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Abstract

Cocoa agro-industrial waste was explored as a source of endophytic fungi for laccase
production, resulting in the isolation of 25 microorganisms. Among them, the CC4 (Trametes
villosa) strain showed the highest production capacity. Statistical optimization demonstrated
that laccase production was dependent on cultivation conditions, with maximum specific
activity achieved under slightly acidic conditions and moderate temperatures. The production
kinetics showed a sigmoidal profile, reaching a maximum specific activity of 171.48 pmol/mg
min after five days of cultivation, and was accurately described by the logistic model (R? =
0.9871). The adjusted kinetic model successfully represented the laccase-catalyzed oxidation
of syringaldazine. The laccase-enriched extract was subsequently immobilized on chitosan to
generate a stable biocatalyst for dye degradation, achieving complete decolorization of
Remazol Brilliant Blue R and 99.9% decolorization of Bromophenol Blue, while maintaining
high catalytic performance during successive reuse cycles. The integration of microbial
bioprospecting, process optimization, kinetic modeling, enzyme immobilization, and
environmental application demonstrates the potential of cocoa agro-industrial waste as a
sustainable source of industrial biocatalysts. This study expands the biotechnological value of
cocoa waste and provides an integrated strategy for developing enzymatic processes within the

circular bioeconomy and sustainable bioprocess engineering frameworks.

Keywords: Cocoa agro-industrial waste. Endophytic fungi. Laccase. Statistical optimization.

Biocatalysis. Dye degradation.
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Introduction

Cocoa (Theobroma cacao L.) is one of the most economically important tropical crops
worldwide, cultivated in Central and South America, West Africa, and Southeast Asia. Global
cocoa production has reached approximately 4.7 million tons annually, driven by the growing
demand for chocolate and cocoa-derived products [1Alotaibi et al., 2024; Dutra et al., 2023;
Tosto et al., 2023]. In Brazil, particularly in the state of Bahia, cocoa production is an important
economic activity, generating annual revenues of approximately USD 267 million from the sale
of both raw beans and processed products. However, cocoa processing generates substantial
agro-industrial waste, as only the beans are used for chocolate production, with the remaining
fruit components discarded. It is estimated that approximately 70-80% of the cocoa fruit mass
becomes residual biomass during harvesting and processing (3.7 million tons, based only on
cocoa pod husk waste) [Barrios-Rodriguez et al., 2022].

From a compositional perspective, this biomass is rich in lignocellulosic and bioactive
compounds, typically containing significant amounts of cellulose (19-26%), hemicellulose (8—
13%), lignin (14-28%), pectin (6—-12%), as well as proteins, minerals, and phenolic compounds
[Barrios-Rodriguez et al., 2022; Anoraga et al., 2024; Campos-Vega et al., 2018]. These
characteristics highlight cocoa waste as a promising renewable feedstock for biotechnological
processes. Consequently, the valorization of cocoa agro-industrial waste has attracted
increasing attention as a strategy to reduce environmental burdens while generating high-value
bioproducts within the framework of circular bioeconomy and sustainable bioprocess
development [Tosto et al., 2023; Afedzi et al., 2023; Alves-Junior et al., 2021].

Endophytic microorganisms associated with plant tissues have been recognized as
promising sources of biotechnologically relevant enzymes. These symbiotic organisms inhabit
internal plant tissues without causing apparent harm, contributing to host growth and defense

against pathogens [Waqar et al., 2023]. Among them, endophytic fungi have garnered particular
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attention for their ability to synthesize bioactive compounds and to produce a broad spectrum
of enzymes, including oxidoreductases, lipases, and peptidases. Most endophytic fungi isolated
so far belong to the Ascomycota phylum, especially the Sordariomycetes, Dothideomycetes, and
Eurotiomycetes classes, followed by Basidiomycota (Agaricomycetes) and, to a lesser extent,
Mucoromycota and Oomycota [Vidhyashini et al., 2026; Park & Park, 2014; Rajesh & Rai,
2013].

Among fungal oxidoreductases, laccases (EC 1.10.3.2) have emerged as versatile
multicopper oxidases capable of oxidizing a wide range of phenolic and non-phenolic substrates
while reducing molecular oxygen to water [Garcia-Fuentevilla et al., 2025; Kyomuhimbo et al.,
2023; El-Batal et al., 2015]. These enzymes exhibit remarkable catalytic efficiency and
thermostability and are widely distributed in fungi, bacteria, plants, and even insects. Their
applications span several industrial and environmental processes, including the oxidation of
phenolic and aromatic amines, the degradation of dyes, and the removal of heavy metals and
cyanide compounds [El-Batal et al., 2015; Le et al., 2025; Sopalun & lamtham, 2020]. Laccases
act as four-electron oxidants, facilitating the breakdown of recalcitrant pollutants into less toxic
or more biodegradable forms, thus playing a key role in green biocatalysis [Dutra et al., 2023;
Su et al., 2024; Vacalie et al., 2024]. Their immobilized forms, particularly on natural polymers
such as chitosan and alginate, provide improved operational stability, reusability, and easier
recovery, making them ideal candidates for large-scale wastewater treatment [Kyomuhimbo et
al., 2023; Su et al., 2024].

Despite the increasing number of studies on laccase-mediated dye degradation, few have
focused on isolating new fungal producers from underexplored substrates such as cocoa
residues. A literature survey of the Scopus database revealed that only a limited number of
studies have reported the isolation of endophytic fungi from cocoa (Theobroma cacao) tissues

(11 articles in total). Among these, only one identified laccase-producing strain, namely
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Trichothecium sp., was reported [Sartini et al., 2013]. Other studies have explored enzymatic
production from Pestalotiopsis mangiferae [Lima et al., 2022] and microbial tolerance to heavy
metals [Cordoba-Novoa et al., 2023], confirming the potential of cocoa-associated endophytes
as sources of industrially valuable enzymes.

The valorization of agro-industrial waste has become an important strategy within
circular bioeconomy frameworks, aiming to convert low-value biomass into high-value
bioproducts. Cocoa processing generates large amounts of lignocellulosic waste that remain
largely underexploited despite their potential as feedstocks for integrated biorefinery systems.
In this context, the present study reports, for the first time, the isolation of an endophytic
Trametes villosa strain from cocoa agro-industrial waste that produces laccase. Beyond
identifying a novel fungal source, this work advances the valorization of agricultural residues
by proposing an integrated bioprocess framework that combines microbial bioprospecting,
statistical optimization of enzyme production, kinetic modeling of laccase biosynthesis,
mathematical modeling of the enzyme-catalyzed reaction, enzyme immobilization, and
application in dye decolorization. Unlike previous studies that have primarily addressed
individual aspects of laccase production or application, the proposed approach establishes a
process-oriented link between microbial resource exploration and environmental
biotechnology, demonstrating how low-value agro-industrial waste can be transformed into a
source of high-value biocatalysts. This integrated strategy contributes to the development of
sustainable enzymatic platforms aligned with circular bioeconomy and bioprocess engineering

principles.
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Materials and Methods
Materials

Endophytic fungi obtained from cocoa waste were isolated and preserved at Centro
Universitario FEI. The following reagents were used in the experiments: potato dextrose agar
(PDA), syringaldazine(98%), malt extract, glucose (99.5%), peptone, serum ovalbumin
(98.0%), ammonium sulfate (99.0%), Tween 80 (>58.0%), polyvinylpolypyrrolidone (PVPP)
(99.0%), Coomassie blue (>80.0%), gentamicin sulfate (<= 100 %), copper sulfate (98.0%),
potassium phosphate monobasic (99.5%), sodium phosphate monobasic (99.0%), magnesium
sulfate heptahydrate (98.0%), phosphoric acid (85.0%), sodium hypochlorite (6.0-14.0% active
chlorine), and absolute ethanol (99.5%) were obtained from Sigma—Aldrich (USA). Ultrapure
water with a resistivity greater than 18 MQ was produced using a Millipore purification system

(USA).

Isolation of Endophytic Fungi

Cocoa waste (fruit peels, stems, and leaves) was initially washed with distilled water
and fragmented into small pieces (approximately 0.5 cm) prior to surface sterilization. The
fragments were then sequentially immersed in sodium hypochlorite solution (2% w/v), ethanol
(70% v/v), and sterile distilled water. After sterilization, the plant fragments were aseptically
sectioned and inoculated onto previously autoclaved potato dextrose agar (PDA). Gentamicin
sulfate (30 pg/mL) was added to the medium to inhibit bacterial growth. The cultures were
incubated at 24 °C in a Panasonic MIR-254 incubator (Panasonic Healthcare, Japan), and fungal
growth was monitored until colonies reached a diameter of 1-2 cm (approximately 10 days).
Subsequently, each isolate was subcultured to obtain pure fungal strains, which were preserved

in sealed 10 mL tubes containing PDA medium and stored at 4 °C.
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The fungus with the most significant potential for laccase production was submitted to
BPI Biotechnology (Botucatu-SP) and identified by automated capillary electrophoresis
sequencing. Total DNA from the sample was extracted, and the ITS rDNA region was amplified
using ITS1 and ITS4 primers for identification. PCR products were evaluated on 2% agarose
gels stained with Gel Red and visualized under UV light. After this step, the PCRs were purified
using Agencourt AMPure XP magnetic beads, and the purified products were quantified by
fluorescence using a Qubit 3.0 Fluorometer (Thermo Fisher Scientific). Sanger sequencing was
performed using the BigDye Terminator v3.1 Cycle Sequencing Kit, followed by
ethanol/EDTA/Sodium Acetate precipitation. Sequencing was performed using an ABI3730x1
DNA Analyzer (Applied Biosystems) capillary electrophoresis instrument. After sequencing,
the electropherograms were analyzed using Chromas Lite and Geneious 4.8.3 software to obtain
the consensus sequence. This sequence was then used to search for similar sequences deposited

in NCBL

Enzymatic Extract Preparation and Evaluation of Laccase Production

The fungal mycelia obtained from pure cultures were rapidly frozen in liquid nitrogen
and subsequently macerated with polyvinylpolypyrrolidone (PVPP). The resulting powder was
suspended in sodium phosphate buffer (0.2 mol/L, pH 6.0) for enzyme extraction. The crude
extracts were then centrifuged using a Hettich Universal 32R refrigerated centrifuge (Germany)
at 4,000 rpm for 50 minutes at 4 °C to remove cellular debris. Protein quantification of the
supernatants was performed using the Bradford method [Bradford, 1976]. Laccase activity was
determined by monitoring the oxidation of syringaldazine (1 g/L) at 525 nm using a UV/VIS
spectrophotometer (Kasuaki, Japan). The molar extinction coefficient used for calculations was

€=6.5x10* M cm. All assays were carried out at 23 °C for 10 minutes. The fungal isolate
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exhibiting the highest laccase activity was subsequently cultivated in a liquid medium to

produce laccase for further experiments. All characterizations were performed in duplicate.

Optimization of Laccase Production

A liquid culture medium was prepared to promote the growth of the fungus that showed
the greatest potential for laccase production (CC4). For this purpose, malt extract (1.25% w/v),
Tween 80 (0.10% w/v), CuSOa (0.005% w/v), KH2PO4 (1.0 g/L), Na:HPO4 (0.26 g/L),
MgSO4-7H20 (0.50 g/L), glucose (10.0 g/L), and peptone (1% w/v) were used. The medium
was sterilized by autoclaving for 15 minutes at 1.5 atm and, after cooling, was supplemented
with gentamicin sulfate (30 pg/mL) to prevent bacterial contamination. After preparing the
medium, the CC4 fungus was fermented in it. The effects of temperature and pH on enzyme
production were investigated using liquid cultures grown under different conditions: pH values
from 3.3 to 8.8 and temperatures from 20.5 to 37.5 °C. Each fermentation process was carried
out for 1 week at 150 rpm. After cultivation, samples were transferred to Falcon tubes
containing glass beads and vortexed for two minutes to ensure homogenization. The broths
were then centrifuged at 6,000 rpm for 30 minutes at 4 °C, and the resulting supernatants were
used to determine laccase activity. The growths were carried out in duplicate.

The influence of the tested parameters was evaluated using a Central Composite
Rotatable Design (CCRD) with two central replicates. Temperature and pH were considered
independent variables, and specific laccase activity was the response variable. Statistical
analyses and contour surface evaluations were performed with Statistica software version
14.0.0.15 (TIBCO Software Inc., USA). Optimal conditions for CC4 growth to increase laccase
production were identified using the desirability function. A new culture was maintained under
optimal conditions for fungal growth (pH = 5.4 and temperature = 28°C), and the resulting

enzymatic extract was used to study the kinetics of laccase production by the fungus.
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Kinetic study — Laccase production

The kinetic study of laccase production by the CC4 fungus was conducted using the
Logistic model (Equation 1) [Berkson, 1944] and the Gompertz model (Equation 2)
[Gompertz, 1825]. Production was monitored for 9 days, with the pH and temperature used in
this stage previously determined during the optimization stage (pH = 5.4 and temperature = 28
°C). All experiments were performed in duplicate, and the parameters were estimated by
customizing MATLAB R2024b code using the "Isqnonlin" function and the Levenberg-

Marquardt minimization algorithm [Marquardt, 1963; Levenberg,1944].

a

¢= 1+b exp (—kt)

(1)
where C is the specific laccase activity, ¢ is the time, a is the parameter associated with the

maximum value (production capacity or upper limit), b is the parameter that affects the initial

shape of the curve, and & is the parameter associated with the growth rate.

C=aexp|[—bexp(—kt) ] 2
where C is the specific laccase activity, ¢ is the time, a is the parameter named scale constant,

and b and k are parameters associated with the growth rate.

A kinetic study was also conducted on the oxidation of syringaldazine catalyzed by the
laccase-enriched extract obtained from the CC4 fungus after 6 days of growth (the ideal period
determined by the kinetic study), at 28°C and pH 5.4. The initial concentrations of
syringaldazine (substrate) ranged from 5.5 to 416.25 umol/L, and the enzyme had an initial
activity of 171.475 pumol/mg min. The product concentration (related to catalytic activity) was

quantified spectrophotometrically, with aliquots collected every 10 minutes over 300 minutes.
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The Michaelis-Menten model [Michaelis & Menten, 1913] was used during this stage.
The most diffuse form is reported in equation 3, where v, represents the reaction rate, V4, 18
the maximum reaction velocity, K, is the Michaelis-Menten constant, and [S] is substrate
concentration.

Yo = Kutis)

Instead of applying the equation, this work used a general system of ordinary differential
equations (ODEs) based on single-phase isothermal reactor mass balances. Considering the
general reaction scheme of an enzyme-catalyzed reaction described by equation 4. The reaction
rates for all the reactions are expressed by equations 5-7. The mass balance was described by
equations 8-11.

E+Sky, k_io ESk,-> P+E (4
rn= k(ST (5
r—y = k_4[ES] (6)

r, = k[ES]  (7)

d[s]
? = - 7‘1 + T‘_1 (8)
d[E
%=—T1+ T_1+ Iy (9)
d|ES
%: +T1—T_1—T2 (10)
a[P]

F = T'ZY (11)

The yield (Y) was estimated for each experiment according to equation 12, considering

the final product concentration, [P],,4, and the initial substrate concentration, [S],.

_ [P]end
Y = Sl (12)
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The reported expressions have been implemented in MATLAB R2024b and solved with
the numerical solver "odel5s". Moreover, the model was fitted to the experimental data using
the "lsqnonlin" function and the Levenberg-Marquardt minimization algorithm. Finally, the
estimated kinetic constants can be used to calculate the Kj,; and V,,,, parameters according to

equations 13 and 14.

Laccase immobilization and application in dye decolorization

After optimizing laccase production conditions using the fungus CC4 (Trametes
villosa), the resulting laccase-enriched enzyme extract was used both in its free form and
immobilized in chitosan to conduct initial tests for treating dye-containing effluents, with the
aim of evaluating the extract's efficiency in this process. For this, initially, laccase was
immobilized on chitosan activated with glutaraldehyde. To do this, 0.5 g of chitosan was added
to 20 mL of a 6 mmol/L glutaraldehyde solution, and the mixture was stirred continuously at
25 °C for 3 h to activate the support by forming reactive aldehyde groups. After the activation
step, the chitosan was thoroughly washed with distilled water to remove residual
glutaraldehyde. Next, 20 mL of laccase extract from the CC4 fungus was added to the activated
support, and immobilization was carried out for 24 hat 5 °C (pH 5.4), thereby forming covalent
bonds between the enzyme and the activated chitosan matrix.

After immobilization, the biocatalyst was used to treat effluents containing Remazol
Brilliant Blue R or Bromophenol Blue dyes, prepared separately at an initial concentration of
500 mg/L. The reactions were carried out at 35 °C and pH 6.0, with the addition of 100 pL of
ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)) as a redox mediator. All

experiments were performed under orbital shaking at 200 rpm for 1 h.
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To evaluate the stability and reuse of the immobilized enzyme, three consecutive
treatment cycles were performed. At the end of each cycle, the immobilized material was
recovered, washed with phosphate buffer (pH 6.0) to remove residual substrates and reaction
products, and reused in the subsequent cycle. Dye degradation was monitored by UV-Vis
spectroscopy, measuring the decrease in absorbance at 590 nm, the characteristic wavelength
used to track decolorization of dye solutions. Degradation efficiency was calculated based on

the percentage reduction in absorbance relative to the initial dye concentration.

Results and Discussion
Fungi Isolation and Laccase Production

The isolation of endophytic fungi from cocoa agro-industrial waste yielded 25
microorganisms from the fruit peels, stems, and leaves of Theobroma cacao L., with 12 strains
(48%) from leaves, 7 (28%) from stems, and 6 (24%) from fruit peels. The predominance of
microorganisms from leaf tissues suggests that leaves constitute an ecological niche particularly
favorable to colonization by endophytic fungi. From a physiological perspective, leaves are
metabolically active organs characterized by intense carbon flux from photosynthesis. A
significant fraction of the newly fixed carbon is transported through the mesophyll and vascular
tissues as soluble sugars, organic acids, and other low-molecular-weight compounds, creating
nutrient-rich microhabitats that can support endophytic microbial communities [Emoh et al.,
2025; Osogo et al., 2025; Hardoim et al., 2015; 32. Arnold & Lutzoni, 2007]. In addition to
primary metabolites, leaves also accumulate a wide range of phenolic compounds and
secondary metabolites that can act as selective factors, shaping endophytic diversity [Thakur &
Kharwal, 2025; Revathy & Kesavan, 2024].

As aerial organs directly exposed to the atmosphere, leaves continuously interact with

microorganisms originating from the phyllosphere, airborne spores, and surrounding plant
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surfaces. This constant microbial influx facilitates colonization events and promotes the
establishment of several endophytic fungi in internal tissues [Thakur & Kharwal, 2025].
Furthermore, microstructural features of leaves, including stomatal openings, cuticular
microfractures, and mesophyll intercellular spaces, provide potential entry points and protected
niches for microbial persistence. These structural and metabolic features together increase the
likelihood of endophyte recruitment and maintenance in leaf tissues compared with plant organs
with higher lignin content [Aryakia, 2025].

Similar distribution patterns have been widely reported in perennial crops and woody
plants, in which leaf tissues often harbor richer, more diverse endophytic fungal communities
than structurally rigid organs [Arnold & Lutzoni, 2007]. The relatively high number of
microorganisms obtained from cocoa waste reinforces the hypothesis that agro-industrial by-
products constitute an underexploited reservoir of microbial diversity. In the context of cocoa
waste, which is often considered low-value biomass, however, current results demonstrate that
these materials can harbor a wide range of endophytic fungi with relevant potential for
biotechnology.

In this context, preliminary screening of the isolated fungi revealed substantial
variability in laccase production capacity among strains. Although several fungi exhibit
enzymatic activity, the CC4 strain showed the highest specific laccase activity among those
evaluated (Fig. 1). This result corroborates previous data on endophytic fungal communities, in
which enzyme production is strongly species-dependent and influenced by intrinsic genetic and

physiological factors.
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CAUS 1]

FOL11 i

Specific enzymatic activity (U/mg)

Fig. 1. Laccase production by fungi isolated from cocoa waste.

Molecular identification of the CC4 fungus revealed 100% sequence identity with
Trametes villosa, a basidiomycete species widely recognized for its high laccase production
capacity (Fig. 2). Although T. villosa has been extensively studied as a source of laccase, its
isolation as an endophyte from agro-industrial cocoa residues has not been previously reported.
This finding is particularly relevant since most studies describe Trametes species as wood-
decomposing fungi associated with forest ecosystems. The present result, therefore, expands
the known spectrum of 7. villosa sources and highlights cocoa residues as a new and sustainable

source of laccase-producing fungi.
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I 1

cc4 AAGGATCATTARCGAGTTTTGARACGGGTTGTAGCTGGCCTTCCGAGECATGTGCACGCCCTGCTCATCCACTCTACACCTG
versicolor TTTGAGGARGTARAAGTCGTARCARGGTTTCCGTAGGTGARCCTGCEGARGGATCATTARCGAGTTTTGARACGGETTGTAGCTGECCTTCCGAGGCATGTGCACGLCCTECTCATCCACTCTACACCTG
villosa CTGCEGARGGATCATTARCGAGTTTTGARACGGGTTGTAGCTGECCTTCCGAGGCATGTGCACGCCCTECTCATCCACTCTACACCTG
L cbgeggARGGATCATTAACGAGTTTTGARACGGET TGTAGCTGECCTTCCGAGGCATGTGCACGCCCTGCTCATCCACTCTACACCTG
131 140 150 160 170 180 190 200 210 220 230 240 250 260

| 1

CC4 TGCACTTACTGTAGGTTGGCGTGGGTTTCTGGCCTCCGEGTCAGARGCATTCTGCCGACCTATGTACACTACARACTCTTARAGTATCAGARTGTARACGCGTCTARCGCATCTTAATACARCTTTCAGC
versicolor TGCACTTACTGTAGGTTGGCGTGGGTTTCTGGCCTCCGEGTCAGARGCATTCTGCCGACCTATGTACACTACARACTCT TAAAGTATCAGARTGTARACGCGTCTARCGCATCTTARTACARCTTTCAGC
villosa TGCACTTACTGTAGGTTGGCGTGGGTTTCTGGCCTCCGEGTCAGARGCATTCTGCCGACCTATGTACACTACARACTCTTAAAGTATCAGARTGTARACGCGTCTARCGCATCTTAATACARCTTTCAGC
Consensus TGCACTTACTGTAGGTTEGCGTGEGTTTCTGGCCTCCGGGTCAGAAGCATTCTGCCEACCTATGTACACTACARACTCTTARAGTATCAGARTGTAARCGCGTCTARCGCATCTTARTACAACTTTCAGC

261 270 280 290 300 310 320 330 340 350 360 370 380 390

| 1

CC4  ARCGGATCTCTTGGCTCTCGCATCGATGAAGARCGCAGCGAARTGCGATARGTAATGTGAAT TGCAGAAT TCAGTGARTCATCGARTCTTTGAACGCACCTTGCGCTCCTTGGTAT TCCGAGGAGCATGC
versicolor AACGGATCTCTTGGCTCTCGCATCGATGARGAACGCAGCGARATGCGATARGTARTGTGARTTGCAGAATTCAGTGAATCATCGARTCTTTGARCGCACCTTGCGCTCCTTGGTATTCCGAGGAGCATGC
villosa AACGGATCTCTTGGCTCTCGCATCGATGAAGARCGCAGCGARATGCGATARGTARTGTGARTTGCAGAATTCAGTGARTCATCGARTCTTTGAACGCACCTTGCGCTCCTTGGTATTCCGAGGAGCATGL
Consensus AACGGATCTCTTGGCTCTCGCATCGATGARGAACGCAGCGAAATGCGATARGTARTGTGARTTGCAGARTTCAGTGARTCATCGARTCTTTGARCGCACCTTGCGCTCCTTGETATTCCGAGGAGCATEL

391 400 410 420 430 440 450 460 470 480 430 500 510 520

I 1

CC4 CTGTTTGAGTGTCATGARATTCTCARCCCATARATCCTTGTGATCTATGGGCTTGGAT TTGGAGGCTTGCTGGCCETAACGGTCGGECTCCTCTTGARTGCATTAGCTTGATTCCGTGCEGATCGGCTCTC
versicolor CTGTTTGAGTGTCATGARATTCTCARCCCATARATCCTTGTGATCTATGGGCTTGGATTTGGAGGCTTGCTGGCCGTARCGGTCGGCTCCTCTTGAATGCATTAGCTTGATTCCGTGCGGATCGECTCTC
villosa CTGTTTGAGTGTCATGARATTCTCARCCCATARATCCTTGTGATCTATGGGCTTGGATTTGGAGGCTTGCTGGCCGTARCGGETCGECTCCTCTTGARTGCATTAGCTTGATTCCGTGCGGATCGGCTCTC
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Fig. 2. Molecular identification of fungal isolate CC4 as Trametes villosa.

Optimization of Culture Conditions for Laccase Production

The growth of the microorganism CC4 (Trametes villosa) was initially investigated
under different pH and temperature conditions to determine the optimal parameters for laccase
production (Table 1). The pH and temperature of the fermentation process were systematically
varied, and their effects on enzyme biosynthesis were evaluated. The response variable was the
specific laccase activity, calculated as the ratio between enzymatic activity, determined by the
syringaldazine oxidation assay, and protein concentration.

The experimental data were analyzed using Statistica 14.0.0.15, enabling evaluation of
each variable's influence on the process (Fig. 3, Table 2) and estimation of their corresponding
effects. As shown in Fig. 3A, both pH and temperature exerted a strong influence on laccase
production by the endophytic fungus CC4. The investigated temperature range (18.9-39.1 °C)
and pH interval (2.64-9.36) were selected based on conditions commonly reported for fungal
growth and laccase biosynthesis in filamentous fungi, as well as on preliminary cultivation

assays designed to encompass both suboptimal and potentially inhibitory conditions.
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The results indicate that moderate temperatures, ranging from approximately 25 to 29
°C, combined with mildly acidic conditions, favored higher specific laccase activity (Fig. 3B).
In contrast, elevated temperatures and alkaline conditions significantly reduced enzyme
production. This behavior is consistent with the physiological characteristics of white-rot fungi
and with the biochemical properties of fungal laccases, whose biosynthesis and catalytic
performance are highly dependent on environmental conditions. The influence of pH extends
beyond fungal growth and directly affects several physiological processes associated with
laccase production. Slightly acidic conditions are frequently associated with increased secretion
of extracellular oxidoreductases, whereas alkaline environments may impair enzyme synthesis,
secretion, and maturation. Furthermore, extracellular pH influences nutrient availability, metal
ion solubility, and protein folding processes, all of which may affect enzyme biosynthesis and
catalytic performance [Kiaei et al., 2025].

Copper availability also plays an important role in laccase production. Since copper
sulfate was included in the culture medium, its presence likely contributed to enhanced enzyme
biosynthesis. Copper acts both as an essential cofactor and as a physiological inducer of laccase
production in many basidiomycetes. During enzyme maturation, copper atoms are incorporated
into the highly conserved catalytic centers of multicopper oxidases, ensuring the formation of
the active enzyme and promoting efficient electron transfer during catalysis. The structural
stability of laccase is likewise dependent on cultivation conditions [Kiaei et al., 2025; Jeyabalan
et al., 2025]. Fungal laccases contain four copper atoms organized into one T1, one T2, and a
binuclear T3 catalytic center responsible for electron transfer and oxygen reduction. Deviations
from optimal pH and temperature conditions may alter protein conformation and the
coordination environment of these metal centers, thereby reducing catalytic efficiency and
accelerating enzyme deactivation. Therefore, the enhanced enzyme production observed under

mildly acidic conditions and moderate temperatures likely reflects both favorable fungal
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metabolism and preservation of the structural integrity of the multicopper oxidase system. An
interaction effect between pH and temperature was also observed, with laccase production
reaching its maximum when both variables were simultaneously adjusted to values near the
optimal region. Deviations from these conditions led to a marked decline in specific activity,
highlighting the importance of balancing cultivation parameters to maximize enzyme

production and stability [Kiaei et al., 2025; Jeyabalan et al., 2025; Zhang et al., 2026].

Table 1 Enzyme activity data for laccase and protein concentration.

Laccase activity Protein concentration Specific Laccase Activity
pH T (°C) (umol/mL min) (mg/mL) (pmol/mg min)
33 29 79.323 £0.218 0.618 £0.021 128.523 £3.916
4.0 35 3.024 +0.225 0.597 +0.033 5.062+0.101
8.0 35 3.342+£0.225 0.610 +0.037 5.478 £0.039
6.0 29 84.662 +0.196 0.590 +0.027 143.651 +6.874
4.0 23 78.831 +0.435 0.705+0.182 115.608 +0.293
8.0 23 20.610 + 0.225 1.007 + 0.036 20.089 +0.217
6.0 37 37.138 £0.218 1.002 +0.021 37.093 +£0.977
8.8 29 6.815+0.196 0.761 +0.328 9.812+3.973
6.0 20 71.738 £0.413 0.637+0.013 112.648 £ 2.900
6.0 29 72.692 £ 0.413 0.651+0.023 111.719 +3.248
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377  Table 2 Estimation of effects on specific enzymatic activity.
Effect estimates of temperature and pH on specific enzymatic activity (pmol/mg min); R-sqr=.9364; MS Residual=473.9296
Effect Std Er. t(4) P -95.% +95% | Coeff. | Std.Err. -95.% +95.%
Factor (Cnf.Limt) | (Cnf.Limt) (Coeft.) | (CnfLimt) | (Cnf.Limt)
Mean/Interc. 128.07 15.33 8.35 0.00 85.50 170.63 | 128.07 15.33 85.50 170.63
(1)pH(L) -63.85 15.62 -4.09 0.02 | -107.22 2048 | -31.92 7.81 -53.61 -10.24
pH(Q) -74.15 21.20 -3.50 0.02 | -133.00 1531 | -37.08 10.60 -66.50 -7.65
@)T (C)(L) 7272 15.51 -4.69 0.01 | -11577 -29.66 | -36.36 7.75 -57.89 -14.83
T (CO)(Q) -68.82 20.07 3.43 0.03 | -12454 -13.09 | -34.41 10.04 -62.27 -6.55
1L by 2L 50.69 21.77 233 0.08 -9.75 1113 | 2534 10.88 -4.88 55.57
378
379 The fitted quadratic model adequately represented the experimental data, yielding a
380 coefficient of determination (R?*) of 0.9364. To further evaluate the model's statistical
381 significance and the contribution of each factor, an analysis of variance (ANOVA) was
382  performed (Table 3). Both the linear and quadratic effects of pH and temperature were
383  statistically significant (p < 0.05), confirming that these variables strongly influenced laccase
384  production. Temperature contributed the most to the model, as indicated by the highest F-value
385  for its linear effect (F = 21.99, p = 0.0094), followed by the linear effect of pH (F = 16.71, p =
386  0.0150). Although the interaction between pH and temperature was not statistically significant
387 at the 95% confidence level (p = 0.0804), its inclusion improved the model's predictive
388 performance. Furthermore, the adjusted coefficient of determination (R* = 0.8568)
389  demonstrated the robustness of the fitted model for predicting optimal cultivation conditions
390  for laccase production.
391
392  Table 3 Analysis of variance (ANOVA) of the quadratic model fitted to specific laccase activity
Var.:Specific laccase activity (umol/mg min); R-sqr=.93637; Adj:.85684, 2 factors, 1 Blocks, 10 Runs;
MS Residual=473.9296
Factor sS df MS F p
(1)pH(L) 7917.93 1 7917.93 16.70698 0.015007
pH(Q) 5800.86 1 5800.86 12.23992 0.024929
@T CC)L) 10421.26 1 10421.26 21.98904 0.009383
T (CO)(Q) 5571.69 1 5571.69 11.75637 0.026566
1L by 2L 2569.29 1 2569.29 5.42125 0.080397
Error 1895.72 4 473.93
Total SS 29794.26 9
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The desirability analysis identified pH 5.4 and 28 °C as the optimal cultivation
conditions for maximizing specific laccase activity (Fig. 4). These findings confirm the strong
dependence of laccase biosynthesis on cultivation conditions and demonstrate that optimal
production results from the combined effects of fungal physiology, copper-mediated regulation,
and preservation of enzyme structural stability. Similar cultivation conditions have been
reported for laccase production by other white-rot fungi, including the findings of Kiaei et al.
(2025), reinforcing the importance of moderately acidic environments and intermediate

temperatures for maximizing fungal laccase production.
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Fig. 4. Response surface and desirability analysis for laccase production by Trametes villosa as a

function of pH and temperature.

Kinetic analysis and modeling of laccase production
The experimental data describing laccase production during fungal cultivation are

presented in Table 4. A progressive increase in laccase activity, protein concentration, and
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specific laccase activity was observed during the first six days of cultivation, reaching a
maximum specific activity of 171.48 umol/mg min on day 5. This behavior reflects the active
phase of fungal growth and enzyme biosynthesis, during which cellular metabolism is directed
toward the synthesis and secretion of extracellular enzymes. This production profile indicates
that laccase biosynthesis is predominantly associated with the fungus's active growth phase,
suggesting a close relationship between fungal physiological development and enzyme
production. After this period, a pronounced decline in laccase activity was observed, indicating
reduced enzyme productivity and stability during the later stages of cultivation.

The decrease in laccase activity is likely associated with physiological and biochemical
changes occurring during the stationary phase of fungal growth. These factors may include
nutrient depletion, accumulation of metabolic by-products, extracellular proteolytic activity,
and progressive enzyme deactivation. In addition, prolonged cultivation can compromise the
stability of multicopper oxidases such as laccase, reducing their catalytic performance over
time. These observations highlight the importance of identifying an optimal harvesting time to
maximize enzyme recovery and overall process productivity.

To quantitatively describe the production profile, Logistic and Gompertz models were
implemented in MATLAB to estimate the kinetic parameters (Table 5) and generate the
corresponding fitted curves (Fig. 5). Both models adequately represented the experimental data,
yielding high coefficients of determination (R? > 0.98). The Logistic model provided a slightly
superior fit (R? = 0.9871) compared with the Gompertz model (R? = 0.9839), indicating a more
accurate representation of the observed production dynamics.

The temporal evolution of laccase production exhibited a characteristic sigmoidal
profile, as is commonly observed in microbial growth-associated processes. This pattern
comprises an initial adaptation phase, followed by a rapid production stage, and a subsequent

stabilization period as the system approaches its maximum production capacity. The superior
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performance of the Logistic model suggests that laccase biosynthesis in Trametes villosa is
closely associated with the physiological development of the fungal culture, enabling the model
to accurately describe the progression of enzyme production throughout cultivation.

The graphical comparison between the Logistic and Gompertz models (Fig. 5) further
supports the suitability of the Logistic equation for representing laccase biosynthesis by 7.
villosa. The closer agreement between the Logistic model and the experimental data,
particularly during the early production stages, indicates that enzyme production exhibits
growth-associated behavior, with biosynthesis increasing rapidly as fungal biomass develops
and gradually approaches a maximum production capacity. Although both models successfully
captured the overall production trend, the Logistic model more accurately reproduced the
experimental sigmoidal profile and therefore represents a more reliable predictive tool for

process optimization and production scheduling.

Table 4 Specific laccase activity data as a function of fungal cultivation time

Laccase activity Protein concentration Specific Laccase Activity

Time (Day) (umol/mL min) (mg/mL) (umol /mg min)

0 0.055 + 0.000 0.017 +0.003 3.226 +0.570

1 0.083 +0.039 0.026 + 0.000 3.176 +1.497

2 3.635+0.245 0.534 +0.008 6.803 + 0.360

3 23.971 £0.122 0.452 +0.008 52.998 +0.632

4 66.489 +5.992 0.583 +0.008 113.959 +8.769

5 87.757 +£3.329 0.512+0.015 171.475 + 11.657

6 92.132 £ 1.292 0.600 + 0.008 153.681 +£0.180

7 46.800 + 1.175 0.529 + 0.000 88.527 £2.222

8 29.631 £1.175 0.527 £ 0.011 56.257 £1.045

Beyond its descriptive capabilities, kinetic modeling provides a useful framework for
predicting the optimal cultivation window to maximize laccase productivity. The estimated

parameters can be used to identify the optimal harvest time, minimize productivity losses from
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prolonged cultivation, and inform future scale-up strategies for industrial laccase production.
The identification of the optimal production window is particularly important for industrial
applications, since harvesting the culture after the production peak may result in significant
losses of enzymatic activity and overall process productivity. Similar sigmoidal production
profiles and optimal production periods have been reported for fungal laccases produced by
white-rot fungi, including the findings of Kiaei et al. (2025) [Kiaei et al., 2025], reinforcing the
importance of kinetic modeling as a valuable tool for improving bioprocess efficiency, enzyme

recovery, and industrial process design.

200
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Fig. 5. Laccase production profile.

Table 5 Parameters of the Logistic and the Gompertz models.

Parameter Logistic Model Gompertz Model
a / (umol/mg min) 165.3 168.9
b 664.5 54.46
k/ day™ 1.876 1.278
R? 0.9871 0.9839

The kinetic model describing the oxidation of syringaldazine catalyzed by the laccase-

enriched extract from Trametes villosa (CC4) was used to evaluate the catalytic behavior of the
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enzymatic system across a range of substrate concentrations. The experimental and obtained
product concentration profiles are presented in Figure 6. As expected, product formation
increased with increasing initial substrate concentration, demonstrating the enzyme's ability to
efficiently catalyze substrate oxidation over a wide concentration range. The proposed model
successfully reproduced the experimental reaction profiles and accurately described product
formation over time. Under all evaluated conditions, the model captured both the initial phase
of the reaction and the progression toward the experimentally observed final plateau. Although
complete substrate conversion was not achieved, experimentally determined yields ranged from
82% to 91%, indicating that most of the substrate was converted to product under the evaluated

conditions.
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Fig. 6. Product profiles for different initial substrate concentrations: (o), experimental; (—), model.

The estimated kinetic constants and their respective errors are presented in Table 6,

while the correlation matrix of the parameters is shown in Table 7. As expected for nonlinear

kinetic systems, relatively high correlations were observed between some estimated parameters.

This behavior is commonly observed in enzymatic kinetic models based on coupled differential

equations, in which multiple combinations of parameters can yield similar reaction profiles.

Despite these correlations, the estimated parameters remained physically meaningful and

enabled satisfactory reproduction of the experimental data.
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Unlike conventional Michaelis-Menten analyses based solely on initial reaction rates,
the present approach employs a system of ordinary differential equations to describe the
temporal evolution of substrate consumption, enzyme-substrate complex formation, product
generation, and enzyme regeneration throughout the reaction period. Consequently, the model
provides a more comprehensive representation of the catalytic process and offers greater
predictive capacity for process design and optimization. Using the estimated kinetic constants,
the maximum reaction rate (Vmax) and the Michaelis-Menten constant (Kym) were calculated to
be 284.65 umol/L min and 67.38 pumol/L, respectively. The Ku value indicates a moderate
affinity of the enzyme for syringaldazine, consistent with the behavior commonly reported for
fungal laccases acting on phenolic substrates. At the same time, the relatively high Vmax value
indicates that the laccase-enriched extract has substantial catalytic capacity once the enzyme-
substrate complex forms, reflecting the high oxidative potential characteristic of fungal
multicopper oxidases.

The catalytic performance observed in this study is directly related to the structural
characteristics of laccases. These enzymes contain four copper atoms distributed among the
catalytic centers T1, T2, and T3, responsible for electron transfer and the reduction of molecular
oxygen to water [Kiaei et al., 2025; Jeyabalan et al., 2025; Zhang et al., 2026]. The
experimentally observed efficient oxidation of syringaldazine demonstrates the preservation of
these catalytic centers in the laccase-enriched extract produced by 7. villosa. It confirms the
functionality of the multicopper oxidase system under the reaction conditions evaluated.

The inability to achieve complete substrate conversion suggests the presence of factors
that limit the reaction's progression under the conditions studied. Such factors may include
partial enzyme deactivation during prolonged reaction times, thermodynamic constraints,
product accumulation effects, or other physicochemical phenomena not explicitly incorporated

into the current model. However, incorporating experimentally determined yields enabled the
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model to accurately reproduce the observed reaction plateaus without additional inhibitory

terms.

Table 6 Estimated kinetic constant values

Value Error
ky / min’! 0.13 +0.02
k_, / min! 7.10 +0.51
k, / min™! 1.66 +0.22

Table 7 Correlation matrix of estimated parameters

ky k_, k,
k, I 0.97 0.9
k., 0.97 1 0.96
K, -0.99 -0.96 1

Evaluation of the efficiency of laccase in the dye decolorization

To evaluate the practical applicability of the laccase-enriched extract produced by CC4,
isolated from cocoa agro-industrial waste, decolorization assays were performed using
synthetic effluents containing Remazol Brilliant Blue R (RBBR) and Bromophenol Blue
(BPB). The enzymatic extract was evaluated both in its free form and after immobilization on
glutaraldehyde-activated chitosan. The results obtained are presented in Table 8.

The free enzymatic extract achieved 82.66% decolorization of RBBR in the first
treatment cycle, demonstrating that laccase produced by CC4 efficiently oxidizes
anthraquinone-based dyes. In contrast, only 0.15% decolorization was observed for BPB under
the same conditions. This difference highlights the influence of dye structure on laccase-
mediated oxidation, as substrate accessibility, redox potential, molecular complexity, and steric

effects directly affect catalytic efficiency. The distinct behavior observed for the two dyes
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suggests that RBBR is more susceptible to direct enzymatic oxidation, whereas BPB requires

more favorable catalytic conditions to achieve efficient degradation.

Table 8 Efficiency of applying laccase-enriched extract in the degradation of dyes.

Remazol Brilliant Blue R degradation

1st Cycle (%) 2nd Cycle (%) 3rd Cycle (%)
Free enzyme 82.66 = 0.40 - -
Immobilized enzyme 100.00 £+ 0.00 95.91+0.03 85.18 £0.09

Bromophenol Blue degradation

1st Cycle (%) 2nd Cycle (%) 3rd Cycle (%)
Free enzyme 0.15+0.02 - -
Immobilized enzyme 99.90 +0.39 98.96 = 0.00 98.79 + 0.88

A substantial improvement in decolorization efficiency was observed after enzyme
immobilization. Complete decolorization of RBBR (100.00%) and nearly complete
decolorization of BPB (99.90%) were achieved during the first treatment cycle. The enhanced
catalytic performance of the immobilized system can be attributed to improved enzyme
stability, preservation of the active conformation, and increased resistance to operational
stresses. Immobilization frequently reduces conformational flexibility and protects enzymes
against deactivation, thereby extending their catalytic lifetime and improving process
efficiency.

The use of chitosan as an immobilization support offers several advantages, including
biocompatibility, biodegradability, low cost, and the presence of amino groups suitable for
chemical activation. The treatment of chitosan with glutaraldehyde generates reactive aldehyde
groups that promote covalent attachment between the support and enzyme molecules. This
immobilization strategy minimizes enzyme leaching, enhances operational stability, and

facilitates catalyst recovery and reuse. Furthermore, covalent immobilization helps preserve the
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structural integrity of the multicopper oxidase system, which is essential for maintaining
catalytic activity during repeated operational cycles.

The high stability of the immobilized biocatalyst was confirmed through successive
reuse experiments. For RBBR, decolorization efficiencies remained at 95.91% and 85.18%
during the second and third cycles, respectively. Similarly, BPB decolorization remained above
98% throughout all reuse cycles. These results demonstrate remarkable operational stability and
indicate that only limited losses of catalytic activity occurred during repeated applications. The
gradual decrease observed after successive cycles is expected in immobilized enzyme systems
and may be associated with progressive enzyme deactivation, partial obstruction of catalytic
sites by reaction products, or minor catalyst losses during washing and recovery procedures.

From a mechanistic perspective, laccase catalyzes the oxidation of aromatic compounds
via one-electron transfer, generating highly reactive radical intermediates. These radicals
subsequently undergo fragmentation, rearrangement, polymerization, or cleavage reactions,
ultimately leading to dye decolorization. The addition of ABTS as a redox mediator further
enhances the enzyme's catalytic performance by facilitating electron transfer between the
laccase active site and dye molecules that may not be readily oxidized directly. This mediator-
assisted mechanism likely contributed to the high decolorization efficiencies observed for both
dyes.

The performance achieved in the present study compares favorably with previously
reported laccase-based dye degradation systems (Table 9). Several studies have reported
decolorization efficiencies ranging from approximately 70% to 96%, depending on the enzyme
source, immobilization strategy, and operational conditions. In contrast, the immobilized
laccase produced by T. villosa achieved complete decolorization of RBBR and near complete
decolorization of BPB while maintaining high catalytic activity across repeated reuse cycles.

Moreover, unlike many previously reported systems that rely on purified enzymes, engineered
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575  microorganisms, or complex synthetic supports, the present work employed a laccase-enriched
576  extract from an endophytic fungus isolated from cocoa agro-industrial waste, which was
577  immobilized on a natural, biodegradable support. This combination reinforces the sustainability
578 and economic attractiveness of the proposed biocatalytic platform.
579
580 Table 9 Comparison of laccase systems applied to dye degradation.
Optimal Degradation
Catalyst Optimal | Temperature | Efficiency | Reusability/Operatio
Type Enzyme Source Carrier Material Target Dye pH (°C) (%) nal Stability Source
91% to 93%
Magnetic Metal (within 20
Organic Frameworks | Methylene Blue, Crystal min in batch | Retains 89% activity | Ladole et
Immobilized |- (MMOFs) Violet 4.5 70 mode) after 10 cycles al., 2020
Malachite Green (MG), Retained 94.0% to
Brilliant Green (BG), 96.4% to | 99.3% efficiency after | Wei et al.,
Immobilized |Not in source Fe304@C-laccase Crystal Violet (CV) 4.6 55 99.9% 10 cycles 2024
Mechanically ground Miyawaki
silk fibroin nanofibers & Sakai,
Immobilized | Aspergillus oryzae | (SFNF) Trypan Blue 5.0 60 76% - 2025
Aziz et al.,
Free Malva parviflora |None Congo Red 5.0 37 ~97.5% - 2023
Immobilized Aziz et al.,
(Purified) Malva parviflora |Sephadex G-150 Congo Red 5.0 37 69% - 2023
Orange G, Acid Orange
7, Remazol Brilliant Maintained between
Blue R, Bromophenol 45.06% and 82.04%
Ganoderma Blue, Methyl Green, 37.23%to | activity after 7 cycles, | Deng et al.,
Free lucidum Not in source Indigo Carmine 5.0 30 99.94% depending on the dye 2024
Peniophora sp.
CBMAI 1063 93% (within
(heterologous 2 h with
expression in syringaldehyd Otero et
Free Pichia pastoris ) | Not in source Indigo Carmine 3.0 60 e) - al., 2025
Geobacillus
stearothermophilu 93% (within Bibi et al.,
Free s strain MB600 Not in source Remazol Brilliant Blue R 4.0 75 4 h) - 2025
Arthrographis Remazol Brilliant Blue R Yadav et
Free kalrae None (RBBR) 7.0 35 97.18% - al., 2021
Sodium alginate-
dopamine/polyethylen
e glycol (SA-
PDA/PEG) composite | Reactive Blue 19 (RB- Retained 90.23% Suetal.,
Immobilized |Not in source hydrogels 19) 3.0 55 88.38% activity after 6 cycles 2024
Reactive Blue 19 (RB- Suetal.,
Free Not in source None 19) 3.0 55 12.26% - 2024
Bromophenol Blue Retained 98.90%
Immobilized Chitosan degradation 6 35 99.90% activity after 3 cycles | This work
Retained 85.18%
Immobilized Chitosan Remazol Brilliant Blue R 6 35 100.00% activity after 3 cycles | This work
581
582 These findings demonstrate that endophytic fungi associated with cocoa agro-industrial
583  waste represent promising sources of oxidative enzymes for environmental biotechnology
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applications. More broadly, the integration of microbial bioprospecting, enzyme production,
immobilization, and wastewater treatment exemplifies a circular bioeconomy approach in
which low-value agricultural residues are converted into high-value biotechnological resources.
The high catalytic efficiency, operational stability, and reusability of the developed biocatalyst
highlight its potential for future applications in sustainable wastewater treatment processes and

industrial biocatalysis.

Conclusion

This study demonstrated the potential of cocoa agro-industrial waste as a source of
biotechnologically valuable endophytic fungi by isolating and characterizing a laccase-
producing Trametes villosa (CC4). Statistical optimization revealed that laccase production
was strongly influenced by cultivation conditions, with maximum specific activity achieved
under mildly acidic conditions (pH 5.4) and moderate temperatures (28 °C). Kinetic evaluation
showed a characteristic sigmoidal production profile, with maximum specific activity reaching
171.48 U/mg after five days of cultivation. Among the evaluated growth models, the Logistic
equation provided the best representation of enzyme production dynamics, supporting its
application as a predictive tool for process optimization and scale-up.

The kinetic model developed for syringaldazine oxidation successfully described the
catalytic behavior of the laccase-enriched extract over a broad range of substrate concentrations.
The estimated kinetic parameters confirmed the high catalytic potential of the enzyme system
and demonstrated the suitability of the proposed modeling approach for representing laccase-
catalyzed reactions.

Immobilization of the laccase-enriched extract on glutaraldehyde-activated chitosan
yielded a stable, reusable biocatalyst that achieved complete decolorization of Remazol

Brilliant Blue R and 99.9% decolorization of Bromophenol Blue. The immobilized system
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maintained high catalytic performance during successive reuse cycles, demonstrating its
potential for practical wastewater treatment applications. Overall, this work presents an
integrated bioprocess framework encompassing microbial bioprospecting, process
optimization, kinetic modeling, enzyme immobilization, and environmental application. The
results reinforce the value of cocoa agro-industrial waste as a reservoir of microbial biodiversity
and support its conversion into high-value biotechnological resources within circular

bioeconomy and sustainable bioprocess engineering strategies.
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