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ABSTRACT

The use of enzymes has gained significant relevance due to their low ecological footprint and high efficiency across
diverse industrial and biotechnological processes. Among them, ligninolytic enzymes such as laccase and manga-
nese peroxidase stand out for their ability to degrade toxic compounds, including synthetic dyes. This study focuses
on solid-state fermentation (SSF) as a novel and cost-effective approach for producing an enzymatic extract capable
of decolorizing synthetic dyes used in the textile industry. Rice husk residue was employed as both support and
substrate source, and the fungus Trametes pubescens was employed as the enzyme-producing organism. Statisti-
cal tools, including the Plackett-Burman design, factorial design, and central composite design, were applied to
optimize the fermentation process in Erlenmeyer flasks, yielding an enzymatic activity of 20.9 U/gds. The process
was subsequently scaled up 20-fold in Fernbach flasks, resulting in an enzymatic extract with an activity of 12 U/
gds. Finally, decolorization assays using enzymatic extracts from both Erlenmeyer and Fernbach scales showed
values above 85% for malachite green at 50 and 100 ppm, and 48% and 41% for brilliant blue at 50 and 100 ppm,
respectively. These findings highlight that the enzymatic extract obtained through a sustainable methodology such
as SSF represents a promising alternative for the treatment of highly persistent pollutants, such as synthetic dyes.

Keywords: ligninolytic enzymes, laccase production, white-rot fungi, synthetic dye decolorization, solid-state
fermentation, process scale-up.

has led to their widespread use, reaching an esti-
mated demand of approximately 10.000 tons in
the textile industry alone (Gao et al., 2018; Mo-

INTRODUCTION

In the present century, industrialization has

increased substantially, becoming one of the
main sources of environmental pollution, par-
ticularly in sectors such as agroindustry and tex-
tiles. The former generates significant impacts
on soil and air quality due to the poor utiliza-
tion and subsequent accumulation of waste gen-
erated during production processes. The textile
industry, in turn, faces a major environmental
challenge associated with the discharge of col-
ored water during the dyeing stages and finish-
ing stages, where highly polluting synthetic dyes
are commonly used. Nevertheless, these dyes
are more cost-effective than natural ones, which
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radihamedani, 2021).

The global production of synthetic dyes ex-
ceeds 70 million tons, and between 5% and 50% of
dyeing solutions are not effectively utilized, end-
ing up in wastewater streams. This results in ap-
proximately 200 billion liters of colored effluents
annually, accounting for 17-20% of global wa-
ter pollution (Dutta et al., 2024; Gao et al., 2018;
Moradihamedani, 2021). In aquatic ecosystems,
these compounds represent a severe environmen-
tal concern, as even at low concentrations, around
1 ppm, they can alter water bodies and reduce
sunlight penetration required for photosynthesis,
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thereby disrupting the trophic chain. Moreover,
their high chemical stability allows them to per-
sist in the environment and accumulate in aquatic
systems (Drumond et al., 2013; Moradihamedani,
2021). In animals, exposure to these compounds
can trigger the production of free radicals and
oxidative stress, potentially causing damage to
multiple organs (Dutta et al., 2024).

To address the problem of dye pollution,
biotechnological developments offer significant
alternatives for its treatment, enabling processes
with lower sludge generation, reduced costs, and,
above all, a more favorable environmental im-
pact compared to traditional physical and chemi-
cal methods (Dutta et al., 2024; Vargas-Corredor
and Pérez-Pérez, 2018). Solid-state fermenta-
tion (SSF) is considered a novel methodology
that harnesses white-rot fungi and agricultural
residues to produce value-added compounds,
such as ligninolytic enzymes. This enzymatic
complex has the ability to act on synthetic dyes
through oxidative mechanisms that promote their
decolorization (Chauhan and Choudhury, 2021).
Furthermore, SSF presents several advantages
over submerged fermentation, including the ab-
sence of free water, reduced operational costs,
and increased efficiency in enzyme production
(Krishna, 2005; Yafetto, 2022).

The main ligninolytic enzymes produced un-
der SSF are laccases, manganese peroxidases,
and lignin peroxidases, primarily obtained from
white-rot fungi (WRF), which pose no risk to
human or animal health (Cérdoba and Cultid,
2015). Several WRF species have been evalu-
ated using this methodology, such as Pleurotus
ostreatus, Phanerochaete chrysosporium, Irpex
lacteus, and Trametes pubescens; the latter has
proven to be a potential producer of ligninolytic
enzymes in previous studies conducted by the re-
search group. This fermentative process requires
a substrate that serves both as a support and a
nutrient source. For this purpose, different agri-
cultural residues including rice husk, sugarcane
bagasse, coffee husk, and corn cob have been
evaluated, promoting their valorization and the
generation of products with potential biotechno-
logical applications (Mejia-Otalvaro et al., 2021;
Merino-Restrepo et al., 2020).

In Colombia, large quantities of rice husk res-
idues are generated. In 2024, more than 630,000
hectares were cultivated for rice production,
yielding more than 3.5 million tons of rice and
generating approximately 700,000 tons of rice

husk (Fedearroz, 2024). Fortunately, in line with
the current bioeconomy trend based on convert-
ing waste into productive inputs these agricultural
residues have been successfully implemented as
substrates in fermentative processes. For instance,
Velasquez-Quintero et al. (2022) used corn cob
as a substrate for SSF with Pleurotus ostreatus,
achieving an enzymatic production of 52.2 U/gds
+ 9.6 U/gds on the eighth day of cultivation. The
subsequent application of the enzymatic extract
to a 35 ppm Allura Red dye solution led to ap-
proximately 10% decolorization after six hours of
exposure (Velasquez-Quintero et al., 2022).

Currently, one of the main uses of rice husk
is directed toward the production of value-added
products, such as biochar, silica, and bioenergy
(Vijaya et al., 2025). In several of these process-
es, fermentation techniques are employed, where
the rice husk undergoes hydrolysis, enabling
the structural carbohydrates including cellulose,
hemicellulose, and starch to be converted into fer-
mentable sugars available for yeast metabolism
(Chavan et al., 2024). Moreover, the carbohydrate
content of rice husk has proven to be a promis-
ing substrate source for fungal growth and meta-
bolic production. In this context, Mora Lopez et
al. achieved cellulase production on the 15th day
of culture, obtaining enzymatic activities of 34.5
and 31.9 U/gds using Trichoderma reesei and As-
pergillus fumigatus, respectively, with rice husk
as substrate, confirming the potential of this agro-
industrial residue for biotechnological applica-
tions (Osorio Echeverri et al., 2023).

Against this background, the present work
initially focused on the production of an enzy-
matic extract through SSF, employing rice husk
as substrate and Trametes pubescens, aiming to
evaluate its application in the decolorization of
both anionic and cationic dyes. In a second stage,
and with the purpose of validating the efficiency
of this methodology, a scale-up prototype was
carried out in Fernbach flasks, increasing the
scale by a factor of 20 to assess the reproducibil-
ity of enzymatic activity in a system with higher
fermentation capacity. The results were highly
satisfactory, achieving decolorization percentag-
es above 85% for malachite green dye. All evalu-
ations were conducted using statistical tools.
Furthermore, in ex situ decolorization assays,
commercial laccase was used as a reference, re-
vealing that the obtained enzymatic extract exhib-
ited higher catalytic efficiency. In summary, the
findings confirm that the SSF biological process
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can be successfully scaled up while maintaining
enzymatic activity, providing an efficient and en-
vironmentally friendly alternative for the treat-
ment of colored effluents.

METHODOLOGY

Reagents and materials

Brilliant blue FCF (BB) and malachite green
(MG) dyes were purchased from Colorquimica S.A
(Colombia), and wheat bran was obtained from a
local supermarket in Medellin, Colombia. Other
analytical-grade reagents, including yeast extract,
potato dextrose agar (PDA), bacteriological agar,
and peptone, were acquired from Oxoid. Citric
acid monohydrate, glacial acetic acid, and magne-
sium sulfate heptahydrate were supplied by Pan-
reac. Sodium acetate trihydrate was obtained from
Carlo Erba. Manganese sulfate monohydrate, ma-
lonic acid, and dibasic sodium malonate were ac-
quired from Alfa Aesar. Hydrogen peroxide (30%
w/w), 2,2'-azino-bis-(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS), potassium dihydrogen
phosphate, glucose, and disodium phosphate were
obtained from Sigma-Aldrich.

Rice husk pretreatment

Rice husk was obtained from a local market
in Medellin. It was ground using a microfine mill
and sieved to obtain particle sizes between 300—
700 um. Subsequently, it was washed with dis-
tilled water, dried at 80 °C for 24 h, and stored in
hermetic bags for subsequent trials. This particle
size was selected because it proved to be the most
suitable for this process according to previous
studies conducted by our research group (Zuluaga
Diaz et al., 2014).

Conservation and preinoculum of the fungal
species

A Trametes pubescens was obtained from the
Plant Tissue Cultivation Laboratory at the Uni-
versidad de Antioquia (Colombia). It was used
and maintained under refrigeration at 4 °C on
PDA medium. For preinoculum preparation, the
fungus was transferred to an incubator at 28 °C
one day prior. The preinoculum was prepared
seven days before fermentation setup on wheat
bran medium containing glucose 10 g/L, peptone
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Table 1. Conditions of categorical factors evaluated in
the Plackett-Burman design

Factor Low value High value
Carbon source Malt extract Glucose
Nitrogen source Yeast extract Peptone

Inductor Absence Presence
C:N ratio 20:1 40:1
Moisture content 70% 80%
Temperature 20 °C 30 °C

5 g/L, yeast extract 2 g/L, KH,PO, 0.1 g/L,
MgSO,-7H20 0.05 g/L, MnSO,-H,O 0.076 g/L,
wheat bran extract, and agar-agar 15 g/L.

Solid-state fermentation

Statistical design tools

A Plackett-Burman experimental design was
initially applied to screen the most influential cul-
ture conditions affecting enzymatic extract pro-
duction. Six independent factors were evaluated:
carbon source, nitrogen source, inducer presence,
C:N ratio, moisture content, and temperature. The
low and high values assigned to each evaluated
factor are presented in Table 1.

Carbon source concentrations were fixed at 18
g/L (malt extract) and 5 g/L (glucose), while nitro-
gen source concentrations were adjusted accord-
ing to the C:N ratio established for each treatment.
Fermentation was carried out for 11 days in 50 mL
Erlenmeyer flasks containing 1 g of substrate and
two mycelial discs (1 cm diameter) obtained from
the peripheral zone of exponential growth of the
pre-inoculum cultured on wheat bran medium.
The 11-day period was selected based on previous
kinetic results obtained by our research group un-
der similar SSF conditions, where laccase produc-
tion reached stable and high activity levels around
day 11 (Velasquez-Quintero et al., 2022).

Continuous in situ pH monitoring was not per-
formed due to the intrinsic technical constraints of
SSF systems, where low water activity and matrix
heterogeneity hinder the reliable use of conven-
tional electrochemical probes. The development
of non-invasive monitoring strategies could enable
improved control of biochemical dynamics and en-
hance the robustness of environmentally oriented
SSF processes in future (Kabir et al., 2025).

Subsequently, a 23 factorial design with central
points was implemented to approach the optimal
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conditions for enzymatic extract production, based
on the most significant factors identified in the
Plackett-Burman design. Glucose concentration (2,
5, and 8 g/L) was evaluated as the carbon source,
and along with the moisture content at 65, 70, and
75%. Yeast extract was included as the nitrogen
source at concentrations of 26, 53, and 80 g/L. Ad-
ditionally, temperature was fixed at 25 °C and in-
ducer absence was maintained, resulting in a total
of 52 experimental runs. These experiments were
conducted in 50 mL Erlenmeyer flasks containing 1
g of rice husk, inoculated with two mycelial discs,
and incubated for 11 days in complete darkness.

Finally, to optimize the fermentation process,
a central composite design (CCD) with five lev-
els was performed, as summarized in Table 2, to
evaluate the effects of carbon source, nitrogen
source, and moisture content, as the most relevant
factors for enzyme production. The experiments
were conducted for 11 days in 50 mL Erlenmeyer
flasks containing 1 g of rice husk and inoculated
with two mycelial discs.

Erlenmeyer fermentation

Using the optimal values for yeast extract,
glucose, and moisture identified by CCD for en-
zymatic extract production, fermentation was car-
ried out in 50 mL Erlenmeyer flasks containing 1
g of rice husk, with a C:N ratio of 30:1 adjusted
using yeast extract and glucose. Each flask was
inoculated with two myecelial discs (1 cm diam-
eter) collected from the peripheral region of the
pre-inoculum plates. SSF was monitored for 11
days at 25 °C in complete darkness. All experi-
ments were performed in triplicate.

Process scale-up in Fernbach flask

For the scale-up assays, fermentation was per-
formed in 1800 mL Fernbach flasks containing 20
g of rice husk and a C:N ratio of 30:1, adjusted
using yeast extract and glucose, while the con-
centrations of yeast extract, glucose, and mois-
ture corresponded to the optimal values identified
by the CCD. Each Fernbach flask was inoculated
with 30 mycelial discs (1 cm diameter) collected

Table 2. Conditions of the central composite design

from the peripheral region of the pre-inoculum
plates. SSF was monitored for 11 days at 25 °C
in complete darkness. All experiments were per-
formed in triplicate.

Enzymatic extraction

Enzymatic activity was evaluated on day 11
of fermentation, based on previous studies using
the SSF system. For each experiment, 10 mL of
50 mM sodium acetate buffer (pH 5.0) was added,
and the sample was homogenized and agitated in
an ice bath for 30 min. Subsequently, the liquid
phase corresponding to the enzymatic extract was
recovered and centrifuged at 4 °C for 10 min at
3000 rcf. The resulting supernatant was stored un-
der refrigeration conditions until further analysis.

Enzymatic activity quantification

Enzymatic activity was quantified according
to the International Union of Biochemistry, which
defines one international unit (U) as the amount
of enzyme required to oxidize 1.0 umol of sub-
strate per minute under the assay conditions. En-
zymatic activities are expressed as units per gram
of dry substrate (U/gds) of the residues employed.
e Laccase: Laccase activity was determined from

the oxidation reaction with 2,2'-azino-bis-[3-

ethylbenzothiazoline-6-sulfonic acid] (ABTS)
used as substrate, with absorbance measured
at 420 nm using 50 mM sodium acetate buf-
fer (pH 4.0), according to Velasquez-Quintero,

(2021). The reaction mixture consisted of 100

pL of enzymatic extract, 500 pL of ABTS solu-

tion (1.6 mM), and 1400 pL of buffer.

e Manganese peroxidase (MnP): MnP activ-
ity was determined using manganese sulfate
as substrate in 0.1 M sodium malonate buffer
(pH 4.0), in the presence of 50 mM hydrogen
peroxide at 25 °C. Absorbance was recorded
at a wavelength of 270 nm.

It should be noted that manganese peroxidase
activity was measured on day 7 of fermentation,
recording a maximum value of 0.4 U/gds. Due to

Factors Axial low (-a) Low (-1) Central (0) High (1) Axial high (a)
Yeast extract 36.18 43 53 63 69.82
Glucose 3.32 4 5 6 6.68
Moisture content 66.64 68 70 72 73.36
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the low activity levels observed, this enzyme was
evaluated only at the initial stage of the study to
confirm its presence within the enzymatic com-
plex. Consequently, laccase quantification was
prioritized, as this enzyme showed activities ex-
ceeding 20 U/gds in most experiments. Therefore,
in the present study, the term “enzymatic extract”
refers to the set of ligninolytic enzymes produced,
with particular emphasis on laccase activity.

Ex-situ decolorization of cationic and anionic
dyes

Two triphenylmethane dyes were evaluated:
MG, a cationic dye, and BB, an anionic dye, at
concentrations of 50 and 100 ppm. Sodium ace-
tate buffer (pH 4.0) was used to maintain enzyme
stability during the decolorization process. In the
first assay, experiments were conducted in 50 mL
Erlenmeyer flasks containing 40 mL of the dye
solution, to which 10 mL of the enzymatic extract
obtained from the optimized Erlenmeyer-scale
process or from the Fernbach scale-up process
was added. The flasks were incubated under con-
stant agitation at 180 rpm for 100 h, with samples
collected every 10 h under controlled temperature
and complete darkness.

To assess the decolorization potential of the
enzymatic extract, a second assay was carried
out using commercial laccase from Trametes ver-
sicolor (Sigma Aldrich) under the same experi-
mental conditions. The decolorization percentage
(%D) was determined by measuring the initial
and final dye concentrations by spectrophotom-
etry at the maximum absorption wavelength of
each dye and calculated using Equation 1, where
Ci and Cfrepresent the initial and final concentra-
tions, respectively:

%D = <=L * 100 (1)

Statistical analysis

All experiments were conducted in triplicate.
Data were analyzed using one-way analysis of
variance (ANOVA), followed by Tukey’s mul-
tiple comparison test to identify significant dif-
ferences. All statistical analyses were performed
using Statgraphics Centurion version 19.1.1 (x64,
free evaluation edition). software.

RESULTS AND DISCUSSION

Statistical design tools

The results obtained from the Plackett-Burman
design allowed the identification of moisture con-
tent, carbon source, and inducer presence as the
factors having the greatest influence on ligninolyt-
ic enzyme production in the fermentation process
under study. Moisture and carbon source showed
a positive effect, whereas the inducer exhibited a
negative effect, indicating that its absence favors
enzyme production, as illustrated in Figure 1.

Among these factors, moisture content proved
to be a critical parameter, requiring values above
65%. This finding is consistent with previous
studies highlighting the key role of moisture in
regulating fungal metabolism and nutrient avail-
ability in solid-state fermentation systems (Mah-
mood et al., 2022; Naik et al., 2022). Addition-
ally, adequate moisture is essential for microbial
development, particularly for filamentous fungi.
In the case of WREF, for example, optimal growth
has been reported over a broad moisture range,
typically between 20 and 80% (Krishna, 2005;
Manzoni et al., 2012).

In SSF systems, moisture content is closely
related to water activity, a thermodynamic param-
eter that represents the amount of free water avail-
able for microorganism growth and its interaction
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Figure 1. Pareto chart showing significant variables in enzyme production — Plackett-Burman design
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with the solid substrate (Kumar et al., 2021). Water
activity strongly influences microbial selectivity,
favoring the growth of certain microorganisms
over others. Therefore, low water activity gener-
ally limits bacterial contamination while favoring
WRF growth, which enhances process efficiency
and reduces operational costs by minimizing raw
material use and wastewater generation.

Likewise, the carbon source had a significant
effect on enzyme production, with glucose out-
performing malt extract as the most effective sub-
strate for promoting ligninolytic enzyme synthe-
sis. This result agrees with previous reports indi-
cating that the availability of readily assimilable
carbon sources enhances the metabolic efficiency
of WRF fungi and their capacity to produce extra-
cellular enzymes (Chmelova et al., 2022).

Ultimately, the application of the Plackett—
Burman design enabled a reduction in experi-
mental complexity and allowed the identification
of the most relevant factors for establishing opti-
mal conditions for ligninolytic enzymes produc-
tion under SSF conditions. Based on the results,
a 2° factorial design with central points was sub-
sequently carried out, considering glucose as the
carbon source, moisture content, and yeast extract
as the nitrogen source. The nitrogen source was
included as the third factor in this design due to
its well-documented influence on enzyme pro-
duction in fermentation processes, as reported in
previous studies (Merino-Restrepo et al., 2020;
Selo et al., 2021; Shet et al., 2022).

The results of the factorial design are shown
in the Pareto diagram, Figure 2, which indicates
that yeast extract had a statistically significant ef-
fect on enzyme production. This finding suggests
that the inclusion of this nitrogen source posi-
tively modulates the expression of ligninolytic
enzymes under solid-state fermentation condi-
tions. The influence of yeast extract is consistent

with previous studies reporting investigations
that both the type and availability of nitrogen
source play a key role in regulating ligninolytic
enzyme synthesis by fungi (Tanruean et al., 2021;
Velasquez-Quintero et al., 2022).

In contrast, glucose and moisture content
were identified as non-significant factors for en-
zyme production, and no statistically significant
interactions between the evaluated factors were
observed. This outcome simplifies process man-
agement, as individual factors can be varied inde-
pendently without compromising enzyme activi-
ty. As summarized in Table 3, the highest enzyme
activities were observed in treatments 1, 4, 8, and
10, with an average activity of 18.51 U/gds. No-
tably, treatments 1, 4, and 8 shared a C:N ratio
of 23.88, a carbon source concentration of 5 g/L,
a nitrogen source concentration of 53 g/L, and a
moisture content of 70%. These conditions were
therefore selected for further optimization using a
CCD, in accordance with the specifications pre-
sented in Table 2.

Accordingly, the 2° factorial design confirmed
the relevance of yeast extract, together with glu-
cose concentration and moisture content, as im-
portant factors for further optimization of enzyme
production under SSF.

Following this initial screening stage, the
optimization process culminated in the applica-
tion of a CCD, which enabled the identification
of optimal conditions for the three selected fac-
tors. CCD has been one of the most widely ap-
plied methodologies for enzyme optimization, as
it allows the fitting of a second-order polynomial
model within a sequential experimental frame-
work (de Menezes et al., 2024).

Figure 3 shows the response surface plots
obtained by varying glucose concentration, yeast
extract concentration, and moisture content. In all
cases, the optimal response zone is represented

A:Yeast extract

C:%Moisture

T
BFC. Glucose ‘
BC |

AB

AC

15

Standardized effect

Figure 2. Pareto chart showing significant variables in enzyme production — 2° factorial design
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Table 3. Enzymatic activity obtained under 2* factorial design conditions

Treatment C:N Ratio Glucose (g/L) | Yeast extract (g/L) Moisture % Enzymatic activity (U/gds)
1 23.88 5 53 70 20.86°+ 6.3
2 60.94 8 26 65 1.05'+ 0.8
3 60.15 2 26 65 1.027+0.19
4 23.88 5 53 70 16.91* £ 6.5
5 19.81 8 80 65 10.74% + 4.7
6 23.88 5 53 70 10.80° £ 5.5
7 12.49 2 80 75 8.50% + 2.1
8 23.88 5 53 70 20.19°+7.5
9 39.25 8 26 75 7.38% + 1.63
10 12.76 8 80 75 16.07%c + 1.5
1 23.88 5 53 70 10.43% + 1.8
12 19.55 2 80 65 8.45% + 1.7
13 38.45 2 26 75 479 +1.2

(a) (b)
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Figure 3. Central composite response surface at optimal condition for the enzymatic activity: (a) surface response
with moisture fixed at optimum, (b) surface response with yeast extract fixed at optimum, (c) surface response
with glucose fixed at optimum
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by the orange-colored area, corresponding to the
highest enzyme activity within the lower ranges
of moisture, yeast extract, and glucose evaluated
according to Table 2. Additionally, the curvature
observed in Figure 3a confirms the presence of a
maximum response, corresponding to an enzyme
activity of 22.59 U/gds. Overall, the application
of the CCD resulted in an increase of approxi-
mately 28% in enzyme activity compared to the
average value obtained in the factorial design.

The analysis performed using Statgraphics
indicates that a glucose concentration of 5.03
g/L, a yeast extract concentration of 48.42 g/L,
and a moisture content of 66.64% resulted in a
maximum enzyme activity of 22.59 U/gds. This
response can be described by Equation 2, where
X represents yeast extract concentration [g/L],
Y represents glucose concentration [g/L], and Z
represents moisture content [%].

Enzyme activity = 3931.51 — 1.55X +
+22.27Y —111.20Z — 0.02X?% +
+ 0.04XY + 0.05XZ — 1.74Y? —
—0.10YZ + 0.77Z2

Thus, the fermentation process was conducted
under the optimal conditions previously obtained
through the CCD, using 50 mL Erlenmeyer flasks
containing 1.0 g of rice husk substrate, achiev-
ing an enzyme activity of 20.91 U/gds, which was
very close to the value predicted by the model.
The difference between the value predicted by the
CCD and the activity obtained during fermenta-
tion can be attributed to the complexity of the
biological system, in which, in addition to the
interaction between the fungus and the most sig-
nificant factors, such as carbon source, nitrogen,
and moisture content, other aspects may affect en-
zyme production, including pH value, tempera-
ture, and cofactors, among others. In this regard,
Contato et al. reported a peak activity of 25,447
U/L at 60 °C, when evaluating temperature rang-
es from 35 to 70 °C for optimization of Pleurotus
pulmonarius under SSF using orange residue as
substrate after 12 days of fermentation. However,
enzyme stability decreases at 60 °C after 15 min-
utes (Contato et al., 2020).

On the other hand, Backes et al. conducted
fermentation with Trametes versicolor and Pyc-
noporus sanguineus using pineapple residues,
glucose, and yeast extract for 17 days, and evalu-
ated the effect of farnesol as a cofactor on laccase
production. Under these conditions, maximum
activities of 77.88 U/gds and 130.9 U/gds were

2

achieved, respectively, demonstrating the influ-
ence of cofactors on enhancing enzyme produc-
tion (Backes et al., 2023). Consequently, the se-
lection of an SSF system directly influences the
enzymatic activity achieved, depending on the
diversity of fungal species employed and the dif-
ferent conditions of the evaluated factors.

Process scale-up in Fernbach flask

After obtaining an enzymatic activity close to
that predicted by the CCD in 50 mL Erlenmeyer
flasks under optimal fermentation conditions, the
scaling-up of the fermentative process was carried
out using 20 g of rice husk in a 1800 mL Fernbach
flask, under the conditions described in Process
scale-up in Fernbach flask. Under these condi-
tions, an enzymatic activity of 12 U/gds was ob-
tained after 11 days of cultivation in darkness.

The decrease in enzymatic activity, approxi-
mately 46%, can be mainly attributed to complica-
tions arising during the scaling-up process, since
changes in reactor geometry and the increase in
substrate bed thickness affect SSF performance.
For instance, aeration in the Fernbach flask is
limited to the substrate surface, promoting CO,
accumulation, which can lead to pH alterations
in the medium. In addition, the absence of agita-
tion aggravates this situation, negatively impact-
ing heat transfer; consequently, the production of
the metabolite of interest is compromised during
process scaling (Chauhan and Choudhury, 2021).

Furthermore, the reduction in enzymatic ac-
tivity may also be associated with factors such
as fermentation time, initial inoculum, and the
absence of inducers. For example, Jiménez et al.
(2019) carried out a scaling-up process from 5.0
g of corn cob in Erlenmeyer flasks to a packed-
bed bioreactor containing 10.0 g of substrate
over 20 days and in the presence of CuSO, under
controlled conditions (25 °C using a water bath).
Under these conditions, degradation efficiencies
of 84.40% and 88.70% were maintained for Al-
lura Red and Tartrazine, respectively, in both the
Erlenmeyer and bioreactor. (Jiménez et al., 2019).
The authors reported that maximum enzymatic
activity was reached on days 12 and 18, conclud-
ing that an increase in scale delays the time re-
quired to reach peak activity. In the present study,
the fermentation monitoring period was not ex-
tended, and therefore, the fungi may not have ful-
ly developed all growth phases required to reach
maximum enzyme production.
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Similarly, other studies reported success-
ful scaling-up from 500 mg of substrate in 50
mL Erlenmeyer flasks over 20 days to 200 g in
a rotating drum bioreactor operated for 30 days
under controlled aeration and agitation. In addi-
tion, the system included 0.5 mM CuSO, and a
10-day pre-inoculum in Fernbach flasks, achiev-
ing 75.74% degradation of red 40 on corn cob
(Jaramillo et al., 2017). These results highlight
the importance of extending fermentation time
during scale-up, as well as apply strategies that
allow better control of fermentation conditions in
order to maintain optimal enzyme production and
its application in dye degradation.

Ex situ decolorization of cationic and anionic
dyes

Using the enzymatic extract obtained at a 1.0
g scale and that derived from the scale-up process
in Fernbach flasks, where the substrate load was
increased by 20 units, the enzymatic potential was
evaluated for the decolorization of two synthetic
dyes of triphenylmethane dyes with both cationic
and anionic affinity, specifically malachite green
and brilliant blue. These dyes were chosen due
to their structural complexity, high chromophoric
stability, and widespread use in industrial applica-
tions, which make them representative and chal-
lenging model pollutants. The molecular struc-
tures of these dyes are shown in Figure 4.

Figures 5 and 6 show the efficiency achieved
by the enzymatic extract in the decolorization of
each dye at the different concentrations evaluated
(50 and 100 ppm). In each case, the decoloriza-
tion obtained using a commercial laccase from 7.
versicolor is also included as a positive control.
It is worth noting that these decolorization assays
are conducted on a preliminary basis, with the
aim of exploring one of the possible application

(a)

pathways of the enzymatic extract associated with
the treatment of colored effluent. Therefore, even
more satisfactory results may be obtained through
the optimization of the decolorization process.
This work is currently under development within
our research group.

First, MG exhibited the highest degree of de-
colorization at both 50 and 100 ppm, with effi-
ciencies above 90% at the Erlenmeyer scale and
above 86% at the Fernbach scale. The difference
between these two concentrations was minimal,
as MG decolorization efficiency decreases by
only approximately 5% under identical fermen-
tation times and similar cultivation conditions.
This reduction can be directly associated with the
scale-up process, since it is well established that
process efficiency tends to decrease as system
scale increases (Kumar et al., 2021). These results
can be compared with the MG decolorization
studies reported by Arunprasath et al. (2019), who
obtained a decolorization efficiency of 96.9% at
a concentration of 50 ppm using a Lasiodiplodia
sp culture grown in MEB medium (yeast extract,
malt extract, dextrose, and maltose) enriched with
2.5 ppm MG, at 30 °C and neutral pH. However,
in the present investigation, decolorization was
carried out using an enzymatic extract obtained
from Trametes pubescens, which was brought
into direct contact with the dye, rather than being
applied through a fermentation process, repre-
senting a relevant methodological difference.

In another study conducted by Abbas et al.
(2024), laccase production from Trametes pube-
scens was optimized under SSF using sugarcane
bagasse as substrate through a Box-Behnken de-
sign, yielding a maximum activity of 12.71 U/gds.
The produced laccase was subsequently evaluat-
ed for the decolorization of a 0.01% MG solution
(equivalent to 10 mg), achieving a decolorization
of 73.68% after 24 h of treatment. In the present

(b)
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Figure 4. (a) Molecular structure of MG; (b) molecular structure of BB
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Figure 5. Decolorization percentage of MG at two SSF scales vs commercial laccase

study, a decolorization efficiency of 75.5% was
achieved after 30 h using a dye concentration of
50 ppm. Unlike the study by Abbas et al. (2024),
in which copper sulfate was employed as an in-
ducer during fermentation, the results of the pres-
ent work indicate that the enzymatic extract is
capable of achieving satisfactory decolorization
performance without the addition of inducers or
enzymatic cofactors (Abbas et al., 2024).

Finally, it is relevant to mention that the MG
decolorization values obtained using the commer-
cial laccase were significantly lower than those
achieved with the enzymatic extract produced
by SSF, with decolorization efficiencies of 55%
decolorization at 50 ppm and 24% at 100 ppm.
In this way, the potential of the SSF biological
process is highlighted, as well as the advantages
of using crude enzymatic extract, which contains
a set of enzymes and cofactors capable of acting
synergistically to enhance the decolorization of
synthetic dyes (Velasquez-Quintero et al., 2022).

60%
50%
40%
30%
20%

10%

0% III

In the case of BB dye, decolorization percent-
ages of 56% and 50.5% were recorded at concen-
trations of 50 and 100 ppm, respectively, using
the enzymatic extract obtained from Erlenmeyer
flask fermentation. In contrast, when the enzymat-
ic extract from the Fernbach scale was applied,
decolorization exceeded 40% for both evaluated
concentrations (50 and 100 ppm), representing
an approximate difference of 13% compared with
the smaller scale. Furthermore, at the scaled-up
level, only a minimal variation of approximate-
ly 1% in decolorization efficiency was observed
between the two concentrations, suggesting that
scaling up SSF represents a promising and viable
alternative, either at pilot scale or in industrial
prototypes, for treating effluents contaminated
with considerable concentrations of this dye.

In this regard, the study by Nabeela et al.
(2023) reported a maximum decolorization of
91% for BB through an in-situ process using As-
pergillus fumigatus at a dye concentration of 40

Erlenmeyer Fernbach Commercial = Erlenmeyer Fernbach ~ Commercial

Laccase Laccase

50 ppm 100 ppm

Figure 6. Decolorization percentage of BB at two SSF scales vs commercial laccase
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ppm, with glucose as a carbon source after 5 days
of incubation. However, when the BB concentra-
tion was increased to 100 ppm, the decolorization
efficiency decreased to 60%. These results sug-
gest that dye concentration is a determining factor
in decolorization efficiency. Moreover, the decol-
orization values obtained at 100 ppm are compa-
rable to those observed in the present study, sug-
gesting a range of possibilities for BB removal
using different fungal systems.

Using the commercial laccase, a low decolor-
ization of BB was observed, with an average val-
ue close to 10% (8% and 12% at concentrations
of 50 and 100 ppm, respectively). These results
were considerably lower than those obtained with
the enzymatic extract at both the Erlenmeyer and
Fernbach scales, further confirming the potential
of the enzymatic complex obtained through SSF.
The lower efficiency observed with the commer-
cial laccase may be associated with the absence
of other enzymatic components or cofactors
present in the crude extract, which can contrib-
ute synergistically to the decolorization process.
Additionally, detailed technical information on
the performance of commercial laccases in the
decolorization of specific dyes is often limited or
not publicly available, and comparative studies
reported in the scientific literature remain scarce.

The efficiency observed in the decolorization
of MG and BB can be partially attributed to their
common chemical structure, characterized by
the presence of the triphenylmethane unit. This
structural feature may interact effectively with
the active sites of the ligninolytic enzymes pres-
ent in the analyzed extract, thereby favoring the
decolorization process (Viswanath et al., 2014).
In addition, the enzymatic extract contains, be-
sides laccase and Mn-peroxidase, isoenzymes
and other possible low-molecular-weight natural
mediators, which could facilitate the approach
and interaction between the enzyme and the con-
taminant molecule (Cafias and Camarero, 2010).

In the present study, dye degradation ef-
ficiency of the enzymatic extract was assessed
based on laccase activity. This methodological
approach was selected because laccase has con-
sistently been reported to exhibit enhanced ex-
pression under growth conditions involving lig-
nocellulosic substrates. In contrast, MnP requires
more stringent conditions for optimal expression
and catalytic activity, particularly the adequate
availability of Mn?" ions in the culture medium
(Benavides et al., 2024). Moreover, ligninolytic
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enzyme production is strongly influenced by the
fungal species employed. In this regard, Hultberg
and Golovko (2024), using sawdust as a ligno-
cellulosic substrate, demonstrated that white-rot
fungi such as Pleurotus ostreatus, Trametes ver-
sicolor, and Ganoderma lucidum exhibited com-
paratively high laccase activities, whereas MnP
activity remained significantly lower under iden-
tical fermentation conditions.

In contrast, decolorization mediated by com-
mercial laccase was less efficient. Although a high
performance might initially be expected due to its
commercial origin, several studies have shown that
purified laccases often require the addition of ex-
ternal mediators, such as ABTS or hydroxy benzo-
triazole, to become activated and promote dye deg-
radation (Hilgers et al., 2018; Velasquez-Quintero
et al., 2022). However, the implementation of such
mediators leads to increased process costs. By con-
trast, the use of agricultural residues as supports
for the production of ligninolytic enzymes through
fermentative processes can enhance fungal me-
tabolism, resulting in a complex enzymatic extract
that, as demonstrated in the present study, offers ad-
vantages over commercial laccase in terms of both
decolorization efficiency and economic feasibility.

The enzymatic extract obtained through SSF
demonstrated a higher potential for decoloriza-
tion of the evaluated dyes compared with purified
commercial laccase, highlighting the relevance of
producing ligninolytic enzymes using agricultural
residues as support substrates. This approach could
be further developed as a cost-effective and envi-
ronmentally favorable alternative for the treatment
of dye-contaminated industrial effluents. In addi-
tion, the residual biomass generated after fermen-
tation exhibited characteristics suggesting that it
could be further explored in future studies as part
of complementary biomass valorization pathways.

From a process engineering perspective, the
industrial implementation of SSF requires careful
management of heat and mass transfer phenom-
ena, particularly temperature gradients, moisture
distribution, and oxygen availability, which are
inherent to heterogeneous solid matrices. These
factors may influence large-scale performance.
However, advances in bioreactor configuration,
aeration control, and monitoring strategies have
progressively improved process robustness. In
this context, the stable enzymatic production ob-
served in preliminary scale-up assays supports
the technical feasibility of further process devel-
opment under optimized conditions.
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CONCLUSIONS

This study demonstrates that SSF is a promis-
ing, sustainable, and cost-effective methodology
for producing an enzymatic extract with high po-
tential for the bioremediation of industrial efflu-
ents contaminated with dyes. The enzymatic com-
plex was obtained through an optimized process
using the fungus Trametes pubescens and rice
husk as substrate. Process optimization, carried
out through a Plackett-Burman design, followed
by a 2° factorial design and a central composite
surface design, allowed a maximum enzymatic ac-
tivity of 20.9 U/gds under controlled conditions of
moisture (66.64%), carbon source (glucose of 5.03
g/L), nitrogen source (yeast extract of 48.42 g/L)
and incubation time (11 days) at 25 °C. Scaling up
the process to 20 units in Fernbach flasks enabled
validation of the methodology, although a 43% re-
duction in enzymatic activity was observed, attrib-
uted to limitations inherent to the scaling process.

The enzymatic extracts obtained at the Erlen-
meyer and Fernbach scales exhibited high decol-
orization efficiency toward MG, exceeding 90%
and 86%, respectively, at concentrations of 50 and
100 ppm. In the case of BB, the Erlenmeyer-scale
extract showed superior performance, achieving
average decolorization values of 53% and 42%. In
all cases, the enzymatic extracts significantly out-
performed commercial laccase, underscoring the
functional importance of preserving extract integ-
rity, likely related to the presence of isoenzymes
and mediators. Overall, these findings position
SSF as a viable and environmentally sustainable
alternative for the treatment of textile effluents,
promoting the valorization of agro-industrial resi-
dues for the production of efficient biocatalysts.

Acknowledgments

The authors express their gratitude to the Uni-
versidad Nacional de Colombia, Medellin Cam-
pus, for its support through the infrastructure of
the Experimental Chemistry Laboratory, as well
as to the UN-Innova call for financial support
through project code 53801.

REFERENCES

1. Abbas, M., Ejaz, U., Sohail, M., Alanazi, A. K.
(2024). Application of Trametes pubescens for dye
removal and biological pretreatment of sugarcane

bagasse. Biofuels, Bioproducts and Biorefining,
18(2). https://doi.org/10.1002/bbb.2591

2. Arunprasath, T., Sudalai, S., Meenatchi, R., Jeyav-
ishnu, K., Arumugam, A. (2019). Biodegradation of
triphenylmethane dye malachite green by a newly
isolated fungus strain. Biocatalysis and Agricul-
tural Biotechnology, 17, 672—679. https://doi.
org/10.1016/j.bcab.2019.01.030

3. Backes, E., Kato, C. G., de Oliveira Junior, V. A.,
Uber, T. M., dos Santos, L. F. O., Corréa, R. C. G.,
Bracht, A., Peralta, R. M. (2023). Overproduction of
laccase by Trametes versicolor and Pycnoporus san-
guineus in Farnesol-Pineapple waste solid fermenta-
tion. Fermentation, 9(2). https://doi.org/10.3390/
fermentation9020188

4. Benavides, V., Ciudad, G., Pinto-Ibieta, F., Rob-
ledo, T., Rubilar, O., Serrano, A. (2024). Enhan-
cing laccase and manganese peroxidase activity in
white-rot fungi: the role of copper, manganese, and
lignocellulosic substrates. Agronomy, 14(11),2562.
https://doi.org/10.3390/agronomy 14112562

5. Canas, A. 1., Camarero, S. (2010). Laccases and their
natural mediators: Biotechnological tools for sus-
tainable eco-friendly processes. Biotechnology Ad-
vances, 28(6), 694-705. https://doi.org/10.1016/].
biotechadv.2010.05.002

6. Chauhan, A. K., Choudhury, B. (2021). Synthet-
ic dyes degradation using lignolytic enzymes
produced from Halopiger aswanensis strain
ABC _IITR by Solid State Fermentation. Chemo-
sphere, 273, 129671. https://doi.org/10.1016/j.
chemosphere.2021.129671

7. Chavan, S., Mitra, D., Ray, A. (2024). Harnessing
rice husks: Bioethanol production for a sustainable
future. Current Research in Microbial Sciences,
7(October), 100298. https://doi.org/10.1016/].
crmicr.2024.100298

8. Chmelova, D., Legerska, B., Kunstova, J., On-
drejovi¢, M., Miertus, S. (2022). The production
of laccases by white-rot fungi under solid-state
fermentation conditions. World Journal of Micro-
biology and Biotechnology, 38(2), 1-20. https://doi.
org/10.1007/s11274-021-03207-y

9. Contato, A. G., Inacio, F. D., Brugnari, T., de Aragjo,
C. A. V., Maciel, G. M., Haminiuk, C. W. 1., Per-
alta, R. M., de Souza, C. G. M. (2020). Solid-state
fermentation with orange waste: Optimization of
laccase production from Pleurotus pulmonarius
ccb-20 and decolorization of synthetic dyes. Acta
Scientiarum - Biological Sciences, 42, 1-9. https://
doi.org/10.4025/actascibiolsci.v42i1.52699

10. Cérdoba, R., Cultid, G. (2015). Estudio comparativo
de la actividad enzimatica de Lacasa (Lac), Lignina
Peroxidasa (LiP) y Manganeso Peroxidasa (MnP)
de «Pleurotus ostreatus» cultivado en residuos lig-
nocelulosicos de raquis de palma de aceite, bagazo

361



Journal of Ecological Engineering 2026, 27(7), 350-363

de fique y pulpa de café (Vol. 151, Numero 2005)
[Universidad de Narifio].

11.de Menezes, L. H. S., Oliveira, P. C., do Espirito
Santo, E. L., Gongalves, M. S., Bilal, M., Ruiz, H.
A., da Silva, E. G. P, Salay, L. C., de Oliveira, J.
R., Franco, M. (2024). Solid-state fermentation as
a green technology for biomass valorization: opti-
mization techniques for bioprocess—An overview.
Bioenergy Research, 17(1), 42-58. https://doi.
org/10.1007/s12155-023-10670-y

12. Drumond, F., Rodrigues, G., Anastacio, E., Carval-
ho, J., Boldrin, M., Palma, D. (2013). Textile dyes
dyeing process and environmental impact. En
IntechOpen 32. https://doi.org/10.5772/53659

13. Dutta, S., Adhikary, S., Bhattacharya, S., Roy,
D., Chatterjee, S., Chakraborty, A., Banerjee, D.,
Ganguly, A., Nanda, S., Rajak, P. (2024). Con-
tamination of textile dyes in aquatic environment:
Adverse impacts on aquatic ecosystem and human
health, and its management using bioremediation.
Journal of Environmental Management, 353(Oc-
tober 2023), 120103. https://doi.org/10.1016/].
jenvman.2024.120103

14. Fedearroz. (2024). Produccion de arroz me-
canizado (toneladas) segun zona arro-
cera, total anio. 2024. https://www.fede-
arroz.com.co/es/fondo-nacional-del-arroz/
investigaciones-economicas/estadisticas-arroceras/
area-produccion-y-rendimiento/

15. Gao, Y., Yang, B., Wang, Q. (2018). Biodegrad-
ation and Decolorization of Dye Wastewater: A
Review. IOP Conference Series: Earth and En-
vironmental Science, 178(1), 012013. https://doi.
org/10.1088/1755-1315/178/1/012013

16. Hilgers, R., Vincken, J. P., Gruppen, H., Kabel, M.
A. (2018). Laccase/mediator systems: Their reactiv-
ity toward phenolic lignin structures. ACS Sustain-
able Chemistry and Engineering, 6(2). https://doi.
org/10.1021/acssuschemeng.7b03451

17. Hultberg, M., Golovko, O. (2024). Use of sawdust
for production of ligninolytic enzymes by white-rot
fungi and pharmaceutical removal. Bioprocess and
Biosystems Engineering, 47(4), 475—482. https://
doi.org/10.1007/s00449-024-02976-8

18. Jaramillo, A. C., Cobas, M., Hormaza, A., San-
roman, M. A. (2017). Degradation of adsorbed
azo dye by solid-state fermentation: improvement
of culture conditions, a kinetic study, and rotating
drum bioreactor performance. Water, Air, & Soil
Pollution, 228(6), 205. https://doi.org/10.1007/
s11270-017-3389-2

19.Jiménez, S., Velasquez, C., Mejia, F., Arias, M.,
Hormaza, A. (2019). Comparative studies of pure
cultures and a consortium of white-rot fungi to
degrade a binary mixture of dyes by solid-state
fermentation and performance at different scales.

362

International Biodeterioration and Biodegradation,
145(August), 104772. https://doi.org/10.1016/j.
ibiod.2019.104772

20.Kabir, M. F., Ovi, A. Q., Ju, L. K. (2025). Real-time
pH and temperature monitoring in solid-state fer-
mentation reveals culture physiology and optimizes
enzyme harvesting for tailored applications. Microb-
ial Cell Factories, 24, 188. https://doi.org/10.1186/
$12934-025-02820-y

21.Krishna, C. (2005). Solid-state fermenta-
tion systems - An overview. Critical Reviews
in Biotechnology, 25(1-2), 1-30. https://doi.
org/10.1080/07388550590925383

22.Kumar, V., Ahluwalia, V., Saran, S., Kumar, J.,
Patel, A. K., Singhania, R. R. (2021). Recent de-
velopments on solid-state fermentation for produc-
tion of microbial secondary metabolites: Challenges
and solutions. Bioresource Technology, 323(Oc-
tober 2020), 124566. https://doi.org/10.1016/].
biortech.2020.124566

23.Mahmood, S., Shahid, M. G., Nadeem, M., Nelofer,
R., Irfan, M. (2022). Application of statistical design
for the economical production of phytase by Asper-
gillus Niger using solid state fermentation. Jour-
nal of Animal and Plant Sciences, 32(1), 238-246.
https://doi.org/10.36899/JAPS.2022.1.0419

24.Manzoni, S., Schimel, J. P., Porporato, A. (2012).
Responses of soil microbial communities to water
stress: Results from a meta-analysis. Ecology, 93(4),
930-938. https://doi.org/10.1890/11-0026.1

25.Mejia-Otalvaro, F., Merino-Restrepo, A., Hor-
maza-Anaguano, A. (2021). Evaluation of a Tram-
etes pubescens laccase concentrated extract on
Allura red AC decolorization without the addition
of synthetic mediators. Journal of Environment-
al Management, 285(January), 1-10. https://doi.
org/10.1016/j.jenvman.2021.112117

26. Merino-Restrepo, A., Mejia-Otalvaro, F.,
Velasquez-Quintero, C., Hormaza-Anaguano, A.
(2020). Evaluation of several white-rot fungi for
the decolorization of a binary mixture of anionic
dyes and characterization of the residual biomass
as potential organic soil amendment. Journal of
Environmental Management, 254(October 2019).
https://doi.org/10.1016/j.jenvman.2019.109805

27.Moradihamedani, P. (2021). Recent advances in
dye removal from wastewater by membrane tech-
nology: a review. En Polymer Bulletin. https://doi.
org/10.1007/s00289-021-03603-2

28. Nabeela, Khan, S. A., Mehmood, S., Shabbir, S. Bin,
Ali, S., Alrefaei, A. F., Albeshr, M. F., Hamayun, M.
(2023). Efficacy of fungi in the decolorization and
detoxification of Remazol brilliant blue dye in aqua-
tic environments. Microorganisms, 11(3), 1-19.
https://doi.org/10.3390/microorganisms 11030703

29.Naik, B., Goyal, S. K., Tripathi, A. D., Kumar, V.



Journal of Ecological Engineering 2026, 27(7), 350-363

30.

31.

32.

33.

(2022). Optimization of pullulanase production
by Aspergillus flavus under solid-state fermenta-
tion. Bioresource Technology Reports, 17, 100963.
https://doi.org/10.1016/J.BITEB.2022.100963

Osorio Echeverri, V. M., Mora Lopez, M., Obando
Garcia, J. J., Castrillon Duque, E. X. (2023). Pro-
duccién de celulasas con cultivos puros y mixtos
de Trichoderma reesei y Aspergillus fumigatus
usando cascarilla de arroz como sustrato. Revista
EIA, 20(40), 1-6. https://doi.org/10.24050/reia.
v20i40.1671

Selo, G., Planini¢, M., Tidma, M., Tomas, S., Ko-
ceva Komleni¢, D., Buci¢-Koji¢, A. (2021). A com-
prehensive review on valorization of agro-food in-
dustrial residues by solid-state fermentation. Foods,
10(5). https://doi.org/10.3390/foods10050927

Shet, A. R., Muhsinah, A. Bin, Alsayari, A., Achap-
pa, S., Desai, S. V., Mahnashi, M. H., Muddapur,
U. M., Shaikh, I. A., Mannasaheb, B. A., Khan, A.
A. (2022). Media optimization by response surface
methodology for the enhanced production of acidic
extracellular pectinase by the indigenously isolated
novel strain Aspergillus cervinus ARS2 using sol-
id-state fermentation. Fermentation, 8(10). https://
doi.org/10.3390/fermentation8100485

Tanruean, K., Penkhrue, W., Kumla, J., Suwan-
narach, N., Lumyong, S. (2021). Valorization of
Lignocellulosic wastes to produce phytase and
cellulolytic enzymes from a thermophilic fungus,
Thermoascus aurantiacus SL16W, under semi-solid
state fermentation. Journal of Fungi, 7(4). https://
doi.org/10.3390/j0f7040286

34.

35.

Vargas-Corredor, Y., Pérez-Pérez, L. I. (2018). Use of
Agro-Industrial Waste in Improving the Quality of the
Environment. Revista Facultad de Ciencias Bdsicas,
14(1), 1-14. https://doi.org/10.18359/RFCB.3108

Velasquez-Quintero, C., Merino-Restrepo, A., Hor-
maza-Anaguano, A. (2022). Production, extraction,
and quantification of laccase obtained from an
optimized solid-state fermentation of corncob with
white-rot fungi. Journal of Cleaner Production,
370 (December 2021). https://doi.org/10.1016/].
jelepro.2022.133598

36. Vijaya, Idrishi, R., Singh, S., Islam, M. (2025).

37.

38.

39.

Processing of rice husk and its applications BT
- Rice husk biomass: Processing, properties and
applications. Rice Husk Biomass. Sustainable Ma-
terials and Technology, January, 1-26. https://doi.
org/10.1007/978-981-96-1082-2 1

Viswanath, B., Rajesh, B., Janardhan, A., Kumar, A.
P., Narasimha, G. (2014). Fungal laccases and their
applications in bioremediation. Enzyme Research,
2014. https://doi.org/10.1155/2014/163242

Yafetto, L. (2022). Application of solid-state fer-
mentation by microbial biotechnology for bio-
processing of agro-industrial wastes from 1970
to 2020: A review and bibliometric analysis.
Heliyon, 8(3), €09173. https://doi.org/10.1016/j.
heliyon.2022.¢09173

Zuluaga Diaz, B., Hormaza Anaguano, A., Beltran
Pérez, O. D., Cardona Gallo, S. A. (2014). Statis-
tical design for the removal of basic red 46 using

regenerated fuller earth as an alternative material.
Revista EIA, 11(22), 93-102.

363



