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Abstract

The utilization of microorganisms as biocontrol agents represents a sustainable alternative
to agrochemicals. Trichoderma spp. has been identified as a fungus that promotes plant
growth and suppresses phytopathogens. Nonetheless, conventional commercial formula-
tions are constrained by factors such as their limited shelf life, environmental sensitivity,
and inadequate carrier systems. In this study, Trichoderma harzianum (T22) and T. viride
(T18) strains were encapsulated in a hydrogel composed of chitosan, gelatin, and polyvi-
nyl alcohol, which was prepared by pH-induced gelation via alkaline precipitation. The
characterization of the hydrogels was conducted in several domains. Initially, the water
absorption of the samples was examined at varying pH values. Secondly, the morphology
of the samples was investigated using scanning electron microscopy (SEM) and stereo
microscopy. Thirdly, the chemical interactions in the hydrogels were analyzed by Fourier-
transform infrared spectroscopy (FTIR). The final stage of the experiment involved as-
sessing the degradation behaviour of the hydrogels in both sterile and inoculated soils.
The efficacy of the isolates in protecting chilli plants from Phytophthora capsici was subse-
quently evaluated. As demonstrated in the extant research, encapsulation techniques
have been shown to preserve the viability of fungal organisms and promote their growth
after 10 days of storage at ambient temperature. These effects have been observed to ex-
hibit strain-dependent variations. It is noteworthy that hydrogels loaded with T. viride
(HT18) induced resistance against P. capsici, resulting in complete symptom suppression
and enhanced plant growth, whereas hydrogels loaded with T. harzianum (HT22) showed
no protective effect. These results demonstrate the potential of the hydrogel formulated
with T18 as an effective carrier, as it maintains Trichoderma spp. viability and protects chilli
plants against P. capsici infection.
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1. Introduction

Crop production constitutes the foundation of food and agriculture. Pests and dis-
eases pose a grave threat to food security, trade, and livelihoods worldwide, causing pro-
duction losses of up to 40%. The escalating global demand for food is predominantly at-
tributable to population growth, and projections indicate that by 2050 demand will have
increased by 50% [1]. This increase in demand has led to greater reliance on agrochemicals
to maintain high agricultural productivity. However, a wide variety of soil-borne phyto-
pathogens, such as the oomycete Phytophthora capsici, the causal agent of wilt [2], pose a
serious threat to the yield of a wide variety of solanaceous and cucurbitaceous crops,
mainly chilli peppers (Capsicum spp.). This crop possesses remarkable horticultural, eco-
nomic, medicinal, and nutraceutical value. However, it is highly susceptible to both biotic
and abiotic stressors [3]. P. capsici possesses the capacity to persist in the soil for extended
periods in the absence of host plants through the utilization of oospores, thereby compli-
cating its eradication and management [4].

Agrochemicals, particularly fungicides, have historically played a pivotal role in pre-
serving crop yields. However, concerns about their excessive use have emerged due to
their potential to cause environmental contamination, public health risks, and the devel-
opment of fungal resistance [5]. Moreover, the detrimental effects on non-target organ-
isms have prompted the establishment of more stringent regulations and legal frame-
works governing the utilization of chemical compounds [6,7]. Consequently, farmers are
exploring alternative methods, including biological approaches. Biological control meth-
ods have emerged as a promising avenue for expanding regenerative agriculture practices
[8].

In the context of chilli cultivation, various strains of Trichoderma spp. have been doc-
umented to establish associations with the root system, thereby exerting protective effects
against P. capsici infections. This protection has been associated with biostimulation, re-
sistance induction, and systemic response effects [9,10], but strains with both properties
have also been used [11-13]. However, large-scale production of agro-formulations based
on biofungicides faces considerable challenges. Formulating Trichoderma-based biocontrol
products poses several technical and commercial challenges due to the living nature of
the microorganisms. Maintaining high spore viability and stability throughout storage
and distribution constitutes a significant challenge, as Trichoderma spp. exhibit sensitivity
to environmental factors, including temperature, humidity, oxygen levels, and light ex-
posure. The selection of formulation type (solid, liquid, or granular) significantly influ-
ences shelf life, ease of application, and field performance, often necessitating trade-offs
between stability and practicality [14]. Consequently, there is an imperative to develop
hydrogel-like carriers that facilitate the production of cost-effective, natural, and non-toxic
biological products. The employment of such carriers would enhance the efficacy, longev-
ity, and persistence of biological agents. Furthermore, it would minimize production risks
and protect agents from environmental stressors [15].

The encapsulation of Trichoderma spp. within hydrogels could provide viable and
sustainable solutions for large-scale agricultural applications. The encapsulation of bene-
ficial microorganisms in protective polymer matrices has been shown to enhance the via-
bility of conidia under adverse environmental conditions and stressors [16]. In the pursuit
of sustainable alternatives, gelatin and chitosan, natural biopolymers, along with
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polyvinyl alcohol (PVA), a synthetic biopolymer, have emerged as promising candidates
due to their ecological benefits and cost-effectiveness as carriers for biological control
agents [17].

Gelatin (Gel), a soluble protein derived from the partial hydrolysis of collagen, is
widely used for its high water-holding capacity, ability to form hydrogels, emulsify sys-
tems, and stabilize macromolecules [18]. Chitosan (CTS) is a linear deacetylated polysac-
charide derived from chitin and composed of varying amounts of linked residues (3 1-4)
of N-acetyl-2 amino-2-deoxy-D-glucose (glucosamine, GlcN) and 2-amino residues of 2-
deoxy-D-glucose (N-acetylglucosamine, GlcNAc), which are biodegradable and non-
toxic, and have been the focus of extensive research due to their antimicrobial properties,
ability to promote plant growth, and capacity to induce defence mechanisms in plants
[19]. Polyvinyl alcohol (PVA) is a vinyl polymer that is distinguished by its inherent sol-
ubility in water, its capacity to form hydrogels, and its complete biodegradability under
conditions involving metabolically acclimated microbial consortia [20]. Conversely, chi-
tosan has demonstrated its ability to form matrix structures in combination with other
polymers, thereby encapsulating biological control agents for seed coatings [21]. This
property not only shields the agents from stress but also enhances their effectiveness in
promoting germination. Furthermore, chitosan-coated fertilizers have been demonstrated
to exhibit controlled-release and water-retention properties [22]. For instance, CTS has
been shown to form beads via pH-induced gelation via alkaline precipitation with 1 N
NaOH, thereby enabling control over the release of bioactive agents [23].

The development of Gel-CTS-PVA hydrogels for agricultural applications has been
documented. The working group has developed a biodegradable Gel-CTS-PVA hydrogel
that possesses an interconnected, highly cross-linked, porous, and biodegradable polymer
network. This network can retain biomolecules and serve as a carrier [24]. These hydrogels
are distinguished by their notable biocompatibility, exceptional mechanical properties,
and their capacity to facilitate cellular interactions, rendering them highly suitable for a
wide range of applications involving microorganisms and cells [25]. Consequently, it can
be posited that incorporating biological control microorganisms, such as Trichoderma spp.,
could enhance the formulation’s protective properties and viability.

To the best of our knowledge, there are no reports describing the encapsulation of
Trichoderma spp. using a ternary Gel-CTS-PVA blend for hydrogel prepared specifically
by gelation pH induction with sodium hydroxide (NaOH). The objective of this study was
twofold: first, to evaluate the effect of incorporating two strains of Trichoderma into a hy-
drogel composed of Gel-CTS-PV A formed by pH-induced gelation on its physicochemical
properties; second, to determine its effectiveness in protecting against P. capsici infection
in serrano chilli seedlings under greenhouse conditions.

2. Results and Discussion
2.1. Hydrogel Preparation

In this study, the objective was to fabricate Gel-CTS-PV A hydrogels via pH-induced
gelation by alkaline precipitation with 1 N NaOH, serving as a carrier for Trichoderma spp.,
as a green strategy for chilli plant protection against the Phytophthora capsici pathogen. The
encapsulated fungus comprised two distinct strains: a commercial Trichoderma harzianum
T-22 (T22) and a strain from the CIATE] collection, Trichoderma viride T18 (T18).

The procedure for obtaining the hydrogels is delineated in Figure 1. The process for
obtaining the hydrogel was modified and simplified compared to that reported by Lopez-
Velazquez et al. [24]. The precipitation of chitosan (CTS) occurs via an acid—base reaction.
In this process, the acidified polymeric suspension containing Trichoderma spp. functions
as a proton-donating system due to the presence of chitosan solubilized in acetic acid. In
an acidic environment, the amino groups (-NH:2) of chitosan undergo protonation,
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accepting protons (H*) from acetic acid. This results in the conversion of the amino groups
into positively charged ammonium groups (-NHs*). This process, known as protonation,
increases the charge density of the chitosan chains, thereby enhancing their polarity and
water solubility. Subsequent addition of NaOH results in an increase in the pH of the
reaction medium (approximately 7.5), leading to deprotonation and neutralization of the
ammonium groups.

Consequently, chitosan solubility decreases, leading to promoting formation of sta-
ble hydrogels in the form of spheres (beads) that physically encapsulate Trichoderma spp.
[23]. The hydrated (wet) hydrogels devoid of fungal components exhibited a spherical
morphology and a slightly transparent yellow hue. At the same time, the hydrogels con-
taining T. harzianum also showed a spherical morphology and a brown coloration.

Finally, the wet hydrogels were dried by a convection process (dried hydrogels).
However, a substantial decrease in size was observed across all samples, accompanied by
a transition to a whiter hue and increased rigidity due to water loss. Convection drying,
which utilizes hot air, has been observed to alter the structure and mechanical properties
of hydrogels to a greater extent than freeze drying. This results in variations in the physi-
cochemical properties of the hydrogel and, most notably, in the protective activity of
Trichoderma spp. (swelling, permeability, and overall stability of the material) [26,27]. The
convection-drying method has been observed to alter the three-dimensional configuration
of the polymer network within the hydrogel during water removal. In the hydrated state
(wet), hydrogen bonding and polymer chain entanglement increase, resulting in a more
expanded structure that undergoes a more drastic collapse when water is lost during con-
vection drying [28]. Freeze-dried hydrogels exhibit a more porous structure, thereby al-
tering the release of loaded compounds and the absorption of water [29]. A comparison
of the preparation process of Lopez-Velazquez et al. [24] with that reported in this re-
search reveals a reduction in the number of steps, with the elimination of freeze/thaw
cycles, double freeze-drying, and the use of xylene. This optimization of the preparation
process enables green routes to the preparation of Gel-CTS-PV A-based hydrogels for ag-
ricultural use.
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Figure 1. Process for obtaining hydrogels with Trichoderma spp. Created with BioRender.com.

Given that the physicochemical properties of the obtained hydrogels are primarily
determined by the polymer composition and the gelation method [30], only the hydrogels
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loaded with T. harzianum (HT22) were physicochemically characterized. Hydrogels
loaded with T. viride (HT18) were prepared and used in crop protection assay.

2.2. Water Absorption and pH Sensitivity Study

The quality of irrigation water is a fundamental factor in crop cultivation. pH is an
indicator of the acidity, neutrality, or alkalinity of the water, which, in turn, affects crop
yield. Furthermore, the pH of irrigation water for chilli crops has been demonstrated to in-
fluence the water-absorption capacity of hydrogels, as reflected in their swelling [24]. The
water absorption of hydrogels was evaluated meticulous measurement of the quantity of
liquid absorbed by the material until saturation, also known as swelling equilibrium.

The hydrogels exhibited discrepancies in their water absorption capacity between the
hydrogel devoid of microorganisms (H) and those incorporating T. harzianum (HT22),
along with a substantial impact of the pH of the medium (Figure 2). The H treatment ex-
hibited statistically significant disparities compared to the control at pH 5 and 6, a behav-
iour that contrasts with that reported by Lépez-Velazquez et al. [24]. In the case of HT22,
no significant differences were observed between the different pH ranges evaluated and
the control; however, differences were detected when compared to H. These results sug-
gest that the hydrogel structure responds significantly to pH due to changes in the ionic
concentration gradient between the polymer matrix interior and the swelling medium
[31]. During swelling, water molecules diffuse from the surface of the polymer network
towards its interior [32]. The degree of hydrogel swelling is directly proportional to the
ionic strength of the environment. At acidic pH, the amino groups of chitosan undergo
protonation (NHs*), thereby increasing electrostatic repulsion with the ionic groups. This
phenomenon has the potential to enhance the matrix’s hydrophilicity, thereby promoting
structural expansion [32].
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Figure 2. Swelling ratios of the hydrogel with Trichoderma harzianum (HT22) and without fungus
(H) at different pH values. Values with the same letter are statistically equal according to Tukey’s
test (p < 0.05).
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2.3. Soil Water Equilibrium Content

The equilibrium water content in the soil was identified as a critical factor in a hydro-
gel intended for agricultural application, given its impact on the gel’s capacity to absorb
irrigation and rainfall through its polymer network [33].

The swelling percentage of the hydrogels in the soil showed a statistical difference
between the hydrogel alone (H) and the hydrogel with T. harzianum (HT22) added (Figure
3). For H, greater absorption was observed between 1 and 3 h, followed by a gradual,
significant decrease in volume from 12 to 24 h. For HT22, a significant difference was ob-
served between 3 h and 24-h absorption, and a significant difference was observed at the
3-h time point with respect to H. This phenomenon resembles the observations reported
by Lépez-Velazquez et al. [24] and Estrella [34], who attributed it to the “overshooting”
phenomenon. The overshooting phenomenon is characterized by rapid, high initial ab-
sorption, which subsequently decreases gradually until reaching equilibrium. An internal
redistribution of water follows the rapid initial hydration of the hydrogel as the system
stabilizes [35].
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Figure 3. Equilibrium water content of the hydrogel with T. harzianum (HT22) and without fungus
(H) in soil. Values with the same letter are statistically equal according to Tukey’s test (p < 0.05).

The free amino groups present within the polymer network generate electrostatic re-
pulsions between the polymer chains, thereby facilitating a more rapid swelling process.
The electrostatic interactions initiated by the functional groups drive the hydrogel’s ex-
pansion until equilibrium is reached [33].

2.4. Morphological Analysis

The disparities in structural morphology between hydrogels with T. harzianum
(HT22) and without T. harzianum (H) were substantiated by SEM images. A series of mag-
nifications was employed to facilitate a comprehensive examination of the freeze-dried
beads, to elucidate their external and internal structural configurations.

In the micrographs obtained by scanning electron microscopy (SEM), an irregular
and agglomerated surface without pores was observed (Figure 4A,B) for both hydrogels
(H and HT22). The irregular morphologies observed after convection drying can be at-
tributed to humidity gradients and polymer network collapse. These phenomena are
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primarily prevented by freeze-drying [36]. Brondi et al. [16] obtained analogous results
on the surface of hydrogels using a convection oven drying process (28 °C). As indicated
by Bocourt et al. [37], freeze-dried hydrogels exhibit greater porosity than sun-dried hy-
drogels. This observation indicates that the drying method significantly impacts the mor-
phology and porosity of hydrogels. However, no embedded spores were observed. None-
theless, the viability assay demonstrated the presence of Trichoderma spp. in the hydrogel.

Furthermore, the hydrogels were observed under a stereomicroscope at 20x magni-
fication. The hydrogels formed (wet state) exhibited a spherical shape with a diameter of
2.50 mm and a uniform, slightly yellowish colour in the fungus-free hydrogels (H) (Figure
4C). In contrast, the hydrogels containing T. harzianum (HT22) exhibited irregular shapes
and a darker tone, attributable to the incorporation of fungal spores (Figure 4D), thereby
substantiating the efficacy of the encapsulation process.

(B)

5 e
SEI 10KV WD11mm 5550 : 0 : B, SE1 10kV WD10mmSS50 x1,000  10pm
ITESO - d .

(€)

—

Figure 4. Morphology of hydrogels. SEM images: (A) H: Dry hydrogel at 1000%, (B) HT22: Dry hy-
drogel with T. harzianum (1 x 10° spores). Stereoscopic images: (C) H: Wet hydrogel without Tricho-
derma at 20, (D) HT22: Wet hydrogel with T. harzianum (1 x 10° spores) at 20x. at 1000x. Black bar

corresponds to 1 mm.

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR spectra were then subjected to rigorous analysis to elucidate the chemical
interactions between the polymers in the hydrogels (H and HT22). The spectra of the pris-
tine polymers (Gel, CTS, and PVA) were utilized as controls and compared with those of
the hydrogels. The FTIR spectra were described in the 4000-600 cm™! region.

The Gel IR spectrum (Figure 5) exhibited the following peaks: 1000-950 cm™' (amide
III: skeletal stretch), and 1435 cm™ (amide II: The following peaks have been identified:
CH: bend at 1250 cm?), amide III: N-H bend at 1100 cm-!, amide III: C-O stretch at 1625
cm!, and C=0 stretching/hydrogen bonding couple with COO at 1625 cm™ [25].

https://doi.org/10.3390/gels12020144
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The analysis of the CTS spectra revealed that the amino (-NH) peak was situated
within the range of 1550 to 1570 cm™, while the carboxyl (C=O) peak was positioned at
approximately 1650 cm™. The characteristic bands of chitosan saccharides are located be-
tween 890 and 1150 cm™, while the amine groups are found at 1680 cm™ [38]. Conversely,
the bands within the range of 3500 to 3200 cm™ are attributed to amide A and the amide
B band at 3080 cm™, which are significant groups within the structure of gelatin [39].

The PV A spectra exhibited peaks at 915 cm™ (CHz rocking), 820 cm™ (C—C stretching),
1085 cm™ (C-O stretching and O-H bending), 1350 cm™ (scissoring O-H, rocking with C-
H, wagging), and 1400 cm™ (CH:z bending) [25].

The lyophilized powder of T. harzianum exhibited the major infrared absorption
bands that are characteristic of lipids, proteins, and phosphate. The range of wavelengths
between 600 and 4000 cm™ encompasses a broad spectrum of molecular compounds, in-
cluding but not limited to fatty acids (lipids), proteins and peptides (amides), and carbo-
hydrates (polysaccharides present in the cell wall). Peaks of higher absorbance were ob-
served at ~880, ~1050, and ~1100 cm™'. These peaks correspond to vibrations of lipids, am-
ide I and amide II, nucleic acids, ribose, and glycogen, respectively [40].

The FTIR spectra of the lyophilised hydrogels loaded with Trichoderma, with and
without spores, reflected hydrogels loaded with Trichoderma and showed similar chemical
structures, overlapping in most regions due to their high inherent similarity. Conse-
quently, distinguishing between them using rudimentary methods proved challenging.
The presence of -OH bonds from the interaction between chitosan and polyvinyl alcohol
is revealed by the spectra in the range of 3000-3500 cm™, associated with hydrogen bonds.
The functional groups of chitosan interact with those of PVA through hydrogen bonds
between the -NH: and -OH groups of chitosan with the -OH groups of PVA, keeping
both chains close together [37,41]. The band observed between 3000 and 2800 cm™ is at-
tributed to the stretching of -CH alkane groups, while the band at 1680 cm™ corresponds
to the C=0O bonds of the acetate group. The peaks observed at 1550 cm™ and 1460 cm™! are
attributed to the ionization of the primary amino groups [41].

1.8
C
;1.4— Gel
31.0—
2081 e — PVA
o]
5 0.4+ — HT22
20.2—

00 lllllllllIlllllllllllllllllllllllll

" 4000 3000 2000 1000

Wavenumber (cm™)

Figure 5. FTIR spectra of the hydrogel (H), hydrogel with T. harzianum (HT22), gelatin (Gel), poly-
vinyl alcohol (PVA), chitosan (CTS), and T. harzianum (T22).

2.6. Degradation Study Using the Burial Technique

The samples were buried at a depth of 4 centimetres and placed in containers with
autoclave-sterilized substrate (degradability). The sphere’s surface undergoes a transfor-
mation over time, becoming increasingly irregular, with brown spots and a general yel-
lowish hue (Figure 6). These changes indicate degradation of the polymer matrix.
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Figure 6. Stereoscopic microscope photographs of biodegraded hydrogels using the soil burial
method. HS (hydrogel) and HT22S (hydrogel with T. harzianum) in sterile soil; HI (hydrogel) and
HT22I (hydrogel with T. harzianum) in inoculated soil. Bar corresponds to 1 mm.

A reduction in the mass of the hydrogels was observed as the days of exposure in the
soil increased (Figure 7). The hydrogels that incorporated Trichoderma spp. exhibited a
greater loss of mass compared to the hydrogels devoid of fungal elements. Furthermore,
in soil inoculated with microorganisms, a significant difference in the recorded weight of
HT22I was observed compared to the other treatments. Lopez-Velazquez et al. [24] re-
ported that soil bacterial load is associated with hydrogel degradation, suggesting that
microorganisms can accelerate this process. It has been documented that alterations in the
physical and biological environment of the soil can impact the activity and efficiency of
beneficial microorganisms and biocontrol agents within the soil microbiome, as well as
their interactions with plants [42]. Moreover, it has been documented that hydrogels com-
posed of polyacrylamide, a synthetic polymer, exhibit minimal degradation in soil when
used as a standalone material. However, when chitosan is incorporated into the formula-
tion, the hydrogels undergo degradation in soil in the presence of enzymes produced by
fungi such as T. viride [43]. We hypothesize that the accelerated hydrogel degradation
(HT22I) is due to the fungus’s activation and germination, as well as its enzymatic ma-
chinery, which accelerate the degradation of the HT22I hydrogel compared to the other
treatments.
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Figure 7. Biodegradation studies. Sterile soil: HS (hydrogel) and HT22S (hydrogel with T. harzi-
anum); Inoculated soil: HI (hydrogel) and HT22I (hydrogel with T. harzianum). Values with (*) are
statistically significant differences according to Tukey’s test (p < 0.05).

2.7. Effect of Encapsulation on Trichoderma Growth

The present study was conducted to evaluate the effect of hydrogel encapsulation on
the germination and growth of Trichoderma spores. To this end, the germination and my-
celial development times of recently recovered free spores (122, T18) were compared with
those of encapsulated free spores (T22, T18) and with those of encapsulated spores in the
polymer matrix (HT22, HT18). The proliferation of free spores in PDA medium was ob-
served beginning on the third day, consistent with the HT22 hydrogel; conversely, HT18
hydrogels exhibited growth until the fifth day (Figure 8). These results suggest that the
viability of Trichoderma spp. spores are maintained after the encapsulation process, alt-
hough with different growth rates depending on the encapsulated strain. The decline in
microbial growth rate could be associated with the restricted water availability within the
polymer matrix and its compact structure, which may impede spore distribution [16]. Al-
ternatively, this phenomenon could be associated with the induction of spore dormancy
following the drying process. Dormancy is seen as a physiological state of inactivity re-
sulting from a significant reduction in humidity and temperature. This allows for the pro-
longed survival of dehydrated spores and their subsequent reactivation in the presence of
water and nutrients [44]. In the context of Trichoderma spore encapsulation, Dogaru et al.
[45] observed that spore growth in culture medium was evident only after 7 days, a find-
ing attributed to encapsulation within a gelatin-based nanocomposite matrix. This com-
ponent is also present in the formulation utilized in the present study.

https://doi.org/10.3390/gels12020144
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Figure 8. Growth on PDA medium of free and encapsulated spores. Letters D represent the days
after sowing the microorganisms, HT22 and HT18 are hydrogels with Trichoderma strains. Bar cor-
responds to 1 cm.

2.8. Crop Protection

The present study was conducted to evaluate the effect of Trichoderma spore encap-
sulation on the ability to control Phytophthora capsici infection in chilli seedlings. The re-
sults for plant growth parameters, disease incidence, and root viability are presented in
Table 1; the effects on plant and root protection are presented in Figure 9. Statistically
significant differences were observed for the growth parameters with respect to the PHC
treatment. These differences were specifically noted in plant height for treatments T22, H,
and HT18, and in fresh weight only for treatment HT18.

Table 1. Parameters of plant growth, incidence, and root damage at the end of the experiment.

Plant Height Fresh Weight Incidence Root Viability

Treatment

(cm) (g) (%) (mg g1h)

TO 31.92+6.11 48 (0.552 +0.1647 B 0 0.907 +0.536 A
PHC 23.35+7.22¢ 0.442 +0.355 B8 46 0.367 +0.202 A
T18 + PHC 27.58 + 6.13 BC 0.596 +0.268 B 31 0.978 £0.115 4
T22 + PHC 31.77 +7.478B 1.094 +0.471 AB 8 0.656 +(0.354 A
H +PHC 32.77+8.314 0.993 +(0.381 4B 15 0.419 +0.268 A
HT18 + PHC 31.85+5.77B 1.350 +0.529 2 0 0.779 £0.421 A
HT22 + PHC 23.77 +7.32 BC 0.729 + 0.704 AB 54 0.715 +0.360 A

TO: control plants; PHC: plants inoculated with P. capsici; T22: plants inoculated with T22 spore
solution; T18: plants inoculated with T18 spore solution; H: plants with hydrogels; HT22: plants
with hydrogels + T22; HT18: plants with hydrogels + T18. Values with different letters show statis-
tically significant differences according to Tukey’s test (p < 0.05).

Regarding disease incidence and its impact on plant protection, the use of unencap-
sulated Trichoderma spores at the plant base showed variable protective effects. Treatment
T18 resulted in a 23% reduction in incidence (see Figure 9D), while T22 achieved an 83%
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reduction (see Figure 9C). Conversely, when the spores were applied encapsulated in hy-
drogel, differential behavior was observed. Treatment HT18 provided 100% protection of
the plants (Figure 9F), while HT22 showed no protective effect (Figure 9G).

T18

HT22

Figure 9. Effect of hydrogels on crop protection: (A) T0: control plants; (B) PHC: plants inoculated
with P. capsici; (C) T22: plants inoculated with T22 spore solution; (D) T18: plants inoculated with
T18 spore solution; (E) H: plants with hydrogels; (F) HT22: plants with hydrogels + T22; (G) HT18:
plants with hydrogels + T18; (H) TO0: viability of control roots; (I) PHC: viability of roots inoculated
with P. capsici; (J) T22: viability of roots inoculated with T22 spore solution; (K) T18: viability of roots
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inoculated with T18 spore solution; (L) H: viability of roots with hydrogels; (M) HT22: viability of
roots with hydrogels + T22; (N) HT18: viability of roots with hydrogels + T18. Bar corresponds to 5

cm.

These results contrast with those reported by Lopez-Velazquez et al. [24], who ob-
served up to 80% mortality using hydrogels with analogous components. However, there
are significant methodological discrepancies between the two studies, particularly regard-
ing the type of chitosan used. In the study by Lopez-Veldzquez et al. [24], reactive-grade
chitosan (Sigma-Aldrich, St. Louis, MO, USA) was utilized, while in the present study,
high-density food-grade chitosan was employed. It has been reported that the origin and
physicochemical properties of chitosan significantly influence the induction of plant re-
sistance. Lopez-Velazquez et al. [46] reported that high-density food-grade chitosan in-
duced greater protection of coffee against coffee leaf rust infection by increasing the activ-
ity of 3-1,3 glucanases and peroxidases and by increasing the accumulation of phenolic
compounds. This could explain the protective effect observed even with hydrogel treat-
ment alone [46].

It is noteworthy that the HT18 treatment, corresponding to a native strain of T. viride,
showed a more favourable interaction with encapsulation in the hydrogel for plant pro-
tection than HT22. This observation is particularly interesting given that HT22 was able
to activate, germinate, and emerge from the hydrogel in a shorter time (Figure 8). It has
been documented that T. harzianum possesses a diverse array of biological control mech-
anisms, including the production of antimicrobial metabolites and antifungal lytic en-
zymes, in contrast to T. viride. However, it has also been documented that certain strains
of T. viride may exhibit greater enzymatic activity than some strains of T. harzianum. In
this regard, Gajera and Vakharia [47] demonstrated that five strains of T. viride exhibited
significantly higher lytic enzyme activity (i.e., chitinases, 3-1,3 glucanases, and proteases)
compared to six strains of T. harzianum during interactions with Aspergillus niger. This
background could explain the enhanced response observed with the HT18 encapsulation
treatment, in which the hydrogel components, particularly chitosan, would have pro-
moted metabolic activation of the fungus, thereby facilitating more efficient root coloni-
zation and, consequently, a higher level of plant protection compared to HT22 [48]. In a
similar manner, strain T22 (T. harzianum) displays a predominantly intracellular root col-
onization pattern via the symplastic pathway, whereas strain T18 (T. viride) exhibits apo-
plastic or extracellular colonization [12]. These differences suggest that different mecha-
nisms of action are engaged during biocontrol. Specifically, the activity of T22 has been
predominantly linked to competition for nutrients and colonization sites, as well as to the
production of antifungal metabolites and plant growth-promoting effects. In contrast, T18
is characterized by increased production of hydrolytic enzymes, especially $-1,3 glu-
canases and chitinases, which play a key role in the degradation of the cell walls of phy-
topathogenic fungi. In subsequent studies, the validation of both hypotheses must be con-
ducted through assays that assess the enzymatic activity of the two Trichoderma strains,
evaluate the hydrogel’s impact on the germination of Trichoderma, and the elucidation of
the specific mechanisms of action exhibited by each strain.

The assessment of root viability using 2,3,5-triphenyltetrazolium chloride (TTC) reduc-
tion revealed that plants treated with encapsulated Trichoderma spores exhibited viability
values comparable to those in the PHC treatment, but lower than those in the control group.
However, despite the absence of statistically significant differences between treatments (see
Table 1), notable variations in root development were observed (see Figure 9H-N). The pre-
sent findings are consistent with those reported by Lépez-Velazquez et al. [49], who evalu-
ated the root viability of plants treated with selenite against infection by P. capsici. The re-
searchers observed lower values in infected plants than in selenite-treated plants.
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The contrast in biological response between the protected plants and the diseased ones
has been highlighted. The majority of diseased plants exhibited greater disease severity (Fig-
ure 10). As previously shown in other studies, the efficacy of biological control by individual
Trichoderma species or strains varies significantly. The successful implementation of this con-
trol depends on a meticulous evaluation of prevailing environmental conditions and the
specific interactions between the plants and the pathogens involved [50].

100% -
90%
80%
70%
B Grade 5
60%
B Grade 4
50%
40% B Grade 3
(]
30% Grade 2
20% Grade 1
10% B Grade 0
0%
\2\0 \2\0
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Figure 10. Disease severity in chilli seedlings infected with Phytophthora capsici. PHC: plants inocu-

% of incidence

XY WXt aX
P AN

lated with P. capsici; T18: plants inoculated with T18 spore solution and inoculated with P. capsici;
T22: plants inoculated with T22 spore solution and inoculated with P. capsici; H: plants with hydro-
gels and inoculated with P. capsici; HT22: plants with hydrogels + T22 and inoculated with P. capsici;
HT18: plants with hydrogels + T18 and inoculated with P. capsici-disease severity scale from grade
0 (healthy plants) to grade 5 (dead plants).

Therefore, it is imperative to enhance the encapsulation process’s efficacy to ensure
the preservation or augmentation of the protective mechanisms triggered by Trichoderma.
The present study revealed modifications in the physicochemical properties of the hydro-
gel, associated with its composition, manufacturing process, and incorporation of Tricho-
derma spores. These modifications were observed to occur without compromising the hy-
drogel’s viability or its plant protection capacity. Nonetheless, several issues must be ex-
amined in subsequent studies. These include the function of the inherent characteristics
of Trichoderma strains in regulating protective activity, as well as the processes involved
in the appropriate reactivation of spores and the dynamics of activation and growth of the
fungus within the hydrogel matrix.

3. Conclusions

The present study demonstrated that the formulated hydrogel can incorporate and
maintain Trichoderma spp. spores viable after the manufacturing process. The hydrogel ex-
hibited a dense, agglomerated structure, an irregular surface, and a water absorption capac-
ity of 1.40-1.63 (g/g). Furthermore, it demonstrated degradation in burial tests in sterile soil
and soil inoculated with microorganisms. HT18 hydrogels demonstrated 100% inhibition of
P. capsici symptoms, while concurrently promoting vegetative growth compared to control
plants. Taken together, these results suggest a potential use of hydrogel as a delivery and
application system for beneficial microorganisms in agricultural systems.
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4. Materials and Methods

4.1. Reagents

Food-grade gelatin (Gel, Bloom 290 Duche® Mexico City, Mexico), high-density
food-grade chitosan (CTS, America Alimentos, Guadalajara, Mexico), medium viscosity
polyvinyl alcohol (PVA, <98% hydrolysis, medium viscosity, POCHTECA®, Mexico City,
Mexico), phosphate-buffered saline (PBS), hydrochloric acid (HCI, Sigma-Aldrich, St.
Louis, MO, USA).

4.2. Biological Material

The encapsulated fungi were Trichoderma harzianum T-22 (T22) and Trichoderma viride
T18 (T18). T. harzianum was obtained from the commercial product PHC® T-22® (Plant
Health Care Mexico, Mexico City, Mexico). T. viride T18 (T18) was supplied by the Centro
de Investigacion y Asistencia en Tecnologia y Disefio del Estado de Jalisco, AC. (CIATE]J).
The strain was selected from a collection of Trichoderma strains from various regions of
Mexico for its inhibitory effects against multiple pathogenic fungi [12]. The subjects were
cultivated on potato dextrose agar (PDA) medium for 7 days at 26 + 2 °C.

A pathogenic strain of Phytophthora capsici (JAL-M60) from the CIATE] strain collec-
tion was used, grown in clarified V8 medium for 5 days in darkness at 26 °C + 2 °C, fol-
lowed by 5 days in continuous light at 26 °C + 2 °C. The container was then filled with
sterile distilled water and maintained at 4 °C for 30 min to facilitate zoospore release. The
quantification was conducted using a Neubauer chamber. The samples were resuspended
in sterile distilled water to a concentration of 1 x 10* zoospores per millilitre [51].

4.3. Plant Material

The experiment utilized serrano pepper var. Camino Real F1 seeds (Harris Moran®,
Seed Company, Davis, CA, USA). The seeds were then placed in seed trays for germination
in substrate (Mix No. 3, Sunshine®), with a 16/8 light/dark photoperiod at 26 °C + 2 °C.

4.4. Preparation of Hydrogels

Ternary polymeric mix: Solutions of chitosan (CTS) at 3% (w/v) and two polymers at
concentrations of 2.5% (w/v) were prepared. The CTS was dissolved in 0.4 M acetic acid,
while the polymers were dissolved in distilled water at 37 °C and 85 °C, respectively, with
stirring for 2 h. The polymer mixture was stirred at room temperature for 1 h.

Spore suspension: The encapsulated fungi were identified as T. harzianum (T22) and
T. viride (T18). The spore suspension was obtained by cultivating the Trichoderma strains
on PDA for seven days at 26 °C + 2 °C. Subsequently, 10 mL of sterile distilled water was
added, the samples were homogenized, and the conidia were recovered and quantified
using a Neubauer chamber. The suspension was concentrated by centrifugation at 11,000
g for 14 min (Heraeus Multifuge X3R, Thermo Fisher Scientific, Waltham, MA, USA). This
procedure was undertaken until a concentration of 1 x 10° spores per milliliter was at-
tained.

The precipitation process of Gel-CTS-PVA was an acid-base reaction. The spore sus-
pensions were then incorporated into the polymer mixture, which was stirred for 2 h.
Thereafter, the suspension was gradually added to a 1.0 N NaOH aqueous solution under
constant stirring until hydrogels with a spherical or bead-like morphology were formed.
The beads/spheres obtained were washed with distilled water until the pH reached 7 [52]
and then dried in a convection oven at 60 °C for 90 min (Yamato DX402C, manufactured
by Yamato Scientific Co., Ltd., Tokyo, Japan). The dried samples were stored in vacuum-
sealed bags and maintained at ambient temperature to facilitate subsequent characteriza-
tion. The nomenclature assigned to the hydrogels is as follows: H, Hydrogel without
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Trichoderma; HT18, Hydrogel encapsulating T. viride T18; HI22, Hydrogel encapsulating
T. harzianum T-22.

4.5. Water Uptake and pH Sensitivity

Dry hydrogels (convection-dried) were weighed (15.9 mg). The hydrogels were im-
mersed in 1 mL of 0.1 M sodium phosphate buffer at pH 5.0, 6.0, and 7.0, and in distilled
water at pH 6.5. The samples were maintained at 28 °C for 24 h under constant agitation
(Corning PC-620D) [24]. This procedure was performed in triplicate for each of the treat-
ments with the different pH values evaluated. The hydrogels were extracted from the var-
ious solutions, dried superficially with filter paper, and weighed (BP121S Sartorius). The
total water absorption was determined using the following equation:

W, — W,
S(%) = ——2% (100%)

Wy
where S is the total water absorption percentage (%); Ws is the initial weight of the sample
and Wu is the final weight of the sample.

4.6. Water Equilibrium Content

Pre-weighed dry hydrogels (convection dried) were utilized at a mass of 15.9 milli-
grams. These hydrogels were placed in 1.5 mL of distilled water, maintained at ambient
temperature, and then extracted from the liquid at various time points (1, 3, 6, 12, and 24
h) over the course of 24 h. Each treatment at a different time was evaluated in triplicate.
The excess water was then extracted using filter paper and subsequently weighed. The
following equation was used to calculate the equilibrium water content (EWC):

Ws

—Waq
EWC(%) = Td (100%)

where Ws represents the mass of the hydrogel after hydration (%) and W corresponds to
the mass of the samples in the dry state.

4.7. Morphological Analysis

The hydrogel samples (HT22 and H) were analyzed using stereomicroscopy (Leica
EZ4 HD Digital Stereo Microscope, Leica Microsystems, Wetzlar, Germany) and scanning
electron microscopy (SEM, JEOL JSM-6010LA, JEOL Ltd., Tokyo, Japan). For the scanning
electron microscope (SEM), the samples were sputter-coated with gold (Denton vacuum
desk IV, Denton Vacuum, LLC, Moorestown, NJ, USA) [53].

4.8. Fourier Transform Infrared Spectroscopy (FT-IR)

The experiment was conducted using attenuated total reflectance (ATR) spectroscopy.
The lyophilized samples (designated HT22 and H) were then placed on the ATR crystal. The
spectra were obtained with 24 scans using the Agilent MicroLab software, version 5.8 on the
Cary 630 FTIR spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA), and the
average spectrum was generated [24].

4.9. Degradation Study Using the Burial Technique

This evaluation was conducted using a soil burial test under controlled conditions
[54]. A sterilized substrate (Mix No. 3, Sunshine®) was used, inoculated with microorgan-
isms (5 mL at a concentration of 2 x 105 CFU mL-"). The substrate was placed in plastic
containers, maintained at approximately 70% moisture by irrigation every third day, and
subsequently placed in a greenhouse for 28 days. The experiment involved three repli-
cates, each comprising three hydrogels (H and HT22) in a sterile, inoculated soil medium,
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buried at a depth of 5 centimetres. The samples were extracted on days 5, 14, 21, and 28,
washed with distilled water, and analyzed by stereoscopy and by hydrogel degradation
using weight-loss analysis [24].

The weight-loss analysis entailed the triplicate evaluation of the samples, with sam-
ple degradation assessed, and the weight-loss ratio calculated from the average weight
change in nine samples. The mathematical formula used to calculate the weight-loss ratio
of the samples is given by the following equation [55].

Wo — Wk
WL (%) = T (100%)

where WL: Weight loss (%); Wo: Initial weight of the sample; Wt: Final weight of the sample.

The hydrogels were examined using stereoscopic microscopy (Leica EZ4 HD Digital
Stereo Microscope, Leica Microsystems, Wetzlar, Germany) at 5, 14, 21, and 28 days after
the initiation of the experiment [24].

4.10. Effect of Encapsulation on Trichoderma Growth

The impact of encapsulation on Trichoderma germination and growth was assessed
24 h after encapsulation. Five hydrogels in the form of beads were used, which were im-
mersed in 1 mL of sterile distilled water for 3 h. The samples immersed in water were then
placed in the centre of Petri dishes containing PDA medium. The samples and spore sus-
pensions (T18 and T22) were incubated at 26 + 2 °C for 10 days at a concentration of 1 x
10° spores mL-'. For comparison, the same concentration was used in the free-spore solu-
tions as in the encapsulated spores. A comparative analysis was conducted to assess the
duration required for germination and growth across all treatment groups [16].

4.11. Crop Protection

The impact on the biocontrol capacity of the two Trichoderma strains was assessed in
a greenhouse experiment. In this study, the strains were incorporated into hydrogels in
serrano chilli (Capsicum annuum) seedlings. The experiment involved using 30-day-old
plants, followed by transplanting seedlings into bags containing sterile substrate (Mix No.
3, Sunshine®). Subsequently, five hydrogels were applied to the base of each plant. The
experimental design comprised a randomized block design with 13 replicates of the fol-
lowing treatments: hydrogel (H), hydrogel with T. harzianum (HT22), hydrogel with T.
viride (HT18), and spore solution at 1 x 106 spores mL- of Trichoderma spp. strains (T22
and T18), distilled water (O) was used as a control, plants inoculated only with P. capsici
(PHC) and with hydrogel (H). Ten days after transplanting, the plants were inoculated
with P. capsici by applying 5 milliliters of a zoospore suspension (1 x 10* zoospores mL)
[56]. Finally, the incidence of disease, seedling height and fresh weight, and root viability
were evaluated [24]. The severity of the disease was also evaluated using a scale from
grade O (healthy plants) to grade 5 (dead plants) [12].

Root viability was assessed by measuring the reduction of 2,3,5-triphenyltetrazolium
chloride (TTC) (Sigma-Aldrich, St. Louis, MO, USA) to 1,3,5-triphenylformazan (TTF)
[50]. At the conclusion of the experiment, five root samples were collected, thoroughly
rinsed with distilled water, and their initial weight was documented. The samples were
immersed in a solution of 0.01 M TTC dissolved in 0.01 M sodium phosphate buffer, pH
7, and maintained at 37 °C for 1 h. After this interval, the reaction was terminated by add-
ing 1 mL of 1 M sulfuric acid. The tissue was then macerated with pure ethyl acetate
(Sigma-Aldrich) to recover the TTF, and the mixture was diluted to 10 mL with the same
solvent. Subsequently, the degree of light absorption was ascertained by means of a spec-
trophotometer (Genesys 10UV Thermo Spectronic, Thermo Fisher Scientific) at a wave-
length of 485 nanometers. Root viability was obtained by calculating the TCC reduction
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intensity (mg g h) = absorbance of reduced TTC/PF h, where PF is the fresh root mass and
h is the incubation time.

4.12. Statistical Analysis

The data obtained during the experiments were subjected to a one-way analysis of
variance (ANOVA) using Minitab® 19.1 software (Minitab LLC, State College, PA, USA)
and a comparison of means using Tukey’s method (p <0.05).
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The following abbreviations are used in this manuscript:

CTS Chitosan

PVA Polyvinyl alcohol

Gel Gelatin

T18 Trichoderma viride T18 strain

122 Trichoderma harzianum T-22 strain
Gel-CTS-PVA Hydrogel Gelatin—chitosan—polyvinyl alcohol hydrogel
H Hydrogel without Trichoderma spp.

HT22 Hydrogel with Trichoderma harzianum T-22 strain
HT18 Hydrogel with Trichoderma viride T18 strain
PHC Phytophthora capsici

SEM Scanning electron microscopy

FTIR Fourier transform infrared

NaOH Sodium hydroxide

1. Food and Agriculture Organization of the United Nations (FAO). Plant Production and Protection; FAO: Rome, Italy, 2025. Avail-

able online: https://www.fao.org/plant-production-protection (accessed on 14 January 2026).

https://doi.org/10.3390/gels12020144



Gels 2026, 12, 144 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Montes, S.; Lépez, L.P.; Hernandez, S.; Ramirez, M. Recopilacién y Andlisis de la Informacién Existente de las Especies del Género
Capsicum que Crecen y se Cultivan en México. Informe Final; Instituto Nacional de Investigaciones Forestales, Agricolas y Pecuarias
(INIFAP): Celaya, México, 2010; 84p. Available online: https://bioteca.biodiversidad.gob.mx/janium/Documentos/41036.pdf
(accessed on 9 January 2026).

Momo, J.; Kumar, A.; Islam, K.; Ahmad, I.; Rawoof, A.; Ramchiary, N. A comprehensive update on Capsicum proteomics: Ad-
vances and future prospects. J. Proteom. 2022, 261, 104578. https://doi.org/10.1016/j.jprot.2022.104578.

Veldsquez-Valle, R.; Reveles-Torres, L.R.; Reveles-Hernandez, M. Manejo de las Principales Enfermedades del Chile Para Secado en
el Norte-Centro de México; Medina-Garcia, G., Flores-Najera, M.d.]., Eds.; Campo Experimental Zacatecas—Instituto Nacional de
Investigaciones Forestales, Agricolas y Pecuarias (INIFAP): Zacatecas, México, 2013; Folleto Técnico Num. 50. Available online:
http://zacatecas.inifap.gob.mx/publicaciones/EnfChilS.pdf (accessed on 14 January 2026).

Compant, S.; Duffy, B.; Nowak, J.; Clement, C.; Barka, E.A. Use of Plant Growth-Promoting Bacteria for Biocontrol of Plant
Diseases: Principles, Mechanisms of Action, and Future Prospects. Appl. Environ. Microbiol. 2005, 71, 4951-4959.
https://doi.org/10.1128/AEM.71.9.4951-4959.2005.

Kalyabina, V.P.; Esimbekova, E.N.; Kopylova, K.V.; Kratasyuk, V.A. Pesticides: Formulants, distribution pathways and effects
on human health— A review. Toxicol. Rep. 2021, 8, 1179-1192. https://doi.org/10.1016/j.toxrep.2021.06.004.

Reeves, W.; McGuire, M.K,; Stokes, M.; Vicini, ].L. Assessing the Safety of Pesticides in Food: How Current Regulations Protect
Human Health. Adv. Nutr. 2019, 10, 80-88. https://doi.org/10.1093/advances/nmy061.

Ahmed, E.A.; Hassan, E.A ; El-Tobgy, KM.K.; Ramadan, E.M. Evaluation of rhizobacteria of some medicinal plants for plant
growth promotion and biological control. Ann. Agric. Sci. 2014, 59, 273-280. https://doi.org/10.1016/j.a0as.2014.11.016.

Bae, H.; Roberts, D.; Lim, H.; Strem, M.; Park, S.; Ryu, C.; Bailey, B. Endophytic Trichoderma Isolates from Tropical Environments
Delay Disease Onset and Induce Resistance Against Phytophthora capsici in Hot Pepper Using Multiple Mechanisms. Mol. Plant-
Microbe Interact. 2011, 24, 336-351. https://doi.org/10.1094/MPMI-09-10-0221.

Lei, G.; KunHua, Z.; Chen, X.; Huang, Y.; Yuan, X,; Li, G.; Fang, R. Transcriptome and metabolome analyses revealed the re-
sponse mechanism of pepper roots to Phytophthora capsici infection. BMC Genom. 2023, 24, 626. https://doi.org/10.1186/s12864-
023-09713-7.

Kim, S.; Jang, Y.; Kim, H.; Koh, Y.; Kim, Y. Comparison of Microbial Fungicides in Antagonistic Activities Related to the Bio-
logical Control of Phytophthora Blight in Chili Pepper Caused by Phytophthora capsici. Plant Pathol. ]. 2010, 26, 340-345.
https://doi.org/10.5423/PPJ.2010.26.4.340.

Martinez-Vela, L.J.; Montero-Cortés, M.I.; Qui-Zapata, J.A.; Garcia-Carvajal, Z.Y.; Farias-Cervantes, V.S. Cepas de Trichoderma
con actividad de bioestimulacion y control de Phytophthora capsici en plantas de chile. Av. Ing. Quim. 2025, 4, BIO216-B10221.
Zhou, |; Liang, J.F.; Zhang, X.; Wang, F.; Qu, Z.; Gao, T.G.; Yao, Y.; Luo, Y. Trichoderma brevicompactum 6311: Prevention and
Control of Phytophthora capsici and Its Growth-Promoting Effect. . Fungi 2025, 11, 105. https://doi.org/10.3390/jof11020105.
Srivastava, S.; Debnath, B.; Manda, R.R.; Maurya, S.; Rana, M.; Tiwari, A.K. Trichoderma in sustainable agriculture: Advances,
applications, and future prospects for biocontrol and plant growth promotion. Ann. Appl. Biol. 2026, 188, 332-351.
https://doi.org/10.1111/aab.70052.

van Lenteren, J.C. The state of commercial augmentative biological control: Plenty of natural enemies, but a frustrating lack of
uptake. BioControl 2012, 57, 1-20. https://doi.org/10.1007/s10526-011-9395-1.

Brondi, M.G.; Florencio, C.; Mattoso, L.H.C.; Ribeiro, C.; Farinas, C.S. Encapsulation of Trichoderma harzianum with nanocellu-
lose/carboxymethyl cellulose nanocomposite. Carbohydr. Polym. 2022, 295, 119876. https://doi.org/10.1016/j.carbpol.2022.119876.
Hassan, O.; Chang, T. Chitosan for eco-friendly control of plant disease. Asian ]. Plant Pathol. 2017, 11, 53-70.
https://doi.org/10.3923/ajppa;j.2017.53.70.

Xu, X.; Xi, Y.; Weng, Y. Gelatin-based materials: Fabrication, properties and applications in the food packaging system. RSC
Adv. 2025, 15, 30605-30621. https://doi.org/10.1039/D5RA03325].

Bakeer, T.A.R.; EI-Mohamedy, S.R.; Saied, M.N.; Abd-El-Kareem, F. Field Suppression of Fusarium Soil Borne Diseases of To-
mato Plants by the Combined Application of Bio Agents and Chitosan. Br. Biotechnol. ]. 2016, 13, 1-10.
https://doi.org/10.9734/BB]J/2016/24985.

Bercea, M. Recent Advances in Poly(vinyl alcohol)-Based  Hydrogels.  Polymers 2024, 16, 2021.
https://doi.org/10.3390/polym16142021.

Chandrika, K.S.V.P; Prasad, R.D.; Godbole, V. Development of chitosan-PEG blended films using Trichoderma: Enhancement
of antimicrobial activity and seed quality. Int. |. Biol. Macromol. 2019, 126, 282-290. https://doi.org/10.1016/j.ijbiomac.2018.12.208.

https://doi.org/10.3390/gels12020144



Gels 2026, 12, 144 20 of 21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Wu, L.; Liu, M. Preparation and properties of chitosan-coated NPK compound fertilizer with controlled-release and water-
retention. Carbohydr. Polym. 2008, 72, 240-247. https://doi.org/10.1016/j.carbpol.2007.08.020.

Yip, J.; Yuen, CW.M.; Kan, CW.; Cheung, H.C,; Leung, HM.P.; Cheuk, K.; Cheng, S.Y.; Liu, L.W. Chitosan/Clotrimazole mi-
crocapsules for Tinea pedis treatment: In-vitro antifungal and cytotoxicity study. J. Text. Inst. 2015, 106, 641-647.
https://doi.org/10.1080/00405000.2014.933513.

Lopez-Velazquez, J.C.; Rodriguez-Rodriguez, R.; Espinosa-Andrews, H.; Qui-Zapata, J.A.; Garcia-Morales, S.; Navarro-Lopez,
D.E.; Luna-Barcenas, G.; Vassallo-Brigneti, E.C.; Garcia-Carvajal, Z.Y. Gelatin—chitosan-PVA hydrogels and their application
in agriculture. |. Chem. Technol. Biotechnol. 2019, 94, 3495-3504. https://doi.org/10.1002/jctb.5961.

Ortega-Sanchez, C.; Melgarejo-Ramirez, Y.; Rodriguez-Rodriguez, R.; ]iménez—Avalos, J.A.; Giraldo-Gomez, D.M.; Gutiérrez-
Goémez, C.; Rodriguez-Campos, J.; Luna-Barcenas, G.; Velasquillo, C.; Martinez-Lépez, V. Hydrogel Based on Chitosan/Gela-
tin/Poly(Vinyl ~ Alcohol) for In Vitro Human Auricular Chondrocyte Culture. Polymers 2024, 16, 479.
https://doi.org/10.3390/polym16040479.

Dalmau, E.; Bornhorst, G.M.; Eim, V.; Rossello, C.; Simal, S. Effects of freezing and drying on gastric digestion of apples. Food
Chem. 2017, 215, 7-16. https://doi.org/10.1016/j.foodchem.2016.07.134.

Alvarez-Castillo, E.; Bengoechea, C.; Félix, M.; Guerrero, A. Freeze-Drying versus Heat-Drying: Effect on Protein-Based Super-
absorbent Material. Processes 2021, 9, 1076. https://doi.org/10.3390/pr9061076.

Krastev, V.; Stoyanova, N.; Valcheva, I.; Draganova, D.; Spasova, M.; Stoilova, O. Encapsulation of Bacillus subtilis in Chitosan
Gel Beads for Eco-Friendly Crop Protection. Gels 2025, 11, 302. https://doi.org/10.3390/gels11040302.

Simoni, R.C.; Lemes, G.F,; Fialho, S.; Gongalves, O.H.; Gozzo, A.M.; Chiaradia, V.; Sayer, C.; Shirai, M.A.; Leimann, F.V. Effect
of drying method on mechanical, thermal and water absorption properties of enzymatically crosslinked gelatin hydrogels. An.
Acad. Bras. Cienc. 2017, 89, 745-755. https://doi.org/10.1590/0001-3765201720160241.

Alves, S.J.d.M.; Santos, M.A.; Neto, J.E.d.S.; Silva, H.N.d.; Barbosa, M.C.S.; Fook, M.V.L.; Navarro, R.F.; Silva, S.M.d.L. Com-
bined Effect of pH and Neutralizing Solution Molarity on the Rheological Properties of Chitosan Hydrogels for Biomedical
Applications. Gels 2025, 11, 212. https://doi.org/10.3390/gels11030212.

Guimaraes, ].J.; Sousa, F.G.G.; Roman, R.M.S.; Pai, A.D.; Rodrigues, S.A.; Sarnighausen, V.C.R. Effect of irrigation water pH on
the agronomic development of hops in protected cultivation. Agric. Water Manag. 2021, 253, 106924. https://doi.org/10.1016/j.ag-
wat.2021.106924.

Becerra-Bracamontes, F.; Sanchez-Diaz, ].C.; Arellano-Ceja, J.; Gonzélez-Alvarez, A.; Martinez-Ruvalcaba, A. Effect of pH and
sodium phosphate dibasic concentration on the swelling properties of chitosan hydrogels. Rev. Mex. Ing. Quim. 2009, 8, 121-
126. Available online: https://www.scielo.org.mx/scielo.php?pid=51665-27382009000100012&script=sci_arttext (accessed on 14
January 2026).

Tran Vo, T.M.; Piroonpan, T.; Preuksarattanawut, C.; Preuksarattanawut, C.; Kobayashi, T.; Potiyaraj, P. Characterization of
pH-responsive high molecular-weight chitosan/poly (vinyl alcohol) hydrogel prepared by gamma irradiation for localizing
drug release. Bioresour. Bioprocess. 2022, 9, 89. https://doi.org/10.1186/s40643-022-00576-6.

Estrella, H.O. Caracterizacion Mecdnica de un Hidrogel Hibrido Impurificado Con Particulas de Carbono; Tesis de Licenciatura, Uni-
versidad Nacional Auténoma de Meéxico (UNAM): Ciudad de México, México, 2015. Available online:
https://ru.dgb.unam.mx/items/df25dace-d42a-4383-88a0-4a2fa8ccdOba(accessed on 14 January 2026).

Yin, Y; Ji, X;; Dong, H.; Ying, Y.; Zheng, H. Study of the swelling dynamics with overshooting effect of hydrogels based on
sodium alginate-g-acrylic acid. Carbohydr. Polym. 2008, 71, 682-689. https://doi.org/10.1016/j.carbpol.2007.07.012.

Cassanelli, M.; Prosapio, V.; Norton, I; Mills, T. Role of the Drying Technique on the Low-Acyl Gellan Gum Gel Structure:
Molecular and Macroscopic Investigations. Food Bioprocess Technol. 2019, 12, 313-324. https://doi.org/10.1007/s11947-018-2210-6.
Bocourt, P.M.; Cruz, R.J.; Bada, R.N.; Peniche, C.C. Sintesis y caracterizacion de hidrogeles biocompatibles interpenetrados de
quitosana y poliacrilamida. Rev. CENIC Cienc. Quim. 2008, 39, 2. Available online: https://www.semanticscholar.org/pa-
per/S%C3%ADntesis-y-caracterizaci%C3%B3n-de-hidrogeles-de-y-Povea-
Rig7%C3%Black/a10d088801e6c97d545c2ebf7ea2334a46c233a6 (accessed on 14 January 2026).

Carhuapoma, W.B.; Santiago, J.C. Caracterizacién de Hidrogeles de Quitosano—Alcohol Polivinilico Obtenidos por Radiacién
Gamma. Rev. Iberoam. Polim. 2005, 6, 4. Available online: https://reviberpol.org/wp-content/uploads/2019/08/2005-
carhuapoma.pdf (accessed on 14 January 2026).

Skopinska-Wisniewska, J.; Tuszynska, M.; Olewnik-Kruszkowska, E. Comparative Study of Gelatin Hydrogels Modified by
Various Cross-Linking Agents. Materials 2021, 14, 396. https://doi.org/10.3390/ma14020396.

https://doi.org/10.3390/gels12020144



Gels 2026, 12, 144 21 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Fantin, L.H.; de Souza Madureira Felicio, A.L.; Sumida, C.H.; Gongalves, R.M.; Braga, K.; de Franga, J.A.; Canteri, M.G. Char-
acterisation of Trichoderma strains using FTIR-ATR spectroscopy and molecular analysis. Eur. |. Plant Pathol. 2022, 162, 945-956.
https://doi.org/10.1007/s10658-021-02449-8.

Enoch, K,; Rakavi, C.S.; Somasundaram, A.A. Improved mechanical properties of Chitosan/PVA hydrogel —A detailed Rheo-
logical study. Surf. Interfaces 2023, 41, 103178. https://doi.org/10.1016/j.surfin.2023.103178.

Gavilanes, F.Z.; Amaral, H.F.; Garcia, M.C.; Araujo-Junior, F.; Janior, L.A.; Nomura, R.B.; Andrade, D. Interactions Between
Edaphoclimatic Conditions and Plant-Microbial Inoculants and Their Impacts on Plant Growth, Nutrient Uptake, and Yields.
In Advances in the Domain of Environmental Biotechnology; Environmental and Microbial Biotechnology; Maddela, N.R., Garcia
Cruzatty, L.C., Chakraborty, S., Eds.; Springer: Singapore, 2021; pp. 431-455. https://doi.org/10.1007/978-981-15-8999-7_22.
Silva, D.A.D.; Martens, P.J.; Gilmore, K.J.; Panhuis, M.H. Degradation behavior of ionic-covalent entanglement hydrogels. J.
Appl. Polym. Sci. 2014, 132, 41216. https://doi.org/10.1002/app.41216.

Wang, B.; Li, T,; Tian, S.; Wang, H.; Li, X.; Wang, F.; Cai, K. Chlamydospore dormancy and predatory activity of nematophagous
fungus Duddingtonia flagrans. ]. Basic Microbiol. 2023, 64, €2300365. https://doi.org/10.1002/jobm.202300365.

Dogaru, B.I; Stoleru, V.; Mihalache, G.; Yonsel, S.; Popescu, M.C. Gelatin Reinforced with CNCs as Nanocomposite Matrix for
Trichoderma harzianum KUEN 1585 Spores in Seed Coatings. Molecules 2021, 26, 5755. https://doi.org/10.3390/molecules26195755.
Lopez-Velazquez, J.C.; Haro-Gonzélez, ].N.; Garcia-Morales, S.; Espinosa-Andrews, H.; Navarro-Lépez, D.E.; Montero-Cortés,
M.IL; Qui-Zapata, J.A. Evaluation of the Physicochemical Properties of Chitosans in Inducing the Defense Response of Coffea
arabica against the Fungus Hemileia vastatrix. Polymers 2021, 13, 1940. https://doi.org/10.3390/polym13121940.

Gajera, H.P.; Vakharia, D.N. Production of lytic enzymes by Trichoderma isolates during in vitro antagonism with Aspergillus
niger, the causal agent of collar rot of peanut. Braz. ]. Microbiol. 2012, 43, 43-52. https://doi.org/10.1590/51517-83822012000100005.
Stoilova, O.; Koseva, N.; Petrova, T.; Manolova, N.; Rashkov, I.; Naydenov, M. Hydrolysis of Chitosan, Chitosan-Polyoxyeth-
ylene and Chitosan-Poly(2-acryloylamido-2-methylpropanesulfonic acid) by a Crude Enzyme Complex from Trichoderma viride.
J. Bioact. Compat. Polym. 2001, 16, 379-392. https://doi.org/10.1106/79TU-6CIK-EP62-N051.

Lopez-Velazquez, J.L.; Navarro-Lépez, D.E.; Qui-Zapata, J.A.; Ledn-Morales, ].M.; Saavedra-Loera, D.I.; Garcia-Morales, S. Ef-
fect of selenite and inulin on the Capsicum annuum—Phytophthora capsici interaction. Biotecnol. Veg. 2019, 19, 25-34. Available
online: https://revista.ibp.co.cu/index.php/BV/article/view/598 (accessed on 14 January 2026).

Luo, M.; Huang, Q.R;; Jia, M.X,; Zeng, ].Y.; Dong, Z.Y. Trichoderma azadirachtae Ta3302: A novel biocontrol agent for banana
Fusarium wilt and a promoter of plant growth. Physiol. Mol. Plant Pathol. 2025, 140, 102976.
https://doi.org/10.1016/j.pmpp.2025.102976.

Loépez-Gervacio, A.].; Qui-Zapata, ].A.; Barrera-Martinez, I.; Montero-Cortés, M.1.; Garcia-Morales, S. Selenium Nanoparticles
(SeNPs) Inhibit the Growth and Proliferation of Reproductive Structures in Phytophthora capsici by Altering Cell Membrane
Stability. Agronomy 2025, 15, 490. https://doi.org/10.3390/agronomy15020490.

Hernandez, I.; Herver, R.; Olivos, M.; Marquez, C. Elaboracion de un hidrogel a partir de quitosano para la eliminacién de
metales pesados (Cu) en una muestra modelo de agua. Rev. Simul. Lab. 2016, 3, 16-21. Available online:
https://www .ecorfan.org/bolivia/researchjournals/Simulacion_y_Laboratorio/vol3num9/Revista_de_Simulacion_y_Laborato-
rio_V3_N9_3.pdf (accessed on 14 January 2026).

Cruz-Barrera, M.; Izquierdo-Garcia, L.F.; Gémez-Marroquin, M.; Santos-Diaz, A.; Uribe-Gutiérrez, L.; Moreno-Velandia, C.A.
Hydrogel capsules as new delivery system for Trichoderma koningiopsis Th003 to control Rhizoctonia solani in rice (Oryza sativa).
World, . Microbiol. Biotechnol. 2024, 40, 108. https://doi.org/10.1007/s11274-024-03897-0.

Saruchi; Kaith, B.S.; Kumar, V.; Jindal, R. Biodegradation Study of Enzymatically Catalyzed Interpenetrating Polymer Network:
Evaluation of Agrochemical Release and Impact on Soil Fertility. Biotechnol. Rep. 2016, 9, 74-8l.
https://doi.org/10.1016/j.btre.2015.12.004.

Huang, Z.; Qian, L.; Yin, Q.; Yu, N.; Liu, T.; Tian, D. Biodegradability studies of poly(butylene succinate) composites filled with
sugarcane rind fiber. Polym. Test. 2018, 66, 319-326. https://doi.org/10.1016/j.polymertesting.2018.02.003.

Wang, J.E.; Li, D.W.; Zhang, Y.L.; Zhao, Q.; Huang, Y.M.; Gao, Z.H. Defence responses of pepper (Capsicum annuum L.) infected
with incompatible and compatible strains of Phytophthora capsici. Eur. ]. Plant Pathol. 2013, 136, 625-638.
https://doi.org/10.1007/s10658-013-0193-8.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/gels12020144



