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Abstract: Nanotechnology holds excessive potential for
addressing agricultural challenges such as soil deprivation,
nutrient deficiencies, low harvests, and nutrient leaching.
Nanofertilizers enable more efficient nutrient absorption
by plants due to their enlarged surface area, bestowing
viable solutions. Urea–hydroxyapatite hybrid (urea–HA
hybrid) was successfully synthesized via a coprecipitation
approach by doping nanohydroxyapatite with copper and
zinc along with urea. The synthesized nanohybrids were
analyzed by applying various techniques such as Fourier
transform infrared spectroscopy, energy-dispersive spec-
troscopy (EDS), scanning electron microscopy, and X-ray
powder diffraction (XRD). The evidence for the crystalline
structure of HA was confirmed by peaks present in XRD
analysis at 25.89°, 28.77°, and 32.11°, while urea was vali-
dated at 39.29°. The nanosized HA hexagonal nanorods
were approximately 16 ± 1.5 nm, with the incorporation
of urea, Cu, and Zn. The components of urea–HA hybrid

(Ca, P, C, O, and N) were confirmed by EDS analysis with
traces of Si. Antibacterial and antifungal activities were inves-
tigated against phytopathogenic microbes. The nanohybrid sig-
nificantly inhibits the growth of Clavibacter michiganensis,
Xanthomonas campestris, Macrophomina phaseolina, and
Sclerotium rolfsii. A fertilization trial using urea–HA hybrid
on Citrus limon has demonstrated a growth of 30 cm within
8 weeks of treatment, accompanied by brighter-colored
leaves. Thus, the synthesized urea–HA hybrid enabled the
slow release of nutrients, which had a significant impact on
plant growth and will also effectively manage disease control
against phytopathogens. Thus, this innovative approach addresses
agricultural challenges regarding nutrient delivery and disease
control more effectively.

Keywords: metal-doped-HA, micronutrients, nanofertilizers,
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1 Introduction

The United Nations hopes to ensure food security by promoting
more sustainable agriculture through the implementation of
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the 2030 Agenda for Sustainable Development by highlighting
the necessity of increasing food yields and effectively managing
natural resources [1]. Fertilizers are considered to be significant
components of soil nutrients that improve plant development
and efficiency. Over the past 50 years, farmers have usedmany
commercial or traditional fertilizers, which have balanced the
circulation of the primary minerals required for the best
growth of plants: potassium, nitrogen, and phosphorous [2–4].
Diammonium phosphate urea, rock phosphate, single super-
phosphate, nitrogen phosphorous potassium, and mono-
ammonium phosphate are the most widely used conventional
fertilizers and are rich sources of essential plant nutrients [5]. The
global population is growing, as is the consumption of fertili-
zers. Despite the fact that plants can only absorb approximately
42% of the applied phosphorus, farmers are currently utilizing
approximately 85% of the world’s total mined phosphorus as
fertilizer [6]. The use of these fertilizers causes significant eco-
nomic losses in terms of 40–70% leaching-related concerns [7].
Additionally, heavy metals can cause serious harm to the eco-
system as well as to the soil microbial flora, soil structure, and
plant life [8]. Therefore, the development of a special compost
that gradually and economically discharges supplements is
required so that the plants can effectively ingest the supple-
ments [9]. The world’s population will reach 9.6 billion by
2050, which will put more strain on the amount of arable
land that can be used for farming. With current technological
developments, food production and agricultural methods have
reached a turning point; eventually, it would be almost impos-
sible to feed the expected population. Sustainable agriculture
urgently requires the development and implementation of
smart agricultural methods using innovative technologies [10].
The scientific community has shown a great deal of interest in
nanotechnology in the modern era because of its benefits in
formulation design, analysis, and uses, which improve human
safety and comfort [11–13]. However, given the widespread use
of nanomaterials in many industries, it is essential to develop
safer, more dependable, easy-to-use, non-toxic, and environ-
mentally friendly methods for their manufacture [14,15]. Nano-
technology is a promising technique with tremendous potential
for resolving agricultural-based issues such as land degradation,
poor crop yield, nutrient shortage, and leaching losses [16,17].
The promising application of nanotechnology to enhance plant
nourishment and reduce unfavorable ecological consequences
is attracting much interest [18,19]. The soft release of essential
molecules or ions from nanomaterials made of macronutrients
is controlled by their rate and solubility. They differ signifi-
cantly from conventional fertilizers as well as those of compar-
able bulk fertilizers. Additionally, because of their larger surface
areas, they may be loaded with more macronutrients, such as
nitrogen in the form of urea or nitrates, and have dissimilar
profiles for kinetic release than their traditional counterparts.

Nanofertilizers have been found to have a high surface area,
allowing plants to take in nutrients slowly and effectively, as
desired [20,21].

Hydroxyapatite (HA), a mineral with a chemical com-
position of [(Ca10(PO4)6(OH)2], is an essential component of
both human and animal hard tissues, and because of its
biocompatibility, HA is frequently employed as a bio-
ceramic [22,23]. It contains calcium and phosphate ions,
has high biocompatibility, and is commonly used in var-
ious biomedical applications [24–26], including drug and
gene delivery, tissue engineering, bone mending, dental
implants, and bioadsorption, but its use in agriculture is
uncommon [27,28]. Naturally occurring rock phosphate, an
allotrope of HA, is commonly employed as a phosphorus
fertilizer despite its low solubility. However, it is possible
to enhance its phosphorus solubility by modifying it into a
nanoparticle formulation [29]. Therefore, one of the most
promising alternatives to traditional fertilizers is the use of
nanofertilizers [30]. In addition, the main goal of modern
agricultural fertilization is to prevent nutrient losses and
coordinate nutrient availability and plant uptake [31,32]. A
blend of HA nanoparticles and urea, rather than urea
alone, can be a rich nitrogen and phosphorus supplement
due to its natural abundance, biodegradability, and high
adsorption ability [33–35]. This selection was driven by
multiple factors that collectively offer significant benefits
for agricultural applications. These tailored materials are
made of nanoparticles that contain macro- and micronutrients
and distribute them in a controlled way to the rhizosphere
of plants [36]. The urea-containing HA-based nanohybrids
gradually release nitrogen into soil for a longer duration
[37]. In addition, many micronutrients, including zinc, iron,
boron, copper, and molybdenum, are necessary for the
development of plants, and each has a specific use in agri-
culture [38–40]. Metal-doped HA stimulates the develop-
ment of growth hormones, reproduction, photosynthesis,
seed, grain formation, maturity, height, and protein synth-
esis [41]. However, zinc is a more crucial mineral since it
helps to produce chloroplasts and growth hormones, while
copper acts as an antimicrobial and antifungal agent for the
production of chlorophyll [42]. Fertilizer prices can be enor-
mous in developing countries, and they are usually a con-
straint on food production. Therefore, the development of
effective and targeted fertilizer-delivery systems is essential
to meet the ever-growing needs of mankind [43].

The core target of this study is to combine urea, copper,
and zinc into HA nanocrystals to create a hybrid nanoferti-
lizer that is sustainable and ecofriendly. Combining all these
into a single hybrid material represents an innovative
approach to its potential to provide a slow-release (nitrogen
and phosphate), efficient multifunctional fertilizer that
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enhances plant nourishment while addressing ecological
concerns in agriculture. They reduce the frequency of ferti-
lizer application byminimizing nutrient runoff. These nano-
hybrids were used to evaluate their possible antimicrobial
action against bacterial and fungal phytopathogens for disease
control management. These nanohybrids were employed in
fertilization experiments to study the growth pattern of Citrus
limon. The innovative aspect of this work is that the synthe-
sized nanohybrids will not act as fertilizers but will also serve
as disease-control agents.

2 Materials and methods

2.1 Chemicals

The chemicals with the highest purity were utilized in the
study. Ammonium hydroxide (NH4OH), sodium bicarbonate
(NaHCO3), orthophosphoric acid (H3PO4), urea (CO(NH2)2),
calcium hydroxide (Ca(OH)2), copper chloride (CuCl2), and
zinc chloride (ZnCl2) were procured from Sigma-Aldrich
(China). All synthesis and measurements were carried out
using deionized water throughout the experiment.

2.1.1 Formation of metal-doped-HA

In the first step, using a coprecipitation technique, metal-
doped-HA was synthesized by using Ca(OH)2, phosphoric
acid, NaHCO3, and metal salts. An aqueous solution of phos-
phoric acid (0.6 M, 250 cm3) was incorporated slowly into
the suspension containing Ca(OH)2 (1 M, 250 cm3), accom-
panied by 10 mL of 5% ZnCl2 and CuCl2. The atomic ratio of

Ca/P in the precursor was set to be 1.67. The pH of the
suspension was adjusted to greater than 10 using ammo-
nium hydroxide.

2.1.2 Formation of urea–hydroxyapatite hybrid
(urea–HA hybrid)

In the second step, an aqueous solution of urea (2 M, 250
cm3) was added to the suspension containing metal-doped-
HA and sonicated for 2 h, as described in Figure 1. After
which, the urea–HA hybrid suspension was filtered, repeat-
edly rinsed with deionized water, and dried at 70°C. Various
batch-mode approaches were employed to optimize the
synthesis and yield of this hybrid material at a laboratory
scale. Experimental parameters were altered; pH and dif-
ferent ratios of urea, HA, zinc, and copper to find the
optimal balance with the highest yield, without compro-
mising the material’s structural integrity and functional
properties. The yield was quantitatively measured, and the
purity of the hybrid nanocomposites was analyzed using
X-ray diffraction (XRD) and scanning electron microscopy
(SEM) to ensure that the optimization processes did not alter
the desired properties of the hybrid.

2.2 Characterization techniques

2.2.1 Powder XRD

The XRD investigation of the nanohybrids was performed
by using a Bruker AXS D4 Endeavour™ diffractometer. The
continuous data scan for the urea-HA-hybrid was acquired

Figure 1: Scheme of Study for the synthesis of urea–HA hybrid.
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over the 2θ range from 20° to 80° with a step size of 0.05° at
2 s/step by means of Cu-Kα radiation where λ = 1.5406 Å.

2.2.2 Fourier transform infrared (FTIR) analysis

For the recognition of functional groups, FTIR spectra were
obtained between 650 and 4,000 cm−1, with a wave-
number intermission of 1 cm−1, 96 background, and
sample scans by using ATR-FTIR (Agilent Technologies-
Cary 360). The second derivative determination was car-
ried out using Microlab Expert software provided by
Agilent Technologies.

2.2.3 SEM–EDS

The elemental analysis, morphology, and particle size of
the prepared metal-doped-HA and urea–HA hybrid was
observed by SEM with EDS using a ZEISS GeminiSEM 360
instrument.

2.3 Antimicrobial activity

2.3.1 Antifungal properties

The two synthetic compounds, metal-doped-HA and urea-
HA hybrid, were tested for their in vitro antifungal activity
against Macrophomina phaseolina and Sclerotium rolfsii,
two extremely harmful soil-borne fungal strains. The dry
biomass reduction method was used for this purpose
[38,39]. Each synthetic substance was weighed and dis-
solved in 100 µL of dimethyl sulfoxide (DMSO) before the
necessary amount of autoclaved malt extract (ME) broth
was added to increase the content to 6 mL. This stock solu-
tion had a concentration of 0.50 mg/mL. A serial double
dilution procedure was used to prepare lower concentra-
tions (0.25, 0.125, 0.0625, 0.0312, 0.0156, 0.0078, and
0.0039 mg/mL). The same quantity of DMSO that was pre-
sent at various concentrations in the samples was used to
generate a series of control treatments. Fungus inocula
were prepared by adding sterilized distilled water to
8-day-old fungal colonies grown on ME agar plates. The
experiment was carried out in three sets of 5-mL test
tubes using a random design. The growth media were
provided in 1 mL per experimental and control tubes.
As shown in Figure S1, each test tube received 20 µL of
fungal inoculum before being incubated at 28°C for 1
week. Before dry weight measurements, the fungal mates
were filtered and dried at 60°C.

2.3.2 Antibacterial activity

In vitro antibacterial bioassays were undertaken by using
different concentrations of metal-doped-HA and urea–HA
hybrid against phytopathogens Clavibacter michiganensis
and Xanthomonas campestris by using the paper disc diffu-
sion method [44]. Luria Bertani (LB) agar was prepared by
autoclaving at 121℃ and 103.4 kPa for 30min. Twenty milli-
liters of growth media were added to 90-mm diameter Petri
test plate dishes and allowed to settle. A 100 µL suspension
(106 cfu mL−1) of each bacterial species was spread on LB
agar. Three concentrations of each synthesized compound
(0.5, 1.0, and 1.5 mg/mL) were prepared by mixing 0.5, 1.0,
and 1.5 mg of the compounds, respectively, in 1 mL of
sterile distilled water. Sterilized filter paper discs (3 mm
diameter) were dipped in the solutions and placed on the
surface of growth media inoculated with bacterial species.
Distilled water was used as a negative control treatment,
while the antibiotic ciprofloxacin (0.5 mg mL−1) was used
as a reference drug. The whole experiment was performed
in a completely randomized design in triplicate. The plates
were incubated for 24 h at 37°C, after which the zone of
inhibition (mm) around the paper disks was measured.

2.3.3 Statistical analysis

Optimizing the concentration ensures that there is enough
amount of nanocomposite suspension accessible for diffu-
sion. To reduce the possibility of false negative results from
diffusion variability, multiple experiments were carried out
to validate the reproducibility of the findings. A comprehen-
sive examination of the zone of inhibition data has been
carried out, encompassing the rare instances when diffusion
may have been lacking. There were also other quantitative
techniques used, such as minimum inhibitory concentration
testing and broth microdilution. By giving the nanoparticles
and bacteria a more regulated environment to interact in,
these techniques lessen the reliance on diffusion as the only
mechanism of action observed. All the fungal biomass and
bacterial growth inhibition data were analyzed by analysis
of variance followed by the least significant difference (LSD)
test (P ≤ 0.05) for separation of treatment means.

2.4 Fertilization test of urea-HA hybrid on
plant growth

To investigate the potential of urea–HA hybrid, a fertiliza-
tion experiment was conducted to evaluate the plant
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growth. For this purpose, six Citrus limon were purchased
from Punjab Horticulture Authority; two plants were given a
dose of 50 plants mg/week of metal-doped-HA and urea–HA
hybrid fertilizer; three plants were treated with 5 g/week of
urea, dicalcium phosphate (DCP), and commercial fertilizer;
the sixth plant remained untreated. All plants were treated for
2 months, and the length of each plant was measured before
and after starting the dose each week with a measuring tape.

3 Results and discussion

The XRD pattern and crystalline nature of the urea–HA-
hybrid can be seen in Figure 2. The peaks at 2θ values of
25.89°, 28.77°, 31.98°, 32.86°, 33.71°, 46.74°, 49.46°, and 53.33°
in the XRD pattern are associated with the crystalline HA
nanoparticle reflection plane structure as standard JCPDS
cards of HA (9-0432) [45,46]. The lattice parameters calcu-
lated for HA were a = b = 9.36 Å and c = 6.83 Å. The acquired
data also demonstrated a noteworthy agreement with the
standard ICDD database (01-074-0566) for HA [47,48]. The
lower-intensity peaks visible at 22.04°, 28.96°, and 39.29°
correspond to urea, as confirmed by the JCPDS card no.
01-083-143 [17]. The incorporation of Cu and Zn into the
HA structure did not reveal any additional peaks. This
suggests that these metal ions were effectively integrated into
the HA framework, resulting in the formation of a homoge-
neous HA phase [49]. According to the results, metal–ligand
interactions between calcium in HA nanoparticles and nitrogen
in urea represent major bonding sites [50].

FTIR spectroscopy was used for the identification of
functional groups corresponding to the synthesized nanofer-
tilizers, as exhibited in Figure 3. Structural modifications
were observed in the nanohybrids as a result of replacing
calcium ions with copper and zinc [51]. In metal-doped-HA
and urea–HA hybrid, the P–O broadening of PO4

3− ions was

indicated by a strong peak at 1,026 and 558 cm−1 [52,53]. The
NH bendingmotion of urea was observed at 1,453 cm−1 while
urea exhibits primary amine characteristics, showcasing
symmetric and asymmetric stretching of N–H bonds within
the range of 3,400–3,250 cm−1 as a double peak [54,55]. This
suggests that the urea–HA hybrid mixture contains free NH
bonds. In the urea–HA hybrid system, the C]O stretching
vibrations are found at 1,643 cm−1 [56]. The bands at 1,453
and 870 cm−1 are associated with C–N [37,57]. The peaks at
3,371 and 1,635 cm−1 in metal-doped-HA and at 3,329 and
1,643 cm−1 in urea-HA-hybrid are attributed to the bending
modes of absorbed H2O [58]. The FTIR second derivative
spectra of urea, HA, urea–HA-hybrid, and metal-doped-HA
were obtained in the spectrum region of 650 to 2,000 cm−1 in
order to improve accuracy, as shown in Figure 4. The peak
located at 961 cm−1 is associated with υ1 stretching mode of
PO4

3−. The distinctive bands detected at around 1,022 cm−1

are attributed to PO4
3−’s υ3 stretching vibrations. The vibra-

tional modes υ2 and υ3 of CO3
2− are associated with the

bands located at 873 and 1,415 cm−1, respectively, as exhib-
ited in Figure 4(c) and (d). This is a characteristic band of HA
of the B-type, where CO3

2– substitutes PO4
3− as confirmed

from previously reported literature [53,59].
The morphology of the fabricated urea–HA-hybrid was

examined by FE-SEM analysis. The study revealed that
the nanourea particles had a fiber-like cloudy structure
and were of various sizes, as confirmed by previous litera-
ture [2]. SEM micrographs have shown no discernible
color or morphological variations, indicating consistentFigure 2: XRD of urea–HA hybrid.
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and homogeneous mixing of urea and HA components,
although they were clumped together owing to agglomera-
tion. The particle diameter was estimated to be 15 ± 1 nm,
and the particles appeared as self-assembled hexagonal
shapes of urea-doped HA nanorods. The inset of Figure 5a
displays a further magnified image of the SEM for the pre-
pared material and more precisely demonstrates the crea-
tion of cloud/nanoclusters of urea–HA-hybrid particles.

The elemental composition of urea–HA-hybrid was
characterized and quantified by EDS analysis, as shown
in sections b and c of Figure 5. This shows the presence
of Ca, P, O, and N as major elements while Zn, C, and Si as
minor elements, confirming the formation of urea–HA-
hybrid. The Ca/P ratio was found to be 1.68, which is
approximately similar to the theoretical value [60,61], while

the presence of nitrogen in urea–HA-hybrid is an indication
that the amount of doped urea was 8.34% by weight. The
nitrogen content was also counter-checked by using the
Kjeldahl method and found to be in accordance with EDS
analysis.

Plant health and growth can be negatively impacted by
pathogenic microorganisms, which can result in illnesses
and decreased yield. They may cause serious harm to plant
tissues, causing necrosis, withering, and death, which would
hinder the plant’s ability to grow and develop as a whole
[62]. Several strategical techniques, including crop rotation,
the use of resistant plant cultivars, the use of biological
control agents, and the application of fungicides or bacter-
icides, are used to control these infections [63,64]. World-
wide distribution of soil-borne fungi includesM. phaseolina,

1000 1500 2000

evitavired dno ceS

Wavenumber (cm-1)
650

1025

1096

1070

682
1458871

988

1420

1972

Metal-doped-HA

961

(d)

1000 1500 2000

evitavired dnoceS

Wavenumber (cm-1)

786

712 998 1152
1748

1678
1589

1458

1096 1402

650

Urea (a)

1000 1500

evitavired dnoceS

Wavenumber (cm-1)
650

1022

962 1096
873

1458

1420

1066
980Hyroxyapatite (b)

1000 1500

evitavired dnoceS

Wavenumber (cm-1)
650

1025

1096

1073

984
961

14201141

1458

872

939

Urea-HA-Hybrid (c)

Figure 4: Second derivative of (a) urea, (b) HA, (c) urea–HA-hybrid, and (d) metal-doped-HA.

6  Zohaib Waheed et al.



Figure 5: Morphological and chemical characterization of urea–HA-hybrid: (a) SEM analysis, (b) elemental composition, and (c) elemental analysis
by EDS.

Figure 6: Antifungal activity of different concentrations of control, metal-doped-HA, and urea–HA-hybrid against (a) M. phaseolina and (b) S. rolfsii, the
vertical bars represent the three replicate standard errors of means. According to the LSD test, values with different letters at the top demonstrate a
significant difference (P ≤ 0.05).
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S. rolfsii, Aspergillus, and Fusarium sp. They are the source
of seedling blight, charcoal rot, and stem/root rot [65]. These
fungi have the potential to significantly reduce agricultural
yields. Figure 6 illustrates that both compounds exhibited
potent antifungal activity against the target fungal species,
indicating effective management of plant diseases. Addition-
ally, the compounds demonstrated fertilizing abilities, enhan-
cing their potential in agricultural applications. However,
urea–HA hybrid was found to be far better than metal-
doped-HA with respect to its antifungal activity. Lower con-
centrations (0.0039–0.015mg/mL) of urea–HA hybrid reduced
the biomass of M. phaseolina by 44–71%, while 0.0312mg/mL
entirely controlled the development of this fungal pathogen.
Conversely, in the case of metal-doped-HA, concentrations
ranging from 0.0039 to 0.0312mg/mL lowered growth of
M. phaseolina by 11–58%, as illustrated by Figure S2(a), while
0.0624 mg/mL completely controlled the fungal growth.
S. rolfsii was more susceptible to both the synthesized com-
pounds than was M. phaseolina. All concentrations of urea-
HA-hybrid resulted in complete control of S. rolfsii. In

contrast, fungal growth appeared in lower concentrations
(0.0039–0.0625mgmL−1) of metal-doped-HA and there was
25–61% growth suppression over the corresponding control
treatments as shown in Figure S2(b). Only 0.1250mg/mL and
higher concentrations completely controlled the growth of
this fungal species.

C. michiganensis is a Gram-positive bacterium that
does not produce spores and thrives in aerobic conditions.
It is known for its ability to harm tomatoes and potatoes,
leading to significant economic damage globally [66]. Con-
versely, X. campestris is a Gram-negative plant pathogen
that induces black rot disease in several cruciferous vege-
tables such as cabbage, cauliflower, and broccoli [67]. Both
the synthesized compounds were effective against the two
bacterial species. However, the effectiveness was highly
variable with respect to type and concentration of the com-
pounds, and the bacterial species C. michiganensis was
more susceptible to urea–HA hybrid, while X. campestris
growth was more sensitive to the application of metal-
doped-HA. The reference antibiotic ciprofloxacin (10mg/mL)

Figure 7: Antibacterial activity of antibiotic ciprofloxacin, control, urea–HA hybrid, and metal-doped-HA against (a) C. michiganensis and (b) X.
campestris. The vertical bars represent the standard errors of the mean of three replicates. LSD test results show a significant difference (P ≤ 0.05) for
values with various letters at the top.
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caused 29 and 18mm inhibition zones against C. michiga-
nensis and X. campestris, respectively. Different concentra-
tions of urea–HA hybrid (5, 10, and 15mgmL−1) caused 4–29
and 1.3–29mm inhibition zones against C. michiganensis
and X. campestris, respectively. By contrast, metal-doped-
HA application resulted in 1.7–28.6 and 20–26mm inhibition
zones against C. michiganensis and X. campestris, respec-
tively (Figure 7). The zone of inhibition measurements
demonstrated consistent diffusion from the disc, which
was achieved by ensuring a standardized preparation pro-
cedure and precise incubation conditions.

The fungus becomes dormant and loses its ability to
stick to fungal hyphae when the solution concentration
increases due to high density. The nanohybrids inhibit
fungal growth by rupturing cell walls and membranes,
obstructing mycelial development and conidial germina-
tion, and generating reactive oxygen species (ROS)
[68,69]. Urea–HA hybrid can interact with a variety of

biomolecules because of its strong ability to oxidize. Due
to their potent and indiscriminate reactivity, these free
radicals seldom diffuse far from the sites of formation.
The bacterial cell structure is impacted by the presence
of these nanohybrids, and when they come in contact
with the bacterial cell, the rate of cell membrane destruc-
tion increases. According to certain hypothesized mechan-
isms, the nanoparticles permeate into bacterial cells and
hinder their metabolic activities as a result of the produc-
tion of ROS. They can also react with the cell wall and the
membrane of bacteria or directly interact with bacterial
DNA or thiol groups in cell proteins to halt all processes
and result in cell death [44,70,71]. The phosphate ions from
HA and nitrogen from urea released by the urea–HA
hybrid are beneficial for plants, but they can cause osmotic
stress in bacterial cells and an undesirable environment
for certain pathogens. It is well known that zinc ions affect
protein synthesis and bacterial enzyme activity. They may

Figure 8: Trial plant C. limon (a) untreated plant, (b) plant treated with commercial fertilizer, (c) plant treated with urea–HA hybrid, and (d) growth
pattern of both the plants treated with urea–HA hybrid and commercial fertilizer.
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interfere with the permeability of the bacterial cell mem-
brane and prevent the synthesis of vital enzymes, which
would restrict the growth of the bacteria [72,73]. ROS that
cause oxidative damage to proteins, nucleic acids, and the
bacterial cell membrane can be produced by copper
ions [46,74].

The optimization processes have significantly enhanced
the yield and quality of the urea–HA hybrid, ensuring that it
is suitable for practical applications, particularly in the con-
text of enhanced plant nourishment where efficacy and cost-
effectiveness are matter of concern. The plants treated with
urea–HA hybrid fertilizer were 30 cm in height in the first
week, whereas those treated with commercial fertilizer
were 32 cm in height. After 4 weeks of treatment, the plants
treated with urea–HA hybrid showed substantial growth
compared to the plants treated with commercial fertilizer,
whereas the plant treated with commercial fertilizer shows
modest increase in size and a minor change in color from
green to yellow (Figure 8b). After 8 weeks, the plant treated
with urea–HA hybrid outgrew the plant treated with stan-
dard fertilizer while no significant growth was observed in
the untreated plant. The plant treated with nanohybrid
grows not only in height but also in width, having a larger
number of leaves with brighter color (Figure 8c). The com-
parison of the growth pattern of the plants treated with
urea–HA hybrid, commercial fertilizer, and untreated is
given in Figure 8(d). It is also evident from Table 1 that
the urea–HA hybrid exhibits better performance in terms
of enhanced plant growth and nutrient release efficiency.
When urea, Zn, and Cu are added to the HA matrix, it
becomes much more efficient and is therefore a better
option for agricultural use than the other materials on
the list.

The hybrid nanofertilizer improved the soil and water
nutrient absorption ratios due to its smaller particle size as
compared to the pore diameter of roots [2]. Plants fed with
traditional fertilizer had a substantially lower concentra-
tion of these components. According to the calculated

results the test plant treated with urea–HA hybrid had a
growth rate of 21.3%, while the one treated with traditional
fertilizer had 15.7% as there was a difference of 17 cm in the
height of both plants. The proportions of copper and zinc in
hybrid fertilizer are 0.66 and 0.56, respectively, whereas
these proportions are 0.26 and 0.06 by using traditional
fertilizers as shown in Figure S3. According to the literature,
functional nanohybrid materials exhibit multifunctional fea-
tures caused by their synergistic properties from the interac-
tion between particle interfaces [75]. The gradual discharge of
urea from urea–HA hybrid causes a decline in the ratio
of urea degradation in the soil, hence contributing to an
enhanced nitrogen agronomic use efficiency [33]. In order
to effectively promote nutrient uptake by plants, slow-release
fertilizers employ a variety of techniques to release nutrients
into the soil gradually. Over time, nutrients seep into the soil
through the fertilizer matrix. Some nutrients are released by
the mineralization of organic materials, while others are
released from the coating by microbial activity in the soil
or concentration gradients caused by changes in soil tempera-
ture and moisture. The mechanisms decreasing nutrient loss
and increasing plant uptake efficiency, guarantee a more
regulated and prolonged release of nutrients [76,77]. The
release of nutrients from the urea–HA hybrid nanofertilizer
occurs through diffusion and bacterial activity, particularly
that of nitrifying bacteria.

4 Conclusion

Nanofertilizers can boost worldwide food production and
support the growing global population. In the context of
sustainable agriculture, they hold potential as a component
of smart crop production systems because of their enor-
mous surface areas, progressive, and regular distribution
of nutrients. This study has been concluded with the suc-
cessful synthesis of metal-doped-HA and urea–HA hybrid
as confirmed by FTIR, XRD, SEM, and EDS analyses. The
particle size was found to be 15 ± 1 nm. In terms of disease
control management, urea–HA hybrid completely restricted
the growth of C. michiganensis, X. campestris, and S. rolfsii.
Urea–HA hybrid treated plants showed a growth rate of
21.3%, while those treated with conventional fertilizers
exhibited 15.7%. The combination of these elements offered
a controlled release of essential nutrients which promoted
efficient nutrient uptake, and as a result improved plant
health, making this hybrid a potential solution for sustain-
able agricultural practices. Future research will concentrate
on assessing the toxicity, bioavailability, and safety aspects
of this nanofertilizers.

Table 1: Comparison of the urea–HA hybrid efficiency with other
materials

Material Nutrient release
efficiency

Plant
growth

Effectiveness

Urea Low Low Low
DCP Low Low Low
Commercial
fertilizer

Moderate Moderate Moderate

Metal-doped-HA Slightly high Moderate Moderate
Urea–HA hybrid High Very high Excellent
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