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Abstract 

Sustainable agriculture requires effective alternatives, and enzyme-based biocontrol strategies derived from 
Trichoderma represent a promising approach. However, field application of enzymatic supernatants is often limited 
by low stability and rapid loss of activity. This study aimed to optimize the encapsulation of enzymatic supernatants 
from native strains Trichoderma koningiopsis LBM 116 and LBM 219 using sodium alginate, and to evaluate the 

functional performance of the resulting formulations. A Box–Behnken response surface design identified optimal 
encapsulation conditions (1% alginate, 1% CaCl₂, 0.5 mm cannula diameter), yielding spherical capsules (~1300 

µm). Proteases exhibited high encapsulation efficiency (up to 84.8%) and strong operational stability, whereas β-
1,3-glucanases showed moderate retention and progressive activity loss. Chitinase activity was not retained within 
the alginate matrix. Despite partial enzyme leakage, encapsulated formulations significantly inhibited the growth of 
Fusarium oxysporum LBM 232, maintaining antifungal efficacy comparable to free supernatants. These findings 

demonstrate that alginate-based encapsulation is a viable strategy for stabilizing mycolytic enzymes; however, 
matrix reinforcement will be necessary to achieve full retention of the enzymatic complex and enhance long-term 
performance in agricultural systems. 

Keywords: Immobilization, Sodium alginate, Proteases, β-1,3-glucanases, Fusarium. 
 
Resumen 
La agricultura sostenible requiere alternativas eficaces y el biocontrol basado en enzimas derivadas de Trichoderma 
constituye un enfoque prometedor. Sin embargo, su aplicación se ve limitada por su baja estabilidad y la rápida 
pérdida de actividad. Este estudio tuvo como objetivo optimizar la encapsulación de sobrenadantes enzimáticos 
de las cepas nativas Trichoderma koningiopsis LBM 116 y LBM 219 mediante alginato de sodio y evaluar el 
desempeño funcional de las formulaciones obtenidas. Un diseño de superficie de respuesta Box-Behnken permitió 
identificar las condiciones óptimas de encapsulación (1 % de alginato, 1 % de CaCl₂, aguja de 0,5 mm) y generar 

cápsulas esféricas (~1300 µm). Las proteasas mostraron alta eficiencia de encapsulación (hasta 84,8 %) y elevada 
estabilidad operativa, mientras que las β-1,3-glucanasas presentaron retención moderada y pérdida progresiva de 
actividad. Las quitinasas no se retuvieron en la matriz de alginato. A pesar de la fuga parcial de enzimas, las 
formulaciones encapsuladas inhibieron significativamente el crecimiento de Fusarium oxysporum LBM 232, con 
eficacia comparable a los sobrenadantes libres. Estos resultados demuestran que la encapsulación es una 
estrategia viable para estabilizar enzimas micolíticas; no obstante, será necesario reforzar la matriz para lograr la 
retención completa del complejo enzimático y mejorar su desempeño a largo plazo en sistemas agrícolas. 

Palabras clave: Inmovilización, Alginato de sodio, Proteasas, β-1,3-glucanasas, Fusarium. 

 
INTRODUCTION 
Modern agriculture has increased productivity 
through the intensive use of synthetic pesticides; 
however, this model has generated significant 

environmental and health concerns, including soil 
and water contamination and adverse effects on 
non-target organisms (1–3). These limitations 
have intensified the search for sustainable 
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production strategies that reduce dependence on 
agrochemicals while preserving biodiversity, 
human health, and the environment. In this 
context, bio-inputs have emerged as viable 
alternatives in contemporary agricultural systems 
(4–6). 
Among these, microbial antagonists are some of 
the most promising tools due to their diverse 
mechanisms of action, including the production of 
antifungal secondary metabolites, secretion of cell 
wall-degrading enzymes (CWDEs), and induction 
of plant defense responses (7–12). Species of the 
genus Trichoderma are particularly relevant, as 
they combine strong antagonistic activity against 
phytopathogens with plant growth-promoting 
capabilities and have been widely studied at both 
global and regional levels (13–16). 
On the other hand, the use of native isolates is a 
strategic approach, given their adaptation to local 
edaphoclimatic conditions and their potential to 
reduce dependence on imported commercial 
strains (17–19). 
Among phytopathogenic fungi, Fusarium 
oxysporum is one of the most relevant species, 
causing vascular wilt diseases affecting a wide 
range of crops, including Ilex paraguariensis 
(yerba mate), a perennial crop of high economic 
importance in northeastern Argentina (NEA) (20; 
21). In this system, Fusarium spp. have been 
associated with root rot and decline processes 
that compromise plant establishment and long-
term productivity. 
These soilborne pathogens represent a major 
constraint, and their ability to persist in soil through 
resistant structures and survive as saprophytes 
enhances their epidemiological relevance, 
particularly in warm and humid environments such 
as those of the NEA region. 
In this context, the enzymatic machinery of 
Trichoderma, particularly chitinases, β-1,3-
glucanases, and proteases, plays a central role in 
mycoparasitism by directly degrading fungal cell 
walls (22-27). Enzymatic supernatants derived 
from these fungi therefore represent a valuable 
resource for the development of enzyme-based 
antifungal bioformulations. However, their field 
application is often limited by environmental 
instability, as fluctuations in pH, temperature, and 
humidity can reduce catalytic activity and 
persistence (28-30).  
To address this limitation, enzyme immobilization 
via encapsulation techniques has emerged as an 
innovative and promising technological strategy. 
Encapsulation involves incorporating an active 
core—such as microorganisms, metabolites, or 
enzymes—into a protective matrix, typically 
composed of natural biopolymers, alginate and 
chitosan. This matrix acts as a physical barrier 
against adverse environmental conditions, 
prolongs the shelf life of the active ingredient 

during storage, improves stability under variable 
environmental conditions, and enables controlled 
release at the desired site and time (31-34). In the 
specific case of enzymes, immobilization has 
been shown to increase structural stability, reduce 
loss of catalytic activity, and promote reuse in 
complex systems, including heterogeneous 
matrices such as soil (35; 36). 
The encapsulation of fungal enzymatic 
supernatants represents an emerging field with 
high potential to transform unstable enzyme 
cocktails into next-generation bio-inputs capable 
of maintaining activity under varying 
environmental conditions for extended periods. 
Based on this background and considering the 
need to overcome the limitations associated with 
bio-input stability under field conditions, this study 
aimed to optimize the encapsulation technique for 
enzymatic supernatants produced by the native 
isolates Trichoderma koningiopsis LBM 116 and 
LBM 219, characterize the resulting capsules 
physicochemically and functionally, and evaluate 
their antifungal capacity against the 
phytopathogen Fusarium oxysporum LBM 232. 
This study seeks to advance the development of 
encapsulated enzymatic formulations with 
potential applications in sustainable agricultural 
systems. 
 
MATERIALS AND METHODS 
Microorganisms 
Three native fungal strains from Misiones 
(Argentina) were used in this study: Trichoderma 
koningiopsis LBM 116, T. koningiopsis LBM 219, 
and Fusarium oxysporum LBM 232. All strains 
belong to the culture collection of the Molecular 
Biotechnology Laboratory at the Misiones 
Biotechnology Institute (InBioMis), National 
University of Misiones (UNaM), Argentina. In 
compliance with the Nagoya Protocol on Access 
and Benefit-sharing, authorization for all 
microorganisms collection was obtained from the 
Institute of Biodiversity of Misiones, under the 
Ministry of Ecology and Renewable Natural 
Resources of Misiones Province, Argentina. 
Previous research has demonstrated the 
biocontrol effects of T. koningiopsis strains (19; 
37), and, more recently, the secretion and stability 
of their cell-wall degrading enzymes (CWDEs) 
have been optimized (23). All strains were grown 
in 60 mm Petri dishes containing potato dextrose 
agar (PDA, 3.9% w/v) with 0.02% w/v 
chloramphenicol and incubated at 28 ± 1 °C for 7 
days. 
 
Production of enzymatic supernatants by T. 
koningiopsis using F. oxysporum cell walls as 
an inducer  
Cell walls of F. oxysporum LBM 232 were used as 
a sole carbon source, at a final concentration of 7 
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g L⁻¹. First, fungal biomass was obtained by 
culturing F. oxysporum in malt extract medium 
(ME, 2% w/v) at 28 ± 1 °C for 7 days under 
continuous light. Cell wall extraction was 
performed according to the method of Cortes et al. 
(1998) (38) with minor modifications. Harvested 
mycelium was purified by incubation in 0.85% 
(w/v) NaCl for 2 h, followed by boiling in 2% 
sodium dodecyl sulfate (SDS) for 5 min to 
solubilize intracellular components. The resulting 
material was sequentially washed with chloroform: 
methanol (1:1, v/v), then with acetone, air-dried, 
and finally ground using a mortar and pestle. 
The nitrogen source was adapted from Mandels 
medium (39), whose basal composition included 

KH₂PO₄ (2 g L⁻¹), CaCl₂·2H₂O (0.4 g L⁻¹), 

MgSO₄·4H₂O (0.3 g L⁻¹), FeSO₄·7H₂O (0.005 g 
L⁻¹), MnSO₄·4H₂O (0.0016 g L⁻¹), ZnSO₄·7H₂O 

(0.0014 g L⁻¹), and CoCl₂·6H₂O (0.02 g L⁻¹). The 
Nitrogen component modified was yeast extract 

(0.92 g L⁻¹).  
Assays were conducted under submerged 
fermentation (SmF) conditions. Erlenmeyer flasks 
(250 mL capacity) containing 60 mL of culture 
medium were inoculated with 2.5 mL of a spore 

suspension (2 × 107 spores mL⁻¹ for both strains). 
The initial pH of the medium was adjusted to 4.0. 
Cultures were incubated at 28 ± 1°C with shaking 
at 100 rpm for 12 days. 
 
Encapsulation of enzymatic supernatants from 
T. koningiopsis LBM 116 and LBM 219 by ionic 
gelation 
Enzymatic supernatants were immobilized in 
sodium alginate via ionic gelation, as described by 
El-Katatny (2008) (40), with modifications. Under 
sterile conditions, enzyme supernatants were 
mixed with a sodium alginate solution at a 1:3 (v/v) 
ratio. The mixture was extruded dropwise into a 

sterile CaCl₂ solution using a MAPADA peristaltic 
pump (Shanghai Mapada Instruments Co., Ltd., 
China), resulting in instantaneous gelation and 
capsule formation. Capsules were maintained in 

CaCl₂ solution for 30 min at room temperature 
under constant stirring to ensure complete 
crosslinking. They were then filtered, washed with 
sterile distilled water, and stored at 5 °C until 
further use. 
 
Spectrophotometric determination of 
enzymatic activity 
Protease, β-1,3-glucanase, and chitinase 
activities were determined spectrophotometrically 
using modified protocols based on previously 
described methods (41-46). 
For Protease activity, the reaction mixture, 
consisting of 300 µL of azocasein (0.5%, w/v in 
Tris-HCl buffer, pH 7.4) and 300 µL of enzyme 
formulation, was incubated at 37°C for 50 min. For 
encapsulated formulations, 300 mg (fresh weight) 

of capsules were used per reaction. To terminate 
the reaction, 600 µL of 10% (w/v) trichloroacetic 
acid was added, and the mixture was centrifuged 
at 7000 rpm for 5 min. The absorbance of the 
supernatant was measured at 340 nm using a 
Shimadzu UV-Vis 1900 spectrophotometer. 
Enzyme activity was expressed in units equivalent 
to the activity of 1 mg of papain (1 unit = 1 mg of 
papain), based on a standard curve prepared with 
commercial papain (Sigma-Aldrich) using 
azocasein as substrate. 
β-1,3-glucanase activity was determined using 1% 
(w/v) laminarin in 0.2 M acetate buffer (pH 5). A 
reaction mixture containing 250 µL of substrate 
and 250 µL of enzyme formulation (250 mg for the 
encapsulated formulations) was incubated at 50°C 
for 40 min. The reaction was stopped by adding 
500 µL of 3,5-dinitrosalicylic acid (DNS) reagent 
and boiling for 10 min. After cooling, 4 mL of 
distilled water was added, and absorbance was 
measured at 540 nm. One unit (U) of β-1,3-
glucanase activity was defined as the amount of 
enzyme required to release 1 μmol of glucose per 
minute under the assay conditions. 
Chitinase activity was measured using 0.5% (w/v) 
colloidal chitin prepared in 0.05 M acetate buffer 
at pH 4.8. A volume of 300 µL of substrate was 
mixed with 300 µL of enzyme formulation (300 mg 
for encapsulated formulations) and incubated at 
37°C for 60 min with agitation at 90 rpm. The 
reaction was stopped by adding 600 µL of DNS 
reagent (43), followed by boiling for 10 min and 
centrifugation at 7000 rpm for 5 min. Absorbance 
was measured at 540 nm. One unit (U) of chitinase 
activity was defined as the amount of enzyme 
capable of releasing 1 μmol of N-
acetylglucosamine (NAG) per minute under the 
assay conditions. 
 
Optimization of the encapsulation process  
The encapsulation process was optimized using 
response surface methodology (RSM) 
implemented in Statgraphics Centurion XVI 
(StatPoint, Inc., USA). A Box–Behnken design 
(BBD) was selected due to its efficiency in 
evaluating quadratic response surfaces with a 
reduced number of experimental runs. 
Three independent variables were evaluated: 
sodium alginate concentration (1, 1.5, and 2%), 

CaCl₂ concentration (1, 1.5, and 2%), and cannula 
diameter (0.3, 0.5, and 0.7 mm).  
To facilitate data interpretation, actual factor levels 
were converted to standardized units, where 1 
represented the highest value and -1 the lowest 
(Table 1). Seventeen experimental runs were 
conducted, including five replicates at the center 
point. The center point, positioned at level 0 for all 
factors, provided a more reliable estimate of 
experimental variance across the design space. 
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Table 1. Coded factor levels for RSM-BBD for optimization of 

the three variables:  sodium alginate concentration, CaCl₂ 
concentration, and cannula diameter. 

Factors 
Levels 
-1 0 1 

Sodium alginate 
concentration 

1% 1.5% 2% 

CaCl2 concentration 1% 1.5% 2% 
Cannula diameter 0.3mm 0.5mm 0.7mm 

 

Immobilization efficiency (EE, %) of each enzyme 
was used as the response variable and calculated 
according to the following equation: 
 

𝐸𝐸 (%) =
𝑈𝐴𝐸𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑

𝑈𝐴𝐸 𝑓𝑜𝑟𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
× 100  (1) 

 
where UAE formulation denotes the enzyme activity 
units initially present before encapsulation, and 
UAE encapsulated denotes the enzyme activity units 
retained within the capsules after encapsulation. 
Experimental data were analyzed using 
Statgraphics Centurion XVI (StatPoint, Inc., USA). 
An analysis of variance (ANOVA) within the RSM 
framework was conducted at a 95% confidence 
level. Model adequacy was evaluated through 
lack-of-fit testing and the coefficient of 
determination (R²). Standardized Pareto charts 
were used to identify significant factors, and three-
dimensional response surface plots were 
generated to visualize interactions among 
variables. Optimal conditions were determined 
using multiple-response optimization analysis. 
 
Capsule morphological characterization  
The morphology of the obtained capsules was 
evaluated using an optical microscope (Leica 
DM750, Switzerland). Diameter and circularity 
were determined for 30 capsules per strain using 
ImageJ 1.51n software (Wayne Rasband, National 
Institutes of Health, USA). Measurements were 
performed at 40× magnification.  
The average fresh weight of individual capsules 
was estimated from ten subsamples per strain. 
Each subsample was weighed on an analytical 
balance, and the number of capsules counted. 
Individual capsule weight was calculated as: 
 

𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) =
𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

number of capsules
 

     
 (2) 
 
Enzymatic stability of encapsulated 
formulations 
The stability of encapsulated enzymes was 
evaluated by incubating capsules at 25 °C in buffer 
solutions at different pH values. For protease 
determination, capsules were incubated at pH 6, 
7.4, and 8; whereas for β-1,3-glucanases 
determination, capsules were incubated at pH 4, 
5, and 6 (23). The assay was conducted for 10 
days, with samples collected every 2 days. 

Residual enzymatic activity was expressed as a 
percentage relative to initial activity (time zero = 
100%). Data were analyzed using two-way 
ANOVA followed by LSD multiple-range tests at 
the 95% confidence level. 
 
Reuseability of immobilized CWDE activities 
The reusability of immobilized enzymes was 
assessed by measuring activity successively 
using fresh substrate in each cycle. All assays 
were performed in duplicate. Enzymatic activity 
was expressed as percentage retention relative to 
the initial activity. Statistical analysis was 
conducted using one-way ANOVA at a 95% 
confidence level. 
 
Antifungal activity of encapsulated 
formulations 
Antifungal activity was evaluated under three 
experimental conditions: (i) cultures inoculated 
with free enzymatic supernatant, (ii) cultures 
inoculated with encapsulated enzymatic 
formulations, and (iii) an untreated control. Assays 
were conducted in 250 mL Erlenmeyer flasks 
containing 50 mL of malt extract medium (20 g 
L⁻¹), previously inoculated with 1 × 10⁷ spores 
mL⁻¹ of the phytopathogen Fusarium oxysporum 
LBM 232. 
Free formulations were added at a final volume of 
2 mL of crude supernatant per flask, whereas 
encapsulated treatments received 2 g of freshly 
prepared capsules. Control flasks contained only 
the fungal inoculum without enzymatic additions. 
All treatments were performed in duplicate. 
Cultures were incubated at 28 ± 1 °C under orbital 
shaking (100 rpm) for 10 days. At the end of the 
incubation period, fungal biomass was recovered, 
dried to constant weight, and expressed as dry 
weight. Data were analyzed by one-way ANOVA 
followed by LSD multiple-range tests at a 95% 
confidence level. 
 
RESULTS AND DISCUSSION 
Encapsulation of enzymatic supernatants from 
T. koningiopsis LBM 116 and LBM 219 by ionic 
gelation 
Crude supernatants prior to encapsulation 
exhibited detectable protease, β-1,3-glucanase, 
and chitinase activities, confirming the presence of 
a complete mycolytic enzymatic complex suitable 
for immobilization. However, after encapsulation, 
only protease and β-1,3-glucanase activities 
remained detectable. Notably, chitinase activity 
was not detected in the encapsulated formulations 
(Figure 1), indicating that this enzymatic fraction 
was not retained within the alginate matrix. This 
may be attributed to the pore size distribution and 
the intrinsic permeability of pure alginate 
hydrogels, which can facilitate enzyme diffusion 
during gelation or subsequent washing steps (47). 
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Figure 1. Enzymatic activity of crude supernatants (Formulation) and encapsulated formulations (Encapsulated) from T. 

koningiopsis LBM 116 and LBM 219. Protease, β-1,3-glucanase, and chitinase activities are expressed as U L⁻¹. Bars represent 
mean values ± standard deviation. The symbol (X) indicates absence of detectable enzymatic activity in the encapsulated 

formulations. 

 
The detected EE values fall within the expected 
range for systems based on crude extracts, where 
enzyme purity, molecular heterogeneity, and 
medium composition influence retention capacity 
(40).  These baseline activities were used to 
calculate encapsulation efficiency (EE) within the 
RSM–BBD framework (Table S1). Protease EE 
was 33.3 ± 12% for T. koningiopsis LBM 116 and 
84.8 ± 8.8% for T. koningiopsis LBM 219, whereas 
for β-1,3-glucanase EE reached 29.9 ± 6.0% and 
26.3 ± 4.7%, respectively.  
The overall low EE values, except for proteases 
from T. koningiopsis LBM 219, may be attributed 
to intrinsic limitations of droplet-based ionic 
gelation methods. This approach, widely used due 
to its simplicity and biocompatibility, can exhibit 
enzyme leaching because of the hydrophilic 
nature of alginate and the relatively large pore size 
of its polymer network (~200 nm) (48). In contrast, 
the incorporation of external coatings or hybrid 
matrices has been shown to improve retention.  
Other studies have reported that alginate–
chitosan or alginate-pectin composite systems 
achieved efficiencies of 77–95% for proteases 
(49-51). These findings suggest that incorporating 
an external coating or a hybrid matrix could 
improve EE. 
Nevertheless, optimizing the encapsulation 
process allowed for the identification of 
physicochemical parameters that significantly 
affect EE. In particular, the RSM-BBD design 
enabled the determination of optimal conditions 
for maximizing proteases and β-1,3-glucanases 
EE, thereby guiding the development of capsules 
suitable for the controlled release of biocatalysts. 

The coefficients of determination obtained from 
the ANOVA – RSM analysis for T. koningiopsis 
LBM 116 (R² = 0.86 for protease and 0.90 for β-
1,3-glucanase) together with a non-significant 
lack-of-fit (p > 0.05 at the 95% confidence level), 
support the model's suitability for describing the 
observed data.  
For protease activity, the quadratic effect of CaCl₂ 
was significant (p < 0.05), indicating its influence 
on the curvature of the model (Table S2). The EE 
results suggest a nonlinear relationship between 

Ca²⁺ concentration and gel crosslinking.  
Previous studies have reported formation of 
amorphous structures at low concentrations, 
stable spheres at intermediate concentrations, 
and rigid agglomerates at high concentrations (52-
54). These results confirm the critical balance 
between network density and hydrogel 
permeability. 
For β-1,3-glucanases, statistically significant 
effects of alginate and the quadratic term of 
cannula diameter (p < 0.05) on EE were detected 
(Table S3). The Pareto chart shows the negative 
influence of both variables (Figure 2A). 
The RSM model for T. koningiopsis LBM 219 
yielded R² values of 0.67 for proteases and 0.90 
for β-1,3-glucanases. Lack-of-fit was not 
significant (p > 0.05 at the 95% confidence level), 
indicating that the selected model was appropriate 
for describing the observed data. 
For proteases, no factor had a statistically 
significant effect on EE (p > 0.05) (Table S4). In 
contrast, for β-1,3-glucanases, sodium alginate 
(A) and the quadratic effect of cannula diameter 
(CC) were significant (p < 0.05) (Table S5), both 
showing negative effects on EE (Figure 2B). 
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Figure 2. Pareto chart showing the factors in decreasing order of significance affecting β-1,3-glucanase activity in A) T. 

koningiopsis LBM 116 and B) T. koningiopsis LBM 219. Bar length is proportional to the standardized effect of each factor on 
enzymatic efficiency of the encapsulation, with 95% confidence. 

 
Therefore, for β-1,3-glucanases, the effects were 
comparable between the two strains. This agrees 
with reports indicating that higher polymer 
viscosity or larger droplet size can reduce mass 
transfer and homogeneity, thereby reducing EE 
(55,53). Conversely, moderate alginate 
concentrations and small cannula diameters 

optimize Ca²⁺ diffusion and gelation (56). 
Multiple-response optimization predicted the 
conditions that maximize desirability within the 
experimental region, thereby jointly optimizing the 

EE of proteases and β-1,3-glucanases in both 
strains (Figure 3). The optimum conditions, 
calculated from the model-predicted values, were 

sodium alginate concentration (1%), CaCl₂ 
concentration (1%), and cannula diameter (0.5 
mm).  
Based on these results, the RSM model-predicted 
conditions were validated, and capsules were 
produced under optimal conditions for subsequent 
analyses. 

 

 
Figure 3. Three-dimensional response surface plots of the desirability function showing the predicted optimal conditions (+) 

within the experimental design space for sodium alginate concentrations, CaCl2 concentration, and cannula diameter in 
capsules produced with T. koningiopsis LBM 116 and LBM 219. 
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Capsule morphological characterization  
The capsules obtained from T. koningiopsis LBM 
116 had an average diameter of 1318 ± 109 μm, 
whereas those from T. koningiopsis LBM 219 
reached 1355 ± 98 μm. In both strains, average 
circularity was 0.92 ± 0.02, reflecting nearly 

spherical morphology. Regarding weight, 
capsules of LBM 219 averaged 3.22 ± 0.28 mg, 
whereas those of LBM 116 averaged 2.85 ± 0.26 
mg. These morphological characteristics are 
shown in Figure 4. 

 

 
Figure 4. Optical micrographs showing capsule morphology of strains T. koningiopsis LBM 116 (A) and T. koningiopsis LBM 219 

(B). Magnification: 4×. Scale bars = 220 µm. 

 
These analyses place the beads within the 
alginate macrocapsule size range (>1000 µm) 
(57). Capsule size was consistent with values 
reported in the literature for extrusion-based 
encapsulation systems for immobilization of 
biological control agents (58). 
Furthermore, the spherical and homogeneous 
morphology of the capsules is a desirable feature, 
as it directly influences their durability, structural 
stability during drying or storage, and more 
predictable biocatalyst release (59). 
Additionally, determination of individual capsule 
weight is a relevant parameter associated with 
density and dosage standardization, as it enables 
estimation of the number of functional units per 
sample and serves as an indirect indicator of the 
amount of immobilized enzymatic material. This, 
in turn, improves dosage consistency and 
reproducibility in antifungal assays (60). 
 
Enzymatic stability of encapsulated 
formulations 
Evaluation of enzymatic stability in the capsules 
revealed differential behavior between strains and 
between protease and β-1,3-glucanase activities. 
For T. koningiopsis LBM 116 capsules, no activity 
was detected beginning with the first sampling 
point (day 2). In contrast, T. koningiopsis LBM 219 
capsules retained activity, with no significant 
differences across pH levels or over time (p > 
0.05). These proteases, with an optimum pH close 
to 7.4 (24), maintain their active conformation in 
neutral or slightly basic media. In addition, alginate 
may provide protection under acidic conditions, 
since at low pH, alginic acid becomes insoluble, 

and increased proton (H⁺) concentration 
strengthens ionic bonds between polymer chains, 
compacting the network and reducing permeability 
(61). This combination of intrinsic enzyme pH 
optimum and matrix stability may explain the 
minimal variation in protease activity across pH 
values. 
For β-1,3-glucanase activity, no significant 
differences were observed between the two 
strains (p > 0.05), therefore, data were analyzed 
jointly. Both pH and time had statistically 
significant effect on enzyme activity (p < 0.05). 
Analysis of pH identified two homogeneous 
groups: activities at pH 4 and 5 were significantly 
higher than at pH 6 (p < 0.05), suggesting greater 
stability over time under lower pH values (Figure 
5A), consistent with the reported catalytic activity 
range (24). Within this range, the alginate network 
remains compact, limiting denaturation and 
enzyme leakage. However, as pH increases 
toward more basic values (≥ 6), the gel begins to 
swell and lose structural cohesion, increasing 
permeability and reducing protection against 
inactivation (62). The decrease observed at pH 6 
may therefore be attributed to the combined 
effects of the enzyme's intrinsic instability under 
less favorable pH conditions and weakening of the 
encapsulating support. 
Regarding the time factor, statistical analysis 
revealed two homogeneous groups (p < 0.05): 
Group 1, including days 0 to 8, and Group 2, 
consisting of day 10, which showed significantly 
lower enzymatic activity, indicating loss of stability 
at the end of the evaluated period (Figure 5B). 
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Figure 5. Mean plots with 95% confidence intervals (Fisher's LSD) for β-1,3-glucanase enzyme activity (U/mL) as a function of 

(A) pH and (B) time. 

 
These results demonstrate that the overall system 
stability depends on the interaction between 
enzyme pH optimum and the structural response 
of alginate. Proteases, with a basic optimum and 
additional protection by gel compaction under 
acidic conditions, maintained activity over time; 
whereas the β-1,3-glucanases, which depend on 
acidic conditions, lost stability as the matrix lost 
rigidity and provided less effective protection. 
 
Reusability of immobilized CWDE activities 
During evaluation of the operational reusability of 
the enzyme capsules, variations in protease and 

β-1,3-glucanase activity were observed across 
successive reaction cycles. 
Protease activity in T. koningiopsis LBM 116 and 
LBM 219 remained stable throughout the five 
cycles, maintaining retention percentages close to 
100% of the initial activity (Figure 6A and 6B). In 
both cases, no statistically significant differences 
over time were observed (p > 0.05). This 
demonstrates high stability and low loss due to 
diffusion or inactivation, which may be attributed 
to a favorable interaction between the enzyme and 
the matrix, associated with larger molecular size 
or greater surface affinity, thereby reducing 
leakage and promoting retention (63). 

 

 
Figure 6. Mean plots showing the percentages of retained protease activity in (A) T. koningiopsis LBM 116 and (B) T. 

koningiopsis LBM 219. The x-axis represents the five measurement cycles (1–5), whereas the y-axis indicates the percentage of 
protease activity relative to the initial activity. 

 
β-1,3-glucanase activity in capsules from T. 
koningiopsis LBM 116 showed statistically 
significant differences between cycles (p < 0.05), 
with an abrupt decrease to ~30% in the second 
cycle and complete loss in subsequent cycles 
(Figure 7A). In T. koningiopsis LBM 219, 
significant differences were also observed (p < 
0.05), with activity decreasing to ~85% in the 
second cycle, followed by complete loss of activity 
in subsequent cycles (Figure 7B).  
This behavior is consistent with previous reports 
(40; 64). The decrease in activity may be attributed 
to enzyme leakage caused by matrix porosity. If 

the size of the gel pores allow enzyme molecules 
to pass through, they may diffuse into the medium 
during successive washes, thereby reducing 
detectable activity in subsequent cycles. This 
phenomenon is particularly relevant for small, 
hydrophilic enzymes, a characteristic frequently 
associated with β-1,3-glucanases (65; 66). 
Furthermore, recent studies have shown that 
repeated exposure to fluctuations in pH, 
temperature, and ionic concentration may cause 
progressive inactivation, even in enzymes partially 
retained in the gel (67).  

 



Marcela P., Barengo et. al.: Encapsulated enzymatic formulations of Trichoderma koningiopsis 93 

RECyT / Year 28 / Nº 45 / 2026 

 
Figure 7. Mean plots showing the percentages of retained β-1,3-glucanase activity in T. koningiopsis LBM 116 (A) and T. 

koningiopsis LBM 219 (B). The x-axis represents the five measurement cycles (1–5), whereas the y-axis indicates the 

percentage of protease enzyme activity relative to the initial activity. 

 
Antifungal activity of encapsulated 
formulations 
One-way ANOVA indicated statistically significant 
differences in dry weight among treatments and 
the control (p < 0.05). Both free supernatants and 

encapsulated formulations from T. koningiopsis 
LBM 116 and LBM 219 significantly reduced the 
growth of F. oxysporum LBM 232 compared with 
the negative control (Figure 8), confirming the 
antifungal potential of the enzymatic preparations.  

 

 
Figure 8. Mean dry weight (g) for Control, 1 (LBM 116 capsules), 2 (LBM 219 capsules), 3 (LBM 116 supernatant), and 4 (LBM 

219 supernatant). Error bars indicate standard deviation. 

 
These results demonstrate that the mycolytic 
capsules effectively inhibited pathogen growth, 
validating the functional preservation of enzymatic 
activity after immobilization. The observed 
reduction in fungal biomass suggests a potential 
inhibitory effect of the enzymatic complex on 
fungal development. 
Alginate, used as the encapsulating matrix, is 
widely recognized as a biocompatible and 
biologically inert polymer, commonly employed as 
a carrier system for bioactive compounds rather 
than as an active antimicrobial agent (68). 
Although modified alginate systems or specific 
derivatives may exhibit antifungal activity, this 
effect is generally associated with incorporated 
active compounds or structural modifications 
rather than with the native polymer itself (69).  
Therefore, the inhibitory effect observed in this 
study is likely associated with the cell wall 
degradation mechanisms described for CWDEs, 
although further structural analyses are required 
to confirm this. 
Endpoint biomass quantification by dry weight 
provides an integrative measure of overall 

inhibitory effect and is suitable as a preliminary 
screening approach for enzymatic biocontrol 
systems (40). 
Importantly, although no statistically significant 
differences were observed between free and 
encapsulated formulations, the encapsulated 
systems maintained comparable antifungal 
efficacy. This finding is particularly relevant from a 
formulation standpoint, as it indicates that 
immobilization did not compromise biological 
activity. Instead, encapsulation provides additional 
technological advantages, including structural 
protection, potential stabilization under 
environmental stress, and controlled release. 
 
Conclusions 
This study demonstrates that ionic gelation using 
sodium alginate is a feasible strategy for 
immobilizing enzymatic supernatants from T. 
koningiopsis LBM 116 and LBM 219. The 
optimization process identified encapsulation 
conditions that enabled effective retention of 
protease activity while maintaining antifungal 
efficacy against F. oxysporum LBM 232. 
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Encapsulation efficiency was enzyme-dependent. 
Proteases showed high retention and operational 
stability, whereas β-1,3-glucanases exhibited 
moderate encapsulation efficiency and 
progressive loss of activity. Chitinase activity was 
not retained within the alginate matrix, highlighting 
structural limitations of pure alginate hydrogels for 
small or highly diffusible enzymes. 
These findings confirm that encapsulation is a 
promising approach for improving the formulation 
and field applicability of enzyme-based bioinputs. 
However, further improvements, such as hybrid 
matrices or polyelectrolyte coatings, are required 
to enhance enzyme retention and long-term 
stability. 
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Supplementary Information 
 

Table S1. Free and immobilized enzyme activity and immobilization efficiency (%) for proteases and β-
1,3-glucanases in the POS7 and TrichoH strains, evaluated in 17 Box-Behnken design assays. 

LBM 116 Free protease 
activity (U L-1) 

190.9 Free β-1.3-glucanase 
activity (U L-1) 

591.12 

LBM 219 270 608.4 

Strain Assay 
Immobilized 
protease activity  
(U L-1) 

EE protease 

(%) 

Immobilized β-1.3-
glucanase activity  
(U L-1) 

EE β-1.3-

glucanase (%) 

 
LBM 
116 

1 112.727 59.048 211.018 35.698 
2 86.364 45.238 214.174 36.232 
3 90.000 47.143 214.174 36.232 
4 53.636 28.095 183.513 31.045 
5 50.000 26.190 150.598 25.477 
6 45.455 23.810 100.098 16.934 
7 80.000 41.905 187.121 31.655 
8 50.000 26.190 122.643 20.748 
9 60.000 31.429 134.817 22.807 
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10 37.273 19.524 145.638 24.638 
11 105.455 55.238 189.375 32.037 
12 59.091 30.952 157.813 26.697 
13 31.818 16.667 198.393 33.562 
14 39.091 20.476 202.902 34.325 
15 60.000 31.429 217.781 36.842 
16 49.091 25.714 197.491 33.410 
17 71.818 37.619 172.241 29.138 

LBM 
219 

1 270.909 100 180.808 29.718 
2 267.273 98.990 214.174 35.203 
3 261.818 96.970 174.045 28.607 
4 214.545 79.461 103.254 16.971 
5 220.000 81.481 101.451 16.675 
6 212.727 78.788 137.522 22.604 
7 227.273 84.175 138.875 22.826 
8 210.000 77.778 169.536 27.866 
9 213.636 79.125 157.362 25.865 
10 232.727 86.195 160.518 26.383 
11 250.000 92.593 142.933 23.493 
12 217.273 80.471 155.558 25.568 
13 198.182 73.401 179.906 29.570 
14 190.909 70.707 167.281 27.495 
15 243.636 90.236 187.571 30.830 
16 246.364 91.246 179.004 29.422 
17 219.091 81.145 166.379 27.347 

 
Table S2. RSM ANOVA for protease activity in T. koningiopsis LBM116. with a 95% confidence level. 

Source Sum of Squares DF Mean Square F-Ratio P-Value 

A: Sodium Alginate 324.526 1 324.526 4.61 0.0982 

B: CaCl2 532.016 1 532.016 7.56 0.0514 

C: Cannula diameter 355.538 1 355.538 5.05 0.0879 

AA 198.666 1 198.666 2.82 0.1682 

AB 6.85916 1 6.85916 0.10 0.7705 

AC 44.4556 1 44.4556 0.63 0.4712 

BB 569.601 1 569.601 8.10 0.0466 

BC 38.3223 1 38.3223 0.54 0.5015 

CC 58.4629 1 58.4629 0.83 0.4136 

lack-of-fit  70.3521 3 23.4507 0.33 0.8033 

Pure error 281.451 4 70.3627   

Total (corr.) 2490.27 16    

 
Table S3. RSM ANOVA for β-1.3-glucanase activity in T. koningiopsis LBM 116. with a 95% confidence 

level. 

Source Sum of Squares DF Mean Square F-Ratio P-Value 

A: Sodium Alginate 72.6193 1 72.6193 9.41 0.0374 

B: CaCl2 8.32728 1 8.32728 1.08 0.3576 

C: Cannula diameter 56.6101 1 56.6101 7.33 0.0536 

AA 2.35234 1 2.35234 0.30 0.6103 

AB 8.18246 1 8.18246 1.06 0.3614 

AC 1.39712 1 1.39712 0.18 0.6924 

BB 18.4589 1 18.4589 2.39 0.1969 

BC 12.8558 1 12.8558 1.67 0.2664 

CC 341.39 1 341.39 44.22 0.0027 

lack-of-fit  27.7428 3 9.24759 1.20 0.4172 
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Pure error 30.8786 4 7.71966   

Total (corr.) 576.504 16    

 
Table S4. RSM ANOVA for protease activity in T. koningiopsis LBM 219. with a 95% confidence level 

Source Sum of Squares DF Mean Square F-Ratio P-Value 

A: Sodium Alginate 97.6224 1 97.6224 1.10 0.3525 

B: CaCl2 97.6363 1 97.6363 1.11 0.3525 

C: Cannula diameter 11.1109 1 11.1109 0.13 0.7408 

AA 76.986 1 76.986 0.87 0.4034 

AB 65.3026 1 65.3026 0.74 0.4384 

AC 3.4299 1 3.4299 0.04 0.8534 

BB 291.218 1 291.218 3.30 0.1436 

BC 92.0832 1 92.0832 1.04 0.3650 

CC 108.124 1 108.124 1.22 0.3307 

lack-of-fit  56.3133 3 18.7711 0.21 0.8831 

Pure error 353.394 4 88.3485   

Total (corr.) 1242.73 16    

 
Table S5. RSM ANOVA for β-1.3-glucanase activity in T. koningiopsis LBM 219. with a 95% 

confidence level. 

Source Sum of Squares DF Mean Square F-Ratio P-Value 

A: Sodium Alginate 72.6193 1 72.6193 9.41 0.0374 

B: CaCl2 8.32728 1 8.32728 1.08 0.3576 

C: Cannula diameter 56.6101 1 56.6101 7.33 0.0536 

AA 2.35234 1 2.35234 0.30 0.6103 

AB 8.18246 1 8.18246 1.06 0.3614 

AC 1.39712 1 1.39712 0.18 0.6924 

BB 18.4589 1 18.4589 2.39 0.1969 

BC 12.8558 1 12.8558 1.67 0.2664 

CC 341.39 1 341.39 44.22 0.0027 

lack-of-fit  27.7428 3 9.24759 1.20 0.4172 

Pure error 30.8786 4 7.71966   

Total (corr.) 576.504 16    

 


