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Abstract: In paddy fields, overuse of nitrogen fertilizer to maximize yields can lead to excessive
economic loss and degradation of the environment. Therefore, studying the effects of urea–chitosan
nanohybrid as a slow released source of nitrogen fertilizer on rice cultivation was the aim of our
study. The effects of fertilization applications, namely: CU: control treatment; U1: application of a
full recommended dose of classical urea (165 kg N ha−1); U2: adding recommended dose of classical
urea by 80% + exogenous urea–chitosan nanohybrid 250 mg N/L; U3: adding recommended dose of
classical urea by 80% + exogenous urea–chitosan nanohybrid 500 mg N/L; U4: adding recommended
dose of classical urea by 60% + exogenous urea–chitosan nanohybrid 250 mg N/L; U5: adding
recommended dose of classical urea by 60% + exogenous urea–chitosan nanohybrid 500 mg N/L;
U6: adding recommended dose of classical urea by 40% + exogenous urea–chitosan nanohybrid
250 mg N/L; and U7: adding recommended dose of classical urea by 40% + exogenous urea–chitosan
nanohybrid 500 mg N/L on growth indicators, yield-related components, grain productivity, and N
uptake status of rice plants were investigated during two successive seasons. As a result, significant
achievements concerning growth, yield and yield-related traits were obtained when rice plants were
fertilized with exogenous urea–chitosan nanohybrid (i.e., 500 mg N/L) + 60% classical urea without
a significant decline in the studied traits compared to the full recommended dose of classical urea.
Accordingly, this investigation revealed that chitosan nanohybrid at 500 mg N/L as a compensatory
alternative can be used in saving 40% of classical urea requirement.

Keywords: urea–chitosan nanohybrid; rice; urea synthetic fertilizers; N uptake; productivity

1. Introduction

The demand for fertilizers is growing day by day to sustain agrarian production and
provide nutritional requirements. Globally, the most rapid increase in fertilizers consumed
was recorded on the African continent, with a growth of 79% (equivalent to 3 MT) from the
period 2000 to 2019. The synthetic fertilizer application and high-yield crop varieties were
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the main keys to increasing crop productivity [1]. Worldwide, nitrogen (N) is considered
the highest produced element among different elements in synthetic fertilizer production
due to its importance for plant growth, development, and reproduction [2,3]. It is a vital
component for chlorophyll, amino acids, adenosine triphosphate, and nucleic acids. In
1913, the Haber–Bosch process was a watershed event in the industrial mass production
of nitrogen fertilizer [4]. The ammonia synthesis industry is considered one of the largest
global energy consumers (to break the triple bond in N2 and convert it into NH3), including
for its role as a greenhouse gas emitter [5].

The primary cereals including wheat (Triticum aestivum L.), rice (Oryza sativa L.), and
maize (Zea mays L.) are considered to be the largest consumers (about 50%) of the world’s
synthetic nitrogen production [6]. Among these cereals, rice is considered an indispensable
ingredient in the world’s food basket. By 2050, rice production has to increase by 28% to
cater to the needs of the fast-growing global inhabitants [7]. In Egypt, urea [Co (NH2)2] is a
popular conventional source of N nutrient in paddy fields owing to government subsidies.
Using urea (46%N) has a positive side due to the high content of N nutrient and ease
of uptake by plants, but also a negative side due to the high level of leaching, runoff,
volatilization, and denitrification. Accordingly, a high N loss ratio (about 60%) has occurred
by using N fertilizer, resulting in economic and environmental impairment [8,9]. In this
respect, the loss of N as N gas as a result of denitrification is 30–40%, the loss of N as
ammonia gas due to volatilization is 10–20, and the loss of N as nitrate due to leaching
is 44%, and erosion can reach 45%. Conversely, it was reported that the application of
excessive synthetic nitrogen fertilizers under the current rice cultivation system in most
countries results in a negative impact on global warming and consequently, to dysfunctional
climate status [10,11]. Furthermore, irrigated paddy fields are ranked the second-largest in
the generation of methane gas (CH4) emissions after cattle stocking (approximately 19%),
while it shared about 11% of the global estimates of nitrous oxide (N2O) emissions [12,13].
Hence, agrarian fertilizer practices in paddy fields need to be rethought to establish eco-
friendly alternatives to overcome unfavorable climate perturbations [14].

Chitosan (CS) is a natural safety biopolymer derived from chitin and a source of
renewable carbon [15–17]. Owing to its non-toxicity and high affinity, CS has widespread
applications in cosmetics, pharmaceuticals, food, feed additive, and the agro-sector [18–22].
Modified materials such as nanotechnology can increase nutrient management during the
fertilization process; consequently, it can minimize nutrient loss through leaching [23,24].
Modifying CS into nanoparticles as a carrier for different nutrients is a slow release source
for plant nutrients during the growing seasons. In this work, the transmutation of CS to CS
nanoparticles (CS NP) can act as a nanocarrier binder. Herein, a hybridization between CS
NP and urea granules could produce a unique fertilizer with slow release properties [25–27].
The previous investigations have focused only on the interaction mechanism between urea
and chitosan nanoparticles, which are known as urea chitosan nanohybrid (CS–urea NH),
and not only on the plant’s response to this hybrid fertilizer. However, the mixtures of
NPK synthetic fertilizers and CS NP hybridization were investigated for enhancing growth
and productivity of wheat [28], cucumber; Cucumis sativus L. [29], and potato; Solanum
tuberosum L. [30]. Until now, the application of urea chitosan nanoparticles in paddy
fertilization practices has remained unexplored or limited.

On this basis, this investigation intended to utilize a urea–chitosan nanohybrid for
minimizing synthetic urea application to maximize rice productivity and N uptake in
paddy fields.

2. Materials and Methods
2.1. Materials

Chitosan (CS) (molecular weight 50,000–190,000 Da, degree of deacetylation 75–85%
and viscosity: 20–300 cP), acetic acid, sodium tripolyphosphate (TPP), Tween 80, and urea.
All the chemicals used in this study were used without further purification and were
purchased from Sigma-Aldrich, Burligton, VT, USA.
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2.2. Preparation and Characterization of Chitosan–Urea Nanohybrid

Chitosan-urea nanohybrid (CS–Urea NH) was prepared according to [31] with some
modifications. Briefly, CS aqueous solution (0.2% w/v) was prepared by dissolving CS in
acetic acid solution (1% v/v) at room temperature. Subsequently, TPP solution (0.02% w/v)
was added dropwise to CS solution under vigorous stirring for 30 min. The nanohybrid
was prepared from a mixture of chitosan solution and urea (1% w/v; 1 g urea/100 mL
chitosan solution) by homogenizing the solution at 18,000 rpm for 30 min in presence of
Tween 80. The chemical structure of Chitosan–urea nanohybrid was assessed using X-ray
diffraction (XRD) technique. The corresponding XRD pattern was recorded in the scanning
mode (X ’pert PRO, PAN analytical, Amesterdam, The Netherlands) operated by Cu K
radiation tube (=1.54 A) at 40 kV and 30 mA. The obtained diffraction pattern was inter-
preted by the standard ICCD library installed in PDF4 software. Dynamic light scattering
(DLS) measurement of size and Zeta Potential was undertaken using a Nano-zeta sizer
(Malvern, ZS Nano, Edgbaston, UK). The morphology of the Chitosan–urea nanocomposite
was imaged by a high-resolution transmission electron microscope (HR-TEM) operating at
an accelerating voltage of 200 kV (Tecnai G2, FEI, Eindhoven, The Netherlands). Diluted
chitosan–urea nanohybrid solution was ultra-sonicated for 5 min to reduce the particles
aggregation. Using a micropipette, three drops from the sonicated solution were deposited
on a carbon-coated copper grid and left to dry at room temperature. Synthesis and charac-
terization of chitosan–urea nanohybrid were performed at Nanotechnology and Advanced
Materials Central Laboratory (NAMCL), Agricultural Research Center (ARC), Giza, Egypt.

2.3. Field Experimental Details

Across both summer seasons (2020 and 2021), two field experiments were performed
at the Experimental Farm of Sakha, Kafr El Sheikh, Egypt (Latitude: 31◦ 60; Longitude
30◦ 560 E). The annual climatological datasets are recorded in Table 1. However, soil
samples were gathered from the experimental site before cultivation, which were taken
from the surface layer (depth, 0–30 cm), and then analysis commenced in the lab. The initial
physiochemical traits of the tested soil samples have been described by the standards set
by [32], as seen in Table 2.

Table 1. The annual climatological datasets in the 2020 and 2021 seasons.

Minimum
Temperature (◦C)

Maximum
Temperature (◦C)

Relative Humidity
(%)

first (2020) season

June 23.8 32.0 56.7
July 27.3 33.7 67.7

August 28.2 34.6 67.5
September 27.1 34.2 67.2

October 24.6 31.5 65.9

second (2021) season

June 25.0 33.1 60.0
July 26.4 34.2 67.9

August 28.8 34.3 66.8
September 27.4 33.8 68.1

October 23.8 31.2 66.4
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Table 2. The initial physiochemical traits of the soil samples during the 2020 and 2021 seasons.

Character 2020 2021

physical analysis

Texture Clay Clay

Sand (%) 12.80 12.60

Silt (%) 32.00 31.40

Clay (%) 55.20 56.00

Chemical analysis

pH (1:2.5 soil extract) 8.30 8.11

EC (dSm−1) 2.03 2.0

Organic matter % 1.70 1.53

NH4 * (ppm) 12.60 15.70

NO3 * (ppm) 11.50 10.30

P * (ppm) 12.60 14.00

K * (ppm) 351.20 350.40

Zn * (ppm) 0.90 0.95

Mn * (ppm) 3.81 3.88

Fe * (ppm) 2.96 2.94
* available.

2.4. Experimental Design and Treatments

In a randomized complete block experimental study, four replicates with seven treat-
ments were conducted on the experimental farm. The size of the plot was 15 m2 (5 m length
× 3 m width). The details of different treatments are explained in Table 3.

Table 3. The details of the experimental treatments.

Treatments Soil Application Rate of
Classical Urea (%)

Exogenous Urea Chitosan
Nanohybrid (mg N L−1)

CU 0% 0 mg N L−1

U1 100% (165 Kg N ha−1) 0 mg N L−1

U2 80% (132 Kg N ha−1) 250 mg N L−1

U3 80% (132 Kg N ha−1) 500 mg N L−1

U4 60% (99 Kg N ha−1) 250 mg N L−1

U5 60% (99 Kg N ha−1) 500 mg N L−1

U6 40% (66 Kg N ha−1) 250 mg N L−1

U7 40% (66 Kg N ha−1) 500 mg N L−1

The exogenous application of CS–Urea NH was applied twice at 20 and 40 days after transplanting of rice plants.

2.5. Experimental Details

Pre-germinated certified rice seeds (Oryza sativa L. CV. Sakha super 300) at a rate
of 120 kg/ha were soaked in plenty of water for 24 h and further incubated for another
48 h to hasten seed germination. Germinated seeds were broadcasted in the nursery field
on 13 and 16 of May during the 2020 and 2021 seasons, respectively. At 26 days after
sowing, seedlings were transplanted into the permanent fields. Three seedlings of rice were
planted in each hill, and the distance between hills and rows was 20 × 20 cm. Weeds were
controlled chemically using Saturn herbicide 50% (at the rate of 4.8 L/ha) five days after
transplanting rice plants.

According to each treatment of classical urea, the amount was divided into two doses
and applied as soil application. The first dose (i.e., 66.67% of the applied urea treatment)
was applied at sowing; while the second dose (33.33% of the applied urea treatment) was
applied at the panicle initiation stage. However, the urea chitosan nanohybrid either at 250
or 500 mg N L−1 was applied as an exogenous application. Both potassium sulfate (48%
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K2O) and calcium superphosphate (15% P2O5) were applied at the recommended rate of
50 kg K2O kg/ha and 37 kg P2O5/ha, respectively. Zinc fertilizer in the shape of ZnSO4
(24 kg/ha) was broadcasted before transplanting.

2.6. Measurements
2.6.1. Growth Traits

At the heading stage, chlorophyll content (Chl, SPAD values), leaf area index (LAI), and
dry matter (DM) production as g/hill were measured from five tagged hills. Chlorophyll
content was determined from ten flag leaves using a chlorophyll analyzer (Model–SPAD
502), Minolta, Japan. To obtain the LAI value, six healthy and full expanded leaves
from five tagged hills were taken to estimate LAI value (leaf area; cm2/covered soil area;
cm2) according to Radford [33]. The above-mentioned samples were air-dried followed
by oven-dried at 70 ◦C for 48 h until a constant weight was obtained as described by
Yoshida et al. [34] and Cock et al. [35].

2.6.2. Yield and Its Components

At the maturity of rice plants in both planting seasons, plant height was measured
(cm). In addition, ten hills were randomly collected from the middle of each plot to record
the number of panicles per hill, both panicle weight (g) and length (cm), number of filled
grains/panicle, empty grains/panicle, and 1000-grain weight (g). To estimate biological
yield as a ton per hectare, the area of 12 m2 from the inner of each plot was harvested
manually and dried based on 14% moisture content to record the weight of both grain and
straw output which is explicated as tons per hectare (t/ha). After that, dried plants were
threshed mechanically to estimate grain productivity according to Yoshida [36].

2.6.3. Nutrients Uptake

Selected samples of both harvestable grain and straw (5 g of each) yields were subjected
to oven-drying (+70 ◦C) to obtain a constant weight. After this step, samples were ground
and then digested using H2SO4-H2O2. By using the Micro-Kjeldahl method as described
earlier by Yoshida et al. [34], N content was estimated in the digested samples. The total
N uptake was calculated (kg ha−1) in grains and straw parts by multiplying N content
resultant by mass weight of grains and straw:

N uptake (kg/ha DM) = N content (g/kg)× grains or straw yield (kg/ha)× 0.001 (1)

2.7. Statistical Analysis

The accessing data were subordinated to an analysis of variance according to [37].
The means of different traits for different treatments were compared by a Tukey’s test to
show the significant differences at p ≤ 0.05 probability [38]. All statistical analyses were
officiated using the analysis of variance technique employing the “COSTATC” computer
software package.

3. Results
3.1. X-ray Diffraction (XRD) Pattern of CS–Urea NC

Figure 1 shows the XRD pattern of the prepared CS–urea NC. The presence of chitosan
and urea and the absence of impurity phases is evident from the XRD image. The peaks of
urea were indexed to the face-centered tetragonal structure, which is in good agreement
with the JCPDS card no. 01-083-1436. The characteristic diffraction pattern shows sharp
intense and narrow peaks at 22.25◦, 29.32◦, 24.62◦, 35.53◦, and 37.12◦ 2θ angles, correspond-
ing to hkl parameters of (110), (111), (101), (210) and (201), respectively. The results show
that the synthesized nanoparticles were urea nanoparticles because the position and relative
intensity of all the diffraction peaks of the samples were consistent with the crystalline
pattern of urea.
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Figure 1. X-ray diffraction patterns of CS–urea NC.

3.2. Dynamic Light Scattering (DLS) Analysis

DLS was used to measure hydrodynamic diameter in the nanometer range. The size of
the chitosan–urea nanocomposite was 26.33 nm, with a zeta potential of 56.8 mV (Figure 2).

Figure 2. DLS analysis of CS–urea NC; particle size (A), and zeta potential (B).

3.3. TEM Analysis Result

A transmission electron microscope (TEM) gave us information on the particle shape
and the determination of particle size. A typical TEM micrograph of the CS–urea NH is
shown in Figure 3. CS–urea NH has a nearly spherical shape, smooth surface, and an
average size of 26.2 nm.

Figure 3. (TEM image of CS–urea NC.
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3.4. Effects of Different Rates of Classical Urea Fertilizer, Urea Chitosan Nanohybrid and Their
Combinations on Rice Growth Traits

Growth traits such as Chl content, LAI, and DM production were remarkably different
under different investigated treatments, as shown in Table 4. The results showed that
the highest Chl content was obtained from plants fertilized with U1 and U3 during both
growing seasons. As for LAI, the highest values (7.68 and 7.71) were represented when
plants were fertilized with U3 in both seasons. Across each season, there was a statistical
match among the effects of U1, U2, U3, and U5 treatments on plant growth traits. The
same trend was observed concerning DM production, whereby the treatment of U3 gave
the highest weight (52.32 and 53.04 g/hill) of DM in both seasons. Moreover, statistical
conformity was noted between U1, U2, U3, and U5 treatments in the first and second
seasons. The lowest values of chlorophyll content (36.11 and 34.45), LAI (5.64 and 5.35),
and DM production (26.36 and 25.74 g/hill) were obtained from plants fertilized with CU,
respectively, in both seasons.

Table 4. Effects of different rates of classical urea fertilizer, urea chitosan nanohybrid, and their
combinations as an exogenous application on chlorophyll content, leaf area index, and dry matter
production of rice plants during the 2020 and 2021 seasons.

Treatments

Traits Chlorophyll Content Leaf Area Index Dry Matter Production (g/hill)

Season 1 Season 2 Season 1 Season 2 Season 1 Season 2

CU 36.11 c 34.45 d 5.64 d 5.35 c 26.36 d 25.74 d
U1 45.76 a 43.60 a 7.54 a 7.38 a 51.84 a 50.69 a
U2 44.51 a 45.32 a 7.11 ab 6.93 ab 49.31 a 47.80 ab
U3 45.26 a 44.20 a 7.68 a 7.71 a 52.32 a 51.04 a
U4 42.32 ab 40.86 bc 6.90 b 6.64 ab 43.63 ab 42.36 bc
U5 44.25 a 43.10 a 7.22 ab 7.10 ab 48.86 a 48.14 ab
U6 37.83 c 36.92 cd 6.01 d 5.45 c 33.65 c 33.47 cd
U7 38.64 bc 39.62 bc 6.63 b 6.15 b 38.23 b 37.01 cd

F. test ** ** ** ** ** **

** indicates p < 0.01;.Means followed by the same letter in each factor were not significantly different for probability
(p) < 0.05. CU: control treatment; U1: application of a full recommended dose of classical urea (165 kg N ha−1);
U2: adding recommended dose of classical urea by 80% + exogenous urea–chitosan nanohybrid 250 mg N/L;
U3: adding recommended dose of classical urea by 80% + exogenous urea–chitosan nanohybrid 500 mg N/L;
U4: adding recommended dose of classical urea by 60% + exogenous urea–chitosan nanohybrid 250 mg N/L;
U5: adding recommended dose of classical urea by 60% + exogenous urea–chitosan nanohybrid 500 mg N/L;
U6: adding recommended dose of classical urea by 40% + exogenous urea–chitosan nanohybrid 250 mg N/L;
U7: adding recommended dose of classical urea by 40% + exogenous urea–chitosan nanohybrid 500 mg N/L.

3.5. Effects of Different Rates of Classical Urea Fertilizer, Urea Chitosan Nanohybrid, and Their
Combinations on Rice Yield and Related Traits

In addition, different treatments of chemical urea fertilizers as soil application, urea
chitosan nanoparticles as exogenous application, and their combinations had an effect on
the plant height (cm), number of panicles/hill, and panicle weight (g) during both seasons
(Table 5). The tallest plants (126.4 and 124.9 cm during both seasons) were obtained from
plants fertilized with U3 and U1 treatments, which was statistically similar to those values
obtained from plants fertilized with U2, U4, and U5 during the first and second seasons. In
addition, the highest number of panicles/hill (25.34 panicles) was obtained from plants
fertilized with the U3 treatment in the first season, but it (24.77 panicles per hill) was
obtained from plants fertilized with U1 in the second season. Across each planting season,
there was a statistical match among plants fertilized with U1, U2, U3, and U5 in terms of
the number of panicles/hill. Concerning panicle weight, the heaviest weight (4.31 and
4.20 g, in both seasons) was obtained underlying the application of U3 with no significant
difference between U1 and U5 in the first season and with U1, U2, and U5 in the second
season. In each season, the shortest plants (98.6 and 96.9 cm), the lowest number of panicles
per hill (13.26 and 12.18), and the minimal panicles weight (2.51 and 2.32 g) were obtained
from plants fertilized with CU.
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Table 5. Effects of different rates of classical urea fertilizer, urea chitosan nanohybrid and their
combinations as exogenous application on plant height, number of panicles/hill, and panicle weight
of rice plants during the 2020 and 2021 seasons.

Treatments

Traits Plant Height (cm) Number of Panicles per Hill Panicle Weight (gm)

Season 1 Season 2 Season 1 Season 2 Season 1 Season 2

CU 98.6 d 96.9 d 13.26 cd 12.18 c 2.51 c 2.32 bc
U1 123.8 ab 124.9 a 24.16 a 24.77 a 3.94 ab 4.07 a
U2 122.7 ab 123.7 a 22.76 ab 21.07 ab 3.48 ab 3.67 a
U3 126.4 a 123.7 a 25.34 a 22.16 ab 4.31 a 4.20 a
U4 120.2 ab 119.8 ab 19.02 bc 17.27 b 3.22 b 3.13 ab
U5 122.2 ab 121.9 a 22.40 ab 20.57 ab 3.68 ab 3.60 a
U6 107.6 c 108.5 c 15.10 cd 13.24 c 2.88 bc 2.57 b
U7 111.4 c 113.7 c 17.15 bc 16.38 b 3.01 bc 2.91 b

F. test ** ** ** ** ** **

** indicates p < 0.05; Means followed by the same letter in each factor were not significantly different for probability
(p) < 0.05. For abbreviations, see Table 4.

Regarding the impact of classical urea fertilizer rates, urea chitosan nanoparticles as
exogenous application rates, and their combination on panicle length (cm), both numbers
of filled and empty grains/panicle are depicted in Table 6. The longest panicle measured
(23.72 and 23.48 cm) and the highest number of filled grains (156.3 and 150.7 grains) were
observed from plants fertilized with U3, respectively, in the first and second seasons. In
addition, in each season, statistic conformity was noted between U1, U2, and U5 treatments
in connection with the panicle length and filled grains number/panicle in the 2020 and
2021 seasons. The lowest length of panicle (17.10 and 16.66 cm) and the least number of
filled grains/panicle (110.6 and 107.8 grains) were realized in plants fertilized with CU in
both seasons. Contrarily, the application of U1 resulted in the highest number of empty
grains/panicle (17.0 and 19.6, in both years) with a statistical match with U6 treatment in
the first and second seasons. Across two seasons, the lowest number of empty grains (5.1
and 6.0 grains, in both seasons) was noted under U3 with statistical conformity with U1,
and U2 in the first season and with U1, U2, and U5 treatments in the second season.

Table 6. Effects of different rates of classical urea fertilizer, urea chitosan nanohybrid and their
combinations as an exogenous application on panicle length, number of filled grains/panicle, and
number of empty grain/panicle of rice plants during the 2020 and 2021 seasons.

Treatments

Traits Panicle Length
(cm)

Number of Filled
Grains/Panicle

Number of Empty
Grains/Panicle

Season 1 Season 2 Season 1 Season 2 Season 1 Season 2

CU 17.10 c 16.66 c 110.6 c 107.8 d 17.0 a 19.6 a
U1 22.84 a 23.37 a 151.8 a 150.1 a 7.5 c 8.3 c
U2 21.23 ab 20.78 ab 149.1 a 146.5 a 6.5 c 7.4 c
U3 23.72 a 23.48 a 156.3 a 150.7 a 5.1 c 6.0 cd
U4 19.38 b 19.44 b 132.2 c 131.4 b 9.2 bc 10.8 bc
U5 21.08 ab 21.35 ab 148.1 a 147.3 a 8.3 bc 8.7 c
U6 18.65 bc 17.31 bc 121.8 b 119.6 c 12.8 b 14.2 b
U7 19.30 b 17.92 bc 130.6 b 127.3 b 11.6 b 11.3 b

F. test ** ** ** ** ** **

** indicates p < 0.01. Means followed by the same letter in each factor were not significantly different for probability
(p) < 0.05. For abbreviations, see Table 4.

As for the character of 1000-grain weight, the data in Table 7 imply that the application
of U1 and U3 significantly elevated the weight of 1000-grain (31.08 and 31.23 g, in both
planting seasons), which obtained a statistical match with U1, U2, and U5 in each studied
season. However, grain productivity (final grain yield) was significantly increased when
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plants were fertilized with U3 (12.58 and 12.45 t/ha, in both cropping seasons). By scruti-
nizing the data given, the application of U3 gave identical statistics with U1, U2, and U5 in
both seasons. The same trend was distinguished as to straw yield, which gave the highest
values (t/ha) when U3 treatment (15.35 and 15.18 t/ha, in both seasons) occurred beside
a statistical match with U1, U2, U4, and U5 treatments in the first and second seasons.
However, the least values of 1000-grain weight (28.23 and 28.04 gm), grain productivity
(8.10 and 7.87 t/ha), and straw yield (10.82 and 9.91 t/ha) in both planting seasons were
rendered under the application of CU (control).

Table 7. Effects of different rates of classical urea fertilizer, urea chitosan nanohybrid and their
combinations as exogenous application on 1000-grain weight, grain productivity, and straw yield of
rice plants during the 2020 and 2021 seasons.

Treatments

Traits
1000-Grain Weight (g) Grain Productivity (t ha−1) Straw Yield (t ha−1)

Season 1 Season 2 Season 1 Season 2 Season 1 Season 2

CU 28.23 c 28.04 c 8.10 c 7.87 cd 10.82 c 9.91 c
UI 31.08 a 30.65 ab 12.03 a 12.40 a 14.63 a 15.10 a
U2 30.28 a 30.41 ab 11.78 ab 11.40 ab 13.92 ab 13.61 ab
U3 30.94 a 31.23 a 12.58 a 12.45 a 15.45 a 15.18 a
U4 29.43 b 29.13 b 10.84 b 10.53 b 13.34 b 12.84 b
U5 30.12 ab 30.10 ab 11.34 ab 11.23 ab 14.10 ab 13.65 ab
U6 28.87 c 28.44 bc 9.10 c 8.79 c 11.42 c 11.18 bc
U7 29.21 b 29.03 b 10.22 b 9.95 b 12.78 bc 12.37 b

F. test ** ** ** ** ** **

** indicates p < 0.01. Means followed by the same letter in each factor were not significantly different for probability
(p) < 0.05. For abbreviations, see Table 4.

3.6. Effects of Different Rates of Classical Urea Fertilizer, Urea Chitosan Nanohybrid, and Their
Combinations on N Content and Uptake

The value of N content in both grain and straw yields has witnessed a noted change
in various treatments (Table 8). Under the treatment of U3, N content recorded the highest
rank in both grains (1.421 and 1.447%) and straw (0.484 and 0.481%) yields in both seasons.
In each season, there was no significant difference between U1, U2, U3, and U5 treatments
concerning the concentration of N element in rice grain. Again, in the first season, there
was no significant difference observed among U1, U2, U3, and U5 treatments regarding the
concentration of N content in rice straw. The minimal N content in grain (0.964 and 0.927%)
and straw (0.301 and 0.283%) yields was represented under control treatment (CU) in the
2020 and 2021 seasons.

Table 8. Effects of different rates of classical urea fertilizer, urea chitosan nanohybrid and their
combinations as exogenous application on N content in both grain and straw of rice during the 2020
and 2021 seasons.

Treatments

Traits N Content in Grain Yield
(%)

N Content in Straw Yield
(%)

Season 1 Season 2 Season 1 Season 2

CU 0.964 c 0.927 d 0.301 c 0.283 c
UI 1.397 a 1.337 ab 0.434 a 0.416 ab
U2 1.348 ab 1.328 ab 0.410 ab 0.393 ab
U3 1.421 a 1.447 a 0.484 a 0.481 a
U4 1.226 bc 1.203 bc 0.378 b 0.338 bc
U5 1.278 abc 1.276 ab 0.391 ab 0.382 ab
U6 1.027 bc 0.993 c 0.336 bc 0.296 c
U7 1.082 bc 1.051 bc 0.367 b 0.331 bc

F. test ** ** ** **
** indicates p < 0.01. Means followed by the same letter in each factor were not significantly different for probability
(p) < 0.05. For abbreviations, see Table 4.
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As for the status of N uptake resultant in both grain and straw yields (Table 9), the
U3 application accomplished improving N uptake in both grains (by 6.4% and 10.8%) and
straw (17.8 and 16.2%) yields, in both the first and second seasons compared with applying
classical urea only (U1). However, in each season, U5 gave identical statistics with U1, U2,
and U3 concerning N uptake value in both grain and straw parts. Once again, the lowest
given N uptake values were ascertained in CU treatment in both seasons.

Table 9. Effects of different rates of classical urea fertilizer, urea chitosan nanohybrid, and their
combinations as an exogenous application on N uptake in both grain and straw of rice during the
2020 and 2021 seasons.

Treatments

Traits N Uptake in Grain Yield
(kg ha−1)

N Uptake in Straw Yield
(kg ha−1)

Season 1 Season 2 Season 1 Season 2

CU 78.1 c 72.9 d 32.5 c 28.0 c
UI 168.0 a 162.5 ab 63.4 ab 62.8 ab
U2 152.8 ab 149.1 ab 57.8 ab 53.6 ab
U3 178.8 a 180.1 a 74.7 a 73.0 a
U4 132.8 abc 126.6 bc 45.1 bc 43.4 bc
U5 144.9 ab 143.2 ab 55.2 ab 52.1 ab
U6 93.5 bc 87.2 c 38.4 bc 33.1 c
U7 110.6 bc 104.5 cd 46.9 bc 40.9 bc

F. test ** ** ** **
** indicates p < 0.01. Means followed by the same letter in each factor were not significantly different for probability
(p) < 0.05. For abbreviations, see Table 4.

4. Discussion

Previous investigations have studied the combination between polymers and fertilizers
and have reported that fertilizers can be converted into slow-release sources for nutrients
in a more controlled and smart manner [39,40]. Corradini et al. [31] and Hussain et al. [41]
explored the utilization of CS NP as a controlled device for undesirable nutrient loss in
several ways (air, soil, and water,) which perhaps can lead to increased effectiveness of
the nutrients under low fertilizer application. In addition, an easy translocation feature
of CS NP to various systemic organs (leaves, roots, and stems) might ensure nutrients
delivery to plant parts and that the required change has occurred [42]. Conversely, a
nanosized product of CS–urea NH (average size of about 26.2 nm) offers a unique size
that has a different behavior from bulk materials, which can be physically explicated by
the quantum effect [31]. Accordingly, the change in both physical properties and chemical
reactivity is possible for achieving exceptional influence on CS–urea NH efficacy. Hence, a
unique hybrid synthesis of CS–urea NH may create a slower release for urea fertilizer in a
smart manner, consequently enhancing nutrient (N) translocation and decreasing fertilizer
loss [26,31,43].

The presence of N as a basic component in both hybridization pairs (urea and chitosan)
may lead to the production of a nitrogen-rich material. Furthermore, utilizing CS–urea
NH may enhance chlorophyll content in plant cells via reinforcing tetra pyrrole ring
biosynthesis, which plays a pivotal biochemical role in chlorophyll synthesis. Based on
CS NP preparation, it acts as an efficient photocatalyst that can improve photosynthesis
activity and nitrogen metabolism, which may cause an enhancement in cell division and
growth vigor [28]. In another interpretation, CS–urea NH promotes cytokinin formation
and enhances the availability of amino compounds, which are released from CS NP [44,45].
Furthermore, via utilizing CS–urea NH, benign N metabolism may have occurred in the
plant physiological pathway as a result of higher activities of ammonia-assimilate enzymes
(glutamate synthase, glutamate dehydrogenase, and glutamine syntheses) [46].

Therefore, the improvement of growth traits as indicated in our study (Table 4) is
probably due to the application of CS–urea NH, which may be positively reflected on the
Chl content and LAI of rice plants and thus enhances the photosynthesis process. An
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earlier study by [47] noted a significant improvement in rice leaf area and Chl content by
treating the plants with CS at 40 ppm. In another report, exogenous application of CS NP
at 90 ppm increased the Chl content and leaf area of stressed wheat plants [45]. By another
agronomic view, CS–urea NH sprinkling after transplanting with 20 and 40 D may pave the
way for aligning N provisions to plant requirements, where N plant needs are increased
during the mid-tillering and flowering stages [46]. As reported by [48], the hybridization
of superabsorbent polymer (such as CS NP) and various plant nutrients improves the
synchronization of nutrient release with the plant’s needs.

The variation in DM weight is linked with the efficient use of solar radiation by the
aerial parts [49,50]. Herein, a benign increase in DM output under higher and sufficient
levels of N application (U1, U2, U3, and U5 treatments) was found in our study (Table 4).
The above-mentioned result is probably because of larger LAI and developed generative
organs, which may cause rapid nutrient accumulation and favorable DM production [51].

After exogenous application, CS NP penetrates the epidermis of plant leaves, which
paves the way to easy absorption via the plant organs. Exogenous nano-sized manner
moves towards the shoot (inside xylem) and root (inside phloem) directy because the plant
vascular system is noncirculatory [52,53]. Accordingly, the foliar application of CS–urea
NH has a phloem pathway only, which may be used to supported the translocation process
from paddy leaves to its root resulting in enhances NUE [54]. CS NP may enhance some
physiological pathways (transpiration, photosynthesis process, and gas exchange) through
the facilate uptake of the molecule [15,16]. Our study hypothesis was that CS–urea NH
was held by N nutrients (in urea granules) and was assimilated into rice plants, which may
reflect favorably on cell development (elongation and division), meristematic activity, and
internode elongation, consequently enhancing plant height. Prior research by [55,56] noted
benign vigorous growth in treated plants with nano-chitosan NPK, and they attributed
this to the increase in the flux of NPK inside plant tissues and the consequent benefits for
plant growth.

It is reported that the exogenous application of micro-nutrients can significantly
enhance crop nutrient uptake by leaves; consequently, significant assimilation of such
nutrients can occur during the grain-filling period [57,58]. Streamlined translocation of
photosynthesis output to a higher amount of panicles (sink capacity) can inevitably lead to
a higher amount of filled grain number and grain yield outcome [50,51,59,60]. This explana-
tion is in harmony with the obtained results in our study, which indicate that the yield com-
ponents of plants fertilized with U5 (99 kg N/ha of urea as soil application + 500 N mg/L
CS–urea NH as exogenous application) were not significantly different when compared
with those obtained from plants fertilized with fully recommended classical urea as a soil
application (Table 7). In this context, CS–urea NH might have compensatory benefits in
the case of supplemental fertilizer (N) deficiency. In another agronomic view, the above-
mentioned findings are perhaps related to higher N-use efficacy of the cultivated variety
(Sakha super 300) as reported by [61], as well as related to the importance of CS–urea NH
as a slow-release source of nutrients.

Overall, the availability of nitrogen in a plant’s growth environment leads to and
encourages the absorption of light energy and enhances photochemical efficiency in paddy
leaves [62]. In all grain crops, individual mass grain is determined based on reserves
of assimilates stored in the vigorous vegetative phase and on the C assimilation rate
during grain filling [63,64]. In addition, adequate and balanced fertilizer N at panicle
initiation works on optimizing both the weight and number of spikelets to ensure a high
yield outcome [65–68]. The effect of engineered CS NP may occur by decreasing the
total soluble sugar and by increasing polysaccharides, which is reflected positively on
both carbohydrate and protein contents in yielded grain [28]. Accordingly, exogenous
CS–urea NH at a proper and sufficient dosage might stimulate bio-physiological activities
to promote the formation of carbohydrates. This benign carbohydrate accumulation is
linked with higher N uptake during the vegetative period up to panicle initiation, which
might increase reproductive tillers and lessen tiller abortion [69]. Therefore, this is possibly
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the reason for the enhancement of grain productivity under U5 treatment (Table 7) with no
significant impact when urea application was decreased to 60% of the total recommended
amount. As per [70], the application of CS in soybean crops contributed to improving
branch length, shoot growth, number of node/plant, and seed yields. A positive significant
impact was observed on maize yield attributes and harvestable seed yields when the plants
were exposed to exogenous application of oligo-CS at a rate of 75 ppm [71].

However, using only CS NP positively affected N uptake (increased up to 27.4%
compared with control) as mentioned earlier by [26]. Modified urea with a slow-release
feature increased both N absorption and the accumulation inside plant tissues [72]. A prior
study by [28] noted the improvement of N uptake efficacy by curtailed N loss. Hence,
utilizing CS–urea NH may enhance and promote N content in both grain and straw yields,
consequently improving N uptake status. Furthermore, exogenous N applying in the active
growth stages resulted in the activation of rapid availability and uptake status, especially
when combined with soil application [73].

5. Conclusion

The utilization of a modified fertilizer of CS–urea NH as a slow-release source of N
can create a new approach for improving agrarian productivity. CS–urea NH represented
a benign capacity to bind urea fertilizer as the N sourced. In the current investigation,
CS–urea NH was considered as a good application to compensate for N shortages, and
it could reduce the use of synthetic fertilizers by 60% for sustaining a high production of
grain yield. On the above basis, we recommended using the exogenous application of
CS–urea NH in paddy fields for reducing excessive N inputs, as well as enhancing growth,
yield, grain productivity, and N uptake of rice plants.
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