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Nitrogen use efficiency (NUE) is a major determinant of crop productivity, yet substantial
nitrogen losses during fertilizer application reduce agricultural sustainability and
contribute to environmental pollution. Nitrate reductase (NR), a molybdenum-dependent
enzyme, catalyses the first and rate-limiting step of nitrate assimilation, making
molybdenum availability essential for efficient nitrogen metabolism. The present study
aimed to synthesize and characterize molybdenum trioxide (MoO3) nanoparticles and
evaluate their catalytic influence on nitrate reductase activity in wheat (Triticum
aestivum) under in vitro conditions. MoO3; nanoparticles were synthesized using a wet
chemical route followed by calcination at 500°C and characterized by UV-Visible
spectroscopy, zeta potential analysis, Fourier Transform Infrared Spectroscopy (FTIR),
Scanning Electron Microscopy (SEM), Energy Dispersive X-ray Spectroscopy (EDS), and X-
ray Diffraction (XRD). The synthesized nanoparticles exhibited characteristic optical
absorption, moderate colloidal stability (-25 mV), crystalline MoOs-specific functional
groups, high elemental purity, and well-defined crystalline diffraction peaks, confirming
successful nanoparticle synthesis. The catalytic effect of Nano-MoO3; was assessed by
measuring nitrate reductase activity at five concentrations (15, 30, 45, 60, and 75 ppm).
Enzyme activity increased significantly from 1.21 + 0.08 to 6.35 + 0.15 pM NO,~ g~* h™%,
reaching a maximum at 45 ppm, followed by a decline to 3.05 * 0.10 and 2.48 + 0.13 uM
NO,” g* h™* at 60 and 75 ppm, respectively. Statistical analyses confirmed normality and
homogeneity of variance, while one-way ANOVA demonstrated a highly significant effect
of Nano-MoO; concentration on nitrate reductase activity (p < 0.001). Tukey's HSD test
identified 45 ppm as the optimum concentration for enzyme activation. These findings
demonstrate that appropriately dosed Nano-MoO3z; enhances nitrate reductase activity
and possesses considerable potential as a nano-enabled micronutrient for improving
nitrogen assimilation and nitrogen use efficiency in wheat.

1. Introduction

Nitrogen (N) is
macronutrients

one

of the
required

deficiency remains one of the major factors limiting
agricultural productivity worldwide. Although large
quantities of nitrogen fertilizers are applied to
increase crop yield, only 30-50% of the applied

most essential

for plant growth,

development, and productivity. It is a fundamental
constituent of amino acids, proteins, nucleic acids,
chlorophyll, enzymes, and numerous metabolites that
regulate plant metabolism. Nitrogen availability
directly  influences  photosynthesis, = biomass
production, grain yield, and crop quality. However, N

nitrogen is effectively utilized by plants, while the

remainder is lost through Ileaching, runoff,
volatilization, and denitrification, resulting in
environmental pollution and economic losses

(Galloway et al., 2003; Henschke, 2005). Therefore,
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improving nitrogen use efficiency (NUE) has become
an important objective of sustainable agriculture
(Marschner, 1995; Bell & Henschke, 2005; Rahman et
al, 2021). Plants absorb nitrogen primarily in two
inorganic forms, nitrate (NO3) and ammonium
(NH,"), from the soil (Imran et al, 2019; Li et al,
2020). Among these, NOs; is the predominant
nitrogen source for most agricultural crops because of
its higher mobility, lower toxicity, and ability to be
stored in plant vacuoles. Besides serving as a nutrient,
nitrate also functions as an important signaling
molecule regulating root development, nutrient
transport, gene expression, and adaptation to
environmental changes (Liu et al., 2017; Alamri et al.,
2021; Alhan et al., 2026). However, NO3™ cannot be
directly incorporated into amino acids and proteins. It
must first undergo enzymatic reduction to NH,'
before assimilation into organic compounds. The
reduction of NO;3 is initiated by nitrate reductase
(NR), a cytosolic enzyme that catalyzes the conversion
of NO3™ to nitrite (NO, ). NO; is subsequently reduced
to NH," by nitrite reductase (NiR) within chloroplasts.
The resulting NH,  is assimilated through the
glutamate synthase/glutamine oxoglutarate
aminotransferase (GS/GOGAT) pathway to synthesize
amino acids, proteins, nucleic acids, chlorophyll, and
other N-containing compounds (Imran et al, 2019;
Liu, 2022; Alhan & Dhania, 2024). Since NR catalyzes
the first and rate-limiting step of NO3™ assimilation, its
activity largely determines N metabolism, NUE, and
overall plant growth. Reduced NR activity has been
associated with poor N assimilation, lower
photosynthetic efficiency, and decreased crop
productivity (Drath et al,, 2008; Zhang et al., 2012).
Among the micronutrients involved in N
metabolism, molybdenum (Mo) plays a unique and
indispensable role. Although required only in trace
amounts, Mo forms the active metal center of the
molybdenum cofactor (MoCo), which is essential for
the catalytic activity of NR and several other
oxidoreductase enzymes, including nitrogenase,
sulfite oxidase, aldehyde oxidase, and =xanthine
dehydrogenase (Kaiser et al, 2005; Mendel &
Schwarz, 2011). Within NR, Mo acts as the catalytic
site where NO;3" is reduced to NO; through electron
transfer from nicotinamide adenine dinucleotide with
hydrogen (NADH) via flavin adenine dinucleotide
(FAD) and cytochrome bss;. Consequently, adequate
Mo availability is critical for efficient NO;™ reduction,
chlorophyll synthesis, nitrogen assimilation, and
normal plant growth (Tejada-Jiménez et al., 2013). Mo
deficiency has become increasingly common in
agricultural soils due to intensive cultivation,
excessive use of nitrogen and phosphorus fertilizers,
low organic matter content, and progressive soil
acidification. Under acidic conditions, molybdate
availability decreases significantly, resulting in
reduced NR activity, NO3~ accumulation in plant

tissues, chlorosis, impaired N metabolism, and lower
crop yields (von Uexkiill & Mutert, 1995; Wang et al.,
2002; Gao et al, 2016; Liu, 2022). Therefore,
improving Mo availability represents an effective
strategy for enhancing N metabolism and fertilizer
use efficiency.

Recent advances in nanotechnology have opened
new opportunities for improving nutrient delivery in
agriculture. Nanoparticles possess unique
physicochemical properties, including nanoscale
dimensions, high surface-to-volume ratio, enhanced
surface reactivity, superior catalytic efficiency, and
improved bioavailability compared with conventional
bulk materials. These characteristics enable
nanoparticles to interact more effectively with
biological molecules and improve nutrient utilization
while reducing environmental losses (Dimkpa &
Bindraban, 2018; Kah et al., 2018). Mo nanoparticles
have gained considerable attention because they
combine the nutritional significance of Mo with the
catalytic advantages of nanotechnology. Their small
particle size and large specific surface area are
expected to enhance enzyme-nanoparticle
interactions, improve electron transfer efficiency, and
increase the catalytic activity of NR. These properties
make Mo nanoparticles promising candidates for
improving N assimilation and developing efficient
nano fertilizers (Zhang et al., 2022). However, despite
the well-established role of Mo in plant nutrition,
studies investigating the direct catalytic influence of
Mo nanoparticles on NR activity remain limited,
particularly under controlled in vitro conditions.

Wheat (Triticum aestivum L.) is one of the most
important cereal crops worldwide and serves as a
staple food for billions of people. Since wheat
production requires substantial N inputs, improving
NUE is essential for sustainable agriculture.
Understanding the interaction between Mo
nanoparticles and NR may provide new opportunities
to enhance N metabolism without increasing fertilizer
application. Therefore, the present study aimed to
synthesize and characterize molybdenum oxide
(MoO,) nanoparticles and investigate their catalytic
effect on NR activity in wheat under in vitro
conditions. The findings contributed to the
development of nanoparticle-based strategies for
improving N assimilation and sustainable crop
production.

2. Material and Methods

2.1 Synthesis of molybdenum oxide nanoparticles

MoOs; nanoparticles were synthesized by first
preparing an aqueous precursor solution of MoO;
using distilled water. In parallel, an aqueous oxalic
acid solution was prepared in a separate conical flask.
The MoO; solution was magnetically stirred for 1 h,
whereas the oxalic acid solution was stirred for 30
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min to achieve complete dissolution and ensure the
formation of homogeneous precursor solutions.
Subsequently, the oxalic acid solution was added
dropwise through a burette into the continuously
stirred MoO3 solution over a period of 3 h, allowing
controlled nucleation and homogeneous mixing. The
resulting solution was then filtered and the

I Magnetic Stirring (1h) I

D—e

MoO3 dissolved in
distilled water

"

—_—

Oxalic Acid dissolved

in dis tilled water I Magnetic Stirring (30min)

I MoO 3 Nanoparticles I

Calcine in muffle
fumace at 500°C
for2h

precipitate was washed several times with distilled
water to remove residual impurities and unreacted
precursors. The purified gelatinous precipitate was
dried in a hot-air oven at 100°C for 5 h. Finally, the
dried precipitate was calcined in a muffle furnace at
500°C for 2 h to obtain highly crystalline MoOj3;
nanoparticles (Fig. 1) (Sangwan et al. 2019).

Oxalic acid solution was
added drop wise in the Mo O3
solution through burette
with continuous stirring

Filter the solution

W

Dry in Hot air oven
at 100°C for 5h

Wash  the precipitate
several times
distilled water

with

Fig. 1 Systematic representation of synthesis of MoOs nanoparticle

2.2 Invitro activity

Wheat (HD-2967) plants were grown in Herbal
Garden of Maharshi Dayanand University, Rohtak and
nourished with Hoagland solution and harvested at 5-
6 leaf stage (1-2 months after plantation) for in vitro
activation of enzyme. 0.5g of leaf tissue is washed
with distilled water and homogenized in pre cooled
mortar pestle by adding 0.1M potassium phosphate,
NADH, and 3% Bovine Serum Albumin (BSA) and then
crushed and centrifuged at 10,000 rpm for 15 min at
4° C. Supernatant was used as crude extract. 1ml of
crude leaf extract was used for enzymatic analysis
and kept in a water bath for 1 minute at 31°C. For acid
incubation, 0.1 M sodium acetate was utilized with
0.1M of potassium nitrate as substrate, 1ml of Mo
nanoparticles (15, 30, 45, 60, and 75 ppm) and
Glutathione (GSH) and after that incubated for 30 sec.
Again, for neutral incubation, Potassium phosphate
was added and incubated at 31°C for 30 minutes.
Then 0.5 ml of 1% sulphanilamide and 0.5ml of 0.05%
NNED (Naphthyl ethylene diamine hydrochloride)
was added to stop the reaction. After incubation for

15 minutes at 31°-32°C, absorbance was taken at 540
nm on UV Spectrophotometer (Ramadoss et al, 1981;
Schrader et al, 1974). Then NR Activity was calculated
as activity per gram fresh weight (uM NO;". g-1.h1).

NO2
T*W

NR Activity =

where
[NO27] = conc. of nitrite in pM.
T= Time of incubation(hours).
W= Fresh weight of plant tissue used for
extraction(grams)

2.3 Statistical analysis & Quality assurance and
quality control

All experimental data were expressed as mean #
standard deviation (SD) of three independent
biological replicates (n = 3). Prior to statistical
analysis, the normality of the data was evaluated
using the Shapiro-Wilk test, while the homogeneity of
variances among treatment groups was assessed
using Levene's test. Since both assumptions of
normality and homogeneity of variance were satisfied
(p > 0.05), differences in NR activity among Nano-
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MoO; concentrations were analyzed using one-way
analysis of variance (ANOVA), followed by Tukey's
Honestly Significant Difference (HSD) test for
pairwise comparison of treatment means. Statistical
significance was considered at p < 0.05. All statistical
analyses were performed using IBM SPSS Statistics
(IBM Corp., Armonk, NY, USA). Quality assurance and
quality control (QA/QC) were maintained by
performing all experiments in triplicate (n = 3) under
identical experimental conditions. The results are
presented as mean * standard deviation (SD) to
ensure the accuracy, precision, and reproducibility of
the data.

3. Result and Discussion

The Nano-MoO; synthesised in the laboratory was
forwarded for various characterizations to depict and
verify its physical, chemical and functional properties.

3.1 UV Spectroscopy

UV-Visible spectroscopy of the synthesized MoO;
nanoparticles showed a strong absorption peak in the
220-240 nm region, confirming the characteristic
electronic transitions of MoO3 (Gedanken, 2005). The
absorbance decreased gradually with increasing
wavelength, indicating good optical transparency in
the visible region. This behaviour confirms the
successful formation of  crystalline MoO;
nanoparticles with suitable optical properties for
catalytic applications.

3.2 Zeta potential

The zeta potential analysis was carried out to evaluate
the surface charge and colloidal stability of the
synthesized MoO3z; nanoparticles. The zeta potential
distribution exhibited an average zeta potential of -25
mV as shown in Fig. 2, indicating that the
nanoparticles possess an overall negative surface
charge. This negative surface potential originates
from the adsorption of hydroxyl groups and oxygen-
containing species on the nanoparticle surface. The
observed zeta potential suggests moderate colloidal
stability, as nanoparticles with values between *10
and +30 mV are generally considered moderately
stable in aqueous suspension (Bhattacharjee, 2016).
The moderate negative charge reduces excessive
particle aggregation through electrostatic repulsion
while maintaining sufficient particle interactions,
which is consistent with the slight agglomeration
observed in the SEM images. Such surface
characteristics are beneficial for catalytic applications
because they improve nanoparticle dispersion and
facilitate interactions with biological molecules.
Therefore, the synthesized MoO; nanoparticles
possess suitable surface stability for in vitro studies.

Zeta Potential Distribution

400000

Total Counts

100000+ ooevrrieen J |‘

: | : :

0 : : .

-100 0 100
Apparent Zeta Potential (mV)

Fig. 2 Zeta potential of synthesized nanoparticles

3.3 Fourier Transform Infrared

Fourier Transform Infrared (FTIR) spectroscopy was
employed to identify the functional groups present on
the synthesized MoOs; nanoparticles (as depicted in
Fig. 3) and to confirm the formation of the metal oxide
phase. A broad absorption band observed in the
region of 3455-3214 cm™ was assigned to the
stretching vibration of hydroxyl (-OH) groups
associated with adsorbed moisture and surface
hydroxyl species. These hydroxyl groups enhance the
hydrophilicity of nanoparticles and facilitate their
interaction with biological molecules (NIST, 2024;
Socrates, 2004). The absorption bands at 2929 cm™
and 2867 cm™ correspond to the asymmetric and
symmetric stretching vibrations of aliphatic C-H
bonds, indicating the presence of trace organic
residues from oxalic acid used during synthesis. The
peaks observed at 1741 cm™, 1699 cm™, and 1649
cm™' were attributed to carbonyl (C=0) stretching
vibrations and H-O-H bending of adsorbed water
molecules. In addition, the bands at 1543 cm™ and
1515 cm™ are associated with coordinated
carboxylate (COO™) groups, suggesting the transient
formation of molybdenum-oxalate complexes during
nanoparticle synthesis. The most significant region of
the spectrum appears below 1000 cm™, where
characteristic absorption bands are observed at 976,
813, 777, 740, 712, and 681 cm™. These bands are
assigned to terminal Mo=0 stretching vibrations,
bridging Mo-0-Mo bonds, and 0-Mo-O lattice
vibrations, which are considered the fingerprint
region of crystalline MoOs; (Malik, et al. 2021). The
presence of these characteristic bands confirms the
successful  formation  of  crystalline  MoOs3
nanoparticles after calcination at 500°C.
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Fig. 3 FTIR spectra of synthesized Mo nanoparticles

3.4 Surface Morphology Analysis

Scanning Electron Microscopy (SEM) analysis was
performed at magnifications of 20,000%, and 25,000x
to examine the surface morphology of the synthesized
MoOsz; nanoparticles. The micrographs revealed
predominantly plate-like and irregular polygonal
nanostructures with well-defined edges, indicating
good crystallinity. Based on the 100 nm scale bar, the
individual particles were found to be within the
nanometer range (Fig. 4), although some larger
aggregates were observed due to particle
agglomeration. The aggregation is attributed to the
high surface energy and strong interparticle
interactions of the nanoparticles. The plate-like
morphology provides a relatively high surface area,
which is advantageous for catalytic activity. These
observations confirm the synthesis of high quality
crystalline MoOs nanoparticles suitable for catalytic and
biological applications.

08-06-2026
WD 8.1lmm 13:13:32

Fig. 4 SEM images of synthesized Nano MoO;

100nm JEOL

X 10,000 10.0kV SEI SEM

3.5 EDS Quantitative Analysis

The elemental composition of the synthesized
nanoparticles was further evaluated using EDS
analysis. The spectra confirmed the presence of Mo as
the major constituent along with oxygen and carbon
signals. The strong molybdenum peak observed in the
EDS spectrum verifies the successful incorporation of
molybdenum into the synthesized nanomaterial (Fig
5). Quantitative EDS analysis from different selected
regions revealed weight percentages of molybdenum
ranging from approximately 16.1% to 38.6%, while
oxygen content ranged between 33.7% and 39.1%.
Carbon was also detected in varying amounts, likely
originating from residual organic compounds, or
sample preparation procedures. The substantial
oxygen content associated with molybdenum strongly
indicates the formation MoOs-based nanoparticles.
The observed elemental ratios suggest that the
synthesized material predominantly consists of
molybdenum-oxygen frameworks with minor
carbonaceous components. The high intensity of
molybdenum peaks and the consistent presence of
oxygen across different regions confirm the chemical
stability and compositional uniformity of the
synthesized nanoparticles.
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Fig. 5 EDS of synthesized molybdenum nanoparticles

3.6 X-ray diffraction (XRD)

The X-ray diffraction (XRD) pattern was used to
investigate the crystalline structure and phase purity
of the synthesized MoOs; nanoparticles. The
diffraction pattern exhibited several sharp and well-
defined peaks at 20 values of approximately 27.7°,
32.2°, 38.1°, 44.3°, 46.3°, 54.8°, 64.4°, and 77.4°,
confirming the crystalline nature of the synthesized
nanoparticles (Fig. 6). These intense diffraction peaks
indicate the successful formation of crystalline MoO;
with high phase purity and negligible amorphous
content. The sharpness of the peaks suggests good
crystallinity, which was achieved after calcination at
500°C for 2 h.

12000
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4000
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20
Fig. 6 XRD structure of synthesized nanoparticles

3.7 Nitrate reductase activity

From the literature, it is clear that Mo plays an
important role in NR enzymes. These synthesized
nanoparticles with varying conditions were used for
the activation of NR enzyme. For the proper
functioning or to increase the lifetime of nitrate
reductase enzyme 3% BSA was used as proteolytic
enzyme degrades the enzyme which can lead to
degradation of NR. So, BSA was given as food to
proteolytic enzymes to protect the NR from degradation.

FAD added to give a stabilizing effect to the enzymes.
For the activation of enzymes, optimum pH and time
is very important. As in vitro enzymatic activity, acidic
incubation is necessary for the denaturation of
enzymes. This denaturation of enzymes allowed its
strands to open and insertion of nano MoOj3 into the
enzyme. After Acid Incubation, Neutral incubation
was performed to again refolding of the NR enzyme.
Also, the time required for acid incubation (unfolding)
was the 30s only, and for neutral incubation it was
30min. Formation of NO2 is calculated which
determined the enzymatic assay of NR. NR activity
was calculated as per gram fresh weight (uM NO;. g-
Lh-1) is given in Table 1.

Table 1 NR enzymatic activity (in pM NOz". g'L.h-D) along
with nano-molybdenum conc.

Nano-

Moo, , \R NR NR

Conc. Acgw{lty Acngllty Actl:;\élty Mean + SD

opm) KD (R2) (R3)
15 1.18 1.30 1.16 1.21 £ 0.08
30 2.74 2.54 2.81 2.70+0.14
45 6.41 6.18 6.46 6.35+£0.15
60 295 3.14 3.06 3.05+£0.10
75 2.36 2.61 2.48 2.48+0.13

Results showed the clear concentration dependent
response of enzymatic activity of NR as shown in
Table 1. At lowest conc. of Mo nanoparticles
enzymatic was found lowest and gradually increased
upto maximum activity at 45 ppm concentration of
Nano-MoOs3 that is 6.35 + 0.15 pM NOz. g-Lhl This
demonstrated that 45 ppm Nano-MoOs; as the
optimum concentration for maximum activation of NR
enzyme. However, further increase in nanoparticle
concentration resulted in a decline in enzyme activity,
observed at 60 and 75 ppm, respectively. This reduction
suggests that excessive Nano-MoO3 concentration may
negatively influence enzyme activity due to possible
nanoparticle-induced stress or disturbance in enzyme
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conformation. Tripathi et al, (2017) reported in their
studies, where optimal Mo supplementation enhanced
nitrate reductase activity, whereas excessive Mo
application resulted in reduced enzyme activity and
impaired plant physiological performance due to
micronutrient imbalance and toxicity.

3.8 Statistical Analysis

The effect of Nano-MoO; on NR activity was
statistically evaluated using IBM SPSS software. Prior
to hypothesis testing, the normality of the data for
each treatment group was examined using the
Shapiro-Wilk normality test, which is recommended
for small sample sizes (n < 50) because of its superior
statistical power compared with other normality tests
(Razali & Wah, 2011; Shapiro & Wilk, 1965).
Homogeneity of variances among treatments was
assessed using Levene's test, which evaluates
whether the variance is equal across treatment
groups (Levene, 1960).

Since the assumptions of normality and
homogeneity of variance were satisfied (p > 0.05),
differences in nitrate reductase activity among Nano-
MoO; concentrations were analyzed using one-way
analysis of variance (ANOVA). One-way ANOVA is the
most appropriate statistical method for comparing
the means of more than two independent treatment
groups when parametric assumptions are met (Field,
2018; Montgomery, 2020).

Following a significant ANOVA result, Tukey's
Honestly Significant Difference (HSD) post hoc test
was performed to identify pairwise differences among
treatment means while controlling the family-wise
error rate (Tukey, 1949). Statistical significance was
considered at p < 0.05. Experimental data are
presented as mean * standard deviation (SD) of three
independent biological replicates.

3.8.1 Statistical Results

Nano-MoO; supplementation produced a significant
concentration-dependent effect on NR activity. The
enzyme activity increased progressively from 1.21 *
0.08 uM NO,~ g"* h™ at 15 ppm to 2.70 + 0.14 uM
NO,” g'* h™ at 30 ppm and reached the highest value
(6.35 + 0.15 uM NO,~ g'* h™) at 45 ppm. Thereafter,
NR activity declined markedly to 3.05 + 0.10 uM NO,~
g h™ at 60 ppm and further to 2.48 + 0.13 uM NO,~
g”' h™! at 75 ppm, demonstrating an optimum Nano-
MoO3 concentration of 45 ppm for enzyme activation.
The Shapiro-Wilk test confirmed that the data for all
treatment groups followed a normal distribution (p >
0.05) (Table 2), whereas Levene's test indicated
homogeneity of variances among treatments (p >
0.05) (Table 3). Therefore, one-way ANOVA was
performed to compare NR activity among Nano-MoO;
concentrations.

Table 2 Shapiro-Wilk normality test for NR activity

ELOA S / P"  Interpretation
concentration (ppm)  statistic value
15 0.855 0.253 Normal
30 0.928 0.482 Normal
45 0.879 0.321 Normal
60 0.992 0.826 Normal
75 0.999 0.956 Normal

*Significant at p < 0.05

Table 3 Levene's Test for Homogeneity of Variance

Test Statistic dfl df2 p- Interpretation
value
Levene's 0157 4 10 0955 Equal variances
test assumed
One-way ANOVA indicated that Nano-MoO;

concentration had a highly significant effect on NR
activity (F(4,10) = 758.819, p < 0.001) (Table 4),
indicating that enzyme activity differed significantly
among the five treatments.

Table 4 One-way ANOVA for the effect of Nano-MoO3
on NR activity

Source of Sum of Mean i
Variation Squares df Square F-value vaI:ue
(59) (MS)

Between Groups 43.951 4 10988 758.819 00<01

Within Groups 0145 10 0.0145
(Error)
Total 44.096 14
Tukey's HSD multiple comparison test further

demonstrated that the 45 ppm treatment exhibited
significantly greater nitrate reductase activity than all
other Nano-MoOs; concentrations (p < 0.05) (Table 5).

Table 5 Tukey's HSD Multiple Comparison Test

Mean Adjusted p-

Comparison Difference value Significant
15vs 30 1.483 <0.001 Yes
15vs 45 5.137 <0.001 Yes
15vs 60 1.837 <0.001 Yes
15vs 75 1.270 <0.001 Yes
30vs 45 3.653 <0.001 Yes
30vs 60 0.353 0.031 Yes
30vs75 -0.213 0.265 No
45 vs 60 -3.300 <0.001 Yes
45vs 75 -3.867 <0.001 Yes
60 vs 75 -0.567 0.001 Yes

*Significant at p < 0.05

3.8.2 Statistical Discussion

The present investigation demonstrated a distinct
concentration-dependent response of NR activity
following Nano-MoOs; supplementation. The enzyme
activity increased progressively from 1.21 * 0.08 uM
NO, g *h™*at 15 ppm to 2.70 + 0.14 uyM NO," g * h™*
at 30 ppm and reached a maximum of 6.35 + 0.15 uM
NO,~ g h™' at 45 ppm. Beyond this optimum
concentration, NR activity decreased significantly to
3.05 + 0.10 uM NO,~ g'* h™* at 60 ppm and further to
248 + 0.13 uM NO,~ g* h™ at 75 ppm. This bell-
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shaped response clearly indicates that moderate
concentrations of Nano-MoO; effectively enhance
nitrate reductase activity, whereas excessive
nanoparticle concentrations exert an inhibitory effect
on N metabolism.

Prior to hypothesis testing, the assumptions of
parametric analysis were evaluated. The Shapiro-Wilk
test indicated that the nitrate reductase data for each
treatment group were normally distributed (p > 0.05),
while Levene's test confirmed homogeneity of
variances among treatments (p > 0.05). Since both
assumptions of normality and homoscedasticity were
satisfied, one-way analysis of variance (ANOVA) was
considered appropriate for comparing treatment
means (Field, 2018; Montgomery, 2020). The ANOVA
revealed a highly significant effect of Nano-MoO;
concentration on NR activity (F(4,10) = 758.82, p <
0.001), demonstrating that the observed differences
among treatment means were not attributable to
random experimental variation but were primarily
caused by Nano-MoOj3 application.

To identify which treatment concentrations
differed significantly, Tukey's Honestly Significant
Difference (HSD) test was performed following the
significant ANOVA result. The post hoc analysis
demonstrated that the 45ppm treatment exhibited
significantly greater nitrate reductase activity than all
other Nano-MoOs; concentrations (p < 0.05),
confirming that 45 ppm represented the optimum
Nano-MoO; concentration for stimulating NR activity
under the present experimental conditions. From a
physiological perspective, the enhanced NR activity
observed at 45 ppm may be attributed to improved
Mo availability for the biosynthesis of the Moco,
which forms the catalytic centre of NR (Gupta &
Lipsett, 1981; Mendel & Bittner, 2006). Adequate Mo
availability enhances electron transfer during NO3”
reduction, thereby increasing NO;™ assimilation and
improving N metabolism. However, excessive Nano-
MoO3 concentrations (60 and 75 ppm) may induce
oxidative stress, alter cellular redox homeostasis,
interfere with nutrient uptake, or affect enzyme
conformation, ultimately reducing catalytic efficiency
despite the continued presence of Mo (Rico et al,
2011; Tripathi et al,, 2017).

The pairwise comparisons revealed that NR
activity increased significantly from 15 ppm to 30
ppm (mean difference = 1.483, p < 0.001), indicating
that increasing Nano-MoO3 concentration within the
lower dose range substantially enhanced enzyme
activity. A much larger and highly significant increase
was observed between 15 ppm and 45 ppm (mean
difference = 5.137, p < 0.001), confirming that 45 ppm
produced the greatest stimulatory effect on NR
activity. Similarly, significant differences between 15
ppm and 60 ppm (mean difference = 1.837, p < 0.001)
and between 15 ppm and 75 ppm (mean difference =
1.270, p < 0.001) demonstrate that even the higher

Nano-MoOs; concentrations maintained greater
enzyme activity than the lowest concentration tested,
although their activities were substantially lower than
that observed at the optimum concentration.

Comparison of the intermediate concentrations
further supported the concentration-dependent
response. NR activity at 45 ppm was significantly
greater than that at 30 ppm (mean difference = 3.653,
p < 0.001), demonstrating that increasing Nano-MoOs
concentration from 30 to 45 ppm resulted in a
marked enhancement of enzymatic activity. Likewise,
45 ppm differed significantly from both 60 ppm
(mean difference = -3.300, p < 0.001) and 75 ppm
(mean difference = -3.867, p < 0.001), confirming that
enzyme activity declined significantly when Nano-
MoO; concentration exceeded the optimum level.
These findings clearly indicate that 45 ppm
represents the optimum Nano-MoO; concentration
for maximizing NR activity under the present
experimental conditions.

Interestingly, although NR activity decreased
after the optimum concentration, the decline was not
uniform across all higher treatments. The comparison
between 30 ppm and 60 ppm also showed a
statistically significant difference (mean difference =
0.353, p = 0.031), indicating that the reduction
observed at 60 ppm was sufficient to produce a
measurable difference relative to the 30 ppm
treatment. In contrast, no significant difference was
observed between 30 ppm and 75 ppm (mean
difference = -0.213, p = 0.265). This result suggests
that the nitrate reductase activity recorded at 75 ppm
was statistically comparable with that observed at 30
ppm despite their numerical differences. The absence
of a significant difference between these two
treatments indicates that enzyme activity had
declined to a level similar to that produced by the
lower Nano-MoO3 concentration.

Furthermore, 60 ppm and 75 ppm differed
significantly (mean difference = -0.567, p = 0.001),
indicating that the inhibitory effect of Nano-MoO;
continued beyond 60 ppm. This statistically
significant difference demonstrates that nitrate
reductase activity did not stabilize after reaching the
supra-optimal concentration but instead underwent a
further decline as Nano-MoOs; concentration
increased from 60 to 75 ppm. Therefore, the present
results suggest a progressive inhibitory effect of
excessive Nano-MoO3 on NR activity rather than the
establishment of a stable inhibition plateau. Although
Mo 1is an essential micronutrient, excessive
nanoparticle concentrations may disturb cellular
homeostasis through increased production of reactive
oxygen species (ROS), oxidative damage to proteins
and membranes, interference with nutrient uptake,
and disruption of intracellular redox balance (Rico et
al,, 2011; Tripathi et al., 2017).
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In nutshell, the Tukey's HSD multiple comparison
analysis provides strong statistical evidence that
Nano-MoO; concentration significantly regulates NR
activity in wheat. The results clearly establish 45 ppm
as the optimum concentration for enhancing NR
activity, while concentrations above this level
produce a significant decline in enzyme activity.
These findings emphasize that precise optimization of
Nano-MoOj; dosage is essential to maximize nitrogen
assimilation and improve nitrogen use efficiency
while avoiding the adverse physiological effects
associated with excessive nanoparticle exposure.
Similar improvements in NR activity and N
metabolism following Mo supplementation have been
reported in wheat and several other crop species
(Imran et al,, 2015; Sangwan et al., 2019).

Overall, the statistical analysis strongly supports
the biological observations obtained in the present
study. The combination of normally distributed data,
homogeneous variances, highly significant one-way
ANOVA results, and Tukey's HSD multiple
comparisons provides robust evidence that Nano-
MoOs3 concentration significantly regulates NR activity
in wheat. Among the tested concentrations, 45 ppm
was identified as the optimum dose, producing the
highest NR activity and demonstrating the greatest
potential to improve NO; assimilation and NUE.
These findings highlight the importance of optimizing
nanoparticle dosage, as appropriate Nano-MoO;
supplementation can enhance N metabolism, whereas
excessive concentrations may adversely affect plant
physiological processes.

4. Conclusion

The present study successfully synthesized crystalline
MoO3z nanoparticles using a simple wet chemical
method followed by calcination. Comprehensive
characterization by UV-Visible spectroscopy, zeta
potential analysis, FTIR, SEM, EDS, and XRD
confirmed the successful formation of moderately
stable, crystalline MoO; nanoparticles with
physicochemical properties suitable for biological
applications. The in vitro enzyme assay demonstrated
that Nano-MoOj; significantly influenced NR activity in
a concentration-dependent manner. Among the tested
concentrations, 45 ppm produced the highest NR
activity (6.35 + 0.15 uM NO,™ g™* h™), indicating that
this concentration provides optimum Mo availability
for activation of the Moco and efficient NOj3
reduction. In contrast, higher concentrations (60 and
75 ppm) reduced enzyme activity, suggesting that
excessive Nano-MoO; may impair NOs;  metabolism
through nanoparticle-induced physiological stress or
disruption of cellular homeostasis.

Statistical analyses, including the Shapiro-Wilk test,
Levene's test, one-way ANOVA, and Tukey's HSD
multiple comparison test, confirmed that the
observed differences among treatments were

statistically significant and identified 45 ppm as the
optimum Nano-MoOs concentration for enhancing NR
activity. These results demonstrate that carefully
optimized  Nano-MoOsz;  supplementation can
substantially improve NO; assimilation, thereby
providing a promising strategy for enhancing NUE.

Although the present investigation was
conducted under in vitro conditions, the findings
establish a strong mechanistic basis for the use of
Nano-MoO; as a potential nano-fertilizer. Future
studies should evaluate its performance under
greenhouse and field conditions, investigate its effects
on plant growth, nutrient uptake, grain yield, and
nitrogen use efficiency, and assess its long-term
environmental safety before large-scale agricultural
application.
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