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Abstract

The development of sustainable microbial delivery systems is essential for improving the
efficiency and stability of bioinoculants in agricultural applications. In the present study, a
biodegradable sodium alginate—starch—polyvinyl alcohol (PVA) hydrogel system was
developed for encapsulation of Trichoderma longibrachiatum using the ionic gelation method.
The prepared hydrogel beads were characterized for their physicochemical, morphological, and
structural properties to evaluate their suitability as controlled-release carriers for fungal
bioinoculants. The encapsulated beads exhibited uniform spherical morphology, high moisture
retention, enhanced swelling behavior, and high encapsulation efficiency. Scanning electron
microscopy revealed porous and interconnected surface architecture favorable for water
diffusion and gradual microbial release. FTIR and XRD analyses confirmed successful
polymer blending, intermolecular interactions, and the predominantly amorphous nature of the
hydrogel matrix.The encapsulated formulation maintained high fungal viability during storage
and demonstrated sustained release of viable propagules into soil over time. The plant growth-
promoting efficacy of the encapsulated Trichoderma formulation was evaluated using
Capsicum annuum under pot culture conditions and compared with slurry and untreated control
treatments. Plants treated with encapsulated hydrogel beads showed significant improvement
in morphological parameters, including plant height, leaf number, leaf area, and biomass
accumulation. Enhanced stomatal characteristics and increased chlorophyll and carotenoid
contents indicated improved photosynthetic performance in treated plants. In addition,
encapsulated 7richoderma significantly reduced reactive oxygen species and lipid peroxidation
while enhancing antioxidant enzyme activities, including superoxide dismutase, catalase,
ascorbate peroxidase, and guaiacol peroxidase. The reduction in oxidative stress was
accompanied by increased protein accumulation and improved physiological stability. The
results demonstrate that the sodium alginate—starch-PVA hydrogel system provides an
efficient and eco-friendly platform for sustained delivery of Trichoderma inoculants. The
synergistic interaction between the biodegradable polymer matrix and fungal bioinoculant

improved microbial survival, controlled release behavior, antioxidant defense, and plant



growth promotion, highlighting its potential application in sustainable agriculture and

environmentally friendly crop production systems.

Keywords: Trichoderma longibrachiatum; hydrogel beads; sodium alginate; starch; polyvinyl
alcohol; encapsulation; controlled release; antioxidant enzymes; Capsicum annuum;

sustainable agriculture



1. Introduction

The increasing global demand for sustainable agricultural production, coupled with the
environmental concerns associated with excessive use of chemical fertilizers and pesticides,
has accelerated the search for eco-friendly alternatives capable of improving crop productivity
while preserving soil health. Beneficial microorganisms have emerged as important biological
tools in sustainable agriculture because of their ability to enhance nutrient availability, suppress
plant pathogens, and improve plant stress tolerance. Among them, Trichoderma species are
considered one of the most effective plant growth-promoting fungi owing to their
multifunctional role in biological control, rhizosphere colonization, and stimulation of plant

growth and defense responses [1].

Trichoderma spp. improve plant performance through several interconnected mechanisms.
These fungi exhibit strong antagonistic activity against phytopathogens through
mycoparasitism, secretion of hydrolytic enzymes, production of antifungal metabolites, and
competition for nutrients and ecological niches [2]. In addition, Trichoderma enhances nutrient
acquisition by solubilizing phosphate and improving micronutrient availability through
siderophore production. The fungi are also known to produce phytohormones and volatile
organic compounds that stimulate root architecture, nutrient uptake, and plant biomass
accumulation [3]. Furthermore, 7richoderma can induce systemic resistance and enhance
antioxidant defense pathways, thereby improving plant tolerance against environmental stress
and oxidative damage [4]. Because of these combined beneficial properties, Trichoderma has
gained considerable attention as a biofertilizer, biostimulant, and biological control agent in

modern agriculture.

Despite these advantages, practical application of Trichoderma-based formulations in
agricultural systems remains challenging because microbial propagules often exhibit poor
survival under environmental conditions. Conventional application methods such as slurry
inoculation or direct soil incorporation frequently result in rapid decline in fungal viability due
to desiccation, ultraviolet radiation, temperature fluctuations, and competition with indigenous
soil microorganisms [5]. Consequently, the long-term effectiveness of microbial inoculants
becomes limited under field conditions. Therefore, development of advanced delivery systems
capable of protecting microbial cells and ensuring sustained release in the rhizosphere is

essential for improving the agricultural performance of fungal bioinoculants [6].



Encapsulation technology has recently emerged as an effective strategy for enhancing the
stability, viability, and controlled release of beneficial microorganisms. Encapsulation involves
entrapping viable microbial cells within a polymeric matrix that protects them from adverse
environmental conditions while enabling gradual release into soil [7]. Among various
encapsulating materials, sodium alginate has been extensively investigated because of its
biocompatibility, biodegradability, non-toxicity, and mild ionic gelation properties. However,
alginate-only beads often suffer from poor mechanical stability, excessive shrinkage during
drying, and rapid degradation under environmental conditions. To overcome these limitations,
several studies have explored composite polymeric systems containing additional biopolymers

and synthetic polymers for improved structural integrity and sustained release performance.

Recent studies have demonstrated the effectiveness of polymer-assisted encapsulation systems
for Trichoderma delivery. Alginate—gelatin systems enhanced moisture retention and conidial
stability during storage [6, 8]. The incorporation of starch into alginate systems improves
porosity, water retention capacity, swelling characteristics, and controlled-release behavior, all
of which are critical for sustained microbial delivery in agricultural soils [9]. Nevertheless,
reports on starch—alginate-PVA composite hydrogel systems specifically designed for

Trichoderma encapsulation remain comparatively limited.

In the present study, a biodegradable sodium alginate—starch—-PVA hydrogel system was
developed for encapsulation of Trichoderma longibrachiatum using ionic gelation. The
prepared hydrogel beads were characterized for their physicochemical, morphological, and
structural properties, including swelling behavior, encapsulation efficiency, SEM, FTIR, and
XRD analysis. Furthermore, the viability, storage stability, and controlled-release behavior of
the encapsulated fungal propagules were evaluated. The plant growth-promoting efficacy of
the encapsulated formulation was assessed in Capsicum annuum through analysis of
morphological growth parameters, stomatal traits, photosynthetic pigments, reactive oxygen
species, antioxidant enzyme activities, and protein accumulation. The study highlights the
synergistic role of biodegradable polymeric matrices and fungal bioinoculants in developing
environmentally sustainable agricultural delivery systems with enhanced microbial stability

and prolonged physiological benefits.

2. Materials and Methods



2.1 Materials

Sodium alginate, polyvinyl alcohol (PVA), soluble starch, carboxymethyl cellulose (CMC),
glycerol, calcium chloride dihydrate (CaClz:2H-0), chitosan, glutaraldehyde, dextrose, agar,
and other analytical-grade chemicals used in this study were procured from HiMedia
Laboratories (India). All reagents and solvents used were of analytical grade and were used
without further purification. Potato dextrose agar (PDA) and Potato dextrose broth (PDB)

media were prepared manually.
2.2 Microbial Culture and Maintenance

The fungal strain used in this study was Trichoderma longibrachiatum, obtained from M. S.
Swaminathan Research Foundation, Jeypore, Koraput. The culture was maintained on
manually prepared potato dextrose agar (PDA) plates and subcultured periodically to maintain
viability and purity. The inoculated PDA plates were incubated at 28 + 2°C for 5-7 days until
sufficient fungal growth and green sporulation were observed. For mass cultivation, actively
growing fungal plugs from PDA plates were aseptically transferred into manually prepared
potato dextrose broth (PDB) and incubated statically at 28°C for 5—7 days until dense fungal
growth and conidial formation were observed. After incubation, fungal spores were harvested
from the broth culture using an ultrasonic cell crusher operating at 40 kHz to obtain a
homogeneous spore suspension. The resulting spore suspension was used for subsequent
encapsulation studies. The approximate spore concentration was adjusted to ~107 spores mL™*

prior to encapsulation experiments.
2.3 Preparation of Trichoderma Encapsulated Hydrogel Beads

Hydrogel beads containing Trichoderma longibrachiatum spores were prepared using the ionic
gelation method [10-12]. A homogeneous spore suspension of Trichoderma (~107 spores
mL™") was mixed thoroughly with the optimized sodium alginate—starch—PVA—glycerol
polymer solution under aseptic conditions to ensure uniform distribution of fungal spores
within the polymer matrix. A 0.5 M calcium chloride (CaCl.) solution was prepared separately
and used as the ionic cross-linking solution. The polymer mixture was then loaded into a sterile
syringe fitted with an approximately 0.8 mm nozzle. The solution was extruded dropwise from
a height of approximately 4-5 cm into the calcium chloride solution under gentle magnetic
stirring. Upon contact with the CaClz solution, instantaneous ionic gelation occurred due to
cross-linking between calcium ions and sodium alginate, resulting in the formation of spherical

hydrogel beads. The formed beads were allowed to remain in the cross-linking solution for 30
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min to ensure complete curing and structural stabilization. Following gelation, the hydrogel
beads were collected by filtration and washed three times with sterile distilled water to remove
excess calcium ions and unreacted residues. The washed beads were then air-dried at room
temperature (28 + 2°C) for 24 h until constant weight was achieved. The dried beads were
subsequently used for further characterization and controlled release studies. The dried
encapsulated beads were subsequently used for characterization, viability analysis, controlled

release studies, and plant growth assessment.

2.4 Physicochemical Characterization of Hydrogel Beads
2.4.1 Bead Size and Weight Measurement

The freshly prepared and dried hydrogel beads were characterized based on their diameter and
weight. The diameter of randomly selected beads was measured using a digital Vernier caliper,
while the weight of fresh and dried beads was determined using an analytical balance.
Measurements were carried out in triplicate and the average values were recorded for further

analysis.
2.4.2 Moisture Content Analysis

The moisture content of the hydrogel beads was determined by measuring the difference
between the fresh and dried weights of the beads. Initially, the freshly prepared beads were
weighed (Wf) and subsequently air-dried at room temperature (28 = 2°C) until constant weight
was achieved. The dried beads were then weighed again (Wd). The moisture content of the

hydrogel beads was calculated using the following equation:

We —W,
f d

——x 100
W,

f

Moisture Content (%) =

where, Wy= weight of fresh beads; W,;= weight of dried beads
2.4.3 Swelling Ratio Determination

The swelling behavior of the hydrogel beads was evaluated to determine their water absorption
capacity. Dried hydrogel beads of known weight (Wd) were immersed in distilled water at

room temperature (28 £ 2°C) for 72 h. After immersion, the swollen beads were carefully



removed, excess surface water was gently blotted using filter paper, and the swollen weight

(Ws) was recorded immediately.

The swelling ratio of the hydrogel beads was calculated using the following equation:

. . Ws — Wy
Swelling Ratio (%) = ————— x 100

Wq
where, W= weight of swollen beads; W,;= weight of dried beads.
2.4.3 Encapsulation Efficiency

The encapsulation efficiency of Trichoderma longibrachiatum spores within the hydrogel
beads was determined to evaluate the effectiveness of the encapsulation process. A known
quantity of freshly prepared hydrogel beads was crushed aseptically using sterile distilled water
with the help of a sterile mortar and pestle to release the entrapped fungal spores from the
polymeric matrix. The obtained suspension was serially diluted and plated on potato dextrose

agar (PDA) plates for colony-forming unit (CFU) analysis.

The inoculated plates were incubated at 28 + 2°C for 5-7 days, after which the viable fungal
colonies were counted. Encapsulation efficiency was calculated by comparing the number of
viable spores recovered from the hydrogel beads with the initial number of spores added to the

polymer solution prior to encapsulation.
The encapsulation efficiency (EE) was calculated using the following equation:

EE(%) = Number of encapsulated viable spores < 100
(%) = Total number of spores initially added

2.5 Morphological Characterization

2.5.1 Optical Microscopy

The morphological characteristics of the prepared hydrogel beads were initially examined
using an optical microscope. Fresh and dried Trichoderma-encapsulated hydrogel beads were
observed under different magnifications to evaluate bead shape, surface appearance, structural

uniformity, and distribution of fungal spores within the polymer matrix. The images obtained



were used to assess the overall morphology and integrity of the hydrogel beads after the

encapsulation process.
2.5.2 Scanning Electron Microscopy (SEM) Analysis

The surface morphology and microstructural characteristics of the hydrogel beads were
analyzed using Scanning Electron Microscopy (SEM). Prior to analysis, the dried hydrogel
bead samples were mounted onto aluminum stubs using double-sided conductive carbon tape
and sputter-coated with a thin layer of gold to improve electrical conductivity and image
resolution. SEM imaging was performed under an accelerating voltage of 10—15 kV at
different magnification ranges to evaluate surface texture, porosity, cracks, structural integrity,
and homogeneity of the hydrogel matrix. The obtained micrographs were used to investigate
the presence of pores and surface irregularities that may influence swelling behavior,
encapsulation efficiency, and controlled release of entrapped Trichoderma spores. The porous
and interconnected surface architecture observed in the hydrogel beads was considered

beneficial for gradual microbial release and water diffusion within the polymeric matrix.
2.6 Structural Characterization
2.6.1 X-ray Diffraction (XRD) Analysis

The crystalline nature and structural properties of the prepared hydrogel beads were
investigated using X-ray diffraction (XRD) analysis. The diffraction patterns were recorded
over an appropriate 20 scanning range to determine the degree of crystallinity, amorphous
characteristics, and possible intermolecular interactions among sodium alginate, starch, PVA,

glycerol, and the encapsulated 7richoderma spores.

The XRD profile was further analyzed to identify changes in polymer arrangement and
structural modifications after hydrogel formation and encapsulation. The presence of broad
diffraction peaks indicated the predominantly amorphous nature of the hydrogel matrix, which

is considered favorable for swelling behavior, flexibility, and controlled release applications.
2.6.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed to identify the
functional groups present in the hydrogel beads and to evaluate possible chemical interactions
among sodium alginate, starch, PVA, glycerol, and Trichoderma spores within the polymeric

network. The dried hydrogel bead samples were analyzed over a scanning range of 4000—400



cm™'. The obtained FTIR spectra were used to identify characteristic absorption peaks
corresponding to hydroxyl (—OH), carboxyl (—-COOH), and other functional groups involved
in intermolecular hydrogen bonding and ionic cross-linking within the hydrogel matrix. Shifts
in absorption peaks and variations in peak intensity were analyzed to confirm successful

polymer blending and encapsulation of Trichoderma within the hydrogel system.

2.7 Viability Study of Encapsulated Trichoderma

The viability of Trichoderma longibrachiatum spores entrapped within the hydrogel beads was
evaluated to determine the efficiency of the encapsulation system in preserving microbial
survival during storage. The dried hydrogel beads were stored under sterile conditions at room
temperature (28 + 2°C) in airtight containers until further analysis. Viability analysis was
carried out at different storage intervals (10, 15, 20, 25, 30, 35, 40, and 45 days). For each
interval, a known quantity of dried hydrogel beads was aseptically weighed and gently crushed
using a sterile mortar and pestle in sterile distilled water to release the entrapped fungal spores
from the polymeric matrix. The resulting suspension was serially diluted up to 10~ dilution
using sterile distilled water. Subsequently, 100 pL aliquots from the appropriate dilution were
spread plated onto manually prepared potato dextrose agar (PDA) plates under aseptic
conditions. The inoculated plates were incubated at 28 + 2°C for 5—7 days until visible fungal
colonies appeared. Following incubation, viable colonies of Trichoderma were counted and
expressed as colony-forming units per gram of hydrogel beads (CFU g' bead). The persistence
of fungal growth on PDA plates at different storage intervals confirmed the retention of
viability of encapsulated Trichoderma spores within the hydrogel matrix during the storage

period.

2.8 Controlled Release Study of Encapsulated Trichoderma

The controlled release behavior of Trichoderma longibrachiatum encapsulated hydrogel beads
was evaluated under soil conditions to investigate the gradual release of viable fungal spores
from the polymeric matrix over time. Dried hydrogel beads containing encapsulated
Trichoderma spores were introduced into sterile autoclaved soil to eliminate interference from
indigenous microbial populations and to ensure that subsequent fungal growth originated
exclusively from the released encapsulated spores. The soil samples containing hydrogel beads
were incubated at room temperature (28 £+ 2°C) under sterile conditions. Soil samples were

collected at different sampling intervals (10, 15, 20, 25, 30, 35, 40, and 45 days). At each
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sampling interval, approximately 1 g of soil was aseptically collected and suspended in sterile
distilled water to obtain a homogeneous soil suspension. The suspension was thoroughly
vortexed and serially diluted up to 107¢ dilution using sterile distilled water. Subsequently, 100
puL aliquots from appropriate dilutions were spread plated onto manually prepared potato
dextrose agar (PDA) plates under aseptic conditions. The inoculated PDA plates were
incubated at 28 + 2°C for 57 days to allow fungal growth and colony development. Following
incubation, the number of viable fungal colonies was recorded and expressed as colony-
forming units per gram of soil (CFU g' soil). The appearance and gradual increase in fungal
colonies over the incubation period confirmed the sustained and controlled release of viable
Trichoderma spores from the hydrogel beads. The release profile obtained from CFU
enumeration indicated diffusion-mediated gradual release of fungal propagules from the
hydrogel matrix, demonstrating the suitability of the encapsulated system for sustained

microbial delivery in agricultural applications.
2.9. Pot Experiment for Plant Growth Assessment

The plant growth-promoting potential of Trichoderma longibrachiatum encapsulated hydrogel
beads was evaluated through a controlled pot experiment using Capsicum annuum (green
chilli) as the model plant system. Three experimental treatments were designed to compare the
effect of free fungal inoculum and encapsulated fungal formulation on plant growth
performance. Plastic pots (approximately 15 cm diameter x 12 cm height) were filled with
sterile garden soil and maintained under controlled environmental conditions. Each treatment
was carried out in triplicate. Equal numbers of healthy Capsicum annuum seeds were sown in
each pot. The soil used for the experiment consisted of garden soil with adequate drainage and
moisture-holding capacity. For T2 treatment, freshly prepared Trichoderma slurry was
incorporated into the soil prior to sowing, whereas T3 treatment received the prepared
Trichoderma-encapsulated hydrogel beads. T1 served as the untreated control. All pots were
maintained under natural photoperiod conditions with regular irrigation to maintain adequate
soil moisture throughout the experimental period. The plants were grown under ambient

laboratory conditions (28 + 2°C) and monitored periodically.
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2.9.1 Plant Growth Parameters

Plant growth parameters were evaluated at weekly sampling intervals during the experimental
period. At each interval, plants from each treatment were carefully uprooted and analyzed for
morphological and physiological characteristics. Different parameters such as shoot length
(cm), root length (cm), number of leaves, biomass (g) were evaluated. Fresh biomass was
recorded immediately after harvesting using an analytical balance. For dry biomass
determination, plant samples were dried at room temperature until constant weight was
achieved. Growth parameters obtained from different treatments were compared to evaluate

the effectiveness of encapsulated Trichoderma hydrogel beads in promoting plant growth.
2.9.2 Chlorophyll Estimation

Total chlorophyll content was estimated spectrophotometrically using fresh leaf tissue.
Approximately 0.1 g of fresh leaf sample was homogenized in chilled 80% acetone for pigment
extraction. The homogenate volume was adjusted to 2 mL and centrifuged at 3000 rpm for 10
min. The clear supernatant obtained was used for spectrophotometric analysis [13]. Absorbance
values were recorded at wavelengths of 645 nm and 663 nm using a UV—Visible

spectrophotometer. Chlorophyll content was calculated using the following equations:
Chl a = 229(A645) - 468(A663)
Chl b = 127(A663) - 269(A645)

Total Chlorophyll = 20.2(Ag45) + 8.02(Age3)

Carotenoids (ng/ml) = (1000A470 - 3.27[Chl a] - 104[Chl b])/227

The chlorophyll content was expressed as pg mL™" extract.

4.9.3 Measurement of reactive oxygen species in lemongrass:

4.9.3.1 Hydroxyl radical

To determine the production of OH, a deoxyribose assay was performed according Qadir et al.,
[14]. Fresh leaf samples (0.1 g) were homogenized in 2 ml of 50 mM sodium phosphate buffer
pH 7.0 and centrifuged at 22,000xg for 10 minutes at 4°C. A reaction mixture containing 1ml
of supernatant, 0.8 ml of 2.5 mM 2-deoxyribose and 0.2 ml of 2 mM FeSOs, was incubated for
1 hour in dark. This was followed by the addition of 1 ml. of 0.25 % thiobarbituric acid prepared
in 10 % trichloro acetic acid (TCA). The contents were boiled for 20 minutes and cooled
immediately for 20 minutes in an ice bath and centrifuged at 3000xg for 10 minutes. After

centrifugation, absorbance was recorded at 532 nm in a spectrophotometer.
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4.9.3.2. Super oxide production

Superoxide anion production rate was measured by monitoring the nitrite formation from
hydroxylamine in the presence of O»- as described by Wu et al., [15]. Segment of 0.5g were
harvested from the mid section of the flag leaf and were homogenized at 4°c with 3 ml of 65mM
potassium phosphate buffer (pH 7.8) containing 1% (w/v) polyvinylpyrrolidone and
centrifuged at 5000xg and 4°c for 15 minutes. The supernatant (0.5 ml.) was mixed with 0.5
ml of 65 mM potassium phosphate buffer (pH 7.8) and 0.1 ml of 10 mM hydroxylamine
hydrochloride, and then incubated at 25° for 30 minutes. The incubated solution (1ml) was
added to 1 ml of 58 mM 3-aminobenzene soltonicacid and 1 ml of 7 mM 1-naphthylamine, and
then further kept at 25°C for 20 minutes. The absorbance was recorded at 530nm. A standard
curve was use to calculate the O production rate from the reaction equation at Oz with
hydroxylamine. The values of both MDA content and O production rate were determined.
4.9.3.3. Hydrogen peroxide content

H>0, was measured by the method of Cai et al. [16]. Leaf tissue (0.25 g) was homogenized in
10 ml of 0.1% w/v aquous TCA and centrifuge at 10000 rpm for 30 min at 4°c. The reaction
mixture consist of 0.5 ml of leaf extract with 0.5 ml of 100 mM KPO4 buffer and 2 ml of KI
reagent (1M KI). Then it was incubated for one hour in dark and subsequently the absorbance
was measured at 390 nm. The concentration of H>O> calculated having the standard curve of
H>0,. Hydrogen peroxide was measured spectrophotometrically after reaction with KI. The

blank consist of 0.1% of TCA without leaf extract.

2.9.4 Antioxidant Enzyme Assays and protein content

For this purpose, fresh samples of leaves (500 mg) collected from different treatments were
homogenized in 10 mL ice-cold 50 mM potassium phosphate buffer (pH 7.8) containing 1.0
mM EDTA, 1.0 mM ascorbate, 10% (w/v) sorbitol, and 0.1% Triton X-100. The homogenate
was centrifuged at 15,000 % g for 20 min at 4°C, and the supernatant obtained was used as
crude enzyme extract. All enzymatic analyses were carried out under cold conditions (0—4°C).
All these steps were conducted under cold conditions (0-4°C) (Joana Machado, 2023). Total
soluble protein concentration in the extract was quantified according to Lowry et al. [17]
procedure, using bovine serum albumin as standard. Activities of antioxidant enzymes were
spectrophotometrically determined using appropriate standard procedures with minor
modification. Superoxide dismutase (SOD; EC 1.15.1.1) activity was determined based on
inhibition of photochemical reduction of nitro blue tetrazolium (NBT). Absorbance was

measured at 560 nm using a UV—Visible spectrophotometer. One unit of SOD activity was
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defined as the amount of enzyme required to inhibit 50% NBT reduction [1]. Catalase (CAT;
EC 1.11.1.6) activity was estimated spectrophotometrically by monitoring the decomposition
of hydrogen peroxide (H20:). The decrease in absorbance was recorded at 240 nm. Enzyme
activity was calculated using the extinction coefficient of H20: [1]. Ascorbate peroxidase
(APX; EC 1.11.1.11) activity was determined by monitoring the oxidation of ascorbate in the
reaction mixture. The decrease in absorbance was measured at 290 nm and enzyme activity
was calculated using the extinction coefficient for ascorbate oxidation [1]. Guaiacol peroxidase
(GPX) activity was determined based on guaiacol oxidation in the presence of hydrogen
peroxide. The increase in absorbance due to tetraguaiacol formation was measured at 470 nm
[1]. The activity of the enzymes was determined based on the fresh weight of the tissue, and
all analyses were repeated three times to ensure consistency. The chosen antioxidant enzymes
(SOD, CAT, APX, and GPX) are some of the main players in the ROS scavenging process, an
analysis often conducted to determine plant tolerance against environmental stress (Sivasamy

etal., 2022).
2.10 Statistical Analysis

All experiments were conducted in triplicate and the obtained data were expressed as mean +
standard deviation (SD). Statistical analysis was performed using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test to determine significant differences

among treatments. Differences were considered statistically significant at p < 0.05.

3. Results and Discussion

3.1.1 Morphology of Trichoderma encapsulated Hydrogel Beads

The sodium alginate—starch—PV A—glycerol polymer blend successfully formed spherical
hydrogel beads through the ionotropic gelation method upon extrusion into calcium chloride
solution. When the polymer droplets came into contact with the CaCl: solution, immediate
bead formation was observed, indicating rapid ionic crosslinking between calcium ions and the
carboxyl groups of sodium alginate. This rapid gelation process resulted in the formation of
mechanically stable hydrogel beads with uniform morphology and good structural integrity.
The fabricated hydrogel beads exhibited distinct morphological changes between fresh and
dried states (Figure 1A-D). Fresh unloaded hydrogel beads appeared translucent white,
smooth, and spherical with relatively uniform size distribution (Figure 1A). Following drying,

the unloaded beads showed a reduction in size and slight surface shrinkage due to dehydration
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of the hydrogel matrix (Figure 1B). Encapsulation of Trichoderma longibrachiatum within the
polymer matrix resulted in the formation of green-colored beads owing to the presence of
fungal conidia dispersed throughout the hydrogel network (Figure 1C). The fresh encapsulated
beads retained their spherical morphology and showed good mechanical stability without
rupture during handling. After drying, the encapsulated beads exhibited darker coloration,
reduced diameter, and increased rigidity along with slight surface irregularities caused by

moisture loss and contraction of the polymeric structure (Figure 1D).

The observed bead formation and structural stability were mainly attributed to the presence of
sodium alginate, which acted as the primary crosslinkable polymer responsible for gel network
formation. Calcium ions from the CaCl. solution interacted with guluronic acid residues of
alginate chains, producing an "egg-box" structure that facilitated rapid hydrogel formation and
enhanced bead integrity, as extensively documented for alginate-based encapsulation systems
[18]. The incorporation of starch and PVA into the alginate matrix further improved the
stability and flexibility of the hydrogel system. Starch contributed to enhanced hydrophilicity
and water retention properties of the beads, an effect previously demonstrated in alginate-starch
composite systems for biofertilizer delivery [19]. The blending of alginate with gelatinized
starch increased the complexity of the matrix network through hydrogen bonding interactions,
which in turn helped beads retain their spherical shape after drying [18, 19]. Meanwhile, PVA
promoted intermolecular hydrogen bonding interactions within the polymer matrix, thereby
increasing mechanical strength and reducing structural collapse during drying [20]. Studies
have shown that the addition of PVA to alginate-based systems results in a threefold
improvement in the shear modulus of the resulting copolymeric hydrogel, owing to the

formation of multiple hydrogen bonds between PV A chains and alginate fibers [20].

In addition, glycerol functioned as a plasticizing agent that improved elasticity and flexibility
of the hydrogel network. The presence of glycerol minimized excessive brittleness and
cracking during dehydration by enhancing polymer chain mobility and moisture retention
within the matrix [21]. Research has shown that glycerol and calcium have a synergic effect on
the mechanical properties of crosslinked alginate systems, and that calcium and glycerol
concentrations exhibit a combined effect that cannot be predicted by studies varying only one
parameter [22]. Furthermore, glycerol addition enhances the water retention ability of dried gel
beads and increases the proportion of tightly bound water, thereby improving the tolerance of

gel beads to drying [21]. The presence of fillers and glycerol in alginate beads has also been
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shown to reduce collapse and roundness distortion during the drying process, further

contributing to structural preservation [21].

The combined sodium alginate—starch—PV A—glycerol formulation therefore generated a stable
and hydrated three-dimensional polymeric network suitable for efficient encapsulation and
sustained delivery of Trichoderma spores for agricultural applications. The encapsulation
of Trichoderma spp. in alginate-based beads represents an eco-friendly strategy for promoting
sustainable agriculture [7]. The observed morphological characteristics and structural integrity
of the fabricated hydrogel beads are consistent with previous reports on alginate-starch-PVA

composite systems for the encapsulation of beneficial microorganisms [23].

PO SV §

Figure 1 (A-D). Morphological appearance of hydrogel beads at different stages: (A) Fresh
unloaded hydrogel beads; (B) Dried unloaded hydrogel beads; (C) Fresh Trichoderma-
encapsulated hydrogel beads; (D) Dried Trichoderma-encapsulated hydrogel beads.

3.2 Physicochemical Characterization of Hydrogel Beads

3.2.1 Bead Diameter and Weight Analysis

The fabricated hydrogel beads exhibited good structural integrity and uniform spherical
morphology following calcium-mediated ionic gelation. Comparative analysis between control
hydrogel beads (C) and Trichoderma-encapsulated hydrogel beads demonstrated noticeable
differences in physicochemical characteristics (Figure 2B). The fresh diameter of the
encapsulated hydrogel beads was significantly higher (6.0 + 0.3 mm) than that of the control
beads (5.0 = 0.2 mm), indicating that incorporation of fungal spores and additional polymeric

interactions contributed to increased bead size. The increase in size upon encapsulation likely
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resulted from the additional solid content and the formation of supplementary intermolecular
hydrogen bonds between the fungal cell wall components and the polymer matrix, which
expanded the hydrogel network. However, after drying, both formulations exhibited substantial
reduction in diameter due to dehydration-induced shrinkage of the hydrogel matrix. The dried
control and encapsulated beads exhibited diameters of approximately 0.9 £ 0.05 mm and 1.0 +
0.04 mm, respectively. Studies have documented that the incorporation of starch as a filler can
help maintain bead sphericity and create smooth surfaces on the beads [24]. Starch also acts as
a viscosifier that restricts excessive bead swelling while simultaneously improving structural
integrity and reducing the porous nature of the alginate network, thereby enhancing the
mechanical stability of the beads during drying. The combination of the "egg-box" structure of
calcium-crosslinked alginate with the reinforcing effects of starch and PVA resulted in a
compact polymeric matrix that, despite experiencing significant volume reduction, maintained

its spherical morphology and structural stability without complete collapse [24].

3.2.2 Moisture Content of Hydrogel Beads

Moisture content analysis revealed substantially higher water retention in the Trichoderma-
encapsulated hydrogel beads compared to the control beads (Figure 2A). The encapsulated
hydrogel beads exhibited moisture content of 86.17 & 1.8%, whereas the control hydrogel beads
retained comparatively lower moisture content (63.0 = 2.1%). The encapsulated hydrogel beads
retained approximately 23% higher moisture content than the control beads, indicating that
incorporation of Trichoderma spores improved the water-holding capacity of the hydrogel
matrix. The enhanced moisture retention may be attributed to the hydrophilic nature of sodium
alginate, starch, and PVA, whose hydroxyl-rich structures facilitate hydrogen bonding
interactions with water molecules. Similarly, SA/CNF/PV A-based hydrogels have been shown
to exhibit significantly higher water-retention capacity in both deionized water and mixed soil
compared to alginate alone [25]. Furthermore, the sodium alginate—starch—PV A network likely
formed a compact and stable matrix capable of retaining higher amounts of bound water [26].
In addition, glycerol acted as an effective plasticizer and moisture-retaining agent that
minimized excessive dehydration during drying by stabilizing the polymeric network through
hydrogen bonding interactions [21]. High moisture retention is particularly advantageous for
microbial encapsulation systems because adequate hydration supports the survival and
metabolic stability of entrapped fungal spores during storage and application [12]. Studies on

Trichoderma-encapsulated granules have demonstrated that the synergistic interaction between
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alginate and starch enhances conidial viability during the drying process. The optimized
formulation was able to maintain viable cell concentrations above 10¢® CFU/g for up to 14

months under room-temperature storage conditions [12].

3.2.3 Swelling Behavior of Hydrogel Beads

The swelling behavior of the hydrogel beads was evaluated after immersion in distilled water
for 72 h, and the encapsulated hydrogel beads exhibited remarkably higher swelling ratio
compared to the control beads (Figure 2A). The swelling ratio of the Trichoderma-
encapsulated hydrogel beads reached 233 + 5.4%, whereas the control beads exhibited only 61
+ 3.2% swelling. This substantial difference demonstrates that the presence of encapsulated
fungal propagules significantly alters the hydration dynamics of the hydrogel matrix. The
enhanced swelling behavior may be associated with strong hydrogen bonding interactions
among sodium alginate, starch, and PVA, resulting in increased hydrophilicity and water
absorption capacity of the hydrogel network. The synergistic effect of these three polymers
creates a highly hydrophilic environment with numerous available binding sites for water
molecules. Furthermore, the incorporation of glycerol likely enhanced flexibility and porosity
of the polymeric matrix, thereby facilitating efficient diffusion and retention of water
molecules. Studies on alginate—-PV A—glycerol composite hydrogels have documented swelling
ratios similar to those observed in the present study, confirming that the ternary polymer system
exhibits superior water absorption compared to alginate alone. High swelling capacity is
considered highly beneficial for controlled release systems because it promotes gradual
diffusion and sustained release of encapsulated microbial propagules into the surrounding soil
environment. The swelling behavior also ensures that the beads remain hydrated and functional
under fluctuating environmental moisture conditions. Alginate-based encapsulation provides a
supportive environment for 7. viride germination, with mycelia penetrating out of the
microspheres. The formulation shows great potential for plant protection and nutrition, offering

controlled release and sustained delivery [27]

3.2.4 Encapsulation Efficiency of Trichoderma Spores

The sodium alginate—starch—PV A hydrogel system successfully entrapped viable Trichoderma
longibrachiatum spores within the polymeric matrix, resulting in high encapsulation efficiency
(Figure 2C). The encapsulated hydrogel beads demonstrated an encapsulation efficiency of

approximately 87.0 = 2.0%, indicating effective immobilization and stabilization of fungal
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propagules during the ionic gelation process. Combined biopolymer matrices provide superior
microbial entrapment by offering a stable hydrophilic network that protects the cells during the
encapsulation process. [28]. Similarly, a study on alginate—starch interactions by Locatelli et
al. [12]confirmed chemical interactions between the alginate matrix and polymers, which
stabilize formulations and keep Trichoderma viable during production and storage . lonic
gelation is widely used for cell immobilization because of its mild conditions and rapid
crosslinking. A study by Lotfalinezhad et al. [29] on alginate-microencapsulated 7.
harzianum used the ionic gelation method and achieved an encapsulation efficiency of 99%,
demonstrating the effectiveness of this trapping mechanism. The inclusion of PVA has been
shown to increase the mechanical strength of alginate beads, reducing the likelihood of bead
rupture during handling and processing, which in turn minimizes spore loss [30]. Starch
addition contributes to the formation of a more tortuous network that physically impedes spore
escape. The high encapsulation efficiency achieved in this study therefore confirms the
suitability of the developed hydrogel formulation as a biodegradable carrier system for

sustained delivery and long-term stabilization of beneficial fungal inoculants for agricultural

applications.
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Figure 2. Physicochemical characterization of control hydrogel beads (C) and Trichoderma-
encapsulated hydrogel beads. (A) Moisture content and swelling ratio of hydrogel beads after
72 h immersion in distilled water; (B) Fresh and dry bead diameter analysis; (C) Encapsulation
efficiency of Trichoderma longibrachiatum spores within the hydrogel matrix. Data are

represented as mean + standard error (SE) from three independent experiments.
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3.3 Morphological Characterization

3.3.1 Scanning Electron Microscopy (SEM) Analysis

Scanning electron microscopy (SEM) analysis was performed to investigate the surface
morphology, porosity, and structural characteristics of the developed hydrogel beads at
different magnifications (Figure 3). The SEM micrographs revealed that the encapsulated
beads possessed a predominantly spherical morphology with a compact outer surface (Figure
3a). The surface appeared relatively smooth at lower magnification, indicating uniform bead
formation during the ionotropic gelation process. At intermediate magnification (Figure 3b),
the bead surface exhibited fine granular irregularities and micro-roughness, which may
enhance water absorption and facilitate interaction with the surrounding environment. Such
surface roughness is considered beneficial for rapid hydration and swelling behavior of the
hydrogel matrix. Similar findings have been reported for alginate-based systems, where
blending with secondary polymers like PVA and starch results in a granular surface topography
and influences the release behavior of encapsulated bioactive agents [31]. Studies have also
shown that loading with Trichoderma spores can reduce microparticle surface roughness,
which may contribute to the observed surface features [31]. Higher magnification images
(Figure 3c) demonstrated the presence of pores, folds, and localized surface cracks within the
polymeric structure. The porous architecture likely originated from solvent evaporation and
polymer rearrangement during the drying process [32]. These microstructural features are
advantageous for controlled-release formulations, as they facilitate diffusion of water into the
matrix and gradual release of encapsulated 7richoderma propagules. The observed pore
structure may also improve oxygen transfer and moisture retention, thereby supporting spore
viability during storage and application. It coincides with the previous studies where it was
found that the addition of PVA in polymer blend induces formation of internal pores due to the

crystallization of PVA [33].

3.4 Structural Characterization of Hydrogel Beads

3.4.1 X-ray Diffraction (XRD) Analysis

The X-ray diffraction (XRD) patterns of the developed hydrogel beads are presented in Figure
X. The diffraction profile exhibited a broad peak centered around 26 = 19-20°, indicating the
predominantly amorphous nature of the alginate—starch—-PV A hydrogel system. The reduction
in sharp crystalline peaks suggests that polymer blending disrupted the ordered crystalline
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regions of the individual components, resulting in a more homogeneous amorphous matrix.
The amorphous characteristics confirm effective intermolecular interactions among sodium
alginate, starch, and PVA through hydrogen bonding and polymer chain entanglement [19].
Such structural modification is advantageous for hydrogel-based encapsulation systems
because amorphous matrices generally exhibit improved flexibility, swelling capacity, and
diffusion behavior compared to highly crystalline materials. In addition to the broad amorphous
peak, a distinct sharp diffraction peak was observed around 20 = 27-28°, which may be
attributed to residual calcium salts or crystalline calcium compounds formed during the ionic
cross-linking process with calcium chloride [34]. Similar sharp peaks associated with calcium

residues have also been reported in cross-linked alginate-based hydrogels [34].
3.4.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis

The FTIR spectra of control and Trichoderma-encapsulated hydrogel beads were recorded in
the 3800-9700 cm ™' range (Figure 3-iii). Both formulations exhibited similar spectral profiles,
with a broad O—H stretching band (3800-3000 cm™), aliphatic C—H stretches (3000-2800
cm'), and a complex fingerprint region (1500-500 cm™) corresponding to C—O and C-O-C
vibrations of alginate, starch, and PVA. The encapsulated beads showed slightly higher
normalized absorbance in the O—H/N—H region (1.00 at 3800 cm™ vs. 0.99 in control) and
minor variations in the 1500-1000 cm™ region, indicating successful incorporation of fungal
biomass. The FTIR spectra of the developed hydrogel beads exhibited characteristic absorption
bands confirming the presence of all constituent polymers. The broad absorption band in the
3800-3000 cm™ region is attributed to O—H stretching vibrations of hydroxyl groups from
sodium alginate, starch, PVA, and glycerol. Specifically, the hydroxyl stretching band of PVA
and sodium alginate typically appears around 3233 cm'. The peaks observed in the 3000-2800
cm ™! range correspond to aliphatic C—H stretching from the PVA backbone and the carboxyl
groups of alginate. The presence of these characteristic peaks collectively confirms the
successful incorporation of all polymer components into the hydrogel matrix. Comparison of
the control and encapsulated bead spectra reveals subtle but significant differences, particularly
in the O-H/N-H stretching region (3800—-3000 cm™). The slightly higher absorbance in the
encapsulated formulation is attributed to the additional N—H stretching contributions from
chitin and proteins present in the Trichoderma longibrachiatum conidia cell walls. Similarly,
a previous study on alginate-based encapsulation systems for Trichoderma species reported
intermolecular interactions between alginate functional groups and the polymer matrix,

confirming successful encapsulation and stabilization of fungal propagules [35]. Similar FTIR-
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based interactions between Trichoderma and alginate microspheres were previously reported
by Lotfalinezhad et al. [36], where FTIR analysis confirmed interactions between 7. harzianum
and alginate microcapsules following ionic gelation encapsulation. The presence of
characteristic functional groups of each polymer component, along with evidence of
successful Trichoderma spore encapsulation without adverse chemical interactions, validates

the suitability of the developed formulation for agricultural bioinoculant delivery applications
[12].
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Figure 3. Morphological and structural characterization of encapsulated Trichoderma hydrogel
beads: (i) SEM micrographs showing (a) overall bead morphology, (b) surface morphology,
and (c) internal porous structure; (ii) FTIR spectra of control and encapsulated Trichoderma
beads indicating characteristic peak shifts and intermolecular interactions after encapsulation;
and (ii1)) XRD patterns demonstrating structural modification and reduced crystallinity of the

encapsulated beads compared to the control sample.
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3.5 Storage Stability and Viability Analysis of Encapsulated Trichoderma

Results

The storage stability of encapsulated Trichoderma longibrachiatum was evaluated by
determining viable fungal counts (CFU g™ bead) during storage. The encapsulated hydrogel
beads maintained high fungal viability throughout the experimental period, indicating effective
preservation of fungal propagules within the polymer matrix. The viable count was recorded
as 8.7+ 0.03 X 10’CFU g bead on Day 10, which gradually decreased to 8.4 +
0.02 x 1070on Day 25 and 8.3 + 0.02 x 10’CFU g bead on Day 35. The minimal reduction
in viability demonstrates the ability of the hydrogel formulation to maintain fungal survival
during prolonged storage. The sustained viability of encapsulated Trichoderma may be
attributed to the protective effect of the alginate—starch—-PV A hydrogel matrix, which provided
a favorable microenvironment for fungal survival. The moisture-retaining nature of the
hydrogel likely reduced desiccation stress and maintained metabolic stability of the fungal
propagules during storage. In addition, the hydrogen-bonded polymeric network and calcium-
mediated crosslinking contributed to structural stability, thereby protecting the encapsulated
spores from environmental fluctuations [37]. Previous studies have similarly demonstrated that
alginate-based encapsulation effectively preserves the viability and structural stability
of Trichoderma spp., with capsules maintaining viability above 1 x 107 CFU mL™" for all
species during long-term storage [37]. Locatelli et al. [12] further reported that alginate-starch
interactions confer greater conidial viability during drying, and the optimal formulation
retained viable cell concentrations above 10° CFU/g for up to 14 months at room temperature
[12]. Lopes et al. [8] showed that freeze-dried alginate beads stored at 8 °C attained viable cell
concentrations of 3.0 x 108 CFU/g after 120 days, and FTIR analysis confirmed interactions
between alginate and the fungal cell wall, reinforcing the protective role of the matrix. The
high viable counts observed even after 45 days in the present study (8.0 x 107 CFU/g) indicate
that the developed hydrogel beads are suitable for long-term storage and agricultural
bioinoculant applications.

3.6 Controlled Release Behavior of Encapsulated 7Trichoderma
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The controlled release behavior of encapsulated Trichoderma longibrachiatum was evaluated
by estimating viable fungal populations released into soil. The hydrogel beads exhibited
gradual release of viable spores over time, confirming sustained microbial delivery from the
polymer matrix. The viable count in soil increased from 2.8 + 0.15 X 106CFU g soil on Day
10 to 6.2 4+ 0.18 X 10°CFU g soil on Day 25 and further reached 7.8 + 0.18 X 10°CFU g
soil on Day 35. The progressive increase in fungal population indicates continuous release of
viable propagules from the swollen hydrogel network into the surrounding soil environment.
The gradual increase in fungal population within the soil suggests a diffusion-mediated release
mechanism from the hydrogel beads. Upon exposure to soil moisture, swelling of the alginate—
starch—-PV A matrix likely facilitated pore expansion and enhanced diffusion of encapsulated
spores into the surrounding medium. Studies on alginate-based encapsulation have
demonstrated that conidial release is influenced by exposure time, with the highest release
typically observed under neutral pH conditions [37]. The sustained increase in soil CFU counts
observed over the 45-day period is consistent with previous findings that Trichoderma is
gradually released from polymer matrices, with populations reaching a maximum within 30
days and remaining viable for extended periods [38]. The release of active fungi from
formulated preparations to soil is known to be governed by factors such as soil pH, moisture
content, and the entrapped biomass content [38]. Encapsulating Trichoderma spores in a
polysaccharide matrix provides a protective environment that ensures their viability and
facilitates their controlled release into the soil [7]. The controlled release profile further
demonstrates the suitability of the developed hydrogel formulation as an efficient carrier
system for microbial bioinoculants, with potential for prolonged biocontrol activity and plant

growth promotion in field applications.
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Figure 4. Viability, controlled release behavior, and cultural characteristics of encapsulated
Trichoderma longibrachiatum. (a) Storage stability profile showing sustained viability of
encapsulated fungal propagules during 45 days of storage, expressed as CFU g bead. (b)
Controlled release profile demonstrating gradual diffusion-mediated release of viable spores
into soil over 45 days, expressed as CFU g soil. (¢) Morphological growth characteristics of
released Trichoderma colonies on PDA medium confirming successful recovery and viability

of encapsulated fungal spores after release from the hydrogel matrix.
3.6 Plant Growth Promotion Study in Capsicum annuum
3.6.1 Effect on Morphological Growth Parameters

The application of different treatments significantly influenced the morphological growth

parameters of the plants at 10, 20, and 30 days after treatment. Plant height increased
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progressively with the advancement of growth stages in all treatments. The different treatments
significantly influenced plant morphological parameters throughout the experimental period.
Among the treatments, T3 consistently exhibited superior performance, followed by T2, while
T1 recorded the lowest values. Plant height, leaf number, leaf area, and dry biomass increased
progressively from 10 to 30 days after treatment. At 30 days, T3 recorded the maximum plant
height (72.3 £ 3.0 cm), number of leaves (98.4 +3.4), leaf area (56.8 £ 2.7 cm?), and dry weight
(18.9 + 0.5 g), which were significantly higher than T1 (Fig 5(A-D). The enhanced growth
observed in T2 and T3 may be attributed to improved nutrient uptake, enhanced physiological
activity, and increased photosynthetic efficiency, leading to greater biomass accumulation and
vegetative development. The statistically similar responses between T2 and T3 in several
parameters indicate their positive role in promoting plant growth, although T3 consistently
demonstrated comparatively higher efficacy. The enhancement in plant height, leaf number,
and dry weight under T2 and T3 is attributed to the production of the auxin phytohormone
indole-3-acetic acid (IAA) by Trichoderma, which stimulates cell division, elongation, and
overall plant development [39]. Furthermore, Trichoderma species can solubilize soil
nutrients, particularly phosphate, making them more available to plants, and produce
siderophores that chelate iron, thereby improving micronutrient acquisition. These combined
effects directly contribute to the enhanced root and shoot growth observed in the treated plants
[40]. The observed improvements in plant growth and biomass align with the established
multifunctional mechanisms by which Trichoderma species promote plant development. The
superior performance of encapsulated 7richoderma (T3) over both the control and the slurry

treatment (T2) highlights the advantages of this delivery system.
3.6.2 Effect on stomatal traits

Different treatments significantly affected stomatal and leaf physiological parameters at 10, 20,
and 30 days after treatment. All parameters, including stomatal density (SD), stomatal size
(SS), specific leaf area (SLA), and stomatal index (SI), increased progressively with plant
growth. Among the treatments, T2 consistently recorded the highest values, followed by T3,
while T1 showed the lowest performance. At 10 days, T2 showed maximum SD (328.6 + 11.2),
SS (402.1 £ 8.6), SLA (0.049 = 0.003), and SI (6.5 = 0.4), indicating enhanced stomatal
development compared to T1. Similar trends were observed at 20 and 30 days, where T2
maintained significantly higher values for all parameters. At 30 days, the highest SD (628.0 +
12.6), SS (506.2 +£9.3), SLA (0.076 = 0.003), and SI (8.5 = 0.7) were observed in T2 (Fig 5(E-

H). The increased stomatal density, stomatal index, and leaf area in treated plants suggest
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improved gas exchange, photosynthetic activity, and nutrient utilization. T3 also improved the
parameters compared to T1, although the effect was lower than T2. Overall, the results indicate
that T2 was most effective in enhancing stomatal characteristics and leaf physiology, thereby
promoting better plant growth and physiological efficiency. A study on soybean plants reported
that inoculation with Trichoderma spp. induced an increase in the stomatal index on the abaxial
leaf surface, as well as an increase in the thickness of the mesophyll and the spongy
parenchyma [41]. Similarly, in tomato plants subjected to low-temperature stress, inoculation

with Trichoderma asperellum was found to increase leaf stomatal density indices [42].
3.6.3 Effect on Leaf pigment content

The application of Trichoderma longibrachiatum significantly enhanced the photosynthetic
pigment content of tomato plants at 10, 20, and 30 days after treatment (DAT). Both slurry
(T2) and encapsulated bead formulations (T3) recorded significantly higher chlorophyll and
carotenoid concentrations compared to the untreated control (T1), with T3 consistently
exhibiting the highest values. At 10 DAT, chlorophyll a increased from 1.84 £ 0.09 mg g™' fwt
in T1 to 2.42 £ 0.10 mg g fwt in T3, while total chlorophyll increased from 2.46 = 0.11 to
3.36 £ 0.12 mg g! fwt. Carotenoid content also increased markedly in treated plants. Similar
trends were observed at 20 and 30 DAT, where T3 recorded the maximum chlorophyll a (3.45
+ 0.17 mg g! fwt), total chlorophyll (4.71 + 0.20 mg g' fwt), and carotenoids (0.256 + 0.02
mg g fwt) (Fig. 5 (I-L).

The observed pigment enhancement is consistent with established Trichoderma mechanisms.
The significant elevation in chlorophyll a, chlorophyll b, and carotenoids in T2 and T3 aligns
with reports of Trichoderma spp. increasing the synthesis of these pigments [43].
Specifically, Trichoderma enhances the uptake of essential macro (P, K, Ca) and
micronutrients (Zn, Fe, B), and produces phytohormones like IAA, which influences plant
development [44]. The superior performance of the encapsulated treatment (T3) over the slurry
(T2) at later intervals likely results from the alginate-starch-PV A matrix providing a protective
environment and facilitating controlled conidial release into the soil [7], a system known to
promote more sustained physiological benefits [37]. The elevated chlorophyll content directly
correlates with improved photosynthetic activity, which is strongly associated with increased
plant height, leaf number, leaf area, and biomass [7]. Thus, the enhanced pigment profile in T3

demonstrates the viability of this encapsulated formulation as an effective tool for sustainable
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agriculture, capable of delivering prolonged physiological benefits beyond a single slurry

application.
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Figure 5. Effect of different Trichoderma formulations on morphological traits, stomatal characteristics, and pigment content of Capsicum annuum at 10, 20, and 30 days after
treatment. Morphological parameters included (A) plant height, (B) number of leaves per plant, (C) leaf area, and (D) dry weight. Stomatal traits included (E) stomatal density,
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content. T1 represents control plants, T2 represents slurry formulation-treated plants, and T3 represents encapsulated Trichoderma bead-treated plants. Values are presented as
mean + standard deviation (n = 3). Different letters above bars indicate significant differences among treatments at p < 0.05.



3.6.4 Levels of reactive oxygen species in plants

The changes in reactive oxygen species (ROS) and lipid peroxidation in Capsicum annuum
plants grown in soil supplemented with Trichoderma hydrogel beads, Trichoderma slurry, and
control treatments are presented in Table 1. Lipid peroxidation status in plants under different
treatments was assessed by measuring the MDA content. Compared with the control treatment
(T1), a significant reduction in MDA levels was observed in plants treated with Trichoderma
slurry (T2) and Trichoderma hydrogel beads (T3) at all sampling intervals (10, 20, and 30 days)
(p <0.05). At 10 days, the MDA content decreased from 1.84 mM TBA g fwt. in T1 to 0.84
mM TBA g fwt. in T3, indicating nearly a 2.2-fold reduction. Similarly, lower MDA levels
were maintained in T3 at 20 and 30 days, suggesting reduced membrane lipid peroxidation and

oxidative damage in treated plants.

The ROS parameters, including superoxide radical (O:"), hydrogen peroxide (H-0:), and
hydroxyl radical (OH"), also exhibited significant differences among treatments. The
superoxide radical content was significantly reduced in Trichoderma-treated plants compared
to the control. At 10 days, O>" content decreased from 0.121 mM g fwt. in T1 to 0.081 mM
g! fwt. in T3. Similar declining trends were observed at 20 and 30 days. Hydrogen peroxide
content also decreased significantly under Trichoderma treatments, with the lowest value
recorded in T3 (12.3 mM g fwt.) at 30 days compared to T1 (14.5 mM g fwt.). Likewise,
the hydroxyl radical (OH") content showed a marked reduction in treated plants, with T3
consistently recording the lowest values throughout the experimental period. The substantial
decrease in malondialdehyde (MDA) content in T2 and T3 treatments is a key indicator of
reduced membrane lipid peroxidation. MDA is a well-established biomarker of oxidative
membrane damage, and its lower levels suggest that Trichoderma protects cell membranes
from oxidative attack [45]. Elevated MDA levels typically reflect impaired membrane
integrity; conversely, the significant reduction observed in this study indicates superior
membrane stability under Trichoderma colonization [46].The results indicate that
supplementation with Trichoderma, particularly in the form of hydrogel beads (T3), effectively
reduced oxidative stress in Capsicum annuum plants by lowering ROS accumulation and lipid
peroxidation. The gradual decline in ROS and MDA levels over time suggests improved

antioxidant defense and enhanced cellular protection in treated plants.



Table 1. Changes in reactive oxygen species and lipid peroxidation in Capsicum annuum plants
grown in soil supplemented with Trichoderma hydrogel beads, Trichoderma slurry, and control
treatments. O2: Superoxide radical; H.O2: Hydrogen peroxide; OH: Hydroxyl radical; MDA:
Malondialdehyde. Data represent the mean + SD of three replications. Means followed by the
same letter are not significantly different at the 5% level according to Duncan’s Multiple Range

Test (DMRT).

0O: (MM g' H:0: mM g' OH (specific MDA (mM
Days Treatments

fwt.) fwt.) abs. g fwt)  TBA g fwt.)
10 T1 0.121 £0.005*  18.4 +0.6° 246+0.18°  1.84+0.09
T2 0.094 +0.004®  15.7 +0.5 1.86 £0.14>  1.1240.06
T3 0.081 +0.003  13.9 +0.4¢ 142+0.12¢  0.84+0.05
20 T1 0.102+0.004* 16.5+0.5 21440160 1434007
T2 0.086 = 0.003°  14.2 + 0.4 1.69+0.136  0.96+0.05"
T3 0.079 +0.003¢  12.8 + 0.4¢ 1.39+0.11¢  0.71 +0.04¢
30 Tl 0.084 +0.004*  14.5 +0.4° 1.97+0.18°  1.12+0.04°
T2 0.084 +0.002°  13.0+ 0.3 1.75+0.126  0.69 +0.03"
T3 0.078 £ 0.001c  12.3 +0.3¢ 1.38+0.10c  0.61 +0.03¢

3.6.5 Soluble protein and levels of antioxidant enzyme activity plants

The activities of antioxidant enzymes and protein content in Capsicum annuum plants grown
in soil supplemented with Trichoderma hydrogel beads, Trichoderma slurry, and control
treatments are presented in Table 2. Significant variations in antioxidant enzyme activities,
including superoxide dismutase (SOD), ascorbate peroxidase (APX), guaiacol peroxidase
(GPX), catalase (CAT), and total protein content were observed among the treatments
throughout the experimental period (p < 0.05). The activities of antioxidant enzymes increased
significantly in Capsicum annuum plants treated with Trichoderma formulations compared to
the control plants. At 10 days after treatment, SOD activity increased by 36.4% in T3 compared
to the control (T1), while APX activity increased by 73.0%. Similarly, GPX and CAT activities
increased by 72.2% and 54.9%, respectively, in T3 over T1. Protein content also showed a
49.2% increase in T3 compared to the control plants. A similar trend was observed at 20 and
30 days after treatment. At 30 days, SOD activity increased by 13.2% in T3 compared to T1,
whereas APX activity exhibited the highest enhancement with a 149.5% increase. GPX and



CAT activities increased by 14.7% and 21.1%, respectively, while protein content increased

by 11.9% compared to the control plants.

The enhanced activities of antioxidant enzymes in Trichoderma-treated plants suggest
improved cellular defense mechanisms against oxidative stress. SOD plays a crucial role in
scavenging superoxide radicals by converting them into hydrogen peroxide, which is
subsequently detoxified by APX and CAT enzymes. The increased GPX activity further
contributes to the removal of toxic peroxides and protection of cellular membranes. The
elevated protein content observed in treated plants may be associated with improved metabolic
activity, enhanced enzyme synthesis, and better physiological performance. Among the
treatments, Trichoderma hydrogel beads (T3) demonstrated the most pronounced effect in
enhancing antioxidant defense and protein accumulation, indicating that encapsulated
Trichoderma formulations provide prolonged microbial activity and sustained physiological
benefits to plants [7]. These findings suggest that Trichoderma-based hydrogel formulations
can effectively improve oxidative stress tolerance, maintain cellular homeostasis, and promote

overall plant growth and vigor in Capsicum annuum.

Table 2. Changes in antioxidant enzyme activities and protein content in Capsicum annuum
plants grown in soil supplemented with Trichoderma hydrogel beads, Trichoderma slurry, and
control treatments. SOD: Superoxide dismutase; APX: Ascorbate peroxidase; GPX: Guaiacol
peroxidase; CAT: Catalase. Data represent the mean = SD of three replications. Means
followed by the same letter are not significantly different at the 5% level according to Duncan’s

Multiple Range Test (DMRT).

APX (mM GPX M

Days ;l“reatment :‘(‘)lf)wt) (Units Asc min™ g Guaiacol S:DE gt f‘fVAt;A lg’_l;()ft::}ltn) (mg
fwt) min~! g fwt) )
Tl 42.6 +1.8> 0.74 £ 0.04> 0.18£0.01° 3.24+0.18° 12.8+£0.6°
10 T2 56.8+2.12 1.21 £ 0.06 0.29 £ 0.022 4.86 +0.222 18.4+0.8
T3 58.1+£2.0° 1.28 +0.06° 0.31 £0.022 5.02 £ 0.24 19.1 £0.7°
Tl 61.4+23b 0.86 +0.05° 0.24 +0.02° 4.52+0.20° 17.6 £0.7°
20 T2 73.5+£2.6° 1.64 +0.082 0.35+0.022 6.14+0.25 22.5+0.92
T3 752+£2.5 1.72 £ 0.082 0.36 +0.022 6.32 +£0.27° 23.1+0.82
T1 75.6 £ 1.5° 0.93+£0.11° 0.34+£0.02b 5.70 £ 0.56° 21.9+0.7°
* T2 792+ 1.4 1.57+£0.11° 0.37 £ 0.04 6.30 £ 0.282 24.0+1.82
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T3 85.6 £2.5° 2.32+0.302 0.39+0.012 6.90 +£ 0.992 245+ 1.8

3.7 Proposed Mechanism of Plant Growth Promotion by Encapsulated Trichoderma

The encapsulated Trichoderma hydrogel bead system acts as an efficient carrier for the gradual
and sustained delivery of fungal inoculants into the rhizosphere, thereby improving plant
growth and physiological performance in Capsicum annuum. Upon soil application, the
hydrogel matrix absorbs water and swells, creating a moist microenvironment favorable for
fungal survival and activation [7]. The swollen hydrogel beads gradually release
viable Trichoderma propagules into the surrounding soil, ensuring prolonged microbial
availability and sustained rhizosphere colonization [37]. The released Trichoderma effectively
colonizes the root surface and rhizosphere region, enhancing root growth and nutrient
acquisition [47]. Improved uptake of essential nutrients such as nitrogen, phosphorus, and
potassium contributes to increased chlorophyll synthesis, photosynthetic efficiency, and
biomass accumulation [39]. In addition, Trichoderma is known to produce various plant
growth-promoting metabolites, phytohormones, and enzymes that stimulate root development

and overall plant vigor [47]

Encapsulated Trichoderma treatment also enhanced the antioxidant defense system of the
plants by increasing the activities of enzymes such as SOD, APX, GPX, and CAT [48].
Enhanced antioxidant activity reduces the accumulation of reactive oxygen species (ROS)
including superoxide radicals, hydrogen peroxide, and hydroxyl radicals, thereby minimizing
lipid peroxidation and cellular membrane damage [49]. The reduction in oxidative stress
ultimately improves physiological stability and stress tolerance in plants [50]. The hydrogel
matrix and fungal inoculant work synergistically to maintain moisture, protect fungal viability,
and provide controlled release of bioactive propagules over an extended period [37]. This
sustained microbial activity improves soil-root interactions, promotes beneficial rhizosphere
processes, and supports continuous plant growth promotion [51]. Therefore,
encapsulated Trichoderma hydrogel beads represent an effective and eco-friendly strategy for

enhancing plant growth, antioxidant defense, and overall crop productivity [7].

4. Conclusion

The developed sodium alginate—starch—PVA hydrogel system successfully encapsulated

Trichoderma longibrachiatum and demonstrated excellent physicochemical stability, high



encapsulation efficiency, enhanced swelling behavior, and sustained fungal viability during
storage and soil application. Structural characterization confirmed the formation of a stable
amorphous polymeric network with suitable porosity and mechanical integrity for microbial
immobilization and controlled release applications. The encapsulated formulation maintained
prolonged fungal survival and enabled gradual diffusion-mediated release of viable propagules
into the soil, indicating its effectiveness as a controlled delivery system for agricultural

bioinoculants.

Application of the encapsulated 7richoderma significantly improved the growth and
physiological performance of Capsicum annuum plants compared with slurry and untreated
control treatments. Enhanced plant height, leaf number, biomass accumulation, stomatal traits,
chlorophyll pigments, and carotenoid contents indicated improved photosynthetic efficiency
and nutrient utilization. In addition, encapsulated Trichoderma effectively reduced reactive
oxygen species and lipid peroxidation while increasing antioxidant enzyme activities and
protein accumulation, thereby improving oxidative stress tolerance and cellular protection in
plants. The hydrogel bead formulation consistently exhibited superior performance over the
slurry treatment, highlighting the advantage of sustained microbial release and prolonged
rhizosphere colonization. The present study demonstrates that sodium alginate—starch-PVA
hydrogel beads are promising biodegradable carrier systems for the encapsulation and
controlled delivery of beneficial fungal inoculants. The synergistic interaction between the
hydrogel matrix and Trichoderma provides sustained physiological benefits, enhanced
antioxidant defense, and improved plant growth promotion. Therefore, the developed
encapsulated Trichoderma formulation has strong potential for sustainable agricultural

applications as an eco-friendly biofertilizer and plant growth-promoting system.
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