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Integrated SA-CMC hydrogel formulation with the
NAA hormone, ZnO nanoparticles, and potassium
chloride: a sustainable approach to enhance
flowering and crop yield in the short-term crop
chili (Capsicum annuum)i

Loshini Rodrigo, €22 Imalka Munaweera (2 *@ and Pamoda Thavish Perera®

Rising food demand due to population growth and the low nutrient use efficiency (NUE) of conventional
fertilizers necessitate environmentally friendly, effective agrochemical delivery systems. Hydrogels are
innovative materials, and an integrated hydrogel formulation encapsulated with zinc oxide nanoparticles
(ZnO NPs), potassium chloride and naphthalene acetic acid (NAA) was synthesized in this study to
increase the flowering and crop yield of the short-term crop chili. ZnO NPs were synthesized via the co-
precipitation method and characterized via XRD, SEM and FTIR techniques. The synthesized hydrogels
were characterized using SEM and FTIR techniques. The swelling capacity of the hydrogels peaked at
202.04% on day 14, and they exhibited biodegradation by day 20, with a weight loss of 99.98%.
Biodegradation findings were corroborated by optical microscopy pictures. Atomic absorption
spectrometry was used to study the release of potassium and zinc nutrients from the hydrogels on days
1, 7, 14, and 21, suggesting the slow-release behavior of the hydrogels. UV-VIS spectrophotometry was
used to study the NAA hormone, which revealed a higher encapsulation efficiency of 92.53% with
a sustained, slow-release profile over a 21-day period. The exponential phase of the NAA-release profile
matched well with the Higuchi model (R? = 0.97). The parameters plant height, number of branches,
flowers, pods and yield at first plucking were statistically analyzed using the analysis of variance (ANOVA),
and significant differences between each sample were analyzed using Tukey pairwise comparison at
a significance level of 0.05. Significant enhancements observed in flowering and yield were attributed to
the synergistic effect of the encapsulated agrochemicals in the hydrogels. The ability to biodegrade and
improve NUE positions this integrated hydrogel formulation as a sustainable alternative for modern
agriculture.

desertification and thereby reducing agricultural productivity
and overall crop yield.>® Therefore, the challenges of producing

Global population has been steadily increasing and is projected
to surpass 9.6 billion by 2050, necessitating an increase in food
production to cater to its needs, which will consequently worsen
food-shortage issues."” Water scarcity, degradation of soil
quality, loss of biodiversity, and an increased level of green-
house gas emissions pose significant threats to existing agri-
cultural practices as they are unfavorable to our planet and its
future.>* Additionally, climate change over the past decades has
intensified the depletion of various natural resources, leading to
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adequate agricultural products while conserving the environ-
ment lie ahead of the world. Natural sources of water and soil
are often overused in fulfilling the agricultural needs of this
ever-growing population owing to the excessive use of fertilizers
and pesticides.® The lower nutrient use efficiency (NUE) of
conventional fertilizers is a major reason for this consequence,
and as reported by Govil et al., only 30-35% of the applied
nutrients are absorbed by crops.® Reportedly, 50-70% of the
nitrogen fertilizers applied are lost owing to volatilization,
denitrification and leaching, causing contamination of
groundwater and degrading soil quality.'"* Furthermore,
nutrient deficiencies and hormone imbalances trigger flower
and fruit drop, constraining sufficient crop yield and produc-
tivity. Innovative solutions to improve the efficiency of agro-
chemical usage while achieving sustainable food security are of
paramount importance in the current agricultural context.
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Capsicum annuum (chili) is an important vegetable crop due
to its economic and nutritional value. It is a short-term crop that
demands rapid and efficient nutrient uptake to support its high
flowering and fruiting rates, which are critical for maximizing
yield within a limited growing period. The crop requires optimal
temperatures (around 20-25 °C) and is sensitive to environ-
mental stresses, which can cause flowers and young fruit to
drop, reducing yield. Additionally, high flowering demand
necessitates sufficient nutrient availability to support fruit set
and development; however, rapid nutrient depletion can lead to
deficiencies impacting fruit size and quality.” As inadequate
nutrient management stands as a barrier to harvesting a higher
yield in chili, opting for innovative nutrient delivery systems
that can provide sustained, targeted nutrient release aligned
with the rapid and high nutrient demands of crops is impera-
tive.”> This highlights the importance of studying advanced
formulations, which can potentially enhance nutrient use effi-
ciency, regulate hormone-mediated growth responses, and
improve productivity in Capsicum annuum, the focus of this
study. The synthesized formulation in this study aimed to
overcome nutrient loss and cater to high flowering demand by
slow and sustained nutrient release and hormonal regulation,
ultimately improving plant productivity and crop yield in short-
term cropping systems.

Slow-release fertilizers are positioned as a potential alterna-
tive to address the unfavorable properties of conventional
fertilizers.™ Fertilizers that delay the availability of nutrients for
plant uptake and use after application are defined as slow-
release fertilizers by the Association of American Plant Food
Control Officials (AAPFCO)."* Hydrogels are positioned as
a game-changing material that has the potential to mitigate
existing obstacles in conventional fertilizers and ensure
sustainability as they contribute to the slow release of encap-
sulated active ingredients within the polymer matrix."> Hydro-
gels are soft, water-swollen, cross-linked, three-dimensional
macromolecular networks of hydrophilic copolymers that can
incorporate large amounts of water or agrochemicals into their
structure and release them depending on the surrounding
conditions and requirements of plants.**** Hydrogels, which
have the ability to absorb water several hundred times their dry
weight, are named as superabsorbent hydrogels (SAHs) on
account of their hydrophilic groups, which do not allow disso-
lution in water due to the grafted polymeric network.'
Furthermore, the combination of SAHs with fertilizers produces
slow-release fertilizer hydrogels with the advantage of regu-
lating nutrients and water in one material as they absorb and
release them slowly for an extended period of time, a charac-
teristic in contrast to the conventional fertilizers. Additionally,
they positively affect plant nutrition, reduce evaporation losses
and the frequency of irrigation, while functioning as “mini
reservoirs” supplying water and fertilizers to plants influenced
by osmotic pressure differences.*** While hydrogels are
synthesized using both natural and synthetic polymers, natural
polymers, such as starch, alginate, cellulose, chitosan, and
lignin, have gained considerable interest due to the benefits of
biodegradability, low cost and abundance.>*** Sodium alginate
(SA) and carboxymethyl cellulose (CMC), which are hydrophilic
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and biodegradable polymers, were used in this research study to
formulate the hydrogel matrix. SA is a natural polysaccharide
composed of B-p-mannose uronic acid (M blocks) and o-1-
guluronic acid (G Blocks) derived from brown algae with good
biocompatibility and degradability. SA has many hydrophilic
carboxyl and hydroxyl groups, which facilitate better cross-
linking, modification, and grafting, while CMC is a cellulose
derivative that is soluble in aqueous media due to the -CH,—
COOH groups attached to some of the -OH groups in cellulose
units.***” Ionic cross-linking, a method of physical crosslinking,
is used in this study, in which CacCl, is used to cross-link, as the
divalent cation Ca**, upon addition to the hydrogel precursor,
induces gel formation owing to the abundant anionic groups
present in SA and CMC.**** The gelling properties, which enable
the formation of gels and the almost temperature-independent
sol-gel transition in the presence of multivalent cations like
Ca®", make alginate an ideal candidate for preparing biomate-
rials with slow-release mechanisms.**** Gel formation is driven
by interactions between G blocks, which participate in forming
tightly held junctions, in the presence of Ca>* ions that act as
cross-links between the functional groups of alginates.** Here,
an incident of “zipping” occurs in which a G block in one
polymer forms junctions with a G block of an adjacent polymer
through interactions with the carboxylic groups in the sugars,
resulting in the gel network. This metal-chelation binding chain
is called the “egg-box“ model of cross-linking on account of the
structural form of the G block.** While the possibility of
synthesizing the hydrogels using natural or/and synthetic
polymers exists, utilizing synthetic polymers to formulate
hydrogels is less-environmentally friendly as they undergo
degradation upon exposure to external environmental factors
resulting microparticles and toxic by-products, causing neuro-
toxic and carcinogenic problems, in addition to possible
contamination of soil and food.*® The half-life of synthetic
hydrogels is found to be 5-7 years, which is the time taken to
degrade into carbon dioxide, ammonium and water, paving the
way for environmental pollution.” The biodegradability of
natural polymers was the focus of this study, and thus, SA and
CMC were used to synthesize the polymer matrix. The slow-
release urea fertilizer synthesized based on sodium alginate/
carboxymethyl chitosan hydrogels by Arafa et al. exhibited
biodegradation in soil in addition to the slow release of urea.*®
Similarly, El Idrissi et al. demonstrated a urea-rich SA hydrogel
with excellent water retention and sustained nitrogen release
over nine weeks, confirming its biodegradability and positive
effects on plant growth under water-deficit conditions.>® Natural
degradation rather than bioaccumulation in soil has attracted
considerable interest in biopolymer-based hydrogels, support-
ing the global need to opt for eco-friendly and sustainable
approaches to using agrochemicals while improving nutrient
use efficiency.

Agriculture is advancing, with nanotechnology serving as
a pioneering technology that fosters sustainability. In this
research, nanotechnology was integrated, and Fig. 1 illustrates
the research design. Nanotechnology was incorporated into this
work by utilizing nanofertilizers that contained the micro-
nutrient zinc (Zn) in the form of zinc oxide nanoparticles (ZnO

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Research design.

NPs). Nanoparticles are found to provide the best boost for
improved plant nutrition as they are within the nanorange (1-
100 nm), which increases the points of interaction due to the
high area-to-volume ratio. This, in turn, amplifies the contact
points for the fertilizer uptake by plants.’’*® Zn is responsible
for regulating enzyme functioning in plants, as well as protein
synthesis, which promotes growth and biomass yield in the long
run.***>* ZnO NPs are known for their stress-tolerant abilities
as well as significant anti-microbial properties.**** Nano-
particles’ ability to penetrate, uptake and translocate has proven
to provide plants with nutrition in a steady manner, providing
a solution to an inherent shortcoming of conventional
fertilizers.*

Furthermore, the use of ZnO NPs has been shown to be more
cost-effective and efficient than bulk ZnO, thereby improving
plant productivity by enabling lower fertilizer doses, enhancing
nutrient uptake and yield, and supporting sustainable agricul-
ture. Dimkpa et al. reported that coating urea with low-dose
ZnO NPs increased wheat grain yield by 39-51% under
drought conditions, whereas bulk ZnO showed insignificant
yield gains despite higher Zn application rates. This demon-
strates that ZnO NPs enhance nutrient uptake and plant
performance more efficiently than bulk ZnO.** Although ZnO
NPs per kilogram are more expensive, their higher efficacy at
lower doses can result in better economic efficiency by
increasing crop yield and reducing the amount of Zn applied.
Large-scale production and optimized application rates can
further improve their cost-effectiveness.** Additionally, the
economic feasibility of producing ZnO nanoparticles via green
synthesis has been confirmed, with profitable investment
returns achievable in approximately three years, supporting
their scalable and cost-effective production.*

Additionally, notable advantages of encapsulation of ZnO
NPs in hydrogel formulations have been reported in the litera-
ture. Soto-Gonzales et al. reported that the integration of ZnO
NPs into hydrogels significantly enhanced Quinoa seed germi-
nation and plant establishment compared to controls.*® Uysal
et al. carried out research on wheat in which ZnO NPs were
synthesized using rosemary extract, then integrated into a cross-
linked polymer matrix, which promoted root and shoot elon-
gation more effectively than suspended NPs, proving the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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efficacy of using nanoparticle-hydrogel composites in plant
breeding and demonstrating their potential in future agricul-
tural applications.”” Radmehr et al. designed a novel anti-
microbial superabsorbent hydrogel via the copolymerization
of CMC and acrylic acid (AAc) by incorporating ZnO NPs
through gamma radiation, which exhibited better swelling
capacity, thermal stability, and antibacterial activity against
Escherichia coli, making it a promising and novel candidate for
biomedical and environmental applications.*® It is also found
that incorporating metal oxide nanoparticles into the hydrogel
matrix improved its swelling capacity and mechanical
strength.?

Potassium (K) is an essential macronutrient that plays a vital
role in physiological processes, such as photosynthesis, enzyme
activation, osmoregulation, and reproductive development,
which in turn affect flowering, fruit set, and overall yield quality
in short-term crops like chili. Based on this, potassium chloride
(KCl) was encapsulated in the hydrogel formulation in this
study. Studies have shown that an optimal amount of K
significantly enhances chili seedling growth, leaf development,
and fruit yield, while K deficiency can lead to reduced fruit size
and lower capsaicin content in chili, making plants more prone
to environmental stresses.””** Chen et al. reported that encap-
sulating KCl in starch-alginate matrix cross-linked with CacCl,
exhibited controlled release of K while higher SA concentrations
resulted in more uniform beads, reduced swelling, and slower K
release rates.>

Plant growth regulators (PGRs) are naturally occurring or
synthetic compounds that regulate plant growth and develop-
ment by modulating metabolic and physiological processes.
They help plants tolerate abiotic stresses by altering plant
physiology and morphology, improving growth, yield, and
stress resilience.”® PGRs are Active Substances (AS) of “Plant
Protection Products” (PPP), as categorized by European Union
(EU) with specific mode of action, which are used to modify
plant growth such as increasing branching, suppressing shoot
growth, increasing frequency of flowering, removing excess
fruit, or altering fruit maturity.>* Naphthalene acetic acid (NAA)
hormone, which was used in this study, is considered as an
active substance categorized under PPP in EU.*® NAA is
a synthetic auxin hormone, a PGR that plays an important role
in promoting cell division and expansion, inducing the forma-
tion of adventitious roots, increasing fruit setting, and pre-
venting fruit drop.** Apart from hastening fruit maturity and
producing better-quality fruits, NAA increases the number of
branches, fresh weight and fruit yield. Singh et al. reported that
the application of 100 ppm of NAA on tomato yielded the
highest number of branches and fruits per plant and fruit
weight, compared to the other controls.*® Khan et al. reported
that ZnO NPs combined with PGRs can mitigate various abiotic
stresses, such as drought, salinity, and temperature extremes,
by improving plant growth at morphological, physiological,
biochemical, and ultrastructural levels.’® Khardia et al. con-
ducted research on the effect of PGRs and Zn fertilization on the
growth of pearl millet and reported that the interaction effect of
PGRs (triacontanol and NAA) and Zn fertilization exhibited
a significant effect on plant height and dry matter
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accumulation, indicating that PGRs combined with Zn enhance
growth and developmental processes, contributing to improved
plant vigor and stress tolerance, acting as a plant protection
product.”” Furthermore, the study carried out by Jan et al
concluded that drought tolerance in sunflower was significantly
increased by increasing relative water content (RWC), free
proline, total phenolic compounds, and antioxidant enzyme
activities upon foliar application of Zn (as ZnS0,), K (as KNO3)
and gibberellic acid (GA3).?®

These studies demonstrate that combining PGRs with Zn
and K can serve as effective plant protection products rather
than just traditional fertilizers, as their synergistic effect
enhances plant physiological performance, stress tolerance,
and nutrient uptake, which contribute to improved growth,
yield, and quality.

To the best of our knowledge, the encapsulation of NAA
hormone alongside ZnO NPs and KCl in a biodegradable SA-
CMC hydrogel formulation for chili has not been studied
previously, endorsing the novelty of this study.

The SA-CMC-based hydrogel formulation encapsulated with
NAA hormone, ZnO NPs, and KCI could be positioned as an
innovative “plant production product” rather than a conven-
tional fertilizer, as it integrates multiple functionalities beyond
nutrient supply. Unlike traditional fertilizers that primarily
provide nutrients, this hydrogel system offers a slow and sus-
tained release of nutrients, plant hormonal regulation, water
retention and soil conditioning, as well as ZnO NPs-enabled
micronutrient delivery, biodegradability and enhanced flower-
ing and cropyield in chili. Therefore, this study presents a novel
approach to synchronize nutrient-hormone delivery through
the synthesis of SA-CMC-based, integrated hydrogel formula-
tion for enhanced flowering and crop yield in chili as
a sustainable agricultural practice.

2. Experimental

2.1 Chemicals, materials and instruments

SA, CMC, KCl, and NAA, were purchased from Glorchem (Pvt.)
Ltd. CaCl,, sodium hydroxide pellets, PVA, zinc acetate,
acetone, HC], and HNO; were purchased from Sigma-Aldrich.
All the chemicals used in this research were of analytical
grade and used without further purification. In all experiments,
distilled water was used.

The crystalline structure of synthesized nanoparticles was
analyzed by powder X-ray diffraction (XRD) patterns recorded
using a X-ray Powder Diffractometer of Rigaku smart lab, 3 kW
sealed X-ray tube in the range of 20-80, two theta degree range at
a rate of 6/minute. The morphology of nanoparticles and
hydrogel beads was analyzed using scanning electron microscopy
(SEM) imaging with a ZEISS model, operating in a secondary
electron mode, at an accelerating voltage of 10 kV. Functional
groups and relevant peak positions were studied using a Perki-
nElmer Inc. Spectrum Two Fourier transform infrared (FTIR)
spectrometer in the range from 4000 to 400 cm ™" using the KBr
pellet technique. Atomic absorption spectrometric (AAS) data
were acquired sing an atomic absorption spectrometer of
Thermo Scientific iCE 3000 series to analyze the chemical
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compositions of metals in the synthesized hydrogels. The UV-VIS
spectrometry data for the quantification of NAA hormone were
obtained using a double-beam UV-VIS spectrometer from Perki-
nElmer, LAMBDA 365+ at A = 222 nm. Microscopy images of the
hydrogel beads to study their degradability were obtained from
an Olympus CX23 optical microscope at 40x magnification.
Image ] software was used to plot size distribution graphs.

2.2 Methodology

2.2.1. Synthesis of zinc oxide nanoparticles. As the
precursor, zinc acetate dihydrate (Zn(CH;COO),-2H,0) was
used and a surfactant-assisted method was employed. Firstly,
1 M aqueous solution of (Zn(CH3;COO),-2H,0) was prepared,
followed by the preparation of a 2 M NaOH solution. From the
prepared 0.01% PVA solution, 2 mL was added to the precursor
solution and stirred magnetically until the solution was
homogenous. Afterwards, the NaOH solution was added drop-
wise to the zinc acetate dihydrate/PVA solution for 2 hours at
room temperature with continuous stirring. The white precipi-
tate was centrifuged at 4000 rpm for 7 minutes, and the
supernatant was removed and washed three times with distilled
water. The obtained product was oven-dried at 100 °C for 12
hours. The dried powder was crushed using a mortar and pestle
and was subsequently subjected to calcination at 650 °C for 2
hours, obtaining a fine powder of ZnO nanoparticles.>

2.2.2 Characterization of synthesized zinc oxide nano-
particles. Characterization of the synthesized NPs was per-
formed using PXRD, FTIR and SEM analyses.

2.2.3 Synthesis of SA-CMC-based hydrogel beads loaded
with NAA, ZnO NPs and KCI. A solution of 100 ppm NAA was
prepared by dissolving 10.0 mg in 1 mL of acetone and adjust-
ing the final volume to 25 mL with distilled water.*® A solution of
KCl was prepared by dissolving 16.67 g of KCI in 25 mL of
distilled water. To synthesize the hydrogel bead, 5.00 g of SA was
dissolved in 25 mL of distilled water and stirred for up to 2
hours to obtain a homogenous solution, followed by the addi-
tion of the prepared KCl solution. Afterwards, 1.00 g of CMC was
dissolved in 25 mL of distilled water and heated to 50 °C,
continuously stirred for 2 hours to obtain a homogeneous
solution, and subsequently, 500.0 mg of the synthesized ZnO
NPs and the prepared NAA solution were added. Both the
prepared SA and CMC solutions were mixed and continuously
stirred for one hour to obtain a well-dispersed ZnO, NAA and
KCl-loaded SA-CMC polymer composite. Next, a saturated CaCl,
solution was prepared. Thereafter, ZnO, NAA, and KCl-loaded
SA-CMC polymer composite dispersion was slowly added
dropwise to the CaCl, solution while gently stirring the solu-
tion. Here, the bead formation was observed; the beads were
then cured in the gelation medium for 15 minutes. Afterwards,
the beads were filtered, washed with distilled water and sepa-
rated. The hydrogel beads were air-dried to evaporate the water
and were then stored in a dry container.®®** The prepared
hydrogels were utilized for the treatment T5, which is
mentioned under “2.2.11 Plant assessment”.

Hydrogel beads for treatments T2, T3, T4 and T5 were
prepared with different combinations of the composition as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Different combinations of the compositions of the prepared hydrogel beads

Composition of the beads

Hydrogel bead formulation

for each treatment SA (4 wiw%) CMC (0.8 w/w%)

ZnO NPs (0.4 w/iw%) NAA (0.008 w/w%) KClI (13.5 w/iw%)

T2
T3
T4
T5

<< <<
<L <

tabulated in Table 1, which is discussed later in their applica-
tion under “2.2.11 Plant assessment”.

2.2.4 Characterization of the prepared hydrogel beads. The
prepared hydrogel beads were characterized using FTIR analysis
and SEM analysis.

2.2.5 Swelling capacity of the hydrogel beads. To study the
water-absorbing behavior and swelling capacity of the synthe-
sized hydrogel beads, 1.00 g of dry, SA-CMC polymer-only
hydrogel and nutrient-loaded hydrogel were immersed in
50 mL of deionized water and were allowed to swell at room
temperature. At the time intervals of 1, 2, 3, 5, 7, 14, and 21 days,
swollen beads were removed from the solution using a stainless-
steel mesh. The swollen beads were washed with distilled water
and excess moisture was removed using filter papers. Both types
of hydrogels were weighed, and the swelling capacity was
calculated using eqn (1), where Wy was the weight of the dried
hydrogel and Ws was the weight of the swollen hydrogel. The
results were collected in triplicate in all experiments.****

(Ws - Wd)

d

Swelling capacity(%) = x 100 (1)

2.2.6 Biodegradability test for the hydrogel beads. Biode-
gradability testing of the prepared hydrogel beads was con-
ducted using the soil burial method, employing the same
agricultural soil as in the plant study. One bead of the prepared
hydrogel was buried in soil at a depth of approximately 2-3 cm
in containers and kept at room temperature under controlled-
moisture conditions to overcome water loss via evaporation.
At the time intervals of 1, 5, 10, 15, and 20 days, beads were
unearthed and qualitatively evaluated using visual observation
of discoloration, shrinking and disintegration. For this test, the
procedure was modified to get observations using an optical
microscope. The extent of hydrogel degradation was deter-
mined by calculating the weight loss (wt;ss) according to eqn
(2), where wt; is the initial weight of the samples before starting
the degradation and wt; is the weight of the sample after spec-
ified time intervals of biodegradation. Before reweighing the
retrieved hydrogel beads, they were rinsed with distilled
water.’>*** The results were collected in triplicate in all
experiments.

thoss(o/o) = {w

i

} % 100 )

2.2.7 Quantification of Zn and K nutrient contents in
synthesized hydrogel beads. Exactly 104.4 mg of synthesized

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrogel beads were introduced into a beaker containing
2.5 mL of concentrated HNO; and 7.5 mL of concentrated HCI.
Then, the beaker was heated using a magnetic stirrer until the
hydrogel beads were completely dissolved, with the temperature
maintained at 90 °C throughout the experiment. The solution
obtained was filtered through a 0.45 pm syringe, and the
resulting clear solution was analyzed using atomic absorption
spectroscopy (AAS) to quantify the amount of Zn and K nutri-
ents in the hydrogel beads by mass.

2.2.8 Release behavior of nutrients in water. Firstly, three
hydrogel beads (weighing 51.8 mg) were dipped in a beaker with
25 mL of deionized water at room temperature. The initial pH
was recorded upon the addition of beads to deionized water.
Aliquots of 1 mL were drawn from the system at intervals of 24
hours and 7, 14, and 21 days by preparing separate systems for
each time interval. Each drawn-out aliquot was introduced to
a 5 mL volumetric flask and diluted up to the mark. Respective
atomic absorbance readings were taken for Zn and K metals
separately using atomic absorption spectroscopy. Then, the
amount of metal released was calculated using eqn (3), where
nut, is the initial amount of nutrients in the hydrogel and nut,
is the amount of nutrients released into the water in the time
interval ¢. The collected results were averaged in triplicate in all
experiments conducted.?***

( nut,)
nut,

Nutrient release(%) = x 100 (3)

2.2.9 Encapsulation efficiency of NAA hormone. Encapsu-
lation efficiency (EE) was computed from the total concentra-
tion of the prepared NAA solution (cota1) and NAA content in dry
hydrogel (cj0aq) beads, then EE was calculated using eqn (4),
where Cjoaq = Ciotal — Cf, Cr iS the concentration of NAA in the
filtrate after separating the hydrogel beads. The NAA concen-
trations were determined spectrophotometrically.*®

Ctotal

EE(%) = (q—d) x 100 (4)

2.2.10 NAA hormone release study in water. The synthe-
sized dry hydrogel beads weighing 50.0 mg were dispersed in
a beaker containing 50 mL of deionized water at room
temperature. The initial pH was recorded upon the addition of
beads to water. At time intervals of 5, 20, 25, 45, 90, 120, 180,
210, 300, 330, 450 minutes and 7, 14 and 21 days, the dispersion
was stirred, and aliquots were collected. The concentration of
NAA was determined by UV-VIS spectrophotometry using

RSC Adv, 2025, 15, 22587-22604 | 22591
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a calibration curve. Results were presented as a percentage of
released NAA relative to the total amount of NAA encapsulated
in hydrogel beads.** All experiments were conducted in
triplicate.

2.2.11 Plant assessment. Pot trials for chili (Capsicum
annuum) were carried out to conduct the plant assessment.
Here, 4 different compositions of hydrogel beads were used
along with conventional K fertilizer and no fertilizer applica-
tion. About 3 weeks old chili seedlings, which were grown under
equivalent conditions and reached a comparable growth stage,
were acquired from a plant nursery and planted in pots, where
the potting medium was prepared similarly. For each treatment,
6 seedlings were used, with two seedlings per pot; sunlight,
water, and other conditions were provided in a consistent
manner to all plants throughout the experiment. Nitrogen and
phosphorous sources were provided equally to all plants,
excluding the group with no fertilizer application. The synthe-
sized hydrogel beads were applied to the plants after 3 weeks of
transplanting the seedlings, as the hydrogel fertilizer is focused
on the flowering and fruiting stage of chili. Exactly 1.00 g of
hydrogel beads were applied per plant. After the hydrogel beads
were applied, observations were taken weekly for 4 weeks for the
parameters of plant height (Fig. S41), while the number of
branches, number of flowers, number of pods and the yield at
the first plucking at the end of week 4. Plant groups treated with
no fertilizer, conventional K fertilizer, hydrogel formulation for
T2, hydrogel formulation for T3, hydrogel formulation for T4,
and hydrogel formulation for T5 were named as T0, T1, T2, T3,
T4, and T5, respectively, for the convenience of identification.

2.2.12 Statistical analysis. Statistical analysis was per-
formed by analysis of variance (ANOVA) and significant differ-
ence of each sample was analyzed by Tukey pairwise
comparison at the significance level of 0.05.

3. Results and discussion
3.1 Characterization of synthesized zinc oxide nanoparticles

3.1.1 PXRD analysis of synthesized zinc oxide nano-
particles. Crystallographic data of the synthesized ZnO NPs
were obtained by the PXRD analysis. The average particle size
has been determined from the full width at half maximum
(FWHM) of the diffraction peaks using Debye-Scherrer's equa-
tion, which is given by D = KA/8 cos 6. Here, D is the crystal
size in nanometers, K is the Scherrer constant given by 0.9, 4 is
the X-ray wavelength given by 0.154178 nm, ( is the full width of
the peak at half maximum in radians, and ¢ is the XRD peak
position in degrees.* The PXRD pattern for the synthesized ZnO
NPs confirmed the successful synthesis of ZnO NPs, as depicted
in Fig. 2.

The PXRD pattern of the synthesized ZnO NPs was obtained
in the diffraction angle range 20° = 26 < 80°. The peaks ob-
tained at 26 = 31.74°, 34.42°, 36.25°, 47.56°, 56.58°, 62.86°,
66.35°, 67.91°, 69.07°, 72.61°, and 77.01° can be assigned to the
(100), (002), (101), (102), (110), (103), (200), (112), (201), (004),
and (202) planes, according to JCPDS card number 36-1451,
respectively. The peaks obtained matched with the reference
PXRD pattern for hexagonal ZnO NPs, confirming that the
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Fig. 2 (a) JCPDS card 36-1451 for ZnO. (b) PXRD spectrum of the
synthesized ZnO NPs.

prepared ZnO NPs are free from impurities (Fig. 2). The absence
of additional peaks indicates that the sample contains only one
phase of ZnO. The average crystallite size calculated using the
Debye-Scherer equation for synthesized ZnO NPs was 39.41 nm
(Table S17).

3.1.2 SEM analysis of synthesized zinc oxide nanoparticles.
The SEM images of the sample are shown in Fig. 3(A), which
reveal that the particles are predominantly spherical-shaped,
and rod-shaped nanoparticles are also present. The SEM
images are in good agreement with the existing literature.®” It is
observed that particles exhibit a granular nature. Furthermore,
agglomeration of particles is observed as primary or secondary
agglomeration. Primary agglomeration occurs in the precipita-
tion step, in which high capillary action or high surface tension
of Zn(OH), particles, which are formulated during the synthesis
process of ZnO NPs, agglomerate.®® Collisions between the
particles at the precipitation stage might have caused Smo-
luchowski ripening, resulting in agglomeration during the
precipitation stage. Secondary agglomeration occurs during the
drying stage, in which Ostwald ripening can result from the
thermal diffusion of nanoparticles to reduce their surface
energy.* Particle diameter distribution graph in Fig. 3(B) shows
that the diameter of the synthesized ZnO NPs lies in the range of
0-300 nm. The average diameter recorded for the synthesized
ZnO NPs was 152 nm. A high calcination temperature and low
agitation speed might have caused a large particle size.”

3.1.3 FTIR analysis of synthesized zinc oxide nano-
particles. The FTIR spectrum in the ESI Fig. S1t exhibits a broad
absorption peak at 3442 cm ' for the stretching mode of
vibration of hydroxyl compounds.” The peak at 1631 cm™" is
assigned to the bending vibrational mode of O-H in H,O
molecules.” The band at 439 cm ™' corresponds to the metal-
oxygen (Zn-O stretching vibrations) vibration mode, which lies

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3
ZnO NPs.

within the fingerprint region.”” The peak at 1384 cm ' is

attributed to the symmetric C=0O vibration of atmospheric
CO0, 7 The peak at 1114 cm ™' is attributed to the C-O stretch-
ing. The peak at 2340 cm ' is for the asymmetric C=O vibration
of atmospheric CO,.”*

3.2 Characterization of synthesized hydrogel beads

3.2.1 SEM analysis of synthesized hydrogel beads. The
synthesized hydrogel beads are shown in Fig. 4. SEM analysis
was done to determine the morphological features of the
synthesized hydrogel beads. SEM images in Fig. 5 show the
microporous structure of the hydrogel beads. They confirm the
presence of polymers along with ZnO NPs. The surface appears
to have an irregular pattern owing to the complex structural
composition of the beads. Cavities are visible on the surface
alongside the cracks, which might have occurred during the
drying process of the beads. A higher number of cavities allows
the fertilizer solution to be entrapped into micro-environmental
cavities and diffused into the hydrogel bead easily due to the
capillary effect. The distribution of the ZnO NPs on the surface
was observed in a random manner, although the distribution
was not dense. This could be attributed to NPS either partici-
pating in cross-linking or being embedded within the beads.
However, the presence of ZnO NPs was confirmed in the
hydrogel beads, which was further verified via elemental

Fig. 4 Synthesized hydrogel beads.
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(A) SEM image of ZnO NPs at a scale bar of 200 nm and a magnification of 25 000x. (B) Particle diameter distribution of the synthesized

Fig.5 SEM images of the synthesized hydrogel beads; with scale bars
and magnifications at (A) 100 pm, 75000x (B) 10 pm, 500 000x (C) 1
um, 5000x and (D) 1 um, 15000x

composition analysis data provided from energy-dispersive X-
ray spectroscopy (EDX) (Fig. S27).

3.2.2 FTIR analysis of synthesized hydrogel beads. The
FTIR spectra of SA (Fig. 6) show an intense characteristic peak at
3446 cm ', which corresponds to the stretching mode of
vibration of O-H in H,O molecules, while the band observed at
2930 cm™' could be attributed to the asymmetric -CH,
stretching vibrations. The bands observed at 1634 and
1415 cm™ ' were attributed to the stretching of carboxylate
anions and the C-OH deformation with a contribution from the
O-C-0 symmetric stretching of carboxylate groups, respectively.
A less intense band at 1106 cm ™' can be attributed to the C-O
stretching vibrations of the pyranose rings. The band observed
at 929 cm ™" could be attributed to the C-O stretching of uronic
acid residues.”

The FTIR spectra of CMC (Fig. 6) show an intense charac-
teristic peak at 3455 cm™ ", which corresponds to the stretching
mode of vibration of O-H in H,O molecules, while the band
observed at 2925 cm ™" can be assigned to the asymmetric -CH,
stretching vibrations.” At 1745 cm ™', there is a sharp absorp-
tion band, which indicates the stretching vibration of the
carboxyl compound (COO~), while the peak at 1454 cm ™'

RSC Adv, 2025, 15, 22587-22604 | 22593
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Fig. 6 (A) FTIR spectra of (a) SA, (b) CMC; (c) Ca®* crosslinked SA-
CMC, (d) NAA; (e) SA-CMC loaded with ZnO NPs; and NAA (f) SA-CMC
loaded with ZnO NPs, NAA, and KCL. (B) FTIR spectrum of hydrogel
beads in the range 1600-400 cm™2.

corresponds to the stretching vibration of the carboxyl
compound in the form of salt. The peak at 1384 cm ™" can be
attributed to the symmetrical deformation of the CH, group.”
The peak at 1327 ecm ™! can be attributed to the asymmetric C-O
stretching.”® The peaks at 1262 and 1114 cm™ " could be attrib-
uted to the C-O-C stretching vibration of the ether group.”

The FTIR spectrum of the Ca**-crosslinked SA-CMC hydrogel
(Fig. 6) exhibits the peaks at 1384 and 1402 cm ™', which can be
attributed to the COO™~ symmetric stretching vibrations. The
peak at 1632 cm™ " can be attributed to the COO™ asymmetric
stretching vibrations. A broad absorption peak at 3447 cm™ ' can
be attributed to the stretching mode of vibration of O-H in H,0O
molecules. The peak at 1116 cm ' can be attributed to the
C-0O-C stretching. The peak at 2135 cm™ " can be attributed to
the CO, vibration. The peak at 2920 cm ™" can be attributed to
the asymmetric CH, stretching.”

The FTIR spectrum of NAA (Fig. 6) shows a broad peak at
3455 cm™ ", which corresponds to the ~OH stretching in the H,0
molecule. The peak at 3059 cm ™~ was assigned to aromatic C-H
stretching, a characteristic region allowing ready identification
of the structure. The peak at 1693 cm™ ' could be an overtone
and combination band that occurred due to the C-H out-of-
plane deformation vibrations. Sharp peaks at 1510 and
1590 cm ™' correspond to the C=C stretching vibrations of the
aromatic ring structure. Peaks at 692732, 779, 793, and
801 cm ™' correspond to the C-H in-plane bending vibrations of
the aromatic ring.”
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The FTIR spectrum for the hydrogel of SA-CMC loaded with
ZnO NPs and NAA hormone (Fig. 6) shows a peak at 3445 cm ™,
which corresponds to the -OH stretching in H,O molecules. The
peak observed at 2930 cm™" can be attributed to asymmetric
CH, stretching, while the peak at 1636 cm ™" can be attributed to
-COO asymmetric stretching vibrations, resulting from the
dissociation of the carboxylic acid groups in sodium alginate,
CMC and NAA hormone. The peak at 1384 cm ™' indicates the
symmetric bending vibrations of -COO groups.” The peak at
1122 em ™' could be attributed to the C-O-C stretching vibra-
tions, while the peak at 742 cm™" can be attributed to the ring-
in-plane vibrations in aromatic compounds, likely correspond-
ing to the aromatic structure of naphthalene acetic acid, indi-
cating its presence in the hydrogel bead.”®”® The peak at
420 cm ! could be assigned to the metal oxygen vibrations,
indicating the stretching mode of Zn-0.7?

The FTIR spectrum of the SA-CMC loaded with ZnO NPs,
NAA and KCI (Fig. 6) depicted a broad peak at 3425 cm ™", cor-
responding to the —-OH stretching vibrations.” The peak at
2930 cm ™' can be assigned to the asymmetric CH, stretching,
while the peak at 2359 cm " indicates the presence of CO,,
which can occur as a byproduct of the reactions that occurred.
The peak observed at 1632 cm ™' can be attributed to the -COO
asymmetric stretching vibrations from carboxylic acid or
carboxylate groups present in SA, CMC and NAA.”” The peak at
1459 ecm™' can be associated with the symmetric bending
vibrations of —-COOH, indicating the presence of ionized
carboxylic acid groups, whereas the peak at 1018 cm ™' is likely
related to C-O-C stretching vibrations, which can arise from
ether or alcohol functionalities from sodium alginate and
CMC.””7® The peak at 667 cm™ ' was attributed to the metal
oxygen vibrations, indicating the stretching mode of Zn-0.7?
However, a characteristic peak for KCl is not observed in the
spectrum, which could be due to its ionic nature. The over-
lapping nature of some peaks due to the complex interactions
between and among the components of the hydrogel bead could
be reflected in the absence of a sharp, characteristic peak
attributed to KCl which can be verified by other means of
characterizations, such as SEM-EDX, which confirmed the
elemental composition, detecting K in the sample.

3.3 Study of the swelling capacity of the synthesized
hydrogel beads

The swelling capacity of the hydrogel was compared with that of
the hydrogel synthesized only with SA and CMC polymers cross-
linked with CaCl,. As illustrated in Fig. 7, the swelling capacity
of both hydrogels increased with time and reached an equilib-
rium swelling capacity, which was maintained until the end of
the experimentation period. The SA-CMC polymer-only hydro-
gel attained its equilibrium swelling capacity on day 7 with
a 31.25%, while the hydrogel reached its maximum on day 14
with a reported swelling capacity of 202.04% with a slight
decrement observed on day 21 (195.01%); otherwise, a stable
state of swelling capacity was observed until the end of the
experimentation period.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Swelling capacity of the (A) hydrogel and (B) SA-CMC beads.

Swelling capacity is mainly determined by the structure of
the hydrogel, polymerization process, concentration of the
cross-linking agent and particle size of the hydrogel, with the
concentration of the cross-linking agent having the most
impact.®* SA and CMC are polymers rich in carboxylic groups,
making them hydrophilic and enabling the absorption of large
amounts of water and swelling. Upon crosslinking, Ca®" ions
bind to the carboxylate groups in SA and CMC via strong ionic
interactions, forming a 3D network. Studies show swelling
inversely relates to the crosslinker concentration; at higher
cross-linking, pore spaces are reduced as the number of cross-
links in the polymer chain increases. The swelling capacity of
SA-CMC beads is significantly lower than that of hydrogel
beads, which is consistent with the observation that pure SA-
CMC beads exhibit higher cross-linking, resulting in limited
porosity. A homogeneous Ca** cross-linking reduces the surface
area for water penetration, whereas hydrogel beads exhibit an
increased swelling capacity, which increases approximately to
202.04% after 14 days.*

The higher swelling behavior of hydrogel beads can also be
attributed to the incorporation of ZnO NPs into the beads, as
they introduce nanopores and surface roughness, increasing
water diffusion pathways.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, K' ions from KCl encapsulated in the polymer
matrix of the hydrogel beads have a lower charge density than
Ca>, forming weaker ionic bonds that allow greater chain
flexibility and swelling. Literature states that monovalent
cations having a lower charge with a large ionic radius impart
a positive influence, resulting in maximum swelling; in
contrast, cations with a bivalent charge and small ionic size
impart a comparatively negative influence, resulting in less
swelling.®® The cations exhibit swelling in the following order:
K" >Na* >Ca®" >Mg”".%* Since both Ca** ions and K" ions are
present in the hydrogel beads, competitive ion exchange
between K and Ca®" reduces the effective crosslinking density.
The resulting crosslinked network is less rigid than that of SA-
CMC beads with greater chain flexibility. Limited swelling
(31.25%) of SA-CMC beads cross-linked with CaCl, could be
attributed to their dense network and lack of additional
porosity, enhancing components in contrast to the hydrogel
beads.

3.4 Biodegradability test for the synthesized hydrogel beads

As depicted in Fig. 8, the hydrogel beads exhibited an increasing
degradation with significant weight loss over time, as such
12.26% after 24 hours, accounting for the initial swelling and
erosion of the beads, while 53.16% after 5 days, indicating the
breakdown of the polymer network, 85.46% at the end of day 10,
illustrating a substantial matrix disintegration and 95.01% after
15 days, nearing complete degradation while 99.98% at the end
of day 20, indicating almost total bead disintegration. This
rapid and near-complete degradation within 20 days suggests
that the hydrogel matrix is biodegradable, satisfying the
objective of ensuring biodegradability in the synthesized
hydrogel beads.

In Fig. 9, the optical microscopy images further confirmed
the degradation process. Initially, on day 0, the beads appeared
with smooth and undamaged surfaces, and on days 5 and 10,
the beads showed shrinkage and irregularities consistent with
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Fig. 8 Weight loss percentages of hydrogel beads for the period of 20
days.
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Fig.9 Optical microscopy images (40x) of three replicate hydrogel beads (A-C) taken from the same sample during the 20-day soil-burial test

(n=3).

weight loss and swelling of the beads. By day 15, the beads were
substantially reduced in size and even exhibited fragmentation.
By day 20, shapes were visible with irregularities and almost
complete disintegration, confirming the weight loss data.
Increased brittleness was observed in the beads over time, as
they were buried under soil for a longer period, resulting in
chipping at the edges of the beads, which became visible by day
20.

These observations are consistent with the reported studies,
where Passauer et al. confirmed that after 14 days, significant
biodegradation was observed in a quantitative biodegradation
test done for lignin-based hydrogel using biomineralization.®*
Additionally, Gabriel et al. demonstrated that by day 18,

22596 | RSC Adv, 2025, 15, 22587-22604

discoloration and shriveling of the hydrogel were observed in
the soil biodegradability test done for sodium-CMC/SA/
hydroxypropyl cellulose hydrogel film.*

Swelling capacity and biodegradation rate are said to have
a complementary relationship, as degradation commences with
the occurrence of hydrolysis, which is continued by the activity
of microorganisms. Additionally, the porous structures of
hydrogels allow for the leakage of water and microorganisms,
facilitating the successful degradation of hydrogels.*® In this
study, swelling capacity and degradation were computed as
202.04% and 95.01%, respectively (by day 14 and day 15), which
is consistent with the earlier reported finding. This observation
was further supported by the fact that the growth cycle of chili

© 2025 The Author(s). Published by the Royal Society of Chemistry
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was completed after 28 days of fertilizer application. Essentially,
the first plucking was done on day 28, thus encapsulated

nutrients were effectively released while beads were
biodegraded.
3.5 Quantification of Zn and K contents of the synthesized

hydrogel beads

Upon analyzing the results of AAS, it was quantified that in
a hydrogel sample of 104.40 mg, nutrients K and Zn were
present in a total mass of 14.96 £+ 0.13 mg and 1.82 + 0.00 mg,
accounting for a total nutrient % content of 14.33% and 1.74%,
respectively.

Released K amount (%)

7 14
Time (days)

View Article Online
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The AAS results showed the successful loading of ZnO NPs
and KCI into the synthesized hydrogel beads. The loaded K
content is much higher than that of Zn, as a macronutrient, an
increased presence of K is needed compared to the micro-
nutrient Zn. However, the weight% of Zn is relatively low, which
could be increased to ensure that the content does not exceed
the critical Zn level to be non-toxic to the plant.

3.6 Release of nutrients in water at pH 7.2

The K release profile in Fig. 10(A) exhibited fluctuations over the
21-day period, with release percentages of 9.79% in 24 hours,
decreasing to 5.48% in 7 days, then increasing to 16.19% in 14
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Fig. 10 Pattern of the release of the hydrogel in water showing the variation of (A) K ion% and (B) Zn ion% in water in a period of 21 days, and (C)
cumulative percentage release of the nutrients with time in water, compared with the total amount released within the experimentation period.
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days, followed by a decline to 2.81% in 21 days. In matrix-type
hydrogels, such as the synthesized hydrogel in this study,
nutrient release is governed by various mechanisms, such as
diffusion, swelling or degradation in the polymer. At instances
where diffusion alone is the driving factor for the release of
encapsulated nutrients, the concentration gradient between the
medium and the polymer network causes water molecules to
diffuse through the hydrogel network, carrying and facilitating
nutrient transport. In contrast, fluctuations observed in the
release profiles support the fact that release is not solely gov-
erned by the concentration gradient, suggesting that this
behavior is consistent with the characteristics observed in the
non-Fickian (anomalous) diffusion, where the release mecha-
nism involves a collective effort of polymer chain relaxation and
diffusion.®®* However, the mechanism followed in release
behavior should be further investigated by fitting the data to
a semi-empirical kinetic model, like the Korsmeyer-Peppas
model.*”

The zinc release in Fig. 10(B) from the synthesized hydrogel
showed low cumulative percentages at the measured intervals:
2.73% at 24 hours, decreasing to 1.30% at 7 days, increasing
again to 2.35% at 14 days, and then decreasing slightly to 1.81%
at 21 days. This overall low and fluctuating release profile
indicates a very slow and controlled zinc diffusion from the
hydrogel matrix. The SA-CMC hydrogel crosslinked with Ca**
forms a dense, highly crosslinked network hindering the
mobility and immediate release of zinc ions from ZnO NPs to
the surrounding medium. Additionally, the initial burst release
could be attributed to the fact that ZnO NPs, held in the SA-CMC
matrix by weak interactions, are released initially to the
medium, followed by a decrease in release on day 7. Again, on
day 14, an increase is observed, followed by a slight decline on
day 21. This observation can be explained by the fact that the
hydrogel undergoes swelling over time, which by day 14 shows
a swelling capacity exceeding 200% (202.04%); hence, ZnO NPs
in the deeper layers of the hydrogel beads are released into the
medium. Moreover, slight re-adsorption occurrences might
have caused the zinc ions to temporarily re-associate with the
hydrogel matrix, resulting in these fluctuations. Similar obser-
vations were reported in the release study of zinc and copper
metals from an alginate-based hydrogel nanofertilizer.*

Swelling is a characteristic feature of hydrogels, which plays
a pivotal role in nutrient release. When hydrogels are added to
water, they absorb water, eventually turning into a swollen gel.
Initially, the fertilizers in the outer layer of the hydrogel are
readily dissolved in water, resulting in an increase in nutrient
content in the release medium, which is consistent with the
observations for the K and Zn release in this study. A concen-
tration gradient for fertilizers occurred at this instance, causing
them to be released to the water medium. However, the complex
internal morphology and porous structure in the polymer
matrix may hinder this sustained release, which could be
attributed to the fluctuations observed for the nutrient release
profiles in this study.®

Upon understanding the swelling dynamics of the synthe-
sized hydrogel, the increased swelling capacity on days 7 and 14
at 129.72% and 202.04%, respectively, indicates that the
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hydrogel swelled more between days 7 and 14, thereby
increasing the diffusion of K and explaining the higher release
on day 14. Conversely, reduced swelling by day 21 might have
caused a slight decrease in K release. Similarly, the release
profile of Zn was 1.30%, 2.35%, and 1.81% on days 7, 14 and 21,
respectively, which can be attributed to the swelling dynamics
observed. Additionally, Ghobashy et al. reported similar release
profiles for nitrogen and phosphorous from a multifunctional
poly(vinyl pyrrolidone)-based superabsorbent hydrogel, where
occasional decreases in release profile were observed.*

Fig. 10(C) shows the percentage release of nutrients in water
with time, compared to the total amount of these metals
released in water within the experimental period. These obser-
vations reveal that more than 40% of the total released nutrient
content, which was released throughout the experimentation
period, occurred within the first 14 days. The increased release
could be attributed to the fact that nutrients in deeper layers
were released into the water as swelling occurred simulta-
neously; by day 21, almost complete release was observed as the
crosslinked network gradually degraded, allowing the remain-
ing nutrients to diffuse out. This observation is in good agree-
ment with the degradability study, which showed that by day 20,
99.98% of the hydrogel was degraded.

However, both nutrients showed an initial burst release,
followed by a sustained phase with slight fluctuations, fulfilling
the objective of a slow-release fertilizer for agricultural appli-
cations. Moreover, the swelling-controlled release mechanisms
have improved nutrient availability, paving the way for efficient
and sustainable fertilizer applications.

3.7 Encapsulation efficiency of NAA hormone

Encapsulation efficiency of the NAA hormone in hydrogel beads
is 92.53%, which is a considerably higher value. This could be
attributed to the compact structure formed by the SA-CMC
matrix upon crosslinking with saturated CaCl,. Ionic cross-
linking between alginate and Ca”" forms an “egg-box” structure,
effectively entrapping the NAA hormone and preventing
leakage.®” Higher encapsulation efficiency can also be assigned
to the mechanical strength gained by encapsulating nano-
particles. As reported by Mandal et al., the incorporation of
nanoparticles positively affects the characteristics of the poly-
mer network, optimizing water retention and mechanical
strength, eventually allowing the nutrients and agrochemicals
encapsulated within the matrix to be released in a sustained
manner.®¢

3.8 Release of NAA hormone in water

The release of NAA showed a gradual increase (Fig. 11(A)), which
peaked at 450 minutes, with 58.12% of NAA being released. The
first half of the graph illustrates this “initial burst release”,
which provides an initial dose of NAA to the plants after
application. This behavior can be explained by the fact that
a considerable amount of NAA is adsorbed onto the outer
surface or loosely bound to the outer layers of the hydrogel
beads.?® In the second half, a sustained release is observed with
slight fluctuations until day 14. From day 1 to day 14, the almost
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Fig. 11
minutes.

stationary phase visible could be due to the release attaining
a temporary equilibrium, where the rate of NAA diffusion
matches its availability within the matrix. However, the fluctu-
ations observed could be due to the hormone either degrading
or an amount of the hormone being re-adsorbed into the
polymer matrix with the increased concentration of hormone in
water. It is possible that components of the hydrogel, apart from
NAA, which will also be released with time, could have acted as
chelating agents, destroying the original structure of NAA.
Additionally, other released components could be forming
complexes with released NAA, which results in decreased
detection of the released NAA within this time.

Observations from days 1 to 14 ensure the steady and slow-
release behavior of the hormone, further optimizing the
formulation of hydrogel beads to achieve either a higher total
release or more prolonged release duration of NAA. However,
within 4 weeks after applying the hydrogel, the first plucking of
chili harvest was obtained, supporting the suitability of this
hydrogel.

The phase during which the exponential behavior of NAA
was observed from 20-450 minutes was fitted into different
kinetic models. According to Table S2,1 the R* values obtained
by fitting the exponential phase to the zeroth order, first order,
Korsmeyer-Peppas and Higuchi models (Fig. S3t) suggested
that the first half of the NAA release fits best with the Higuchi
model, as it has the highest value for R* (0.97). This indicates
that diffusion is the primary mechanism governing NAA release
during this phase, and the cumulative amount of nutrient
released was proportional to the square root of time, reflecting
a diffusion-controlled process based on Fick's law.”* The NAA
release accelerated during this exponential phase, as illustrated
in Fig. 11(B), which might be due to the increased diffusion of
NAA from the deeper layers of the hydrogel matrix. This model
further assumes a uniform initial concentration of the nutrient,
constant diffusivity, and a perfect sink condition where the
released nutrient is immediately removed from the release
site.'>*

However, in a study carried out by Vlahovicek-Kahlina et al.,
where chitosan/alginate microcapsules were loaded with novel
synthesized PGRs, their release profiles were illustrated,
exhibiting a rapid initial PGR release, followed by a slower

© 2025 The Author(s). Published by the Royal Society of Chemistry
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release with its kinetics according to the Korsmeyer-Peppas
model.*® Additionally, another study, which used slow-released
NPK fertilizer encapsulated by NaAlg-g-poly(AA-co-AAm)/MMT
superabsorbent nanocomposites, showed that the release of
fertilizers followed the Fickian diffusion mechanism, and the
release data in both water and soil fitted well with Higuchi and
Korsmeyer-Peppas models.*>

This dual-phase release makes the synthesized hydrogel an
effective fertilizer for agricultural use, ensuring both immediate
and an extended period of availability of plant hormones. It is
observed on day 21 that there is a significant increase in release,
which could be due to the degradation of the hydrogel, reported
as 99.98% by day 20, which could have caused the deeply
embedded hormone molecules to leave the polymer matrix.
This degradation could cause the matrix to have expanded
pores in the beads, increasing the diffusion rate of the
hormone. However, by the end of day 21, 76.99% of NAA has
been released, which signifies that incorporating the NAA
hormone into the hydrogel bead is effective as a slow-release
fertilizer. The remaining percentage of NAA, which has not
been released, could be due to some NAA being tightly bound
within the matrix region or present in more tightly crosslinked
areas, making NAA difficult to release. By day 20, the hydrogel is
almost completely degraded, implying that after day 20, the
remaining NAA entrapped within should be released.

3.9 Statistical analysis of the plant assessment

A statistical analysis was performed by analysis of variance
(ANOVA), and the significant difference of each sample was
analyzed by Tukey pairwise comparison at a significance level of
0.05. Tables S3 and S4} present the mean value + SD (n = 6)
with Tukey's HSD letter annotations for the observed parame-
ters, while Fig. S5 and S61 graphically represent the statistical
difference between treatments along with the Tukey HSD letter
annotations.

3.9.1 Study of the effect of hydrogel beads on the height of
plants. The ANOVA test results confirmed that T5 had a signif-
icant effect on plant height over time. Week 0 showed no
significant difference among all treatments as expected, due to
the fertilizers not being applied in week 0. In week 1, T5 was
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significantly taller than T0, while the other treatments showed
no significant differences from either treatment group. From
weeks 2-4, T5 consistently recorded the highest heights,
significantly exceeding TO and sometimes T1 and T2, T1-T4
were generally grouped as “ab-bc”, indicating intermediate
performance.

The pronounced height increases in T5 relative to T2 and TO
suggest that the plants in the T5 group uptake nutrients more
effectively, supporting the evidence of improved NUE with
encapsulated components. It is understood that T5 significantly
enhanced plant height from week 1 onwards, while other
formulations led to moderate but not consistently superior
growth.

3.9.2 Study of the effect of hydrogel beads on the number
of branches of plants. T5 has shown the highest branching
count, significantly greater than TO and T1. Treatments T2-T4
are intermediate, not significantly different from T5. The
synergistic effect of the formulation could be attributed to this
observation, positioning T5 as an effective treatment compared
to all other treatments.

3.9.3 Study of the effect of hydrogel beads on the number
of flowers of plants. The plant group treated with T5 has
significantly outperformed TO, while the T1-T4 treatments have
clustered in the “ab” group, overlapping with both, indicating
no significant difference from either.

3.9.4 Study of the effect of hydrogel beads on the number
of pods of plants. The number of pods was the highest in T5,
followed by T2, T3 and T4, which were not significantly different
from each other and T1 and TO, which had significantly fewer
pods.

3.9.5 Study of the effect of hydrogel beads on the yield of
plants. The plant group treated with T5 had the highest yield,
which was significantly greater than that of T0 and T1. Yields for
T2, T3, and T4 are not significantly different from each other
but are higher than that of TO.

The results clearly demonstrate that the T5 treatment
(hydrogel formulation of SA-CMC-NAA-ZnO NPs-KCl) leads to
significantly improved plant performance across the measured
parameters-branching, flowering, pod formation, and yield-
compared to both the control (T0) and conventional K fertil-
izer (T1). The consistent superiority of T5, as shown by its
unique statistical grouping, highlights the efficacy of this
multifunctional formulation. The intermediate performance of
T2, T3, and T4 suggests that each component contributes to
improved plant performance, but the addition of KCI in T5
provides an additive or synergistic effect, maximizing the
benefits. This aligns with the fact that integrating nanotech-
nology, plant growth regulators and targeted nutrient delivery
can enhance plant development beyond what is achievable with
traditional fertilizers alone.

It is observed that the boosted performance of T5 likely
stems from improved NUE. The economic value of plants like
chili is mainly dependent on the crop yield; hence, improved
yield and a probable higher NUE from the T5 hydrogel formu-
lation are promising for sustainable agriculture by improving
crop productivity and potentially minimizing the environ-
mental impact caused by traditional fertilizers alone. It is
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imperative to direct future studies focusing on long-term field
trials, economic feasibility and agronomic benefits of synthe-
sized formulations like T5.

4. Conclusion

In the pursuit of sustainable agricultural practices, this study
demonstrated that synthesizing a biopolymer-based integrated
hydrogel formulation holds significant value for improving crop
yield in short-term crops, such as chili, as well as diminishing
the negative consequences caused by traditional fertilizers. ZnO
NPs, KCl and NAA hormone were successfully encapsulated into
the synthesized hydrogel matrix, where their swelling capacity,
biodegradability and the release profiles of nutrients and
hormone were studied. The synthesis of ZnO NPs was per-
formed through a surfactant-assisted, co-precipitation method,
and the characterization was done via XRD, SEM and FTIR
analyses. The synthesized hydrogel was characterized via FTIR
and SEM analysis, where the presence of ZnO was confirmed by
FTIR and the presence of Zn was confirmed by SEM-EDX anal-
yses. The presence of K and NAA was confirmed by AAS and UV-
vis spectrophotometry, respectively. The encapsulation of NAA
along with ZnO NPs and KCI showcased the potential of the
synthesized hydrogel formulation as a plant protection product
rather than a traditional fertilizer. The biodegradability study
verified the eco-friendliness of the synthesized hydrogel, posi-
tioning it as a sustainable option. The swelling capacity study
demonstrated that the hydrogel showed a remarkable increase
in swelling compared to the SA-CMC polymer-only hydrogel
bead, implying that the encapsulation improved the water-
absorbing capacity of the hydrogels.

The release profiles verified a slow-release pattern of the said
nutrients and hormone. The synthesized hydrogels were
applied to chili plants, focusing on their flowering and fruiting
stages; the results of statistical analysis suggested that the
height, number of branches, flowers, pods and yield had
increased mean values in the plant group treated with the
integrated hydrogel formulation. Statistical significance was
observed in the number of flowers between the hydrogel-treated
plant group (T5) and all other treatments. A significant differ-
ence in yield value was observed in the hydrogel formulation
(T5)-treated plant group compared to other treatments, indi-
cating its potential as a sustainable alternative to obtain an
increased fruit yield. Furthermore, it was noted that the poly-
meric network complex could be further developed for multi-
functional hydrogel formulations, which can provide nutrients
and hormones in a sustained manner for other growth stages as
well as for improved agricultural productivity.
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