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A B S T R A C T   

To supply adequate food, the ongoing and unrestrained administration of nitrogen fertilizer to agricultural fields 
is polluting the climate and living organisms. On the other hand, the agriculture sector urgently needs a tech-
nological upgrade to effectively confront hunger and poverty. Here, we report a rapid synthesis of zinc and 
magnesium-doped hydroxyapatite-urea nanohybrids for slow release and delivery of nitrogen to wheat and rice 
crops. Nanohybrids slowly release nitrogen for up to six weeks compared to the burst release of nitrogen from 
urea, and their use substantially reduces, by at least 3.8 times, ammonia emissions into the environment 
compared with that of urea fertilizer. A half‑nitrogen dose applied as multi-nutrient complexed nanohybrids 
maintained crop growth, yield, and nutritional compositions in wheat and subsequent rice crops. Nanohybrids 
enhanced the wheat crop yield and nitrogen uptake by 22.13% and 58.30%, respectively. The synthesized ni-
trogen nanohybrids remained in the soil for two continuous crop cycles, reduced ammonia volatilization, and 
achieved nitrogen delivery to the crops. Additionally, soil dehydrogenase activity (534.55% above control) and 
urease activities (81.82% above control) suggest that nanohybrids exhibited no adverse impact on soil micro-
organisms. Our comprehensive study demonstrates the advantages of ‘doping’ as a method for tailoring hy-
droxyapatite nanoparticles properties for extended agricultural and environmental applications. The use of 
nanohybrids substantially reduced greenhouse gas emissions and enabled the reduction, by half, of nitrogen 
inputs into the agricultural fields. This study, therefore, reports a novel nano-enabled platform of engineered 
hydroxyapatite-urea nanohybrids as a nitrogen fertilizer for efficient nitrogen delivery that results in improved 
crop growth while minimizing environmental pollution.   

1. Introduction 

As the world’s population will approach 9.73 billion by 2050, global 
food demand is expected to rise by 100–110% (Tilman et al., 2011; van 
Dijk et al., 2021; Alexandratos and Bruinsma, 2012). Most developing 
countries will need to boost agricultural output to feed their population. 
However, the consequent excess use of chemical fertilizers causes severe 
damage to the environment, including impacts on soil friability, holding 
capacity, pH and nutrient content, microbial biomass, and causes 
aquatic resource contamination (Good and Beatty, 2011; Raimbault and 
Vyn, 1991; Hussain et al., 1988). 

In the soil environment, nitrogen fertilizers are either directly 
absorbed by plants or converted into other forms by oxidation processes 
(Reddy et al., 1984; Cameron et al., 2013). Therefore, a high amount of 
nitrogen fertilizer is applied to the soil, to account for losses such as 
leaching and volatilization, to meet optimum plant growth requirements 
(Huang and Uri, 1993). Nitrogen fertilizer overabundance in farmlands 
leads to several broad-scale environmental problems, such as the 
greenhouse effect, acid rain, and eutrophication, and may directly 
impact human health (Gastal and Lemaire, 2002; Wang et al., 2002; 
Ikemoto et al., 2002). In particular, nitrate and nitrous oxide release 
from agricultural systems has been recognized as a threat to both the 
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environment and human health (Tilman et al., 2002; Setty et al., 2017). 
Approximately two-thirds of the total nitrogen fertilizer applied ac-

cumulates in the soil, and at least one-fifth of the accumulated nitrate 
leaches into groundwater (Yadav, 1997). High nitrogen application is 
directly proportional to the level of nitrate accumulation in the soil (Lu 
et al., 2019). Global ammonia emission has increased 8.7 times from 1.9 
± 0.03 to 16.7 ± 0.5 Tg N per year between 1961 to 2010 because of 
excessive nitrogen fertilizer use (Xu et al., 2019). Crops of rice, wheat, 
and corn have been the major contributor to global ammonia emissions 
for the last three decades (Xu et al., 2019). The immediate solution can 
be either to reduce the amount of chemical fertilizer application in the 
field or to use safer alternatives to chemical fertilizers. 

Slow-release fertilizers are attractive alternatives to conventional 
fast-release chemical fertilizers by showing a controlled release pattern 
over time and remaining longer in the soil (Trenkel, 1997; Dimkpa et al., 
2020). Nanomaterials, due to their unique properties such as high sur-
face area, smaller size and shape, have become suitable candidates for 
the delivery of nutrients (Jampílek and Kráľová, 2017; Gilbertson et al., 
2020). Nanomaterials have the potential to reduce chemical fertilizer 
input while maintaining or boosting agricultural output (Hofmann et al., 
2020; Avellan et al., 2021). Layered double hydroxide, chitosan, zeolite, 
and nano-urea have been reported to slowly release the nutrients (Aziz 
et al., 2016; Dubey and Mailapalli, 2019; Bansiwal et al., 2006; Song-
khum et al., 2018). However, the agriculture sector still needs more 
robust and feasible technologies to establish nanomaterials as a new 
medium of nutrient delivery. Hydroxyapatite has recently been shown 
to hold nitrogen through weak interactions and slowly release nitrogen 
into the soil, improving crop growth (Sharma et al., 2022a). 

Hydroxyapatite is a crystalline, thermostable, and biodegradable 
mineral augmented with calcium and phosphorus, which is used widely 
in bone tissue engineering and dental repairs (Tao et al., 2007; Dinar-
vand et al., 2011). Nanoscale-sized hydroxyapatite has also been 
investigated as a source of phosphorus fertilizer (Liu and Lal, 2014). One 
study, for example, found that nano-hydroxyapatite loaded with phos-
phorus was taken up by root epidermal cells and then travelled into the 
cortical apoplast, where the more acidic environment dissociated the 
phosphorus from the nano-hydroxyapatite providing phosphorus to 
phosphorus-deficient plants (Szameitat et al., 2021). 

In our previous reports, we demonstrated that the surface area of the 
hydroxyapatite could be improved by modulating the size and shape of 
the particles through doping with metal ions (Sharma et al., 2022b; 
Sharma et al., 2022a). In the present study, zinc and magnesium doped 
and undoped hydroxyapatite nanoparticles that we term ‘nanohybrids’ 
were synthesized and modified to carry nitrogen as urea on their sur-
faces. Plant nutrients supplied this way could include beneficial ele-
ments such as calcium, phosphorus, zinc, and magnesium. We showed 
that the doped hydroxyapatite-urea slowly released nitrogen for one 
week, improving the wheat crop growth and soil available nitrogen. This 
study further explored the ammoniacal-N and nitrate-N release dy-
namics from doped hydroxyapatite-urea in the soil under controlled and 
field environment conditions, as they are critical for crop growth and 
environment. The nanohybrid materials were further assessed for their 
impact on ammonia volatilization, soil microbial activities, nutrient 
uptake and growth in wheat and rice crops. 

2. Material and methods 

2.1. Nanohybrids synthesis 

The method of synthesis of the nanohybrids followed that of Sharma 
et al. (2022a). Briefly, 1 M calcium hydroxide suspension was stirred at 
450 rpm for 30 min, and 0.6 M ortho-phosphoric acid was added 
dropwise to the solution. The resulting mixture was stirred for three 
hours at 50 ◦C and dried at 65 ◦C to obtain hydroxyapatite nanoparticles. 
The hydroxyapatite nanoparticles were then doped using 0.05 M mag-
nesium chloride hexahydrate and 0.05 M zinc sulfate heptahydrate, 

respectively, with 0.95 M calcium hydroxide to produce magnesium- 
doped and zinc-doped hydroxyapatite nanoparticles. 

For the preparation of hydroxyapatite-urea, the method of Sharma 
et al. (2022a) was followed whereby 7 M urea and 1 M calcium hy-
droxide suspension was stirred at 450 rpm for 45 min. Then 0.6 M ortho- 
phosphoric acid was added dropwise to the solution with continuous 
stirring at 450 rpm for three hours at 50 ◦C. Similarly, 7 M urea was used 
separately with 0.95 M calcium hydroxide and 0.05 M magnesium 
chloride hexahydrate for magnesium-doped hydroxyapatite-urea, and 
0.95 M calcium hydroxide and 0.05 M zinc sulfate heptahydrate for zinc- 
doped hydroxyapatite-urea nanohybrids production and then stirred at 
450 rpm for 45 min. Then 0.6 M ortho-phosphoric acid was added 
dropwise to the solution with continuous stirring at 450 rpm for three 
hours at 50 ◦C. The resulting slurry was dried at 65 ◦C, and the three 
varieties of nanohybrids were obtained: hydroxyapatite-urea, magne-
sium-doped hydroxyapatite-urea, and zinc-doped hydroxyapatite-urea. 
(Sharma et al., 2022a). 

2.2. Material characterization 

2.2.1. Powder X-ray diffraction 
Powder X-ray diffraction (PXRD) of the dried samples milled for 

fifteen minutes into a powder, and where no soller slit was used, was 
carried out on a Bruker D8 Advance diffractometer with a 2theta range 
of 10 to 60◦ used for sample analysis. 

2.2.2. Fourier transform infrared spectroscopy 
The FTIR spectrum was obtained in the region 4000 to 400 cm-1 

using the KBr-disc method for sample preparation on a Varian 7000 FTIR 
instrument to evaluate the functional groups of the nanohybrids. 

2.2.3. Cryo-transmission electron microscopy 
Transmission electron micrography of the samples was performed on 

a TALOS cryo transmission electron microscope at an accelerating 
voltage of 200 kV. Samples were dispersed in MiliQ water followed by 
sonication for 15 min and cast on carbon-coated copper grids (300 
mesh) by dropping directly onto the grid and then incubated for one 
hour at room temperature. 

2.2.4. Scanning electron microscopy 
Scanning electron microscope (SEM) images of the dried samples 

were acquired on a TESCAN LYRA3 SEM, a focused ion beam scanning 
electron microscope equipped with SE detectors (using an accelerating 
voltage of 20 kV). The dried sample powder was sprinkled on a black 
carbon tape surface on steel grids, and the samples were coated with 
ultrathin electrically conducting gold metal before imaging. 

2.2.5. Energy-dispersive X-ray analysis 
Energy-dispersive X-ray analysis was performed for all the nano-

hybrids on the TESCAN instrument using a high-energy beam acceler-
ating voltage of 15 kV. 

2.2.6. Hydrodynamic particle size and zeta potential 
The average hydrodynamic diameter and zeta potential of the syn-

thesized urea-nanohybrids and bare nanoparticles were determined 
using a Horiba Particle Analyzer SZ-100 V2 instrument. 

2.3. Experimental field soil analysis 

The experimental field soil was classified as Ustochrept in the order 
of Inceptisol. The texture of the experimental surface soil (0–15 cm) was 
sandy clay-loam soil (50.8% sand, 23.2% silt, and 25.9% clay), deter-
mined by the hydrometer method (Bouyoucos, 1962). Experimental soil 
had 225 kg ha− 1 alkaline permanganate oxidizable nitrogen (N) (Sub-
haiaih and Asija, 1956), 12.2 kg ha− 1 available phosphorus (P) (Olsen, 
1954), 226 kg ha− 1 ammonium acetate exchangeable potassium (K) 
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(Hanway and Heidel, 1952) and 5.5 g kg− 1 organic carbon (C) (Walkley 
and Black, 1934) using previously reported methods. The pH of the soil 
was 7.9 (1:2.5 soil: water ratio) (Srivastava and Singh, 2009), and 
diethylene triamine penta acetic acid (DTPA)-extractable zinc (Lindsay 
and Norvell, 1978) in soil was 0.63 mg kg− 1 soil. Fifty kilograms of the 
surface soil from the experimental field were collected, passed through a 
2 mm sieve, and used for the nitrogen release kinetics experiment. 

2.4. Nitrogen release study 

The granular urea and nanohybrids nitrogenous sources containing 
200 mg nitrogen each were mixed with 1000 g of soil in two-litre volume 
beakers, and moisture in the soil was maintained at field capacity 
throughout the experiment by adding distilled water and incubating at 
25 ◦C for 42 days. All treatments were kept in triplicate. The soil was 
collected at different intervals to analyse nitrate-N and ammonical-N 
release from nanohybrids in the soil. The ammoniacal‑nitrogen and 
nitrate‑nitrogen were estimated using KCl extraction followed by spec-
trophotometry (Fishman and Friedman, 1989), and total nitrogen was 
estimated using the Kjeldahl method (Nelson and Sommers, 2020). The 
total available nitrogen was evaluated through the Kjeldahl method 
using alkaline potassium permanganate as an oxidative agent (Subbaiah, 
1956; Bremner, 1960). 

2.5. Field experiments 

The field experiment was conducted during the winter (wheat) and 
monsoon (rice) season at the research farm of the Indian Agricultural 
Research Institute, New Delhi, located at 28.08◦N latitude and 77.12◦E 
longitudes in central Delhi with an elevation of 228.61 m above sea 
level. For wheat, the recommended N dose of 150 kg N per hectare was 
supplied (Sapkota et al., 2020; Giller et al., 2004). The phosphorus and 
potassium were applied uniformly as single super phosphate (SSP-16% 
P2O5) (60 kg P2O5 per hectare) and muriate of potash (MOP-60% K2O) 
(60 kg per hectare), respectively, as per recommendation in all treat-
ments. The experiment was laid out using a randomized block design 
(RBD) containing eight treatments: i) No fertilizer, ii) Granular urea 
100% RDNPK (100% of recommended N dose), iii) Hydroxyapatite-urea 
at either 50% or 100% RDN + 100% RDPK (at either 50% or 100% of 
recommended N dose), and then iv) Mg-doped or Zn-doped Hydroxy-
apatite-urea at either 50% or 100% RDN + 100% RDPK (at either 50% or 
100% of recommended N dose). All treatments were replicated three 
times. The full dose of the phosphorus and potassium fertilizers was 
applied as a basal dose at the sowing time. All the nitrogen fertilizers 
were applied in two instalments, half of the dose at the time of sowing 
and the remaining half at the tillering. 

2.5.1. Wheat crop treatment and analysis 
Wheat seeds of the variety Pusa HD 3086 were used in this study. All 

the above treatments were implemented in a research plot of 6 square 
meters (3 m × 2 m). The wheat crop was grown in the winter season 
(28th November 2019 to 25th April 2020). Soil sampling was performed 
at the time of harvesting to determine ammonical and nitrate nitrogen 
release and available nitrogen. The crop was maintained with regular 
irrigation and other standard agronomic practices. Plants were har-
vested at maturity. The plant height, number of effective tillers, spike 
length, 1000-grain weight, biomass yield, chlorophyll content, and leaf 
area index were recorded. Grain, straw, and root samples were dried at 
70 ◦C after harvesting and processed for elemental (phosphorus, nitro-
gen, potassium, calcium, magnesium, zinc, iron, manganese) and grain 
quality analysis. 

2.5.2. Rice crop treatment and analysis 
Rice crop cv. Pusa Basmati 1121 (PB 1121) was grown to examine 

the residual impact of the different nitrogenous fertilizers on crop 
growth, development, and productivity. Rice seeds were germinated 

separately by 17th June 2020 and then transplanted to the plots nine 
days after germination. The nano-fertilizer research plots were supple-
mented with a 50% dose of the total recommended nitrogen (60 kg N/ 
ha), while control plots (Granular Urea) were supplemented with a 
100% dose of total recommended nitrogen (120 kg N/ha) (Giller et al., 
2004; Sapkota et al., 2020). The phosphorus and potassium were applied 
as SSP (60 kg P2O5 per hectare) and MOP (60 kg K2O per hectare), 
respectively. The full doses of phosphorus and potassium fertilizers were 
applied at the time of sowing. Each nitrogen fertilizer was applied in two 
instalments, half of the dose at the time of sowing and the remaining half 
at the tillering. Nine days old rice seedlings were transplanted per hill in 
the puddled field at a spacing of 20 cm × 15 cm. All plots were sub-
merged by maintaining a 5–10 cm water level over the soil surface, up to 
the milk stage, by irrigation as and when required. The transplanting 
was performed on 27th June 2020, and the crop was harvested on 15th 
November 2020. Plant height, number of effective tillers, panicle length, 
number of grains in panicles, chlorophyll content, thousand kernel 
weight, biomass yield, and straw weight was recorded after crop har-
vesting. The grain, stem, and root tissues were processed for total ni-
trogen analysis and grain quality analysis. 

2.6. Estimation of ammonia volatilization 

Ammonia volatilization was estimated using the forced air draft 
method (Stumpe et al., 1984). A closed chamber made from 6 mm thick 
acrylic sheets measuring 20 cm × 20 cm × 50 cm (L*W*H) was placed in 
the treatment plots. The volatilized NH3 gas from the soil surface under 
different treatments was collected in a 2% Boric acid solution containing 
mixed indicators (methyl red and bromocresol green). The gas inside the 
chamber was collected into boric acid traps using a vacuum pump 
having a flow rate of 3 L min− 1. The volatilized ammonia‑nitrogen was 
determined by titration of the boric acid solution with 0.02 N sulphuric 
acid (Bremner, 1960). For the wheat crop treatments, ammonia vola-
tilization was measured at the sowing and tillering stage (from 28th 
November to 28th December 2019), and for the rice crop, ammonia 
volatilization at the time of transplanting and tillering (27th June to 31st 
July 2020). Ammonia volatilization was measured twice daily during 
the period 7 am to 5 pm, and then again during the period 6 pm to 6 am 
(overnight). The amount of ammonia flux per unit area of soil was 
estimated using the following equation: 

NH3 volatilized
(
μg m− 2d− 1) =

A × 0.00028 × 1000
L × W  

where A is the volume (mL) of sulphuric acid consumed and L and W are 
the length and width of the chamber (m) respectively. 

2.7. Elemental and grain quality analysis 

Total plant phosphorus was estimated by developing a stable yellow 
color using the phosphovanado-molybdate solution followed by spec-
trophotometric analysis (Hanson, W., 1950). Total calcium (Severe-
nghaus and Ferrebee, 1950) and potassium (Brealey, 1951) were 
estimated using a flame photometer using calcium chloride and potas-
sium dihydrogen phosphate as reference material. Magnesium was 
estimated using the EDTA titration method (Padhye, 1957). The con-
centration of zinc (Meret and Henkin, 1971), manganese (Zook et al., 
1970), and iron (Zettner et al., 1966) were estimated using atomic ab-
sorption spectrophotometry. Total grain protein (Compton and Jones, 
1985), phospholipid (Bahrami et al., 2014; Zilversmit and Davis, 1950), 
and proline content (Bates et al., 1973) were estimated for the assess-
ment of grain quality. 

2.8. Statistical analysis 

Data for all parameters were analyzed statistically by analysing 
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variance (ANOVA). Means were compared for a significant difference 
where the analysis of variance was significant at ‘p < 0.05’, ‘p < 0.01’, ‘p 
< 0.001’, and ‘p < 0.0001’ using Dunnett’s multiple comparison test. 

3. Results and discussion 

3.1. Characterization of Nano-hybrid nitrogenous fertilizers 

The XRD pattern of hydroxyapatite nanoparticles revealed the 
polycrystalline nature of the nanoparticles (Fig. 1). The doping of the 
smaller ionic radius zinc (0.074 nm) and magnesium (0.072 nm) in 
hydroxyapatite replaced calcium ions (0.099 nm) that consequently 
modifying the hydroxyapatite structure. The reduced intensities, 
broadening of the peaks (211 and 002), and increased FWHM in doped 
hydroxyapatite suggested distortion of the crystallinity induced by bond 
strain and reduction in the size of the nanoparticles (Dasgupta et al., 
2010; Sharma et al., 2022a). Crystal growth at the a-axis corresponding 
to the (200) plane and the c-axis corresponding to the (002) plane was 
expanded in the Zn and Mg-doped hydroxyapatite compared with that of 
the undoped HAP. The lattice expansion increased the surface area of 
nanoparticles, which could then accommodate more urea molecules on 
their surface. The crystalline size of the peak (211) was calculated to be 
5.8 nm for MgHAP and ZnHAP compared to 7.26 nm for HAP. 

Hydroxyapatite-urea showed a peak shift in the (111) and (210) 
planes compared to pure urea indicating weak interaction-mediated 
structural modifications. The XRD pattern of the Zn and Mg-doped hy-
droxyapatite-urea showed a distorted crystalline structure at the peak 
(211) with lower intensity. The crystalline size of the peak (211) was 
decreased to 11.22 nm in MgHAU and 11.51 nm in ZnHAU from 12.51 
nm for the HAU. The interplanar spacing corresponding to (002) and 
(211) planes was 0.34 nm and 0.28 nm for all nanohybrids. 

We observed urea molecule characteristic functional groups C–N 
(1460 cm− 1), N–H (1593 cm− 1 and 1595 cm− 1), and C––O (1678 cm− 1) 
and hydroxyapatite characteristic functional groups PO4

3− (1026 cm− 1 

and 1092 cm− 1) and P–O (961 cm− 1) and O–P–O (563 cm− 1, 559 
cm− 1, 602 cm− 1, 601 cm− 1) (Fig. 2) (Poinern et al., 2011; Sagle et al., 
2009). The Zn and Mg-doped hydroxyapatite nanoparticles showed 
spectral shifts of υ4 vibrations of the O–P–O functional groups and 
PO4

3− compared with the undoped hydroxyapatite nanoparticles indi-
cating a reorganized intermolecular bonding and structural modifica-
tions. Interestingly, the sharpest peaks were recorded for ZnHAP 
nanoparticles, but peak intensity was lost in ZnHAU nanohybrids after 

integrating with the urea molecules. 
The shifts in the C––O and C–N regions of the ZnHAU, MgHAU and 

HAU could be attributed to a weak or unstable chemical environment 
induced by the changes in the dipole movement. The urea molecules 
could interact at the p site or negative site of the crystal through weak 
bonds (i.e., hydrogen bonds) that facilitated their surface adsorption. 
The sharpness of the O–P–O and PO4 peaks declined, and peak 
broadening was noticed due to the changing chemical environment and 
the introduction of hydrogen bonding to the structure (Sharma et al., 
2022a). 

Following their synthesis, the initial, small bead-like structures grew 
into aggregates of crystalline, needle-shaped structured nanohybrids 
with a diameter of up to 100 nm (Fig. 3A–F). The HAU, MgHAU, and 
ZnHAU nanohybrids were transformed from rod-shaped into irregular 
round or rough hexagonal shaped and porous structures after adding 
urea molecules. The urea molecules bound to the surface of the rod- 
shaped HAP, MgHAP, and ZnHAP nanoparticles, and grew in various 
directions that changed the morphology of the nanohybrids 
(Fig. S1A–D). 

The transmission electron micrograph of HAP showed a rod-shaped 
crystalline structure with a width of 13 nm and a length of 40 nm. 
The HAP nanostructures appeared as unorganized rods forming a 
spindle-like morphology resulting from a faster growth rate (Kumar 
et al., 2004). The average diameters of the urea-loaded HAU, MgHAU 
and ZnHAU were 71 nm, 54 nm, and 63 nm, respectively. Energy- 
dispersive X-ray analysis of the nanohybrids confirmed the presence of 
calcium, phosphorus, magnesium, zinc, and nitrogen elements (Fig. S2). 

DLS measurements showed that the average particle size of the 
undoped hydroxyapatite nanoparticles was 356 ± 46.3 nm, which was 
reduced for both the magnesium- and zinc- doped hydroxyapatite 
nanoparticles to 167.8 ± 9.7 nm and 279.5 ± 26.1 nm, respectively 
(Fig. S3). The average hydrodynamic diameter of the urea-coated hy-
droxyapatite nanohybrids was 825.4 ± 91.6 nm, while magnesium and 
zinc doped hydroxyapatite-urea nanohybrids were found to be 466.8 ±
48.4 and 590.6 ± 51.6 nm, in diameter respectively. The hydroxyapatite 
nanoparticles appeared as aggregated rod-shaped structures and were 
therefore measured as relatively larger by DLS compared with that 
determined by TEM and XRD. 

The Zeta potential of the hydroxyapatite, magnesium, and zinc- 
doped hydroxyapatite nanoparticles was 14.9 mV, 13.2 mV, and 4.3 
mV, respectively. The zeta potential of the nanoparticles was altered to 
− 2.7 mV, − 11.1 mV, and − 2.4 mV in the hydroxyapatite-urea, mag-
nesium-doped hydroxyapatite-urea, and zinc-doped hydroxyapatite- 
urea, respectively after urea coating. As has also been reported by Predoi 
et al. (2019), the zinc doping into hydroxyapatite decreased the zeta 
potential and induced rapid coagulation. 

3.2. Nanohybrids slowly release nitrogen and mitigate ammonia 
volatilization 

Ammoniacal and nitrate are preferable nitrogen forms for plant up-
take (Yoon et al., 2020). The applied nitrogen fertilizers are transformed 
into ammoniacal-N and nitrate-N through chemical and enzymatic re-
actions in the soil (Hofman and Van Cleemput, 2004). Therefore, the 
ammoniacal-N and the nitrate-N release pattern from the synthesized 
nanohybrids in the soil environment can provide mechanistic insights 
into nitrogen mobilization into the crop and soil. 

Approximately 22% of the total released ammoniacal-N and 9.1% of 
the total released nitrate-N were rapidly liberated from the urea mole-
cules within 72 h of incubation in the soil (Fig. 4A–C). 26% ammoniacal- 
N and 13.2% nitrate-N was released from urea molecules within six days 
of soil incubation. All three forms of nanohybrids showed sustained 
release of ammoniacal and nitrate nitrogen. HAU nanohybrid released 
1.7% ammoniacal-N and 5.4% nitrate-N compared with 4.6% and 4.9% 
ammoniacal-N and 8.3% and 7.7% nitrate-N by MgHAU and ZnHAU, 
respectively within first 72 h of incubation. After six days of incubation, 

Fig. 1. Powder X-ray diffraction (PXRD) analysis of the synthesized nano-
hybrids (HAU, MgHAU, and ZnHAU), bare nanoparticles (HAP, MgHAP, and 
ZnHAP), and urea. 
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ammoniacal-N release from HAU (4.6%), MgHAU (6.1%), and ZnHAU 
(6.5%) were significantly controlled compared to the urea (26%). In 
contrast, the nitrate-N release was 13.2% from urea compared to 8.4%, 
10%, and 9.9% for HAU, MgHAU, and ZnHAU, respectively. 

After 42 days of incubation, ammoniacal-N and nitrate-N release 
from urea were 26.7% and 15.2%, respectively. Surprisingly, the 
ammoniacal-N volatilization was largely diminished in the nanohybrids. 
It has been estimated that globally, up to 64% of total applied nitrogen is 
lost as ammonia, which directly contributes to environmental pollution 
(Pan et al., 2016). The total liberation of nitrogen from HAU, MgHAU, 
and ZnHAU was observed to be 38.45%, 44.24%, and 44.46%, respec-
tively, compared with 97.32% from the urea fertilizer. The ammoniacal- 
N from urea is commonly released and volatilized rapidly from the soil, 
while the nitrate-N is accumulated in the soil (Pan et al., 2016; Xu et al., 
2019). The ammoniacal-N liberation was reduced by at least three times 
compared with urea in nanohybrids. Therefore, using nanohybrids in 
agriculture can directly reduce ammonia greenhouse gas emissions in 
the environment (Sharma et al., 2022a). Our study shows that 73% of 

the total nitrogen from urea was rapidly released within 72 h of soil 
incubation compared with 16.5%, 30.2%, and 29.4% from HAU, 
MgHAU, and ZnHAU, respectively. Furthermore, the urea fertilizer 
released >90% nitrogen within seven days of incubation, whereas over 
the same time period, HAU, MgHAU, and ZnHAU nanohybrids released 
34%, 40.3%, and 40.6% nitrogen. 

Urea molecules are least endothermic in a water environment, and 
they form hydrogen-bonded cyclic dimers (House and House, 2017; Lee 
et al., 1995) that, following the density functional theory, further 
dissociate into monomers in the presence of abundant water molecules 
(Lee et al., 1995). The release of urea molecules in water is a rapid re-
action as hydrogen bonding among urea molecules is lesser and weaker 
than that for water molecules. However, water molecules require a 
relatively large amount of hydrogen bond energies to break the inter-
action of urea with doped and undoped hydroxyapatite nanoparticles. 
This process delays the release of urea molecules from the surface of 
nanoparticles and necessitates the presence of a substantial volume of 
water molecules for a certain period (Sharma et al., 2022a). The urea 

Fig. 2. Fourier Transform Infrared (FTIR) spectrum of synthesized nanohybrids (HAU, MgHAU and ZnHAU) and bare nanoparticles (HAP, MgHAP and ZnHAP).  

Fig. 3. Scanning Electron Microscopy (SEM) images of the synthesized nanomaterials A) HAP, B) MgHAP, C) ZnHAP, D) HAU, E) MgHAU, and F) ZnHAU.  
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molecules were slowly released from our nanohybrids compared with 
the control due to the adsorption of water molecules onto the hy-
droxyapatite surfaces (Pan et al., 2007). Also, as pointed out by (Zahn 
and Hochrein, 2003) the formation of embedded calcium triangles that 
prevent water from interacting with apatite hydroxyl ions could lead to 
reduced exposure to water. 

The water molecules diffuse anisotropically within HAP and are 
influenced by the strong polarizing effect of the calcium, phosphate, and 
hydroxyl ions (Prakash et al., 2017). Therefore, the urea dissolution in 
water could be hampered due to the presence of HAP nanoparticles. The 
zinc and magnesium doped nanohybrids disrupt the crystalline structure 
of hydroxyapatite and possibly damage the embedding calcium triangles 
that could facilitate interfacial water molecules interacting with apatite 
hydroxyl ions (Zahn and Hochrein, 2003). Such a modification could 
influence nanohybrid hydration layers and ultimately lead to an altered 
nitrogen release pattern. Urea burst releases nitrogen into the soil, and 
all the nitrogen is not likely to be utilized by the plant simultaneously. 
Subsequently, a substantial amount of nitrogen may be lost via volatil-
ization or leaching (Pan et al., 2016), while slow-release would ensure 
the timely availability of nitrogen for uptake by plants. As demonstrated, 

nanohybrids dramatically reduce ammoniacal nitrogen loss and make 
nitrogen continuously available for plant uptake, providing increased 
crop yield and better grain quality (Sharma et al., 2022a). 

3.3. Nanohybrids improve wheat growth parameters 

Total nitrogen loading of 36%, 41%, and 42% was obtained for HAU, 
ZnHAU, and MgHAU nanohybrids, respectively. The agronomic traits 
and yield parameters of nanohybrid-treated wheat plants were signifi-
cantly improved compared to the traditional urea-treated plants 
(Table S1). Plant height at 60 days was improved by 9.46% following the 
ZnHAU-100 nanohybrids treatment. Surprisingly, even a 50% dose of 
nitrogen as HAU, MgHAU, and ZnHAU maintained plant height, spike 
length, and effective tillers at an early growth stage. 

The intensity of leaf greening is directly proportional to leaf chlo-
rophyll content and, thus, an indicator of plant health, growth and 
photosynthetic capacity (Gitelson and Merzlyak, 1996). In our field 
experiments, the one-time application of the half doses of nitrogen as 
nanohybrids maintained consistently high chlorophyll levels indicating 
the timely availability of nitrogen for wheat growth. The leaf area of the 

Fig. 4. Nitrogen release pattern in soil. A) Ammoniacal‑nitrogen, B) Nitrate‑nitrogen, and C) Total nitrogen release pattern of the synthesized nanohybrids (HAU. 
MgHAU, and ZnHAU) incubated for 42 days in the soil environment. The values are provided as mean ± standard deviation. 
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nano-fertilizer treated plants remained similar to those of controls 
except for ZnHAU-100, which showed a 13.52% increment. Increased 
leaf area can be closely correlated with enhanced vegetative growth and 
subsequent crop yield (Fischer and Kohn, 1966). Zinc and phosphorus 
nutrients enhance wheat crop leaf area, which can be attributed to a 
faster growth rate, higher chlorophyll content, and greater tiller for-
mation (Bharti et al., 2014; Martins et al., 2015). 

Similarly, the biological yield (plant weight per meter square area) 
was significantly increased by about 20.7% in the HAU-100 treatment. 
The data shows a clear and positive impact on wheat crop growth of 

treatment with the slow nutrient-releasing nanohybrids. Notably, the 
1000 grain weight was boosted by up to 11.52% following nano- 
fertilizer treatments. As has been previously shown (Sharma et al., 
2022a), the Zn- and Mg-doped hydroxyapatite-urea nanohybrids thus 
provided an optimum and timely nitrogen release that improved wheat 
growth and yield parameters. 

Fig. 5. Wheat nitrogen uptake, grain yield, ammonia volatilization and soil available nitrogen. A) Wheat leaf nitrogen, B) Wheat grain yield, C) Ammonia vola-
tilization (μg m− 2 d− 1) from the soil, and D) Soil available nitrogen in the wheat crop cycle administered with synthesized HAU, MgHAU, and ZnHAU nanohybrids 
(50% and 100% nitrogen doses as nanohybrids), control (100% nitrogen as urea), and no fertilizer treatments. All the nanohybrid treatments are compared with the 
control or 100% RDNPK treatment. The values are provided as mean ± standard deviation and statistical significance was calculated by one-way ANOVA with 
Dunnett’s multiple comparison test. The symbols ‘*’, ‘**’, ‘***’, and ‘****’ represent ‘p < 0.05’, ‘p < 0.01’, ‘p < 0.001’, and ‘p < 0.0001’, respectively and ‘ns’ 
represents ‘not significant’. 
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3.4. Nanohybrids reduce nitrogen pollution and boost the nutrients uptake 
and crop yield in wheat 

Leaf nitrogen analysis revealed an exceptional surge in wheat leaves 
up to 58.30% and 38.80% following HAU-100 and ZnHAU-100 treat-
ments, respectively (Fig. 5A). Surprisingly, half‑nitrogen doses as HAU 
enhanced nitrogen uptake by 51.35% in leaf tissues. The half‑nitrogen 
dose of the nano-fertilizers raised nitrogen accumulation by 32.06%, 
whereas the full‑nitrogen dose of nanohybrid increased nitrogen levels 
by 43.91% in the grains (Table S2). The results suggest that slowly 
releasing nitrogen could sufficiently supply nitrogen to the plants at 
both crown root initiation and tillering stages of growth, leading to 
enhanced nitrogen uptake and growth. 

The grain yield was boosted by 22.13% in the ZnHAU-100, 7.04% in 
HAU-100, and 9.88% in MgHAU-100 treatments compared to controls 
(Fig. 5B). The nitrogen requirement at tiller formation, during stem 
elongation, and at grain filling are crucial for enhanced growth and yield 
of wheat (Weisz et al., 2001; Alley et al., 2009). Interestingly, half‑ni-
trogen doses of nano fertilizers maintained crop yield at the same or 
higher levels as the full nitrogen dose of conventional urea fertilizer 
treatments. 

The mean ammonia volatilization from the soil was significantly 
reduced by up to 36% in the nanohybrid treatments compared with 
control treatments (Fig. 5C). Urea hydrolysis is assisted by the urease 
enzyme that generates ammonium carbonate and dissociates into 
ammonium (NH4

+) and bicarbonate (HCO3
− ) (Sigurdarson et al., 2018). 

The bicarbonate ion absorbs surrounding H+ ions that increase the pH 
above 7, and the ammonium ion (NH4

+) is converted into ammonia gas 
(NH3) which is released into the atmosphere. Our results suggest that 
nanohybrids could protect the surface-bound urea from urease activity 
and minimize nitrogen losses. The nanohybrids therefore reduce the 
level of nitrogen fertilizer required and limit nitrogen emissions into the 
atmosphere. 

Pure urea-treated soil consumed all the applied nitrogen fertilizer 
while full dose nanohybrids treatments retained a large amount of ni-
trogen in the soil (Fig. 5D). Overall, the available nitrogen levels were 
relatively high in the nanohybrid-treated soil with the sustainable 
release of nitrogen from nanohybrids, and with a substantial amount of 
nitrogen maintained in the soil that could be used for consecutive crop 
cycles. The nitrogen release from the nanohybrids was prolonged in later 
crop growth stages because as urea molecules were removed from the 
surface of nanoparticles, the remaining urea molecules were firmly held 
through abundant surface interactions nanoparticles (Sharma et al., 
2022a). These findings are supported by the nitrogen release kinetics 
study and serve as strong evidence for applying slow-release nitrogen 
fertilizer for successful and sustainable agriculture. 

Phosphorus uptake was increased in the wheat grain (by up to 
41.43%), and roots (by up to 54.62%) tissues in the nanohybrid 
fertilizer-treated crop (Table S2). The hydroxyapatite nanoparticles 
either dissolve in the root epidermis and apoplast to release phosphorus 
and other nutrients, or nanoparticles could degrade in the soil and 
phosphorus released in the soil was taken up by plants (Montalvo et al., 
2015; Liu and Lal, 2014; Szameitat et al., 2021). The potassium levels 
were improved in grains and stem following full-dose nanohybrid 
treatments (Table S2). Similarly, the calcium levels were surprisingly 
raised in the grains of nanohybrid-treated plants, especially for the HAU 
treatments (up to 180.86%) (Table S2). Magnesium content was sub-
stantially increased in the grain (up to 175.54%) and root (up to 
142.10%) tissues following full-dose nanohybrid treatments (Table S2). 
Zinc levels were increased by up to 30% in the grains following full-dose 
nanohybrid treatment (Table S3). 

Zinc, magnesium, calcium, phosphorus, and nitrogen were delivered 
as nanohybrids, and we observed improved uptake of these nutrient 
elements. Interestingly, even though they were not present in the 
nanohybrids, enhanced uptake of iron and manganese elements was 
found in plant tissues (Table S3). Iron and manganese uptake was 

boosted up to 266.99% and 34.56%, respectively, in the grains of 
nanohybrid-treated plants (Table S3). The manganese level in the root 
tissues was increased by up to 14.76% in half-dose nanohybrids. Due to 
their excellent sorption capacities, an additional uptake of iron and 
manganese by the plants may have resulted from soil nutrient adsorp-
tion onto the hydroxyapatite nanoparticles (El kady et al., 2016). These 
results reflect further and additional benefits to crops of nanohybrid 
application to the soil. 

Moreover, the protein content was remarkably improved in grain 
tissue following nanohybrid treatments (Table S4). We observed at least 
a two-fold increment in all the nanohybrid treated grain proteins. The 
HAU-50 and HAU-100, and MgHAU-100 showed increased levels of 
phospholipids up to 5.05% compared with the control. The proline 
content was enhanced significantly by 39.60% in MgHAU-100. The 
improvement in the grain protein, phospholipid, and proline content 
(Table S4) in the nanohybrid-treated plants confirmed the beneficial 
impact of slow-release nitrogen on grain quality (Martin et al., 1992). 
Our study has thus demonstrated that applying the synthesized engi-
neered nanohybrids as a fertilizer result in enhanced crop growth and 
promotes biofortification. The nano fertilizer could save up to half the 
amount of nitrogen fertilizer generally applied to a crop for an equiva-
lent or better crop yield and, remarkably, still be available in the soil for 
the next crop cycle. 

3.5. Nanohybrids exhibit no adverse impact on soil microbial activity 

The urease and dehydrogenase activity of the soil treated with 
nanohybrids was tested to assess the impact on soil microbial activity 
(Fig. 6). Soil dehydrogenase enzyme activity is an indicator of soil mi-
crobial activities and is influenced by several environmental factors such 
as temperature, pH, substrate concentration, and inorganic nitrogen 
(Trevors, 1984). We observed that soil microbial activities were signif-
icantly enhanced in Zn- and Mg-HAU nanohybrid treatments compared 
to control and HAU treatments (Fig. 6A and B). The dehydrogenase 
activity was exceptionally enhanced to 409.97% and 534.55% above 
controls at 0–15 cm and 15–30 cm soil depth, respectively, for the 
ZnHAU-50 treatments. 

Urease activity in the soil is responsible for urea transformation and 
making it available for plant uptake. Soil urease activity is attributed to a 
complex of factors, including vegetation type, organic carbon, total ni-
trogen, and microbial proliferation and activity (Rao and Ghai, 1985). 
The urease activity at the 0–15 cm soil depth in our experiments was 
enhanced in the HAU and ZnHAU treatments by up to 33.88% and 
20.07%, respectively, compared to the control (Fig. 6C). Similarly, the 
100% nanohybrids (up to 81.82%) and ZnHAU-50 treatments (41.55%) 
boosted the urease activity at the 15–30 cm soil depth (Fig. 6D). Urease 
activity is usually suppressed in calcareous soils (Zantua et al., 1977), 
but in our study, we observed that despite the presence of a calcium- 
based backbone of the hydroxyapatite nanohybrids, soil urease activ-
ity was enhanced. These results suggest a beneficial impact of the doped 
nanohybrids, especially ZnHAU nanohybrids, on soil microbial popu-
lation, and that the nanohybrids can be applied to the soil for large-scale 
agricultural production without damaging soil microbial activity 
(Sharma et al., 2022a). 

3.6. Residual nitrogen derived from nanohybrid improves rice growth and 
nutrient uptake in a second and subsequent crop cycle 

The assessment of residual nitrogen was an essential factor in this 
study because, after the wheat growth cycle, the soil available nitrogen 
levels in nano-fertilizer treatments were unexpectedly higher than in 
urea treatments. Therefore, we conducted a follow-up rice crop trial to 
examine the efficacy of the residual nitrogen in the nanohybrid-treated 
soil. 

The plant height of the rice paddy was significantly improved be-
tween 16.66% to 26.34% in the nano-fertilizer treatments (Table S5). 
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The tiller numbers and panicle lengths were enhanced up to 13.37% and 
21.83%, respectively, in the nanohybrid treatments (Table S5). Panicle 
length was improved in MgHAU (up to 20.52%), ZnHAU (up to 21.83%) 
and HAU (up to 9.1%) treatments compared with the control (Table S5). 
Similarly, the number of grains per panicle increased significantly by 
40% in the nanohybrid treatments (Table S5). Furthermore, 1000-grain 
weight was improved in all the nano fertilizer treatments with maximum 
yield in ZnHAU-100 nanohybrids (an increase of up to 16.10%) 
(Table S5). 

Leaf nitrogen in the 40-day-old rice plants was significantly 
enhanced (up to 18%) in the ZnHAU-50 and ZnHAU-100 treatments 
while maintained in the HAU-50 and MgHAU-50 treatments (Fig. 7A). 
An improved leaf nitrogen uptake at an early growth stage of the rice 
plant indicates timely availability and slow release of nitrogen from 
nanohybrids during the consecutive and second crop cycle. The crop 
biological weight, straw weight, and crop yield were significantly 

enhanced in all the nanohybrid treatments compared to the control 
treatment (Table S5 and Fig. 7B). Surprisingly, there was up to a 
119.23%, 118.31%, and 72.50% increase in biological weight, straw- 
weight, and crop yield, respectively, in the ZnHAU treatments above 
that of the control-treated rice crop (Table S5 and Fig. 7B). 

After harvesting the crop, the rice grain, stem, and root tissues were 
analyzed for their macro-and micro-nutrient uptake (Table S6 and S7). 
The nitrogen level in rice grains was increased by 154.71% in the 
nanohybrid treatments compared to the urea-treated rice crop grains 
(Table S5). Similarly, rice roots and stem tissues showed an elevated 
nitrogen level of up to 79.45% and up to 50.42%, respectively, 
compared with the control (Fig. 7B). 

Rice crops prefer ammoniacal nitrogen as a nitrogen source (Duan 
et al., 2007) and the nanohybrids mitigated ammoniacal nitrogen 
volatilization, which is then available for plant uptake. The mean 
ammonia volatilization was estimated for the rice crop season, revealing 

Fig. 6. Dehydrogenase and urease activity in nanohybrids treated soil. A) Soil Dehydrogenase activity (0–15 cm soil depth), B) Soil Dehydrogenase activity (15–30 
cm soil depth), C) Soil Urease activity (0–15 cm soil depth), and D) Soil Urease activity (15–30 cm soil depth) assessment in the soil treated with synthesized HAU, 
MgHAU, and ZnHAU nanohybrids (50% and 100% nitrogen doses as nanohybrids), control (100% nitrogen as urea), and no fertilizer treatments after wheat crop 
cycle. All the nanohybrid treatments are compared with the control or 100% RDNPK treatment. The values are provided as mean ± standard deviation and statistical 
significance was calculated by one-way ANOVA with Dunnett’s multiple comparison test. The symbols ‘*’, ‘**’, ‘***’, and ‘****’ represent ‘p < 0.05’, ‘p < 0.01’, ‘p <
0.001’, and ‘p < 0.0001’, respectively and ‘ns’ represents ‘not significant’. 
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a significant reduction (up to 67.29%) in the ammonia losses from all the 
nanohybrid treatments (Fig. 7C). The abundant availability (up to 
329.56%) of the slow-releasing ammoniacal nitrogen could be a driving 
factor for better nitrogen uptake and the boost found in crop growth 
(Fig. 7D). 

Rice grain phosphorus content was significantly improved by 8.3% 
to 18.39% in the nanohybrid treatments compared with controls 
(Table S6). The stem phosphorus uptake was enhanced in ZnHAU-100 
by 17.26% and up to 31% in the root tissues. The potassium levels did 
not change in the nanohybrid-treated rice except for ZnHAU-100 

treatments of stem and root tissues (Table S6). The calcium content 
increased to 40.2% in the full-dose nanohybrid treated root tissues and 
did not change in the grain (Table S6) and stem tissues. Magnesium 
accumulation was improved in the doped nanohybrids treated grain (up 
to 34.26%) (Table S6) and in the 100% nitrogen doses of nanohybrid 
treated root tissues (up to 80.43%). 

Similarly, zinc uptake was enhanced up to 52.51% in the 100% 
nanohybrids and ZnHAU-50 treated rice grains (Table S7). Zinc content 
was exclusively increased in the ZnHAU-50 (9.3%) and ZnHAU-100 
(16.56%) treatments. Likewise, the zinc content was enhanced in 

Fig. 7. Rice nitrogen uptake, grain yield, ammonia volatilization and soil available nitrogen. A) Rice leaf nitrogen, B) Rice grain yield, C) Mean ammonia vola-
tilization (μg m− 2 d− 1) from the soil, and D) Soil available nitrogen in the rice crop cycle administered with synthesized HAU, MgHAU, and ZnHAU nanohybrids (50% 
and 100% nitrogen doses as nanohybrids), control (100% nitrogen as urea), and no fertilizer treatments. All the nanohybrid treatments are compared with the control 
or 100% RDNPK treatment. The values are provided as mean ± standard deviation and statistical significance was calculated by one-way ANOVA with Dunnett’s 
multiple comparison test. The symbols ‘*’, ‘**’, ‘***’, and ‘****’ represent ‘p < 0.05’, ‘p < 0.01’, ‘p < 0.001’, and ‘p < 0.0001’, respectively and ‘ns’ represents 
‘not significant’. 
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MgHAU-100, and ZnHAU-100 treated rice root tissues by 9.27% and 
14.18%, respectively. 

Surprisingly, iron uptake was enhanced in the nanohybrid-treated 
rice grains of ZnHAU-50 (13.87%), MgHAU-100 (17.7%), and ZnHAU- 
100 (26.31%) treatments (Table S7). Iron uptake was also increased in 
the tissues of the stem (up to 58.18%) and root (up to 43.75%). Simi-
larly, the manganese content was enhanced up to 14.15% in the grains of 
doped hydroxyapatite-urea treated stem tissues (Table S7). 

Compared with the burst release of nitrogen from urea, the slow 
nitrogen release from nanoparticles reduced nitrogen inputs. The use of 
nanohybrids could substantially reduce nitrogen loss from the soil and, 
instead, preferentially supply the rice crop with ammoniacal nitrogen 
slowly over a longer time period (Shen, 1969). The cost of the nano-
hybrids produced in the laboratory was approximately 30–40% higher 
than the urea fertilizers. But this cost can further be reduced by half with 
the demonstrated efficacy of the nitrogenous nanohybrids for nitrogen 
and additional nutrient delivery to crops. 

The present study exemplifies that a comprehensive understanding is 
required of the synthesis, characterization, and application of slow- 
release nitrogen nanohybrids, preferably over two or more consecu-
tive crop cycles. Thus, these nanohybrids can serve as a multi-nutrient 
source for plant growth while reducing the overall amount of nitrogen 
application to agricultural fields for their use in sustainable agriculture 
while minimizing their impact on the environment. 

4. Conclusion 

The excess application of nitrogen in the form of chemical fertilizer 
to agricultural fields promotes environmental pollution and contributes 
to climate change. The application of chemical fertilizers should be 
regulated to mitigate environmental consequences. We have synthesized 
Mg and Zn doped and undoped hydroxyapatite nanohybrids function-
alized with nitrogen fertilizer that control the release of nitrogen for a 
timely, efficient and sufficient supply to crops. The nanohybrids signif-
icantly reduced nitrogen loss in the environment. We observed that even 
a half concentration of such eco-friendly nutrient complexes enhanced 
the bioavailability of nitrogen, enhancing crop growth and nutrient 
uptake for at least two crop cycles. Our synthesized nanohybrids can be 
a revolutionary tool that will contribute to the alleviation of the pollu-
tion and waste generation arising from agriculture. These doped nano-
hybrids were multi-nutrient complexes that biofortified the crops with 
minimum fertilizer, making agriculture less costly and safer for the 
environment. We also demonstrated the novel use of the doping method 
to integrate micro-nutrients into nanoparticles for the dual purpose of 
manipulating nanostructures and micro-nutrient delivery. The present 
study thus establishes comprehensive experimental evidence for the 
two-crop cycle application of nano-fertilizers. It unlocks new paradigms 
for designing and applying climate-friendly smart fertilizers for sus-
tainable agriculture. 
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