058
T, 6.04 6.01 6.03 1558 | 1600 | 1579 | 2433 | 2566 | 2500 | 3225 | 3375 | 33.00
T, 522 5.28 525 1261 | 1333 | 1297 | 1875 | 2025 | 1950 | 2530 | 26.83 | 26.07
T, 5.58 5.50 554 1350 | 1400 | 1375 | 1975 | 2100 | 2038 | 2625 | 2825 | 27.25
T, 5.30 533 532 1289 | 1350 | 1319 | 1947 | 2045 | 1981 | 2558 | 27.28 | 26.43
T, 5.45 542 5.43 1317 | 1375 | 1346 | 1950 | 2080 | 2015 | 26.07 | 27.70 | 26.88
CD(P=0.05) | 0.12 0.14 0.13 0.13 0.14 0.14 0.12 0.17 0.15 0.13 0.15 0.14
SEm+ 0.04 0.05 0.04 0.05 0.05 0.05 0.04 0.06 0.05 0.04 0.05 0.05
Table 4 : Effect of nano fertilizers in number of primary branches of okra.
60 DAS 90DAS 120DAS
Treatments
1 Year 2 Year Pooled 1 Year 2 Year Pooled 1 Year 2 Year Pooled
T, 042 043 043 0.80 0.84 0.82 1.48 150 1.49
T, 165 178 171 253 2.55 254 315 321 3.18
T, 152 159 155 2.44 2.45 2.44 2.95 3.00 2.98
T, 0.62 0.68 0.65 122 126 124 1.80 185 182
T, 0.58 0.61 0.60 101 105 103 162 1.66 164
T, 117 118 118 1.88 193 191 233 2.36 2.35
T, 1.00 105 102 172 175 174 219 2.22 221
T, 0.83 0.87 0.85 153 155 154 202 213 2.08
T, 125 128 127 194 2.00 197 242 245 243
T, 109 113 111 179 183 181 2.26 2.28 2.27
T, 0.90 0.95 0.93 164 167 1.66 212 212 212
T, 183 190 187 2.65 2.86 2.76 3.30 350 3.40
T, 2.08 213 211 3.01 312 3.06 3.58 3.92 3.75
T, 130 134 132 203 2.10 2.07 2.50 253 251
T, 145 153 1.49 2.30 2.37 2.34 2.80 2.83 2.82
T, 135 140 138 212 2.20 2.16 2.58 2.61 2.59
T, 140 147 143 2.22 2.28 2.25 2.69 2.73 271
CD (P=0.05) 0.03 0.04 0.04 0.08 0.06 0.07 0.06 0.06 0.06
SEm+ 0.01 0.014 0.01 0.027 0.022 0.02 0.02 0.02 0.020

nutrient uptake (Sompornpailin and Chayaprasert, 2020) et al., 2021). This results in healthier plants that move
and utilisation and guarantees a balanced supply of  from vegetative growth to flowering more quickly. The
nutrients (Satti et al., 2021; Semida et al., 2021; Pejam  results are in confirmation with the findings of Sheteiwy
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Yield (g/ha)

Pooled

61.21

141.09

135.14

82.73

78.34

111.84

99.26
91.32

115.39

104.88

93.99

149.96

159.81

118.76

131.23

123.13

127.34

18
0619

2 Year

63.93
14148

135.58

83.05
78.26
112.13

99.76
91.58
115.7

105.1

94.17

150.6

161.92

119.09

131.67

123.42

12751

155
0.53

1Year

58.49
140.69

134.69

8241
78.41
11155

98.76

91.06

115.09

104.66

93.82

149.32

157.69

118.42

130.79

122.84

127.17

2.05

0.707

First flowering (DAS)

Pooled

16.1

21

215

175
17
204

19.6
18.8

20.7

18.8

194
27

234

20.7

211

209

209

05

0.17

2 Year

16.5

2242
21.92
17.92
17.42

20.75

19.33

21.08

18.33

20
23.08

2392

21
215

21.25
21.25
041
0.14

1Year

15.77
2177
211

17.03
16.6

20.03

191

18.27
20.27

19.33

18.77
22.33

22.83
20.43

20.77

20.53

20.6

0.58

0.2

Number of flower/ plant

Pooled

52.08

42.67

4346

50.67
51.67
47.17

4358

49.46

46.21
47.92

4892
4175

40.75

45.08

44.17
44.67

44.29

0.51
0.18

2Year

51.92
425

435

50.58

515

46.92

485

49.33

46.33

47.83
48.75

415

405

44.83

44.42

44.17

0.57
0.2

1Year

52.25
42.83

4342

50.75

51.83
47.42

48.67

49.58

46.08

49.08

R

41

4533

44.33

44.92

44.42

0.45

0.15

First fruit formation

Pooled

49.88
41.04

4163

48.46

49.38

4517

46.75

47.38

44.63

46.29

47.25

40.29

39.38
4333

42.25

42.96

42.46

05

0.17

2Year

49.75

40.92

4167

4842

49.25

45.25

46.75

47.25

46.42

47.25

40.17

39.25

435

4242

4317

4242
048

0.16

1Year

50

4117

4158
485

495
45.08
46.75

475

44.25

46.17

47.25

40.42

395

4317

42.08

42.75

425

0.51
0.17

Table 5 : Effect of nano fertilizers in yield and yield attribute traits in okra.

Treatments

T2

T10

Tll

T12

T13

T14

T15

T16

T17
CD (P=0.05)

SEmz+

et al. (2021), Mogazy and Hanafy (2022)
and Carmona et al. (2021).

Number of days to first fruit harvest

The data showed that there were
significant differences among treatment.
An inquisition of data in Table- clearly
indicate that, early fruit harvested (44.50
and 44.36 days) was recorded in T,
Treatment (75% RDF + 2ml/I Nano Urea+
50 ppm ZnO), followed by T, (75% RDF
+2ml/I Nano Urea+ 10 ppm TiO,) (45.75
and 45.72 days) and late fruit harvested
(56.67 and 56.69 days) was noted in T,
(control) during first and second year,
respectively. Similar trend was also found
in pooled data early fruit harvesting
occurring in T, treatment (75% RDF +
2ml/l Nano Urea+ 50 ppm ZnO (44.43
days) and late fruit harvesting seen in
T,(control) (56.68 Days). These
nanoparticles also influence structural
modifications in plants, promoting better
water retention and nutrient absorption,
which are vital for early fruit development
(Anusuya and Rajan, 2024). The time until
okra fruit harvesting can be greatly
shortened by applying foliar nano-
fertilizers containing nitrogen, phosphorus,
potassium, iron, zinc and Titanium (Prasad
et al., 2012b; Tarafdar et al., 2014;
Adhikari et al., 2016). Zinc and titanium
nutrients are essential for a number of
physiological functions and their effective
delivery through nanofertilizers promotes
photosynthesis (Tighe-Neira et al., 2020;
Ogunkunle et al., 2020) and metabolic
activity (Sompornpailin and Chayaprasert,
2020), increases nutrient uptake (Satti et
al., 2021; Semida et al., 2021; Pejam et
al., 2021) and utilisation and guarantees a
balanced supply of nutrients (Sheteiwy et
al., 2021). This results in healthier plants
that move from vegetative growth to
flowering more quickly. The results are in
confirmation with the findings of Mogazy
and Hanafy (2022) and Carmona et al.
(2021).

Number of flowers per plant

The findings of the number of flowers
per plant of present experiment is showed
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in Table, which showed significant variation in Treatments
on number of flowers per plant. It is clear from the data
that T, Treatment (75% RDF + 2ml/l Nano Urea+ 50
ppm ZnO), recorded highest number of flowers per plant
(22.83 and 22.86) followed by T, Treatment (75% RDF
+2ml/lI Nano Urea+ 10 ppm TiO,) (22.33 and 22.37) and
the minimum number of flowers per plant was noted in
T,(control) (15.77 and 15.80) during first and second
year, respectively. Same trend was also reported in pooled
data at 120 DAS, (22.80). The application of ZnO NPs
has been shown to increase the concentration of key
enzymes such as guaiacol peroxidase and polyphenol
oxidase, which are crucial for flower development (Hafizi
and Nasr, 2018). This effect is primarily due to the
enhanced nutrient uptake, improved photosynthetic
efficiency (Kah et al., 2013 and De Rosa et al., 2010)
and increased stress resistance provided by the nano-
sized particles (Subramanian et al., 2015). The efficient
absorption and utilization of nutrients lead to better overall
plant growth and development, culminating in an
increased number of flowers. Similar results were
advocated by Raliya et al. (2014) and Sharma et al.
(2018).
Fruit yield

It is clear from the data (Table 5) that T, treatment
(75% RDF + 2ml/l Nano Urea+ 50 ppm ZnO), recorded
yield (157.69¢g/ha and 161.92 g/ha) followed by T,
Treatment (75% RDF + 2ml/l Nano Urea+ 10 ppm TiO,)
(149.32 g/ha and 150.60 g/ha) and the minimum yield
was noted in T_ (control) (58.49 g/ha and 63.93¢/ha) during
first and second year, respectively. Same trend was also
reported in pooled data at 120 DAS, (159.81g/ha). Zn
NPs have been found to enhance photosynthetic
parameters, leading to increased dry matter accumulation
and grain yield in rice. The application of ZnO
nanoparticles resulted in higher plant height and grain
yield compared to conventional zinc fertilizers (Gobinath
et al., 2024). In wheat, biosynthesized Zn NPs increased
plant height, leaf area, and total dry matter production,
contributing to higher grain and straw yields (Nazma et
al., 2024).

Conclusion

On the basis of results of present investigation, it is
clear that use of nano fertilizer is beneficial for okra
production which can reduce the chemical fertilizer
requirement. Among the treatments under study, it may
be concluded that foliar application of 2 ml/I Nano urea +
50 ppm ZnO nanoparticles in two times 30 days and 60
days after seed sowing along with 75% recommended
dose of fertilizer (RDF) significantly influenced the

vegetative growth parameters of okra along with early
flowering and more fruit yield of okra cv. Kashi Lalima
grown at subtropical climate.

Acknowledgments

The authors thank the Department of Chemistry and
The University Sophisticated Instrumentation Centre
(USIC) for the facilities and support provided during
preparation of nanoparticles as well as characterization.

References

Aboelenein, S.A. and Ali M.F. (2020). Effects of Nano-Nitrogen
Fertilizer on Growth, Yield and Quality of Okra. J. Soil
Sci Plant Nut., 20(2), 123-136.

Adhikari, T., Kundu S. and Rao A.S. (2016). Impact of foliar
application of iron-oxide and zinc-oxide nano particles
on yield and micronutrient uptake in rice (Oryza sativa
L.). Chem., 139, 81-88.

Agrawal, S., Kumar V., Kumar S. and Shahi S.K. (2022). Plant
development and crop  protection using
phytonanotechnology: A new window for sustainable
agriculture. Chem., 299, 134465. https://doi.org/10.1016/
j.chemosphere.2022.134465.

Ahmad, H., Venugopal K., Rajagopal K, De Britto S., Nandini
B., Pushpalatha H.G,, Konappa N., Udayashankar A.C.,
Geetha N. and Jogaiah S. (2020). Green synthesis and
characterization of zinc oxide nanoparticles using
Eucalyptus globules and their fungicidal ability against
pathogenic fungi of apple orchards. Biomol., 10, 425.
https://doi.org/10.3390/biom10030425.

Ahmed, M. and Khan M.A. (2022). Nano-Iron Fertilizers and
Their Effect on Growth and Yield of Okra. J. Agri. Sci.,
16(1), 45-56.

Alabdallah, N.M. and Alzahrani H.S. (2020). The potential
mitigation effect of ZnO nanoparticles on [Abelmoschus
esculentus L. Moench] metabolism under salt stress
conditions. Saudi J. Bio. Sci., 27(11), 3132-3137. https:/
/doi.org/10.1016/j.sjbs.2020.08.005.

Alwan, S., Mahdi W. and Hussain L. (2022a). Preparation and
diagnosis of magnetic nanoparticles and their effect on
root nodule count in Vicia faba L. AIP Conf. Proc. https:/
/doi.org/10.1063/5.0121453.

Anonymous (2022). IFFCO Nano Urea. In: Indian Farmers
Fertilizer Cooperative (IFFCO). https://nanourea.in/en/
nano-urea. Accessed 3 Mar 2023.

Anusuya, S. and Rajan K. (2024). Role of Zinc and Zinc Oxide
Nanofertilizer in Enhancing Crop Production (pp. 111-
131). https://doi.org/10.1007/978-981-99-7673-7_6

Aragay, G, Pino F. and Merkogi A. (2012). Nanomaterials for
Sensing and Destroying Pesticides. Chem. Rev., 112,
5317-5338.

Awan, S., Shahzadi K., Javad S., Tarig A., Ahmad A. and llyas
S. (2021). A preliminary study of influence of zinc oxide
nanoparticles on growth parameters of Brassica oleracea
var italic. J. Saudi Soc Agric. Sci., 20, 18-24. doi: 10.1016/




1228 Razauddin et al.

j.jssas.2020.10.003.

Badawy, A.A., Abdelfattah N.A.H., Salem S.S., Awad M.F. and
Fouda A. (2021). Efficacy assessment of biosynthesized
copper oxide nanoparticles (CuO-NPs) on stored grain
insects and their impacts on morphological and
physiological traits of wheat (Triticum aestivum L.). Plant
Biol., 10, 233. doi: 10.3390/biology10030233.

Carmona, F.J., Dal Sasso G. and Ramirez-Rodriguez G.B. (2021).
Urea-functionalized amorphous calcium phosphate
nanofertilizers: optimizing the synthetic strategy towards
environmental sustainability and manufacturing costs.
Sci Rep., 11, 3419 https://doi.org/10.1038/s41598-021-
83048-9.

DeRosa, M.C. Monreal C., Schnitzer M., Walsh R. and Sultan
Y. (2010). Nanotechnology in fertilizers. Nature
Nanotech., 5(2), 91-96.

Dimkpa, C.O. Andrews J., Sanabria J., Bindraban P.S., Singh
U., Elmer W.H., Gardea-Torresdey J.L. and White J.C.
(2020). Interactive effects of drought, organic fertilizer,
and zinc oxide nanoscale and bulk particles on wheat
performance and grain nutrient accumulation. Sci. Total
Environ., 722, 137808.

Donia, D.T. and Carbone M. (2023). Seed Priming with Zinc
Oxide Nanoparticles to Enhance Crop Tolerance to
Environmental Stresses. Inter. J. Mol. Sci., 24. https://
doi.org/10.3390/ijms242417612.

Du, W., Gardea-Torresdey J.L., Ji R., Yin Y., Zhu J., Peralta-
Videa J.R. and Guo H. (2015). Physiological and
Biochemical Changes Imposed by CeO, Nanoparticles
on Wheat: A Life Cycle Field Study. Environ. Sci.
Technol., 49, 11884-11893.

Esfe, M.H., Kamyab M.H. and Valadkhani M. (2020).
Application of nanofluids and fluids in photovoltaic
thermal system: An updated review. Sol. Energy, 199,
796-818.

Etienne, P., Diquelou S., Prudent M., Salon C., Maillard A. and
Ourry A. (2018). Macro and micronutrient storage in
plants and their remobilization when facing scarcity: the
case of drought. Agric-Basel, 8, 14. doi: 10.3390/
agriculture8010014.

Faizan, M., Faraz Yusuf M., Khan S.T. and Hayat S. (2018).
Zinc oxide nanoparticle-mediated changes in
photosynthetic efficiency and antioxidant system of
tomato plants. Photosynt., 56, 678-686.A.

Faizan, M., Hayat S. and Pichtel J. (2020). Effects of Zinc Oxide
Nanoparticles on Crop Plants: A Perspective analysis.
BT - Sust. Agr. Rev., 41, 83-99.

Fayomi, O.M. (2024). Growth and yield responses of soybean
(Glycine max L.) to zinc oxide (ZnO) nanoparticles foliar
application. Biotech. Act., 17(6), 56-66. https://doi.org/
10.15407/biotech17.06.056.

Fraceto, L.F., Grillo R., de Medeiros G.A., Scognamiglio V., Rea
G. and Bartolucci C. (2016). Nanotechnology in
agriculture: Which innovation potential does it have?
Front. Environ. Sci., 4. doi: 10.3389/fenvs.2016.00020

Gao, F., Hong F., Liu C., Zheng L., Su, M. Wu, X. Yang, F. Wu,
C. and Yang P. (2006). Mechanism of nano-anatase
TiO, on promoting photosynthetic carbon reaction of
spinach: Inducing complex of Rubisco-Rubisco
activase. Biol. Trace Elem. Res., 111, 239-253.

Garcia-Lopez, J.1., Zavala-Garcia F., Olivares-Séaenz E., Lira-
Saldivar R.H., Diaz Barriga-Castro E., Ruiz-Torres N.A.,
Ramos-Cortez E., Vazquez-Alvarado R. and Nino-Medina
G. (2018). Zinc Oxide Nanoparticles Boosts Phenolic
Compounds and Antioxidant Activity of Capsicum
annuum L. during Germination. Agron., 8, 215.

Gobinath, R., Manasa V., Surekha K., Brajendra B., Babu P.M.,
B. B. Vijayakumar S. and Bandeppa S. (2024). Nano-sized
ZnO enhances photosynthetic parameters, yield and Zn
content in rice (Oryza sativa). Indian J. Agric. Sci.,
94(10), 1136-1139. https://doi.org/10.56093/

ijas.v94i10.151163.

Hafizi, Z. and Nasr N. (2018). The effect of Zinc Oxide
Nanoparticles on Safflower Plant Growth and Physiology.
Eng. Tech. and App. Sci. Res., 8(1), 2508-2513. https://
doi.org/10.48084/ETASR.1571.

Hassan, M.U., Guo-gin H., Haider F.U., Khan T.A., Noor M.,
Luo F.C.H., Zhou Q., Yang B., Hag M. and Igbal M. (2024).
Application of Zinc Oxide Nanoparticles to Mitigate
Cadmium Toxicity: Mechanisms and Future Prospects.
Plants, 13(12), 1706. https://doi.org/10.3390/
plants13121706.

Hassan, N.S., EI Din TA.S., Hendawey M.H., Borai I.H. and
Mahdi A.A. (2018). Magnetite and Zinc oxide
Nanoparticles alleviated Heat Stress in Wheat Plants.
Curr. Nanomater., 3, 32-43.

Hitkari, G,, Singh S. and Pandey G. (2018). Photoluminescence
behavior and visible light photocatalytic activity of ZnO,
ZnO/ZnS and ZnO/ZnS/a-Fe,0, nanocomposites. Trans.
Nonfer. Met. Soc. China, 28 (7), 1386-1396.

Irshad, M.A., Rehman M.Z., Anwar-ul-Hag M., Rizwan M.,
Nawaz R., Shakoor M.B., Wijaya L., Alyemeni M.N.,
Ahmad P. and Ali S. (2021). Effect of green and chemically
synthesized titanium dioxide nanoparticles on cadmium
accumulation in wheat grains and potential dietary health
risk: Afield investigation. J. Hazard. Mater., 415, 125585.

Ismael, M. (2020). A review and recent advances in solar-to-
hydrogen energy conversion based on photocatalytic
water splitting over doped-TiO, nanoparticles. Soil
Energy, 211, 522-546.

Iziy, E., Majd A., Vaezi-Kakhki M.R., Nejadsattari T. and
Noureini S.K. (2019). Effects of zinc oxide nanoparticles
on enzymatic and nonenzymatic antioxidant content,
germination and biochemical and ultrastructural cell
characteristics of Portulaca oleracea L. Acta Soc. Bot.
Pol., 88(4), 3639. doi: 10.5586/ashp.3639

Jamkhande, P.G, Ghule N.W., Bamer A.H. and Kalaskar M.G.
(2019). Metal nanoparticles synthesis: An overview on
methods of preparation, advantages and disadvantages,
and applications. J. Drug Deliv. Sci. Technol., 53, 101174.
doi: 10.1016/ j.jddst.2019.101174




Use of Nano fertilizers to Reduce Chemical Fertilizer Load for Okra Production 1229

Jiang, D., Hou J., Gao W., Tong X., Li M. and Chu X. (2021).
Exogenous spermidine alleviates the adverse effects
of aluminum toxicity on photosystem Il through
improved antioxidant system and endogenous
polyamine contents. Ecotoxicol. Environ. Saf., 207,
111265. doi: 10.1016/j.ecoenv.2020.111265.

Kah, M., Beulke S., Tiede K. and Hofmann T. (2013).
Nanopesticides: state of knowledge, environmental fate
and exposure modeling. Crit. Rev. Env. Sci. Tech.,
43(16), 1823-1867.

Khan, Z., Shahwar D., Yunus A.M.K. and Chandel R. (2019).
Toxicity assessment of anatase (TiO,) nanoparticles: a
pilot study on stress response alterations and DNA
damage studies in Lens culinaris Medik. Heliyon, 5,
€02069. https://doi.org/ 10.1016/j.heliyon.2019.e02069.

Khanm, H., Vaishnavi B.A. and Shankar A.G. (2018). Raise of
nanofertilizer era: effect of nano scale zinc oxide
particles on the germination, growth and yield of
tomato (Solanum lycopersicum). Int. J. Curr. Microb.
App. Sci., 7(5), 1861-1871.

Khater, M.S. (2015). Effect of Titanium Nanoparticles (TiO,)
on Growth, Yield and Chemical Constituents of
Coriander Plants. Arab J. Nucl. Sci. Appl., 48, 187-
194.

Khattak, A., Ullah F., Shinwari Z.K. and Mehmood S. (2021).
The effect of titanium dioxide nanoparticles and salicylic
acid on growth and biodiesel production potential of
sunflower (Helianthus annuus L.) under water stress.
Pak. J. Bot., 53, 1987-1995.

Kolencik, M., Ernst D., Komar M., Urik M., Sebesta M.,
Dobrocka E.E., Cerny I., llla R., Kanike R. and Qian Y.
(2019). Effect of foliar spray application of zinc oxide
nanoparticles on quantitative, nutritional and
physiological parameters of foxtail millet (Setaria italica
L.) under field conditions. Nanomaterials, 9, 1559.

Kolencik, M., Ernst D., Komar M., Urik M., Sebesta M.,
Durisova L., Bujdos M., Cerny I., Chlpik J., Juriga M.,
Illa R., Qian Y., Feng H., Kratosova G., Barabaszova
K.C., Ducsay L. and Aydyn E. (2022). Effects of foliar
application of ZnO nanoparticles on lentil production,
stress level and nutritional seed quality under field
conditions. Nanomaterials, 12, 1-15. https://doi.org/
10.3390/nan012030310.

Kolencik, M., Ernst D., Urik M., Durisova L., Bujdos M.,
Sebesta M., Dobrocka E., Ksinan S, llla R. and Qian Y.
(2020). Foliar Application of Low concentrations of
Titanium Dioxide and Zinc Oxide Nanoparticles to the
common Sunflower under field conditions. Nanomater.,
10, 1619.

Korosi, L., Bouderias S., Csepregi K., Bognar B., Teszlak P.,
Scarpellini A., Castelli A., Hideg E. and Jakab G. (2019).
Nanostructured TiO,-induced photocatalytic stress
enhances the antioxidant capacity and phenolic content
in the leaves of Vitis vinifera on a genotype-dependent
manner. J. Photochem. Photobiol. B Biol., 190, 137-
145.

Kumar, A., Ram H., Kumar R., Kumar S., Yadav A., Gairola A.,
Kumar V. and Sharma T. (2023). A comprehensive Review
of Nano-Urea vs. Conventional Urea. Int. J. Plant Soil
Sci., VL - 35, 32-40. DO - 10.9734/1JPSS/2023/v35i234212.

Lakshman, K., Marigowda C., Prasad S.P.N., Babu G.P., Srinivas
T., Naik N.R. and Korah A. (2022). Liquid nano-urea: an
emerging nano fertilizer substitute for conventional urea,
Chronicle biores. OR Manage. 6(2), 54-59.

Lekshmi, J.M.A., Bahadur V., Abraham K.R. and Kerketta A.
(2022). Effect of Nano Fertilizer on Growth, Yield and Quality
of Okra (Abelmoschus esculentus). Int. J. Plant Soil Sci.,
34(21), 61-69.

Lian, J., Zhao L., Wu J., Xiong H., Bao Y., Zeb A., Tang J. and Liu
W. (2020). Foliar spray of TiO, nanoparticles prevails over
root application in reducing Cd accumulation and mitigating
Cd-induced phytotoxicity  in maize (Zea
mays L.). Chem., 239, 124794.

Macwan, D.P., Dave P.N. and Chaturvedi S. (2011). A review on

nano-TiO, sol-gel type syntheses and its applications. J.
Mater. Sci., 46, 3669-3686.

Miller, G.L. (1959). Use of dinitrosalicylic acid reagent for
determination of reducing sugar. Anal. Chem., 31(3), 426-
428.

Moaveni, P., Farahani H.A. and Maroufi K. (2011). Effect of
TiO, nanoparticles spraying on barley (Hordeum vulgare
L.) under field condition. Adv. Environ. Biol., 5,2220-2223.

Mogazy, A.M. and Hanafy R.S. (2022). Foliar spray of
biosynthesized zinc oxide nanoparticles alleviate salinity
stress effect on Vicia faba plants. J Soil Sci Plant Nut.,
22(2), 2647-2662.

Mustafa, H., llyas N., Akhtar N., Raja N.l., Zainab T., Shah T.,
Ahmad A. and Ahmad P. (2021). Biosynthesis and
characterization of titanium dioxide nanoparticles and its
effects along with calcium phosphate on physicochemical
attributes of wheat under drought stress. Ecotoxicol.
Environ. Saf., 223, 112519.

Nazma, S., Sudha T., Biradar D.P., Krishnaraj P.U.,
Chandrashekhar S. and Ravikumar H. (2024).
Biosynthesized Zinc Nanoparticles and their Plant Growth-
Promoting effect on Wheat (Triticum aestivum L.)
Cultivation. J. Sci Res. Rep., 30(9), 148-158. https://doi.org/
10.9734/jsrr/2024/v30i92339

Neme, K., Nafady A., Uddin S. and Tola Y.B. (2021). Application
of nanotechnology in agriculture, postharvest loss
reduction and food processing: Food security implication
and challenges. Heliyon, 7, e08539. doi: 10.1016/
j-heliyon.2021.e08539.

Neto, M.E., Britt D.W., Lara L.M., Cartwright A., Santos R.F.
and Inoue T.T. (2020). Initial development of corn seedlings
after seed priming with nanoscale synthetic zinc oxide.
Agron., 10, 307-317. doi: 10.3390/agronomy10020307

Noohpisheh, Z., Amiri H., Mohammadi A. and Farhadi S. (2021).
Effect of the foliar application of zinc oxide nanoparticles
on some biochemical and physiological parameters of
Trigonella foenum-graecum under salinity stress. Plant



1230 Razauddin et al.

Biosystems-Int. J. Plant Biol., 155, 267-280. doi: 10.1080/
11263504.2020.1739160

Ogunkunle, C.O., Adegboye E.F., Okoro H.K., Vishwakarma
V., Alagarsamy K. and Fatoba P.O. (2020). Effect of
nanosized anatase TiO, on germination, stress defense
enzymes, and fruit nutritional quality of Abelmoschus
esculentus (L.) Moench (okra). Arab. J. Geosci., 13(3),

1-13. https://doi.org/10.1007/S12517-020-5121-6

Olkhovskaya, I.P., Krokhmal I.I. and Glushchenko N. (2024).
Improvement of morphophysiological parameters of
pepper after the seed pre-sowing treatment with zinc
nanoparticles. Him. Fiz., 43(4), 88-96. https://doi.org/
10.31857/s0207401x24040115.

Pejam, F., Ardebili Z.0., Ladan-Moghadam A. and Danaee E.
(2021). Zinc oxide nanoparticles mediated substantial
physiological and molecular changes in tomato. PloS
One, 16(3), e0248778. https://doi.org/10.1371/
journal.pone.0248778.

Peralta-Videa, J.R., Hernandez-Viezcas J.A., Zhao L., Diaz B.C.,
Y. Ge, J.H. Priester, P.A. Holden and J.L. Gardea-Torresdey
(2014). Cerium dioxide and zinc oxide nanoparticles alter
the nutritional value of soil cultivated soybean plants.
Plant Physiol. Biochem., 80, 128-135.

Prasad, R., Bhattacharyya A. and Nguyen Q.D. (2012b).
Nanotechnology in sustainable agriculture: Recent
developments, challenges and perspectives. Front.
Microb., 3, 134.

Prasad, T., Sudhakar P., Sreenivasulu Y., Latha P., Munaswamy
V. and Reddy K.R. (2012). Effect of nanoscale zinc oxide
particles on the germination, growth and yield of peanut.
J. Plant Nutr.,, 35, 905-927. doi: 10.1080/
01904167.2012.663443

Prem, Baboo (2021). Nano Urea the Philosophy of Future.
DOI: 10.13140/RG.2.2.15790.43845 www. Research gate.
net.

Pullagurala, V.L.R., Adisa 1.0., Rawat S., Kalagara S.,
Hernandez-Viezcas J.A., Peralta-Videa J.R. and Gardea-
Torresdey J.L. (2018). ZnO nanoparticles increase
photosynthetic pigments and decrease lipid peroxidation
in soil grown cilantro (Coriandrum sativum). Plant
Physiol. Biochem., 132, 120-127.

Qureshi, A., Singh D.K. and Dwivedi S. (2018). Nano-fertilizers:
A Novel Way for Enhancing Nutrient use Efficiency and
Crop Productivity. Int. J. Curr. Microbiol. App. Sci., 7(2),
3325-3335.

Rai, P.K., Kumar V., Lee S., Raza N., Kim K.H. and Ok Y.S.
(2018). Nanoparticle-plant interaction: implications in
energy, environment and agriculture. Environ. Int., 119,
1-19. doi: 10.1016/j.envint.2018.06.012

Rajput, V.D., Minkina T., Kumari A., Singh V.K., Verma K.K.
and Mandzhieva S. (2021). Coping with the challenges
of abiotic stress in plants. new dimensions in the field
application of nanoparticles. Plants, 10, 1221. doi:
10.3390/plants10061221

Raliya, R., Saharan V., Dimkpa C. and Biswas P. (2018).

Nanofertilizer for precision and sustainable agriculture:
current state and future perspectives. J. Agric. Food
Chem., 66(26), 6487-6503.

Raliya, R., Tarafdar J.C. and Choudhary K.A. (2014). Enhancing
the phosphorus availability in soil for Vigna radiata (L.)
using nanoparticles. Agri. Res., 3(3), 257-262.

Ranganna, S. (1986). Handbook of Analysis and Quality
Control for Fruit and Vegetable Products. Tata McGraw-
Hill Edu.

Regni, L., Del Buono D., Micheli M., Facchin S.L., Tolisano C.
and Proietti P. (2022). Effects of biogenic ZnO
nanoparticles on growth, physiological, biochemical traits
and antioxidants on olive tree in vitro. Hort., 8, 161. doi:
10.3390/ horticulturae8020161

Rulison A.J., Miquel P.F. and Katz J.L. (1996). Titania and
silica powders produced in a counterflow diffusion flame.
J. Mater. Res., 11(12), 3083-3089.

Sahu, P.K. and Das A.K. (2014). Agriculture and applied
statistics - Il. In: SAS Institute Inc., SAS 9.1.3 Help and
Documentation, Cary, NC: SAS Institute Inc., 2002— 2004.
SPSS Inc. Released 2007. SPSS for Windows, Version
16.0. Chicago, SPSS Inc.), second ed. Kalyani Publishers,
New Delhi.

Salama, D.M., Osman S.A., Abd El-Aziz M.E., Abd Elwahed
M.S.A. and Shaaban E.A. (2019). Effect of zinc oxide
nanoparticles on the growth, genomic DNA, production
and the quality of common dry bean (Phaseolus
vulgaris). Biocatal. Agric. Biotechnol., 19, 101083. doi:
10.1016/j.bcab.2019.101083

Satti, S.H. Raja N.I., Ikram M., Oraby H.F., Mashwani Z.U.R.,
Mohamed A.H. and Omar A.A. (2022). Plant-based
titanium dioxide nanoparticles trigger biochemical and
proteome modifications in Triticum aestivum L. under
biotic stress of Puccinia striiformis. Mol., 27(13), 4274.

Schwab, F., Zhai G., Kern M., Turner A., Schnoor J.L. and
Wiesner M.R. (2015). Barriers, pathways and processes
for uptake, translocation and accumulation of nano-
materials in plants Critical review. Nanotoxi., 10, 257-
278.

Selvakumar, D., Nagaraju P., Mukannan A. and Jayavel R.
(2021). Metal oxide—grafted graphene nanocomposites
for energy storage applications. Emer Mat., 4. 10.1007/
s42247-021-00215-4.

Semida, W., Abdelkhalik A., Farag G., Ali T., EI-Mageed S.,
Rady M. and Ali E. (2021). Foliar Application of Zinc
Oxide Nanoparticles promotes Drought Stress Tolerance
in Eggplant (Solanum melongena L.). Plants, 10, 421.
10.3390/plants10020421.

Servin, A., Elmer W., Mukherjee A., De la Torre-Roche R.,
Hamdi H., White J.C., Bindraban P. and Dimkpa C. (2015).
A review of the use of engineered nanomaterials to
suppress plant disease and enhance crop yield. J.
Nanoparticle Res., 17, 92.

Sharma, R., Bairwa L.N., Ola A.L., Kumari L. and Meena A.R.
(2018). Effect of zinc on growth, yield and quality of okra



Use of Nano fertilizers to Reduce Chemical Fertilizer Load for Okra Production 1231

[Abelmoschus esculentus (L.) Moench]. J. Pharmacogn.
Phytochem., 7(1), 2519-2521.

Sharma, A., Kapoor D., Gautam S., Landi M., Kandhol N.,
Araniti F. and Zheng B. (2022). Heavy metal induced
regulation of plant biology: Recent insights. Physiologia
plantarum, 174(3), e13688.

Sharma, R. and Gupta S. (2019). Impact of Nano-Potassium
Fertilizers on Okra Growth Parameters. Int. J. Plant Sci.,
14(3), 321-331.

Sheoran, O.P., Tonk D.S., Kaushik L.S., Hasija R.C. and Pannu
R.S.(1998). Statistical Software Package for Agricultural
Research Workers. Department of Mathmetics Statistics,
CCS HAU, Hisar, 139-143.

Sheteiwy, M. S. Shaghaleh H. Hamoud Y. A. Holford P. Shao
H. B. and Qi W. C. (2021). Zinc oxide nanoparticles:
potential effects on soil properties, crop production, food
processing, and food quality. Environ. Sci. pollut. Res.
28, 36942-36966. doi: 10.1007/s11356-021-14542-w

Silva, R.M. Teesy C. Franzi L. Weir A. Westerhoff P. Evans J.E.
and Pinkerton K.E. (2013). Biological Response to Nano-
Scale Titanium Dioxide (TiO,): Role of Particle Dose,
Shape and Retention. J. Toxicol. Environ. Heal. Part
A, 76,953-972.

Singh, B. and Kumar A. (2021). Effect of Nano-phosphorus
Fertilizers on Okra Growth and Yield. Agron. J.,113(4),
2567-2575.

Singh, J., Kumar S., Alok A., Upadhyay S.K., Rawat M., Tsang
D.C.W,, Bolan N. and Kim K.-H. (2019). The potential of
green synthesized zinc oxide nanoparticles as nutrient
source for plant growth. J. Clean. Prod., 214,1061-1070.

Singh, P., ArifY., Siddiqui H., Sami F., Zaidi R., Azam A., Alam
P. and Hayat S. (2021). Nanoparticles enhances the
salinity toxicity tolerance in Linum usitatissimum L. by
modulating the antioxidative enzymes, photosynthetic
efficiency, redox status and cellular damage. Ecotoxicol.
Environ. Saf., 213, 112020.

Solanki, P., Bhargava A., Chhipa H., Jain N. and Panwar J.
(2015). Nano-fertilizers and their Smart Delivery System.
In: Rai, M., Ribeiro C., Mattoso L. and Duran N. (eds)
Nanotechnologies in Food and Agriculture. Springer,
Cham. https://doi.org/10.1007/978- 3-319-14024-7_4

Sompornpailin, K. and Chayaprasert W. (2020). Plant
physiological impacts and flavonoid metabolic responses
to uptake TiO2 nanoparticles. Aust. J Crop Sci. https://
doi.org/10.21475/ajcs.20.14.04. p1995.

Srivastava, R. K. Satyavathi C. T. Mahendrakar M. D. Singh
R. B. Kumar S. Govindaraj M. (2021). Addressing iron
and zinc micronutrient malnutrition through utrigenomics

in pearl millet: advances and prospects. Front. Genet.
12,723472.doi: 10.3389/fgene.2021.723472.

Subramanian, K.S., Manikandan A., Thirunavukkarasu M. and
Rahale C.S. (2015). Nano- fertilizers for Balanced Crop
Nutrition. In: Rai, M., Ribeiro C., Mattoso L. and Duran
N. (eds). Nanotechnologies in Food and Agriculture.
Springer, Cham. https://doi.org/10.1007/978-3-319-14024-
73

Tarafdar, J.C., RaliyaR., Rathore I. and Pal R. (2014). Microbial
synthesis of phosphorus nanoparticles from Tri-calcium
phosphate using Aspergillus tubingensis TFR-5. J.
Bionanosci., 8(1), 40-44.

Tighe-Neira, R., Reyes-Diaz M. and Nunes-Nesi A. (2024).
Physiological and agronomical traits effects of titanium
dioxide nanoparticles in seedlings of Solanum
lycopersicum L. BMC Plant Biol., 24, 146 . https://
doi.org/10.1186/s12870-024-04763-9.

Torabian, S., Zahedi M. and Khoshgoftarmanesh A. (2016).
Effect of Foliar Spray of Zinc Oxide on some Antioxidant
Enzymes activity of Sunflower under Salt Stress. J. Agric.
Sci. Technol., 18, 1013-1025.

Vinitha, V., Preeyanghaa M., Vinesh V., Dhanalakshmi R.,
Neppolian B. and Sivamurugan V. (2021). Two is better
than one: Catalytic, sensing and optical applications of
doped zinc oxide nanostructures. Emer. Mat.

Wang, X.P., Li Q.Q., Pei Z.M. and Wang S.C. (2018). Effects of
zinc oxide nanoparticles on the growth, photosynthetic
traits, and antioxidative enzymes in tomato plants. Biol.
Plant, 62, 801-808. doi: 10.1007/s10535-018-0813-4

Wang, Z., Tang C., Mi X., Yao D., Chen Z., Guo C., Zhao Y.,
Xue X., Chang W. and Li Y. (2024). Zinc Oxide
Nanoparticles alleviated Vanadium-Induced inhibition by
Regulating Plant Hormone Signal Transduction and
Phenylpropanoid Biosynthesis in Maize Seedling (Zea
mays L.). Env. Tech. Inn., 35, 103696. ISSN2352-
1864, https://doi.org/10.1016/j.€ti.2024.103696.

Webb, N.P., Marshall N.A., Stringer L.C., Reed M.S., Chappell
A. and Herrick J.E. (2017). Land degradation and climate
change: building climate resilience in agriculture. Front.
Ecol. Environ., 15(8), 450-459. doi: 10.1002/fee.1530

Williams, B.P. Qi Z., Huang W. and Tsung C.-K. (2020). The
impact of synthetic method on the catalytic application
of intermetallic nanoparticles. Nanoscal., 12, 18545-
18562.

Yang, F., Hong F., You W,, Liu C., Gao F., Wu C. and Yang P.
(2006). Influence of nano-anatase TiO, on the nitrogen
metabolism of growing spinach. Biol. Trace Elem. Res.,
110, 179-190.




