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Abstract: The increasing demographic growth and urbanization pose significant challenges for sanitation and pollution
control. This study evaluated the feasibility of scaling up a fermentation process using microalgae cultivated in domestic
sewage as a substrate and Trichoderma koningiopsis as the fermentative agent to produce enzymes of environmental
relevance. Microalgae were grown in wastewater from the Candeia Sewage Treatment Plant (Bauru, SP, Brazil),
and fermentations were carried out at both small and bench-scale, the latter conducted in an airlift bioreactor under
previously optimized conditions. The methodology involved characterizing the microalgal biomass and quantifying a
broad enzymatic profile. The results showed that Trichoderma koningiopsis effectively utilized biomass as a substrate,
thereby promoting enzyme production. The transition to large-scale production was positive, maintaining significant
enzyme production and validating the robustness of the process under expanded conditions. Among the enzymes
evaluated (amylase, cellulase, lipase, protease, peroxidase, laccase, catalase, ascorbate peroxidase, and superoxide
reductase), catalase exhibited the highest activity, reaching 7,344.83 U/mL in condition C1. These findings confirm that
microalgal biomass derived from domestic wastewater is a viable resource for biotechnological applications, supporting
the development of sustainable, scalable processes for producing industrial enzymes.

Keywords: enzyme production, antioxidant enzymes, environmental biotechnology, wastewater valorization, bioreactor

1. Introduction

Nowadays, we are experiencing a continuous population increase. In developing countries, urbanization is
growing faster than urban planning, leading to sanitation problems that can cause diseases from contaminated effluents
(Iribarnegaray et al., 2018).

Conventional wastewater treatment technologies still have shortcomings, as they result in high energy consumption,
carbon dioxide emissions, and the use of chemicals. Thus, it is possible to use other technologies that cause less
environmental damage, such as microalgae, which can generate value-added biomass (used for pharmaceutical
purposes, food supplements, health products, etc.) and remove organic carbon, nitrogen, and phosphorus. Compared to
conventional treatments, microalgae-based treatments are more advantageous. In addition to the lower associated price,
the effluent that reaches water bodies is oxygenated, allowing the extraction of proteins and lipids from the biomass
generated while simultaneously removing phosphorus and nitrogen, among other benefits (Arbib et al., 2014). Domestic
sewage treatment can be done by phycoremediation using Chlorella vulgaris, which can remove organic and inorganic
pollutants, such as total nitrogen and phosphorus, by 71% and 67%, respectively (Gani et al., 2016).

Due to the stress caused by climate change, pollutants, and pesticides, microalgae increase their antioxidant
responses and enzymatic activities, such as catalase and superoxide dismutase (Chokshi et al., 2015; Wang et al., 2020;
Du et al., 2022). In addition, several studies have investigated this biomass’s benefits for human health and its potential
to treat diseases such as Alzheimer’s and diabetes, suggesting a promising response (Odenthal et al., 2024).

The bioactive compounds in microalgae, such as proteins, carbohydrates, amino acids, and vitamins, are essential
for the human diet. Chlorella vulgaris is widely used in this context, as its molecules exhibit strong rebiotic, antioxidant,
and anticancer properties (Thiviyanathan et al., 2024). It can be used as a biofertilizer, increasing soil residual carbon
and nitrogen levels and improving pH and electrical conductivity. Among pesticides, the cyanobacteria Chlorogloea,
Arthronema, Spirulina, and Calothrix stand out, which, through the production of bioregulators such as indoleacetic
acid, cytokinins, gibberellins, and jasmonic acid, can act in this field (Fernandez et al., 2021).

In that same hand, Trichoderma koningiopsis is a filamentous fungus widely recognized for its capacity to secrete
a broad spectrum of hydrolytic enzymes, including cellulases, xylanases, and proteases, which are essential for the
bioconversion of complex biomass into fermentable sugars and bioactive compounds. While microalgae naturally
produce bioactive molecules, their rigid cell walls often limit their accessibility and release. The application of
Trichoderma koningiopsis in fermentation processes enhances the degradation of microalgal biomass, facilitating the
release of intracellular content and improving the yield of enzymatic and potentially valuable metabolites. Moreover, its
rapid growth, low pathogenicity, and adaptability to unconventional substrates make it an ideal candidate for integrated
biotechnological systems using wastewater-derived resources (Kubeneck et al., 2025; Camargo et al., 2024).

Studying the scale-up of fermentation processes is crucial for assessing the technical and economic viability of
biotechnology under conditions closer to industrial applications. Even if a process performs well at bench scale, it can
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face significant challenges when scaled up to larger volumes, including changes in oxygenation profiles, mass transfer,
nutrient gradients, and temperature variations. Evaluating the behavior of Trichoderma koningiopsis cultures under
expanded conditions enables us to identify operational limitations, optimize enzyme-production parameters, and ensure
reproducibility of results (Lima et al., 2022; Camargo et al., 2024). Furthermore, by using microalgal biomass from
domestic sewage treatment as a fermentation substrate, the larger-scale study also helps validate the potential for reusing
waste in sustainable biorefineries focused on the circular economy.

The enzyme profile resulting from the fermentation of microalgal biomass by Trichoderma koningiopsis aims to
identify enzymes of biotechnological value, including cellulases, amylases, lipases, and antioxidant enzymes such as
catalase, peroxidase, ascorbate peroxidase, and superoxide dismutase. While hydrolases degrade complex polymers and
release fermentable sugars, antioxidant enzymes play a fundamental role in neutralizing Reactive Oxygen Species (ROS),
particularly in environmental applications such as bioremediation, the control of oxidative stress in contaminated
soils, and the development of biostimulant formulations for plants. Previous studies have shown that Trichoderma
koningiopsis strains can express peroxidase and catalase during fermentation on different substrates, including
agroindustrial waste and microalgae, indicating their adaptability and potential for multifunctional applications
(Kubeneck et al., 2025; Dos Santos et al., 2025). Furthermore, the combination of microalgal biomass and fungi can
promote synergy in the induction of these enzymes, thereby enhancing the antioxidant response and nutrient utilization
from the substrate (Camargo et al., 2024). Thus, the expanded characterization of the enzyme profile contributes to the
development of bioproducts for biorefineries and sustainable agriculture, as well as to mitigating environmental impacts
(Camargo et al., 2023b).

The intertwined problems of inadequate sanitation and pollution in developing countries require a holistic approach
to addressing infrastructure deficits and broader socio-economic factors. Comprehensive strategies that involve
government policy, community participation, and international support are crucial to mitigating these challenges and
enhancing the overall quality of life (Aranha et al., 2025). This detailed exploration underscores the importance of
addressing these issues to achieve healthier, more sustainable communities and environments. This article aimed to
assess the feasibility of scale-up fermentation using microalgae derived from domestic sewage treatment and the fungus
Trichoderma koningiopsis to produce a broth rich in enzymes of environmental interest.

2. Materials and methods
2.1 Microalgae cultivation

The experiment was carried out during the winter season in Brazil (27 June to 2 July 2022). Ambient temperature
and light intensity were obtained from the automatic meteorological station located at latitude 22°21'27.6" S and
longitude 49°01'40.8” W (IPMet/UNESP, Bauru), with data recorded every 5 minutes. During the experimental period,
the daily average light intensity ranged from 694.29 to 841.31 pmol-m™-s", and the temperature ranged from 18.0 to
20.0 °C. The natural light: dark photoperiod averaged 11.5 : 12.5 h. The average pH values ranged from 8.90 to 9.60
throughout cultivation. The microalgae were cultivated outdoors under natural environmental conditions in a 64 L
glass Flat-Panel Photobioreactor (FP-PBR) (120 cm long, 60 cm high, 10 cm wide) with a 50 L working volume of
anaerobically pretreated sewage, which underwent secondary treatment in an Upflow Anaerobic Sludge Blanket (UASB)
reactor. The UASB reactor operated under typical conditions for sewage treatment, including a Hydraulic Retention
Time (HRT) of approximately 8 hours and a temperature maintained around 30 °C, with an organic loading rate near
2.5 kg COD/m’-day, consistent with the parameters reported by Silva et al. (2017). This pretreatment reduced organic
load and improved conditions for microalgae growth. Native microalgae inoculum was grown anaerobically using
pretreated sewage from the Candeia WWTP, obtained through a phytoprospection process as established by Wilkie et al.
(2011) and James et al. (2025). Although no species were isolated or purified, the consortium naturally developed from
anaerobically digested wastewater. The community analysis showed that Tetradesmus obliquus was the dominant taxon,
followed by Cyanobium, Desmodesmus, Chlamydomonas, and Chlorella spp. with lower relative abundances. The
predominant species of microalgae inoculum are Tetradesmus obliquus (65.4%), Cyanobium (13.6%), Desmodesmus
(8.1%), Chlamydomonas (7.4% and Chlorella sp. (5.4%). The total cell concentration of the inoculum was estimated
at approximately 1.2 x 10° cells/mL using a Neubauer hemocytometer, counted under an optical microscope at 400 x
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magnification.

2.2 Characterization of microalgae biomass

The composition of the microalgae was analyzed according to the standard methodology of the National
Renewable Energy Laboratory (NREL), which determines ash, moisture, and solid content using a muffle furnace at
different temperatures, as described by NREL (Sluiter et al., 2008).

2.3 Fungal strain

The fungus used in this study was Trichoderma koningiopsis (GenBank identification code MK860714), which was
isolated from the weed Digitaria ciliares and showed promising results for enzyme production in other studies (Bordin
et al., 2018; Reichert Junior et al., 2019; Camargo et al., 2023a; 2024).

2.4 Small-scale fermentation

The small-scale submerged fermentation was carried out in a 300 mL Erlenmeyer flask containing 100 mL of the
proper volume. The medium consisted of 6.66 g of dry microalgal biomass, intended to supplement a previously studied
and optimized synthetic fermentative medium for enzyme production (Bordin et al., 2018; Stefanski et al., 2020). The
medium containing microalgal biomass was sterilized before inoculation. The Erlenmeyer flasks were inoculated with
10° spores/mL of the fungus Trichoderma koningiopsis in a fermentative medium. They were kept in an orbital shaker
(New Brunswick TM, Germany) at 120 rpm for 72 h and 28 °C. Furthermore, a negative control (medium without
fungal inoculation) was maintained under the same fermentation conditions to allow comparison with the inoculated
samples. After fermentation, the extracts were filtered by manual pressing on synthetic fabric; the retained solid was
sterilized and discarded, and the liquid permeate was centrifuged (NT 815-NovaTecnica, Brazil) at 2,000 rpm and 4 °C
for 10 min. The centrifugation supernatant was used for enzyme quantification.

2.5 Large-scale fermentation

Preliminary small-scale fermentation tests helped to outline the scale-up process. The scale-up process was carried
out in an Airlift benchtop bioreactor, model Bio-Tec-Pro-II (Tecnal, Brazil), with a proper volume of 3.0 L. Three
different fermentations were performed, and operational parameters were adjusted based on studies using the same
bioreactor (Camargo et al., 2024). Table 1 shows the conditions tested; all tests were performed at 28 °C for 72 hours.

Table 1. Operating conditions used in the Airlift benchtop bioreactor to study the scale-up process for obtaining an enzymatic extract from microalgae
grown in domestic sewage and the fungus Trichoderma koningiopsis

Condition Microalgal biomass (g) Antifoam volume (mL) (¥; + V,= total) Aeration (LPM) pH*
Cl 5.53 400 + 0 =400 8 8.3
Cc2 11.06 0+16=16 6 7.8
C3 11.06 16+0=16 8 7.8

* The pH values showed no significant fluctuations (p < 0.05) during the fermentation process. The bioreactor is equipped with a sensor that takes
real-time readings; from these values, it was possible to conclude that there were no pH fluctuations during the process.

The fermentations were carried out at a final volume of 2.0 L. The amount of microalgae was defined based on a
previous study (Camargo et al., 2024), taking into account the moisture content of the microalgae samples (test C1) and
doubling the amount in tests 2 and 3; the remainder of the liquid portion was divided between distilled water, inoculum,
and antifoam (see Table 1). Dissolved oxygen was monitored to maintain it at 75% or higher. This value was determined
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to keep the microorganism for enzyme production. The antifoam AFP 320 from FAXON Quimica was used in the tests.
Table 1 shows the total amounts of antifoam used in the fermentations; the values are arranged as follows: ¥, + V= total.
The initial volume values (V}) refer to the amount of antifoam diluted in the fermentation medium. In addition, antifoam
was also added during the process (V) under some conditions. The bioreactor was autoclaved at 120 °C for 30 min at
1 atm. After sterilization, the tests were inoculated with a suspension of 106 spores/mL of Trichoderma koningiopsis.
During the tests, samples (approximately 20 mL) were collected every 24 h for enzymatic verification.

In conditions C1 and C3, at each sample withdrawal, the same volume of microalgal biomass diluted in distilled
water (10% concentration) was added to the bioreactor to evaluate how the process would behave upon reintroducing
the substrate over time. The collected samples and the final extract were filtered by manual pressing through a synthetic
fabric; the retained solid was sterilized and discarded, and the liquid permeate was centrifuged (NT 815-NovaTecnica,
Brazil) at 2,000 rpm, 4 °C for 30 min. The centrifugation supernatant was used for the subsequent steps.

2.6 Enzyme quantification

Some enzymes of environmental and biotechnological interest were quantified to evaluate the effects of the
different tests (C1, C2, C3) performed in the bioreactor. For the determination of amylase activity, the extract was
initially reacted with acetate buffer diluted in starch (100 mM, pH 5.0) at 38 °C for 10 min for subsequent quantification
of Total Reducing Sugars (TRS) at 540 nm in a spectrophotometer (UV-M51, Bel Photonics, Monza, Italy) using the
DNS method. Cellulase activity was evaluated by measuring the extract’s reaction in acetate buffer (0.2 mM, pH 5.5)
at 50 °C, followed by TRS measurement. The enzymatic activities of amylase and cellulase were calculated from the
glucose standard curve and expressed as U/mL (Fuwa, 1954; Pongsawadi et al., 1987; Ghose, 1987; Miller, 1959).

Lipase activity was measured by titration according to the methodology using an emulsion composed of gum arabic
(5%, v/v. Purity grade PA Dinamica, Brazil), olive oil (10%, v/v. Gallo, Portugal) and phosphate buffer (100 mM, pH 6.0)
was prepared, to which the fermented extract was added and maintained at 35 °C, 165 rpm for 32 min. The reaction was
stopped with an acetone/ethanol solution (1 : 1, v/v, purity grade 99.5%, Dinamica, Brazil) and titrated to pH 11.0 with
sodium hydroxide (NaOH, 0.050 M, purity grade 98%, Dinamica, Brazil). A control containing the extract, emulsion,
and acetone/ethanol solution (for no reaction) was tested for each sample. Lipase activity was calculated using the
molarity of sodium hydroxide and expressed in U/mL (Treichel et al., 2017).

To quantify the peroxidase enzyme activity, the extract was added to the reaction medium composed of phosphate
buffer (5 mM, pH 5.0), guaiacol (1%, Purity grade > 98.0%, Merck, Germany), hydrogen peroxide (0.08%, Purity grade
35%, Dinamica, Brazil), and distilled water, at 35 °C for 10 min. A control sample was tested using water instead of
fermented extract. The transmittance of the oxidized compounds was measured at 470 nm, and enzymatic activity was
estimated by the oxidation of the substrate to tetraguaiacol and expressed in U/mL (Devaiah et al., 2009; Khan et al.,
1994).

To determine laccase activity, the extract was added to a reaction medium containing 2,2'-azino-di-3-
ethylbenzothiazoline-6-sulfonic acid (ABTS), a substrate for the enzymatic reaction, at 40 °C for 4 min. A control
sample was tested using water instead of fermented extract. One unit of laccase activity (U) was defined as the amount
of enzyme capable of forming 1 pmol of ABTS" per minute under the reaction conditions (Hou et al., 2004).

To quantify Superoxide Dismutase (SOD), the extract was added to a reaction medium containing sodium
phosphate buffer (50 mM, pH 7.8), methionine (13 mM), NBT (75 uM), EDTA (0.1 mM), riboflavin (2 uM), and
distilled water. The reaction was performed for 5 minutes under light exposure using a 15 W fluorescent lamp, and
absorbance was quantified in a spectrophotometer at 560 nm, with readings taken every 15 seconds for 1 minute. The
reaction blank was performed in the dark. SOD activity is defined as the amount of enzyme required to inhibit 50% of
NBT photoreduction (Hasan et al., 2022).

To quantify Catalase (CAT), the extract was added to a reaction medium containing potassium phosphate buffer
(50 mM, pH 6.8), hydrogen peroxide (12.5 mM), and distilled water at 25 °C for 2 minutes. The absorbance of the
oxidized compounds was quantified in a spectrophotometer at 240 nm for 3 minutes, taking readings every 30 seconds
(Havir et al., 1987; Hasan et al., 2022).

To quantify Ascorbate Peroxidase (APx), the extract was added to a reaction medium containing potassium
phosphate buffer (50 mM, pH 6.0), ascorbic acid (0.8 mM), hydrogen peroxide (1.0 mM), and distilled water at 25 °C
for 2 minutes. The absorbance was quantified in a spectrophotometer at 290 nm for 1 minute, with readings taken every
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15 seconds (Nakano et al., 1981; Fal et al., 2022).

2.7 Statistical analysis

The data obtained from the tests were analyzed using STATISTICA 8.0 Software with Analysis of Variance
(ANOVA), with significance set at p < 0.05.

3. Results and discussion
3.1 Characterization

The microalgal biomass comprises 97.54% total solids, 2.46% moisture content, and 25.64% ash. It is a dry
microalgal biomass, as reflected in its low water content. The microalgae biomass had a high solids content, which may
be directly linked to the amount of organic matter available for efficient fermentation in the tests, since the microalgae
served as a substrate for the fungus to ferment and produce enzymes of interest. This type of characterization is crucial
for optimizing biotechnological processes and ensuring efficient enzyme production, thereby enabling us to understand
the potential of biomass (Stefanski et al., 2020; Ferreira et al., 2023). The characterization shows that microalgae can
potentially recover nutrients for growth from various sewage types, including domestic sewage, as it contains many
organic and inorganic nutrients needed for microalgae cultivation. Thus, cultivation systems can operate at a lower cost
for microalgal growth while treating sewage. In addition, by incorporating nutrients, microalgae cultivated in domestic
wastewater can later replace synthetic fertilizers (Alvarez-Gonzélez et al., 2022).

3.2 Evaluation of small-scale enzyme production

The control assay already contains enzymes, as shown in Figure 1. Microalgae are primary producers and
accumulate active and bioavailable molecules (Barsanti et al., 2022). After fermentation (72 hours), enzymatic activity
increased, with peroxidase activity being the most pronounced. Studies show that the fungus used, Trichoderma
koningiopsis, is a good enzyme producer. Furthermore, this genus is widely known for colonizing various substrates
under different conditions and secreting multiple hydrolytic enzymes and secondary metabolites (Nicolas et al.,
2014; Reichert Junior et al., 2019). The fungal genus Trichoderma is well-known for its remarkable adaptability to a
wide range of environmental conditions, enabling it to colonize diverse organic and inorganic substrates, including
agricultural residues, lignocellulosic biomass, and wastewater-derived materials. This ecological versatility is closely
linked to its metabolic plasticity. Specifically, Trichoderma species are prolific producers of hydrolytic enzymes, such
as cellulases, xylanases, proteases, and chitinases, which enable the degradation of complex biopolymers into simpler
compounds that can be absorbed and utilized for growth. Furthermore, these fungi can synthesize a variety of secondary
metabolites, including antibiotics, siderophores, and other bioactive compounds. These compounds contribute not only
to substrate colonization and nutrient acquisition but also to the suppression of competing microorganisms, making
Trichoderma a highly competitive and industrially relevant genus in biotechnological applications such as biocontrol,
enzyme production, and waste valorization (Bai et al., 2023; Guo et al., 2023; Kredics et al., 2024).

The laccase enzyme was not quantified; it requires substrates with chemical inducers (e.g., aromatic and phenolic
compounds), which are only detected in more complex fermentations (Camargo et al., 2023b). On the other hand, we
did not detect lipase activity in any of the tests, which may be linked to factors such as the nutrient composition of the
medium or the microalgae’s growth phase. In addition, lipases catalyze the hydrolysis of triglycerides into fatty acids
and glycerol. This process occurs between the aqueous and lipid phases, making water essential for lipase activity. As
the microalgae used were dry, with a low moisture content, this may have negatively influenced the production of this
enzyme, affecting various aspects, including cell growth and biochemical mechanisms (Satpati et al., 2023).

The presence of amylase in the control assay may reflect microalgae’s ability to degrade carbohydrates, primarily
starch. After fermentation, amylase activity increases, which can be attributed to the fungus (Camargo et al., 2024).
Therefore, we understand that microalgae have potential as a fermentative substrate for enzyme production, and we
expanded the scale of enzyme production accordingly; the results are presented below.
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Figure 1. Results of enzymatic activity in 72 hours of small-scale fermentation. The control sample was not inoculated; the results refer only to the
enzymes present in the medium

3.3 Evaluation of scale-up enzyme production

In fermentation processes, airlift bioreactors are commonly used because they promote foam formation in the
medium; in such cases, antifoaming agents are often added to protect the equipment and the bioprocess integrity.
According to previous studies, this may indicate better metabolic activity of Trichoderma koningiopsis (Frumi Camargo
et al., 2020). However, in the tests with a greater amount of microalgal biomass (11.06 g), it was possible to reduce the
volume of antifoam added (16 mL) compared to the study (Camargo et al., 2024) as foam formation is also linked to the
interaction between proteins and other molecules in the medium, such as enzymes formed during fermentation (Singhania
et al., 2022; Dineshkumar et al., 2020). There may have been a lower frequency of these processes, leading to less foam
formation.

The first bioreactor test, C1, reproduces the best-optimized condition in the base study (Camargo et al., 2024). In
this test, no foam formation was observed, unlike in previous studies. We can see that the amount of antifoam used (400
mL) was excessive. Although the conditions tested in C1 were not ideal, enzymes were produced during fermentation,
as shown in Figure 2.
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Figure 2. Results of enzymatic production present in fermentations carried out in the Airlift bioreactor under different conditions: C1, C2, and C3.
The quantified enzymes are named in the legend. In condition C1, catalase activity was plotted on a separate graph for better visualization

The antifoam used in this study is a preparation of alcohols, esters, and silicone emulsions, all of which are
biodegradable, an essential factor for developing the microorganism (Tiso et al., 2024). Because the antifoam volume in
C1 was excessive, it may have caused stress on the fungus, leading to higher levels of lipases and cellulases, as shown
in the graph in Figure 2.

Several microorganisms, including microalgae and fungi, produce extracellular cellulases that help dissolve
crystalline cellulose. For this reason, the enzymes released by these microorganisms are the most suitable for large-scale
use. In the same way, Trichoderma species are considered the best producers of cellulase for industrial use; the cost of
the cellulase enzyme and its stability are essential considerations in its application. In the case of C1, the microalgae
may already have contained cellulase; this can be confirmed by the presence of the enzyme at time zero. As fermentation
progressed, the fungus was able to utilize microalgae and produce more cellulase (Korsa et al., 2023; Mattam et al.,
2022).

The lipase enzyme appears more significantly in test C1, reaching values of 167 U/mL, while the other tests do not
exceed values above 9 U/mL. In this test, 400 mL of antifoam was used. These are formed by oils, which may explain
the lipase enzyme’s activity and the modification of the medium’s physicochemical properties (Kar et al., 2012). At the
same time, studies report that alkaline conditions increase the production of this enzyme by facilitating the solubilization
and hydrolysis of lipids and proteins, thereby providing easier access to the substrate (Bi et al., 2024).

As shown in Figure 2, for assay Cl1, the highest enzyme production occurred at 72 hours, except for superoxide
dismutase, which peaked at 24 hours and showed no activity thereafter. It is worth noting that, before starting the
fermentation process (time zero), enzymatic activities were already present, as shown in the graphs. These enzymes
may come from microalgal biomass after heat-treatment sterilization in an autoclave. The enzyme catalase (shown in a
separate graph) stands out, producing an activity of 7,344.83 U/mL. Other enzymes, such as lipase, cellulase, ascorbate,
and peroxidase, showed lower activity. The enzyme laccase showed no activity, as observed in another study (Camargo
et al., 2024), likely because metal inducers are required for its production. The increased enzyme production may be
linked to the reintroduction of the substrate during fermentation and to maintaining dissolved oxygen. According to
previous studies, this reintroduction increases enzyme activity mainly because the bioprocess is not adversely affected
by depletion of nutritional sources (Dineshkumar et al., 2020; Zhan et al., 2023).

Test C2 shows higher catalase and amylase activities, with amylase remaining stable at approximately 150 U/mL
throughout fermentation. In contrast, catalase peaked at the end of fermentation, reaching 218 U/mL. Enzymes such as
ascorbate peroxidase, lipase, and peroxidase presented low activity in test C2. In test C3, amylase was again constant,
with values of approximately 150 U/mL. At the same time, the catalase enzyme showed its peak enzymatic activity at
the end of fermentation, with a value of 303.5 U/mL, similar to that in test 2.

Regarding amylase maintaining its activity during fermentations, it is known that converting microalgae into
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glucose requires the enzyme a-amylase in the initial stage. It is then followed by a glucoamylase enzyme to produce
glucose. The main obstacle at this stage is the binding of microalgae starch to a rigid cell wall. Therefore, a pretreatment
process would be necessary to release the starch into the medium, which would later be used as a carbohydrate source
for fungi (Padil et al., 2023). This may have occurred in conditions C2 and C3. After sterilization of the microalgal
medium in an autoclave, the starch was released. This can be seen at time zero of the fermentations, when amylase
activity was already present and persisted until the end of the fermentations.

Among all the tests, the prevalence of catalase is notable, possibly because this enzyme catalyzes the conversion of
hydrogen peroxide to water (Foyer et al., 2011). Since these microalgae are used in effluent treatment and are exposed
to pollutants, the activities of antioxidant enzymes (catalase, ascorbate peroxidase, and superoxide dismutase) may
have increased when the microalgae absorbed the contaminants (Xiong et al., 2016), corroborating their activity in the
tests. Furthermore, under stress factors (in our study, including pH conditions, antifoam presence, and air injection), the
antioxidant response of microalgae may be modulated, leading to increased antioxidant enzyme production and activity
(Odenthal et al., 2024).

For comparison purposes, studies of fermentation conditions using the same fungus and equipment but with
different microalgae biomass demonstrated that the optimized process established in the first study (Camargo et al.,
2024) can be reproduced and is an adaptable and flexible bioprocess, which is relevant since it uses residual biomass as
a substrate source. Furthermore, we noticed that within 72 hours, the activities reach their peak without extending the
fermentation time beyond that, which could save energy and reduce inputs added to the reactor.

Microbial broth fermented with microalgae offers a multifunctional solution—treating wastewater, reducing
pollutants, and generating valuable byproducts such as biomass. This integrated technology can significantly address
sanitation and pollution challenges in developing countries, ultimately improving public health, environmental
sustainability, and economic development. This innovative approach holds promise for sustainable sanitation and
pollution control by harnessing natural processes.

4. Conclusion

Based on the results of this study, it is evident that microalgae biomass has a diverse range of applications, and
exploring its full potential is challenging. Through the fermentations studied, we realized that the fungus can utilize
biomass from sewage treatment as a food source and produce a range of industrial and biotechnologically interesting
enzymes.

Microalgae biomass serves as a biofactory for enzyme production, offering a promising avenue for further studies
that provide insights into microalgae-fungal interactions. The results highlight the viability of microalgae biomass as a
rich source for the fungus Trichoderma koningiopsis, which, under appropriate fermentation conditions, yields enzymes
with potential applications.

This study demonstrated the feasibility of scaling up the fermentation of microalgal biomass derived from domestic
sewage using Trichoderma koningiopsis as the fermenting agent. Operation in this airlift bioreactor maintained process
stability and improved enzymatic performance, indicating that scaling up could be a promising alternative for industrial
and environmental applications. Regarding the enzyme profile, the results revealed significant production of antioxidant
enzymes, particularly catalase, as well as superoxide dismutase and peroxidase, especially since this study reduced
the fermentation time (72 hours) compared to previous studies. These enzymes have high potential for applications
in bioremediation processes and sustainable industrial formulations. Therefore, the studied process demonstrates not
only the possibility of using microalgal biomass as a fermentation substrate but also the relevant role of the fungus in
intensifying the enzyme production of environmental interest.
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