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Abstract

Nanofertilizers (NFs) represent an emerging strategy to improve nutrient use efficiency (NUE) and
minimize nutrient losses in agriculture. Recent advances have focused on composite nanofertilizers
capable of delivering multiple nutrients simultaneously. In this study, three combinatorial nanofertilizers
were synthesized by impregnating macronutrients into Hydroxyapatite (HNF), Zeolite (ZNF), and
Chitosan (CNF) nanoparticles. Their physicochemical characteristics including swelling ratio, water
absorption and retention capacity, and nutrient leaching patterns were systematically evaluated. In
addition, their effects on rice growth, biochemical responses, and soil nutrient availability were
investigated under pot experiments. The results demonstrated that nutrient loading within porous
nanostructures produced spongy, slow-release formulations. ZNF exhibited the highest swelling ratio
(3.2%), whereas HNF achieved the greatest water absorption capacity (85%). Water retention studies
revealed that ZNF was initially most effective, though its performance declined faster compared to HNF
and CNF, which showed more stable retention over 15 days. All nanofertilizer treatments enhanced the
leaching of Fe, K, Zn, NO,-, PO,3-, and Mg relative to the control, with ZNF exhibiting the highest leaching
activity. Moreover, ZNF treatment consistently induced greater peroxidase POD activity in both leaves
and roots. Growth analyses indicated that nanofertilizer application significantly improved plant height,
root length, leaf number, tiller count, and 1000-grain weight compared to the control (CK). Among
treatments, ZNF outperformed HNF and CNF, leading to higher grain protein and carbohydrate content.
The findings of the present study suggest that combinatorial nanofertilizers, particularly ZNF, provide an
effective and sustainable approach to enhancing rice productivity and nutritional quality.

Highlights

* Three combinatorial nanofertilizers (HNF, ZNF, CNF) were synthesized for rice cultivation.

- Zeolite-based nanofertilizer (ZNF) showed highest swelling ratio and nutrient release efficiency.
* Nanofertilizer treatments enhanced rice growth, POD activity, and grain nutritional quality.

« Composite nanofertilizers offer a sustainable strategy to improve nutrient use efficiency and yield.

1. Introduction

The use of conventional fertilizers that provides the required concentrations of Nitrogen (N),
Phosphorous (P) and Potassium (K) used in agricultural practices for enhancement of crop yield is a
common practice. But excessive use of such fertilizers leads to reduced utilization of soil nutrients. The
researchers are now trying to find a sustainable solution to this growing problem, so that agriculture in a
limited land without damaging soil nutrients is possible for meeting the requirement of crops for the vast
maijority of the people (Liu et al. 2024). One such solution is the use of nanotechnology for the
production of nanofertilizers (NFs), that due to presence of nanoparticles and encapsulation of nutrients
help to release micro and macronutrients to target specific sites in crop plants. The use of
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nanofertilizers in farming can hence aid in improving the nutrients use efficiency (NUE) and to prevent
the nutrient loss to the environment (Ayenew et al. 2025).

The NFs is currently getting great attention for the current agricultural practices of crops. The NFs are
developed by encapsulating the required plant nutrients (both macro and micro nutrients) in a thin layer
of nanoparticles (NPs) and thereby distributing them as nano-sized emulsions (Madlala et al. 2024).
Several types of NPs have been developed such as iron oxide NPs, zinc oxide NPs, silver oxide NPs, and
titanium dioxide NPs) that are individually applied to enhance crop production. In plants is Zinc (Zn)
which plays role to stimulate the enzyme activities, tryptophan synthesis, cell division, membrane
structure maintenance, and photosynthesis, and also in protein synthesis by acting as regulatory
cofactor (Lebaka et al. 2025). Similarly, another nutrient required for rice development and metabolism is
Iron (Fe) which though is available in soil, still cannot be uptake by plants due to its unavailability in plant
available forms. Copper (Cu) is another micronutrient required for the rice plant growth as well as higher
rice yield (Mahender et al. 2019). Several reports suggest the use of NPs, for example, Fe NPs for
improving the NUEs as they have the ability to penetrate deep into the leaves, which results in higher
productivity and increasing the nutritional quality of rice (Singh et al. 2024).

Now-a-days NFs in the form of composites are used that can effectively deliver several important
nutrients into a single plant system. Researchers have developed various combinatorial NFs which has
been successfully applied to okra (Abelmoschus esculentus L.), lettuce (Lactuca sativa L.), tomato
(Solanum lycopersicum L.), rice (Oryza sativa L.) plants (Rahman et al. 2022). These combinatorial NFs
have shown an increase in plant growth, development, as well as nutritional values. Thus, one of the
leading strategies currently considered for rice improvement by helping in efficient uptake of soil
nutrients and enhancing the rice yield is the use of combinatorial NFs (Javed et al. 2022). The present
work aims to produce combinatorial NFs for the slow and sustainable release of micronutrients that can
be made available to soil and rice plants that plays a crucial role in physiological and biochemical
activities of rice plants for better growth and crop yield.

2. Materials and Methods
2.1. Chemicals and Reagents

All of the chemicals used in the study were of the highest integrity and purchased from Himedia and
used without any further purification. During the experimental period, ultrapure water was used for all of
the preparations and measurements.

2.2. Preparation of Slow-Release Combinatorial Nano-
fertilizer (SRCNF)

The slow-release combinatorial nano-fertilizer (SRCNF) was prepared by intermixing three types of
nanoparticles, namely hydroxyapatite nanoparticles (HPNPs), zeolite nanoparticles (ZNPs), and chitosan
nanoparticles (CNPs). Prior to SRCNF formulation, each nanoparticle type was synthesized individually.
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HPNPs were synthesized following the methods of Rodriguez-Lugo et al. 2018 and Tarafder et al. 2020
with minor modifications (Rodriguez-Lugo et al. 2018; Tarafder et al. 2020). Briefly, 0.2 g of calcium
hydroxide was dissolved in ultrapure water under constant stirring, after which 3.2 mL of 0.5 M
phosphoric acid was added dropwise under continuous agitation at room temperature over 1 h,
maintaining a Ca/P molar ratio of 1.67. The resulting milky suspension was aged for 24 h to ensure
complete precipitation, followed by centrifugation at 6000 x g, repeated washing with distilled water, and
drying in a hot-air oven at 60°C. ZNPs were synthesized using a co-precipitation method as described by
Khan et al. 2021 with minor modifications (Khan et al. 2021). In brief, a 6 M sodium silicate solution was
mixed with 25 mL of ethylene glycol in a three-necked round-bottom flask and stirred at 50—-60°C for 30
min to obtain a homogeneous mixture. Subsequently, 0.92 M aluminum sulfate and 3 M sodium
hydroxide solutions were added dropwise under continuous stirring at the same temperature, and the pH
of the reaction mixture was adjusted to neutral using 1 N HCI. The resulting precipitate was collected by
filtration, dried in a hot-air oven at 105°C, and annealed at 650°C in a muffle furnace to obtain porous
nano-zeolite particles. Chitosan nanoparticles were prepared following the method proposed by
Ramirez-Rodriguez et al. 2023 with slight modifications (Ramirez-Rodriguez et al. 2023). Briefly, 2 g of
chitosan was dissolved in 100 mL of 2% (v/v) acetic acid and stirred overnight at 250 rpm and 60°C until
a clear homogeneous solution was obtained. The solution was filtered to remove aggregates, and the pH
was adjusted to 5.5 using 0.5 M NaOH. A 0.25% (w/v) sodium tripolyphosphate (TPP) solution was
prepared separately and added dropwise to the chitosan solution at a chitosan: TPP ratio of 6:1 (w/w)
under continuous stirring at room temperature for 60 min. The resulting colloidal suspension was further
stirred at 900 rpm for 2-3 h, centrifuged at 15,000 x g for 30 min, washed with 70% (v/v) ethanol, and
freeze-dried to obtain nanochitosan powder. For SRCNF preparation, equal quantities (10 g each) of
HPNPs, ZNPs, and CNPs were dispersed in 100 mL of ultrapure water, followed by the addition of a 2.5%
nutrient solution containing N, P, K, Ca, Mg, Fe, Cu, and Zn supplied as their respective salts (NH,CI,
Ca;(P0O,),, KCI, MgS0,.7H,0, FeCl;.6H,0, CuCl,.2H,0 and ZnCl,.6H,0). The mixture was stirred
continuously on a magnetic stirrer for 3 h to ensure uniform nutrient adsorption and nanoparticle
integration. Finally, the suspension was filtered, oven-dried at 105°C, finely ground to obtain homogenous
combinatorial nanofertilizer particles, and stored in airtight containers for subsequent experimental use.

2.3. Analysis of Physicochemical Properties of SRCNF

2.3.1. Morphological, Elemental and Structural analysis

Prior to analysis, the samples were dispersed in distilled water and sonicated for 3 min to ensure
uniform suspension and minimize aggregation. Surface morphology and microstructural features were
examined using Field Emission Scanning Electron Microscopy (FE-SEM) (Carl ZEISS Microscopy,
Germany), and high-resolution images were obtained at the nanoscale (100 nm resolution) to assess
particle size, shape, and surface morphology. Elemental composition was determined using Energy
Dispersive X-ray Spectroscopy (EDS) coupled with the FE-SEM system at an accelerating voltage of 15
kV to obtain qualitative and quantitative elemental profiles from selected regions of the samples. The
crystalline structure and phase composition of the prepared SRCNF were analyzed using X-ray
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diffraction (XRD) with an ULTIMA IV diffractometer (Rigaku, Japan), and diffraction patterns were
interpreted using the instrument'’s integrated software to identify crystalline phases and confirm
structural integrity. Surface charge characteristics, including zeta potential (mV), were measured using a
Malvern Zetasizer equipped with Nanoparticle Tracking Analysis (NTA) software version 3.0 and Malvern
software version 7.03, with all measurements performed in triplicate to ensure reproducibility. In
addition, functional groups and chemical bonding interactions within the SRCNF matrix were identified
using Fourier-transform infrared (FTIR) spectroscopy (Agilent Cary 630 FTIR spectrometer) over a
spectral range of 650-4000 cm™ " at a resolution of 4 cm™ ', enabling confirmation of characteristic
functional groups and potential interactions among hydroxyapatite, zeolite, chitosan, and the loaded
nutrients.

2.3.2. Analysis of Swelling Ratio (SR), Equilibrium Water Content (EWC), Water Absorption Capacity
(WAC), and Water Retention Capacity (WRC) of Synthesized SRCNF

The swelling ratio (SR), equilibrium water content (EWC), water absorption capacity (WAC), and water
retention capacity (WRC) of the synthesized SRCNF were determined following the methodology
described by Tarafder et al. 2020 with minor modifications (Tarafder et al. 2020). For SR and EWC
determination, 0.30 g of each dried SRCNF sample was immersed in 60 mL of ultrapure water and
allowed to swell for 24 h at ambient temperature and pressure. After incubation, excess surface water
was removed by filtration, and the swollen weight (w,) was recorded, while the initial dry weight was
denoted as (w,). The SR and EWC were subsequently calculated using Equations (1) and (2),
respectively. For WAC, 0.30 g of the dried sample (w,,) was placed in a pre-weighed beaker (w,¢) and
kept in a humid desiccator for 5 days to allow moisture absorption. After incubation, the beaker
containing the moist sample was reweighed (w,3), and WAC was calculated using Eq. (3). The WRC was
evaluated using a soil-based method in which 50 g of soil was thoroughly mixed with 0.5 g of SRCNF and
placed in a perforated cup to allow drainage. After saturation with distilled water, the weight of the
saturated soil-SRCNF mixture was recorded as wg,, and the weight after 24 h of drainage was recorded
as Wgg, this measurement was repeated over a 15-day period to assess moisture retention behaviour.
The WRC was subsequently calculated using Eq. (4)

SR = =~ Eq. 1

EWC = % x 100% Eq. 2
WAC = W%f“ x 100% Eq. 3
WRC = 7% x 100% Eq. 4

All measurements were performed in triplicate, and the results were expressed as mean * standard
deviation.
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2.3.3. Evaluation of Nutrient Leaching and Release
Dynamics of SRCNF

To establish the nutrient leaching pattern, slow-release tests were conducted on HNF, ZNF, and CNF
according to the method described by Tarafder et al. 2020. Soil samples were sieved and combined with
50 mg of produced HNF, ZNF, and CNF. In addition, 200 mL of tap water was blended into the soil with
HNF, ZNF, and CNF. Water was added in such a way that the soil would be saturated. The discharged
water from the soil was then collected and examined. Subsequently, the soil's discharged water was
gathered for examination. The sample's nutrient release patterns were examined after 1, 7, and 14 days,
in that order (Tarafder et al. 2020). The measured values were then contrasted with the untreated soil's
nutrient release patterns.

2.4. Experimental Design for Evaluating the Effect of
SRCNF on Rice Growth

Soil samples were collected aseptically from the topsoil layer (0-15 cm depth) of the wetlands at the
Instructional Cum Research (ICR) Farm, Assam Agricultural University, Jorhat, India (26.5833°N,
92.6667°E). The collected soil was air-dried under shade conditions, thoroughly crushed, and sieved to
remove debris and obtain a uniform texture. Chemical fertilizers (NPK) were applied according to the
recommended doses specified in the Assam Package of Practices issued by the Ministry of Agriculture,
Government of India, and untreated soil served as the absolute control. The experiment was arranged in
a completely randomized design comprising five treatments with three replicates each. The treatments
included: absolute control (CK), conventional fertilizer at recommended dose (CF), half recommended
dose + SRCNF (HNF), half recommended dose + SRCNF (ZNF), and half recommended dose + SRCNF
(CNF). Nanofertilizers were incorporated into the soil at a concentration of 100 mg L™ . Earthen pots
containing 5 kg of prepared soil were used for planting, and three healthy seedlings were transplanted
into each pot at a uniform depth of 10 cm. The rice cultivar ‘Ranjit-Sub1’, obtained from Assam
Agricultural University, Jorhat, was used as the test crop. The rice was grown under controlled
greenhouse conditions maintained at 25-28°C with a 16 h light and 8 h dark photoperiod, relative
humidity of approximately 60—70%, and regular watering to ensure adequate soil moisture throughout
the experimental period (Gogoi et al. 2025).

2.5. Data Collection

2.5.1. Determination of Antioxidant enzymes and ROS
activity (Oxidative stress markers)

The fresh leaves and roots (0.1 g) from each treatment were collected from 45 days old rice
homogenized in 50 mM phosphate buffer (pH 7.4) with liquid nitrogen. The homogenate was centrifuged
(10,000 rpm, 4°C, 15 min), and the supernatant was collected for analysis. Enzymatic activities were
determined spectrophotometrically as follows: Superoxide dismutase (SOD) was assayed by measuring
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nitroblue tetrazolium (NBT) inhibition at 560 nm (Yengkokpam and Mazumder 2021; Gogoi and Sarma
2026). Guaiacol peroxidase (GPX) activity was measured by the increase in absorbance at 470 nm
(Sharma et al. 2021). Catalase (CAT) activity was determined by monitoring H,0, decomposition at 240
nm (Ko$pi¢ et al. 2022). Ascorbate peroxidase (APX) activity was assessed by measuring ascorbate
oxidation at 290 nm (Mahajan et al. 2023). Reactive oxygen species (ROS) were quantified by measuring
malondialdehyde (MDA) content and hydrogen peroxide (H,0,) at 430 nm (Hasanuzzaman et al. 2020).
Additionally, IAA oxidase and carbonic anhydrase activities were estimated following the method of
Cyriac et al.(Cyriac et al. 2024).

2.5.2. Photosynthetic pigments determination

Chlorophyll content and total carotenoids concentration of the fresh leaf samples were quantified using
a spectrophotometric method as previously reported (Hulkko et al. 2022). About 100 mg fresh rice
leaves were mixed and ground with 10 mL 80% (v/v) acetone. After kept in darkness for 2 h, the mixture
was centrifuged at 12,000 xg for 10 min. Finally, the absorbance of the supernatant was recorded at 665,
649 and 470 nm, respectively.

Pigment concentrations were calculated using the following equations:

Chlorophylla (mgg ' FW) = (12.7 x A663) — (2.69 x A645)

Eq. 5
Chlorophyllb (mg g * FW) = (22.9 x A645) — (4.68 x A663) Eq. 6
Total chlorophyll (mg g ! FW) = Chlorophyll a + Chlorophyll b Eq. 7

Total carotenoids (mgg~* FW) = [1000 x A470 — 1.82 x Chla — 85.02 x Chlb] /198 —

The pigment contents were expressed on a fresh weight basis (mg g~ ! FW). Measurements were
performed using three biological replicates for each treatment.

2.5.3. Vegetative Growth and Biomass Measurements

After harvesting plant growth indicators such as plant height (cm), root length (cm), no. of tiller, no. of
leaves, weight of 1000 Grains (gm) were recorded. Protein and carbohydrate estimation were carried out
by using AOAC 2023, methods. The total phenolic contents (TPC) and total tannin contents (TTC) were
measured using the Folin-Ciocalteu assay as previously followed by Noreen et al (Olkhovych et al. 2016)
with slight modifications.

2.5.4. Determination of nutrient content

Available Nitrogen in the soil sample was determined as per the method examined through Kjeldahl
digestion process using the Kelplus Classic-DX Vats (P) analyzer (Jackson et al. 1991). Available
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phosphorus in the soil sample analysed using the method reported by (BRAY and KURTZ 1945). The
concentrations of micronutrients (Fe, Mn, Zn) and macronutrients (K, Mg, Ca) in soil, roots, leaves, and
grains were extracted using a DTPA solution and quantified by Atomic Absorption Spectroscopy
(ThermoiCE 3000 Series).

2.6. Statistical Analysis

The obtained data were presented as mean + standard deviation and were statistically analyzed using
“SPSS-version 20" a computer software package (2016). The significance of the differences (at p < 0.05)
was estimated using One-way analysis of variance (ANOVA) for normally distributed data and the
Kruskal-Wallis test for skewed-distributed data. Following a significant overall test, post hoc multiple
comparison tests were performed according to the data distribution to identify significant differences
among treatment groups. To demonstrate the relationship between experimental variables, a Pearson
correlation analysis was performed.

3. Results

3.1. Characterization of (SRCNF) Slow Release
Combinatorial Nanofertilizers (HNF, ZNF and CNF)

The morphology and elemental composition of the synthesized slow-release combinatorial
nanofertilizers (SRCNFs) HNF, ZNF, and CNF were characterized using FESEM, EDS, XRD, zeta potential,
and FTIR analysis. FESEM analysis at 100 nm resolution revealed a porous, spongy morphology for all
three SRCNFs [Fig. 1 (a), (c), (e)]. The average size of HNF, ZNF, and CNF in SEM images ranged from
20-100 nm, as calculated by the Debye—Scherrer equation of the XRD peaks [Supplementary Tables S1-
S3]. EDS data confirmed the presence of zinc, iron, magnesium, potassium, phosphorus, copper,
aluminium, silicon, and oxygen [Supplementary Fig. S1(ii)(b,e,h)]. The XRD pattern of HNF displayed
diffraction peaks at 20 values of 25.98°,29.18°, 31.98°, 39.96°, 46.86°, and 49.56°, with the most intense
peak at 31.98°. ZNF exhibited prominent peaks at 13.86°, 26.48°, 30.22°, and 36.27°, with the most
intense at 26.48°. CNF exhibited distinct peaks at 31.76°, 34.42°, 35.52°, 38.74°, 42.94°, 48.76°, and
68.02°, with the strongest at 35.52°. The zeta potential values of HNF, ZNF, and CNF were - 12.3 mV, -
16.6 mV, and - 20.8 mV, respectively [Fig. S1(i)(a,d,g)], indicating good colloidal stability. The FTIR
spectra revealed functional groups across all three SRCNFs [Fig. S1 (iii) (c,f,i)]. For HNF, peaks were
identified at 3220.4 cm™ ' (N-H stretching) and 2918.5 cm™ ' (C—H stretching), with other peaks
corresponding to C =0, C =C, CH,, and C-0 groups. ZNF showed aromatic and aliphatic C—H stretching,
with additional peaks indicating aldehyde, carboxylic acid, and aromatic ring vibrations. CNF displayed
peaks related to aliphatic C—H stretching, carbonyl groups, aromatic C = C, C—0/P-0 stretching, and O—
H stretching.

3.2. Physical Parameters Test
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3.2.1. Swelling Ratio and Equilibrium Water Content
(EWC)and Water Absorption Capacity

ZNF exhibited the highest swelling ratio and EWC which was found to be 3.2% and 75.2% respectively,
followed by HNF that contained swelling ratio 2.94% and EWC of 71.0%. CNF exhibited the least swelling
ratio and EWC compared to ZNF and HNF which was calculated to be 2.72% and 66.7% respectively
[Supplementary Table S4]. WAC analysis showed HNF with the highest absorption capacity which was
about 85%, followed by ZNF that contained WAC of 79% and CNF with WAC 74%.

3.2.2. Water Retention Capacity Analysis (WRCs)

All treatments showed a gradual decrease in water retention over 15 days [Supplementary Table S5]. On
day 5, ZNF exhibited the highest retention which was observed as 95.8%, followed by HNF with water
retention of 83%, CNF with 81.6% water retention, and control with 77% retention of water. By day 15,
ZNF retained water of about 65.2%, HNF 61%, CNF 57.8%, and control 55.5%.

3.2.3. Nutrient Release Studies

Over 14 days, SRCNFs showed controlled nutrient release (Fig. 2). Ca®*, Mg?*, and Fe?* gradually
increased across all treatments. Nitrate (NO5~) and phosphate (P0,3") showed a sharp rise after day 7.

Potassium release was highest in ZNF, while Zn?* peaked in ZNF at day 7 compared to HNF and CNF.

3.3. Modulation of Enzymatic Antioxidant Defence and
Stress Biomarker Activity

Enzyme activities varied across treatments (Supplementary Figs. S2-S3). ZNF consistently showed the
highest POD, CAT, and APX activities in both leaves and roots, while CK had the lowest. IAA
concentration was highest under ZNF in both leaves and roots (155-165 EU/g). Carbonic anhydrase
activity was significantly higher in HNF, ZNF, and CNF compared to CK and CF, with ZNF recording the
highest values. Proline content increased under nanofertilizer treatments, with HNF showing 0.6 pmol/g
FW compared with that of 0.51 pmol/g FW in CK. MDA and H,0, levels were significantly lower in SRCNF

treatments as compared to CK and CF, indicating reduced oxidative stress.

3.4. Correlation matrix

Pearson correlation analysis (Fig. 3) showed strong positive associations among antioxidant enzymes
(SOD, APX, POD, CAT) and with carbonic anhydrase (CA) and IAA. In contrast, oxidative stress markers
(MDA, H,0,) were negatively correlated with antioxidant enzymes, CA, and IAA.

3.5. Plant Agronomic Parameters and Photosynthetic
Pigment Content
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Rice plants treated with SRCNFs showed significantly improved growth traits (plant height, root length,
tiller number, leaf number, 1000-grain weight) compared to CK (Fig. 4, Supplementary Table S6). ZNF
consistently showed the highest values. Chlorophyll a, chlorophyll b, and total chlorophyll were
significantly enhanced under SRCNF treatments, with ZNF highest for chlorophyll a.

3.6. Principal Component Analysis

The PCA biplot (Fig. 5) explained 99.55% of variance (F1=97.77%, F2 = 1.78%). Tiller number contributed
most strongly to F1, followed by plant height, grain weight, root length, and leaf nhumber. All traits were
positively correlated and clustered along F1.

3.7. Effects on SRCNFs on the nutritional quality of Rice
Grains

Rice grains treated with ZNF showed significantly higher protein and carbohydrate content compared to
CK and CF (Supplementary Table S7). Antioxidant compounds (TPC, TF) were higher under SRCNFs
compared to CK, but not significantly different from CF.

3.8. Availability of Nutrients in Soil, Roots, Leaves and
Grains

Soil treated with SRCNFs showed significantly higher NPK compared to CK (Fig. 6a, Supplementary
Table S8). Micronutrient profiling (Ca, Mg, Mn, Fe, Zn) showed higher accumulation in roots, leaves, and
grains of SRCNF-treated plants compared to CK (Fig. 6b, Supplementary Table S9).

4. Discussion

In the present study, the morphology and elemental composition of the synthesized slow-release
combinatorial nanofertilizers (SRCNFs)-HNF, ZNF, and CNF were characterized using FESEM and EDS.
FESEM analysis at 100 nm resolution that revealed a porous, spongy morphology for all three SRCNFs, a
structure conducive to the slow release of encapsulated nutrients (Hisham et al. 2024; Ayenew et al.
2025). The average size of HNF, ZNF, and CNF of SEM images ranged from 20 to 100 nm calculated by
Debye-Scherrer equation of the XRD peaks. The EDS data evidently showed the existence of all
detectable mineral compositions, which established the existence of zinc, iron, magnesium, potassium,
phosphorus, copper, aluminium, silicon, and oxygen, clearly indicating SRCNF. The studies on XRD
pattern of HNF showing the highest intensity peak at 31.98° indicated that it is the most prominent
crystallographic plane in the sample. The XRD pattern of ZNF displayed the most intense peak at 26.48°,
and the sharp and well-defined diffraction peaks suggest that the material was highly crystalline. The
lack of a significant amorphous background indicates that the sample contains minimal or no
amorphous phases. These diffraction peaks represent specific crystallographic planes, and their
identification can be used for phase determination by matching with standard reference patterns. The
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XRD pattern of CNF showed the highest intensity peak at 35.52°, indicating it represents the most
dominant crystallographic plane in the sample. The sharpness and well-defined diffraction peaks signify
a highly crystalline nature of the combinatorial nanofertilizer with minimal or no amorphous phases. The
consistent periodicity represents a well-ordered structure. These diffraction peaks can be used to
identify the phase of the material by comparing them to standard reference patterns. While estimating
the Zeta potential of HNF, ZNF, and CNF using experimental data on the electrophoretic mobility of
particles in electrolyte solutions, the results of HNF, ZNF, and CNF indicated a good colloidal stability. By
considering the structural properties of the particles, the overall behavior of the zeta potential is
qualitatively analyzed (Ostolska and Wisniewska 2014).

While studying the FTIR spectrum, HNF peaks at 3220.4 and 2918.5 cm™ ! corresponds to N-H stretching
in amines, C-H stretching in aliphatic hydrocarbons, respectively. The prominent absorption between

1698.8 and 1574.8 cm™ ! indicates C = O stretching (carbonyl groups) and aromatic C = C vibrations,
implying the presence of ketones, esters, or carboxylic acids (Fumoto et al. 2022). The peaks at 1436.9
and 1280.3 cm™ " signify CH, bending and C-O stretching, commonly connected with ethers or esters
(Wang et al. 2023). The range 1153.6-1078.9 cm™ ! indicated C-O and C-N stretching, whereas the peak
at 751.1 cm™ ' is indicated out-of-plane bending in aromatic rings. The FTIR spectrum of ZNF at 3058.3
cm” " signifies aromatic C-H stretching, whereas peaks at 2942.7 and 2890.6 cm™ " are indicative of
aliphatic C-H stretching. A delicate peak at 2614.7 cm™ ! may suggest weak C-H stretching associated
with aldehydes or carboxylic acids. The peak at 1498.4 cm™ " in the fingerprint region signifies C = C
stretching in aromatic compounds, whereas the peaks at 1418.3 and 1138.7 cm™ ! denote aromatic ring
vibrations or C-H bending (Wongsa et al. 2022). A large band at 1023.2 cm™ !, accompanied with peaks
at 985.0 cm™ ' and 928.0 cm™ ', is diagnostic of C-O stretching, commonly found in alcohols, ethers, or

polysaccharides. Additionally, the peak at 717.5 cm™ ! corresponds to C-H out-of-plane bending,
indicative of substituted aromatic rings. The FTIR spectrum of CNF reveals the peaks in the area of
2942.7-2890.6 cm™ ! relate to aliphatic C-H stretching. The significant absorption at 1671.7 cm™ '
suggests C = O stretching, indicative of carbonyl groups such as ketones, esters, or amides. Aromatic C

= C stretching is found near 1580.8 cm™ !, confirming the presence of aromatic molecules (Tanykova et

al. 2021). A significant peak at 1025.0 cm™ ', accompanied with peaks at 1085.5cm™ ' and 928.8 cm™,

is diagnostic of C-O or P-O stretching, often found in alcohols, ethers, or phosphates. Additionally, the
peak at 719.4 cm™ ' supports C-H out-of-plane bending in aromatic rings (Chikamatsu et al. 2018). Free
hydroxyl groups are linked to a large peak at 3701.2 cm™ ' that shows O-H stretching, whereas aromatic

C-H stretching is suggested by a peak at 3047.1 cm™ . Overall, a complex chemical structure including
hydroxyl, carbonyl, aromatic, aliphatic, and ether functional groups is shown by the spectrum as a whole.

While studying the swelling ratio and equilibrium water content (EWC) for HNF, ZNF and CNF, ZNF
depicted the highest swelling ratio (3.2%) and EWC (75.2%), indicating its superior ability to absorb and
retain water, which could enhance its effectiveness in agricultural applications requiring sustained
moisture release. HNF, with the swelling ratio (2.94%) and a moderate EWC of 71%, is less effective in
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water absorption but still retains a significant amount of water. CNF, with a swelling ratio of 2.72 and the
lowest EWC (66.7%), shows moderate water absorption and retention capabilities. The synthesis of
SRCNFs commonly integrates the construction of micro and nanoporous structures, enabling changes in
water retention capacity and nutrient release rates (Kottegoda et al. 2017). These results are in
accordance to Lateef et al. 2016a they observed lower swelling ratio in combatorial NFs such as ZCF as
compared to the swelling ratio of urea fertilizer (Lateef et al. 2016a). Also, the water retention capacity of
soil with ZNF is in accordance with the observations of Lateef et al. 2016a (Lateef et al. 2016a). These
results suggest that these unique properties of combinatorial nanofertilizers may be the most suitable
for environments where maximizing water retention and controlled release is crucial. The results of
Water Absorption Capacity (WAC) Analysis indicated that among the three types of nanofertilizer, HNF
has the highest water absorption capacity at 85%, making it the most effective in absorbing and
retaining water. This suggests that HNF would be particularly useful in agricultural applications where
high-water retention is beneficial (Cataldo et al. 2021). ZNF follows with a water absorption capacity of
79%, which is still relatively high, indicating good water retention capabilities. CNF had the least
absorption capacity at 74%, indicating it absorbs and retains less water compared to the other two. This
lower absorption capacity might imply that CNF releases water more gradually, potentially making it
suitable for applications where a slower release of moisture is desired. These differences in water
absorption capacity are important for understanding how each nanofertilizer can perform in various
environmental and agricultural systems.

The study on Water Retention Capacity Analysis indicated that all treatments exhibit a decrease in water
retention over time, and the results obtained suggest that while ZNF is initially the most effective
treatment for water retention, its effectiveness diminishes faster over time compared to HNF and CNF,
which retain water more consistently over the 15-day period. This held water can increase the amount of
water that is available to the soil and then to the plants as needed. The present results were in
accordance with the previous results reported by Lateef et al 2016a where they revealed that the soil
when mixed with zeolite based nanofertilizers had a water retention capacity greater of 94.04 on 3rd day
and 69.14% on the 20th day while the control soil showed WRCs of 75.01 and 55.5% respectively (Lateef
et al. 2016a). Similar results were also found by Legese et al. 2024 where it was revealed that on first day
of treatment with nanozeolite had WRCs of 95.25% in the soil when compared to the untreated control
soil which had WRCs of 91.58% (Legese et al. 2024). Tarafder et al. 2020 and his group reported that the
WRCs of hydroxyapatite nanofertilizer treated showed higher water retention capacities of 97, 75.6 and
57.8% when compared to untreated soil on 5th, 10th and 15th days (Tarafder et al. 2020).

While studying the nutrient release patterns, it was interpreted that overall, nutrient-amended treatments
(HNF, ZNF, CNF) significantly enhanced leaching of Fe, K, Zn, NO3-, PO,3~ and Mg compared to the
Control, with ZNF showing the highest leaching activities. This observation of nutrients release for 14
days indicates continuous nutrient supply to plants which helps in preventing leaching losses due to the
use of SRCNFs. On the other hand, use of traditional fertilizers leads to higher leaching loss as reported
by Lateef et al. 2016b (Lateef et al. 2016b). It can be assumed that the slow release of nutrients aids in
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the growth of a healthy rice plant by early seed sprouting and germination. The higher affinity of the
studied SRCNFs to all cationic nutrients is probably due to their high CEC value 4 (Xia et al. 2020).
Zeolites are inexpensive crystalline aluminosilicate minerals with remarkable adsorption and nutrient
retention properties due to their large surface area and net negative charge (Cataldo et al. 2021). Their
unique qualities increase nutrient and water use efficiency, which in turn reduces nitrate leaching and
nitrous oxide and ammonia emissions, thus decreasing environmental pollution (Mondal et al. 2021). A
prolonged release of nutrients is controlled by cationic nutrients interacting with surface phosphate or
hydroxyl groups by ion exchange or electrostatic attraction, while urea molecules in HA NFs are bound
by moderately strong interactions that restrict their release (Kottegoda et al. 2017). Since chitosan gels
are highly biodegradable and have a high adsorption capacity, they are ideal for delivering nutrients.
Characteristics including film formation, penetrability, fibrous structure, hygroscopicity, and moisturising
ability allow them to be converted into controlled-release formulations (Desai et al. 2023). These findings
highlight the advantages of controlled-release fertilizers, which release nutrients in a way that
corresponds with the nutrient requirements of the plant. The application of SRCNF nanofertilizers in
delivering nutrients effectively and continuously, significantly lower the chance of nutritional loss that is
lacking in traditional fertilizer where leaching is a common problem (Anas et al. 2020). Tarafder et al.
2020 earlier reported an identical nutrient release pattern in their synthesized hybrid
nanofertilizersv(Tarafder et al. 2020). A similar study reported a significant role of controlled-release
fertilizers for nitrogen management in plants was reported by several researchers (Tian et al. 2016;
Lawrencia et al. 2021).

The various results obtained through enzyme activities in this study consistently indicate that the ZNF
treatment significantly enhances APX activity in both leaves and roots, while the CK treatment results in
the lowest activity. The concentration of indole-3-acetic acid (IAA) was found significantly higher for both
in leaves and roots of ZNF treatment when compared to the control and CF treatments. Significant
improvements of carbonic anhydrase activity were observed in the HNF, ZNF, and CNF treatments of
leaves when compared to CK and CF. In case of roots, the trends were similar but with relatively lower
overall enzyme activity. The CK (control) treatment recorded significantly the lowest levels (9.16 EU/g).
These indicate that specific combinatorial nanofertilizers, particularly ZNF and HNF, are highly effective
in increasing carbonic anhydrase activity, which could play a crucial role in improving plant physiological
processes such as photosynthesis and carbon dioxide regulation. In leaves, proline content was the
least in the CK (control) treatment, (0.51 umol/g FW) as compared to the CF treatment that showed a
slight increase (0.54 umol/g FW), while the HNF demonstrated further improvement (0.6 umol/g FW).
Thus, the study confirmed that different nanoparticle-based nano fertilizers have the potential to induce
antioxidant activities, with the use of the combatorial NF-ZNF giving the best result with highest
antioxidant activity compared to HNF and CNF. Similar results have been reported where the application
of combinatorial nanofertilizers led to enhanced activity of antioxidant enzymes in strawberries,
particularly when treated with chitosan-based nanoparticles (Ali et al. 2022), pakchoi (Brassica chinensis
L.) treated with hydroxyapatite nanoparticles (Li and Huang 2014), pot marigold (Calendula officinalis)
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treated with foliar-applied nickel nanoparticles (Tavallali et al. 2024), tomato treated with Cu
nanoparticles (Faraz et al. 2022).

In the leaves, the CK and CF treatment exhibited higher MDA levels, indicating the greatest oxidative
stress, while the HNF, ZNF and CNF treatment displayed the least MDA levels, suggesting reduced
oxidative stress. In the leaves and roots, the CK treatment showed the highest H,0, concentration,
indicating significant oxidative stress. The CF treatment follows with slightly lower H,0, levels while
HNF, ZNF, and CNF treatments showed progressively lower H,0, concentrations. According to reports,
application of Nano Zn and nano Si can significantly reduce oxidative stress markers, MDA and H,0,,
under saline conditions by targeting the underlying mechanisms of oxidative stress management in
plants (Khalid et al. 2022; Samynathan et al. 2023). Reports suggested that Nano Si, which reduces MDA
content by 41%, likely mitigated lipid peroxidation by enhancing the structural integrity of cell
membranes; while Si can fortify cell walls, decreasing the likelihood of membrane damage caused by
salinity-induced reactive oxygen species (Grewal et al. 2024). Similarly, nano Zn is reported to reduce
MDA content by 30%, which can be attributed to its role in activating antioxidant defense systems. This
result on various NFs indicates that the results obtained in this study are in accordance with those that
have been previously reported for various other NFs (Shoukat et al. 2025).

While studying the interaction between oxidative stress markers, enzymes of antioxidant defense, and
phytohormonal regulation, it was observed that antioxidant enzymes, namely superoxide dismutase
(SOD), ascorbate peroxidase (APX), peroxidase (POD), and catalase (CAT), showed robust positive
associations, thereby highlighting on an enzymatic antioxidant response in a coordinated manner to
abiotic stress. Positive correlation of Carbonic anhydrase (CA) and indole-3-acetic acid (IAA) with
antioxidant enzymes emphasized the role in redox of CA and IAA homeostasis regulation. Whereas
negative correlation of markers of oxidative stress and lipid peroxidation, namely malondialdehyde
(MDA) and hydrogen peroxide (H,0,) with antioxidant enzymes, CA, and IAA; emphasizes the protective
function of both enzymatic and non-enzymatic antioxidants for mitigation of cellular damage caused by
reactive oxygen species (ROS). The correlation patterns during this study show uniformity that reinforce
the resilience and reproducibility of the observed physiological responses. Altogether, the data reveals
that increase in activity of antioxidant enzyme, along with control in phytohormonal and metabolic
activity, is significant to alleviate oxidative stress and preserve cellular homeostasis in plants that faces
adverse conditions.

The study on treatment of rice plants with different types of SRCNFs as well as conventional fertilizers
depicted that the total chlorophyll content was significantly higher in all treatments compared to the
control (CK). The positive consequence is due to the special properties of nanoparticles like their small
nano-size and large surface area, which enables in the better adsorption and utilization in plants
compared to bulk fertilizers (Mawale et al. 2024). Foliar application of ZnO and Fe nanoparticles,
increased concentrations of chlorophyll a and b, providing evidence that NPs can augment the
accessibility of zinc and iron in plants (Geremew et al. 2023; Alsamadany et al. 2024). The results of the

present study are comparable to the findings of Uddin et al. 2023 reported a significant increase in
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carotenoids 43.7% in Coleus aromatics Benth when treated with SiO, and TiO, NPs, both at 100mg L™
concentration each (Uddin et al. 2023).

The biplot study depicting the distribution as well as contribution of five agronomic traits in the
construction of F1 and F2-the two principal depicted comparable directed vectors with varying lengths.
Such close grouping and orientation of vectors indicates that these features are connected in a positive
way and likely influenced by comparable underlying causes that can be either biological or
environmental. The contribution of F2 (1.78%) is considered to be limited and thus the absence of
significant projection down the F2 axis for any of the traits implies that it captures a minute amount of
residual variation, which is considered not crucial to trait differentiation. The majority of loading of all
variables along F1 infers that this component has the potential to be successfully employed to
summarize the multivariate relationship among different agronomic parameters. This result infers that
tiller number, height of plant, weight of grain, length of root, and leaves number are highly correlated and
together in a collective manner explain most of the variance in phenotype, with F1 showing a role as a
dominant axis for trait evaluation as well as differentiation.

While studying the effects of different treatments on rice grains nutritional and antioxidant properties,
including protein, carbohydrate content, total phenolic content (TPC), and total flavonoids (TF), it was
observed that the percentage of protein and carbohydrate were significantly increased in ZNF treated
rice when compared to various other treatments including the control (CK). All antioxidant compounds
found in the combinatorial nanofertilizers treated rice were found to be statically non-significant to CF-
treated rice but were significant compared to CK (Control). This significant increase might be due to the
fortification of Zinc and Iron micronutrients supplied the combinatorial nanofertilizers which might have
regulated the synthesis of protein. A similar report was found with the application of ZnO nanoparticles
in rice (Mi et al. 2023), Copper nanoparticles in Pistiastratiotes L. (Araceae) (Olkhovych et al. 2016) and
chitosan nanoparticles in Salvia abrotanoides (Kar.) (Attaran Dowom et al. 2022).

The results hence indicate that different treatments significantly affect soil nutrient availability and prove
that extensive use of conventional fertilizers does not affect the micronutrients of the rice. The results
are in accordance with the previous reported stated by a group of researchers (Rahman et al. 2021).
Similar results were also reported by a group of researchers (Raza et al. 2025) where they reported that
fortification of ZnO nanoparticles significantly increases the grain quality and zinc contents in wheat
(Triticum aestivum L.). This nutrient increase also aligns with the findings of Khundi et al. 2025 and
Sahoo et al. 2024 respectively, which supports our results (Sahoo et al. 2024; Khundi et al. 2025). The
beneficial effects of the proposed combinatorial nanofertilizers treatment on rice compared to
conventional fertilizer could be due to the improved soil’s physical, chemical and biological properties,
and also the continuous nutrient availability, as evidence decreased leaching and water retention in
addition to the availability of elements to be absorbed by plant roots (Legese et al. 2024).

In general, out of the three combinatorial nanofertilizers studied here, ZNF appeared to be the most
outstanding in terms of overall effects: highest swelling ratio and water content at equilibrium, greatest
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water retention immediately following soaking and the most high leaching/release ability for most of
nutrient elements, and highest effect on activities of APX, concentration of IAA and antioxidant capacity,
grain protein and carbohydrate content compared to other two tested nanofertilizers, HNF, with highest
water absorption rate and proline content, provided complementary benefits in relieving both osmotic
stress and oxidative stress; meanwhile, CNF, with the highest crystallinity and morphological structure
favouring slow-release rate with porosity characteristics generally demonstrated intermediate levels of
agronomic and biochemistry traits evaluated in our current research. ZNF's outstanding achievements
can be ascribed to the zinc-zeolite composite structure; high CEC and surface area of which would
facilitate the establishment of the binding forces involving the adsorption by electrostatic and the
selective adsorption of cation in soil (eg: K, Mg, Fe), which provide the soil nutrients with the gradual
release rate (Xia et al. 2020; Cataldo et al. 2021). In addition, Zn?* available in the ZNF structure can be a
co-factor in various redox enzymes like CA, SOD which can maintain redox homeostasis, enhance
hormonal regulation by affecting the auxins, and improve the nutrient uptake efficiency in the plants
(Khalid et al. 2022). The dual mechanism, the slower releasing in soil (by ion exchange mechanism) and
a better role in plants (acting as cofactor of enzymes), maybe explain ZNF perform better than CNF and
HNF in almost all of agronomic and biochemical variables and grain qualities in our research.

5. Conclusion

The present study demonstrates the effectiveness of slow release combinatorial nanofertilizers (HNF,
ZNF, and CNF) as controlled-release carriers of essential nutrients, offering precise and sustained
delivery for improved crop performance. Soil incubation studies confirmed their slow-release properties,
with SRCNF treatments significantly enhancing nutrient uptake, metabolic activity, and overall rice
growth and yield attributes. Importantly, SRCNFs also improved the nutritional quality of rice grains,
providing a potential solution to combat micronutrient deficiencies that persist in many rice-consuming
regions. By reducing nutrient losses and minimizing environmental pollution associated with
conventional fertilizers, SRCNFs emerge as a sustainable and eco-friendly alternative for modern rice
cultivation. These findings underscore their potential to contribute not only to higher productivity but also
to improved food quality and long-term agricultural sustainability.

One major novelty is that three different combinatorial SRCNFs (HNF, ZNF and CNF) were concurrently
synthesized and their performance compared in one single experiment; we conducted analyses on the
kinetics of nutrient release to soil, the effect of the SRCNFs on plant physiological responses,
biochemical processes and grain nutritional quality. This approach has been very rarely used so far.
However, although results from controlled experiment conditions have produced positive proof-of-
concept results, much more work should be performed such as multi-year multi-season trials conducted
in real field conditions and varying on agro-climatic regions and soil types; in order to study the actual
release efficiency, the agronomic and environmental effect and safety for those new SRCNFs. Finally,
research must also continue for optimization of dosage and evaluation on time for soil ecosystem
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impacts. This development must be evaluated for production costs and the overall feasibility for use on
large farms and by farmers.
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Physicochemical characterization of slow-release combinatorial nanofertilizers (SRCNFs). (a, c, €) Field
Emission Scanning Electron Microscopy (FE-SEM) images at 100 nm resolution showing the surface
morphology and microstructural features of HNF (Hydroxyapatite nanofertilizer), ZNF (Zeolite
nanofertilizer), and CNF (Chitosan nanofertilizer), respectively, revealing a porous, spongy architecture
conducive to slow nutrient release. (b, d, f) Powder X-ray diffraction (XRD) patterns of HNF, ZNF, and CNF,

Page 24/30



respectively, displaying characteristic diffraction peaks with Miller indices confirming the crystalline

phase composition and structural integrity of each formulation.
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Release kinetics of essential macro- and micronutrients from three nanofertilizer formulations during a
14-day incubation period. Concentrations of (a) Ca?*, (b) Fe?*, (c) K*, (d) Mg?*, (e) NO3’, (f) PO,*, and (g)
Zn?* released from HNF (Hydroxyapatite nanofertilizer), ZNF (Zeolite nanofertilizer), and CNF (Chitosan
nanofertilizer) were measured after 1, 7, and 14 days of incubation. Bars represent the mean * standard

error (SE) (n = 3). Different lowercase letters above the bars indicate statistically significant differences
among treatments within each sampling time (p < 0.05).
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Figure 3

Pearson correlation matrix of physiological and biochemical parameters in rice plants treated with slow-
release combinatorial nanofertilizers. Heatmap displaying pairwise Pearson correlation coefficients
among antioxidant enzymes [superoxide dismutase (SOD), ascorbate peroxidase (APX), peroxidase
(POD), catalase (CAT)], phytohormone-related activity [indole-3-acetic acid (IAA) and carbonic anhydrase
(CA)], and oxidative stress markers [malondialdehyde (MDA) and hydrogen peroxide (H,0,)]. Color scale
ranges from -1 (strong negative correlation, blue) to +1 (strong positive correlation, red).
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Figure 4

Effects of slow-release combinatorial nanofertilizers on rice plant morphology and photosynthetic
pigment content. (a) Representative photographs of rice plants at harvest stage under five treatment
conditions: absolute control (CK), conventional fertilizer at recommended dose (CF), half recommended
dose + Hydroxyapatite nanofertilizer (HNF), half recommended dose + Zeolite nanofertilizer (ZNF), and
half recommended dose + Chitosan nanofertilizer (CNF), illustrating treatment-dependent differences in
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plant vigor and biomass. (b) Bar graphs showing concentrations of chlorophyll a, chlorophyll b, total
chlorophyll, and total carotenoids (mg g™ fresh weight) in rice leaves across all treatment groups. ZNF
treatment recorded the highest chlorophyll a content, while all SRCNF treatments significantly
outperformed CK. Bars represent mean + SD (n = 3). Different lowercase letters on error bars indicate
statistically significant differences among treatments (p < 0.05).
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Figure 5

Principal Component Analysis (PCA) biplot of agronomic traits in rice plants treated with slow-release
combinatorial nanofertilizers. PCA biplot illustrating the distribution and contribution of five key
agronomic traits tiller number (TN), plant height (H), 1000-grain weight (GW), root length (R), and number
of leaves (L) across treatment groups [CK, CF, HNF, ZNF, CNF].
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Figure 6

Effect of slow-release combinatorial nanofertilizer treatments on soil nutrient availability and
micronutrient accumulation across rice plant tissues. (a) Available nitrogen (N), phosphorus (P), and
potassium (K) concentrations in soil under CK (absolute control), CF (conventional fertilizer), HNF
(Hydroxyapatite nanofertilizer), ZNF (Zeolite nanofertilizer), and CNF (Chitosan nanofertilizer)
treatments, demonstrating significantly enhanced macronutrient availability in SRCNF-treated soils
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compared to CK. (b) Micronutrient concentrations (mg 100 g™') of calcium (Ca), magnesium (Mg),
manganese (Mn), iron (Fe), and zinc (Zn) detected in soil, roots, leaves, and grain fractions of rice plants
across all treatment groups. Bars represent mean + SD (n = 3). Different lowercase letters indicate
statistically significant differences among treatments (p < 0.05).
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