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Abstract

Water quality is essential for safeguarding human health and ensuring the stability of
ecosystems. Nonetheless, the rising prevalence of emerging contaminants, particularly
pharmaceutical compounds, has raised serious environmental concerns due to their bioac-
tivity, widespread use, persistence, and potential toxicity. Among these, acetaminophen
(paracetamol) is one of the most frequently detected pharmaceutical pollutants in aquatic
environments. Among the various degradation strategies explored, biological methods,
especially those involving white-rot fungi, have shown substantial promise owing to their
production of ligninolytic enzymes capable of degrading complex pollutants. This study
investigates the use of laccases from Ganoderma parvulum, covalently immobilized on chi-
tosan microspheres, for acetaminophen degradation. The immobilization involved a 10%
crosslinking agent, 60-min crosslinking time, and 10,000 U/L enzyme concentration, result-
ing in an immobilization efficiency of 123%, 203%, and 218%, respectively. The immobilized
enzymes displayed enhanced stability across pH 3-8 and temperatures between 20 and
60 °C. Biodegradation assays achieved 97% acetaminophen removal within four hours.
Nuclear Magnetic Resonance ('H NMR and COSY) confirmed structural transformation.
The enzymes also retained over 95% catalytic activity after multiple reuse cycles. These
findings highlight the novel application of laccases as efficient and reusable biocatalysts
for pharmaceutical pollutant removal, providing valuable insights into the mechanisms of
enzymatic environmental remediation.

Keywords: white-rot fungi; ligninolytic enzymes; emerging contaminants; water
treatments; bioremediation; acetaminophen

1. Introduction

The an international, peer-reviewed Open Access journal. quality of water is funda-
mental to maintaining ecosystem balance and ensuring human well-being, serving as a
cornerstone for sustainable development [1]. However, the detection of pollutants has
highlighted a significant threat to water resources, posing potential negative impacts [2,3].
Among these pollutants, a subgroup of organic compounds frequently identified in aquatic
environments is classified as emerging pollutants or micro-pollutants. These are chemical
substances, either synthetic or of natural origin, that are typically unmonitored or unregu-
lated in the environment and may exert harmful effects. This group covers a diverse array
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of substances and their derivatives, such as textile pigments, hormones, pesticides, hygiene
products, and pharmaceuticals, including anti-inflammatory medications (NSAIDs), pain
relievers, and antibiotics, among others [4-8].

Among the diverse categories of emerging contaminants, pharmaceutical compounds
are particularly prevalent in aquatic environments due to their extensive use driven by
population growth, along with their non-degradable and semi-persistent structure [3,7].
Despite undergoing treatment in wastewater treatment plants, these substances have been
identified in the environment at very low concentrations and are often difficult to remove
using conventional methods [3,6,9,10].

Among pharmaceutical contaminants, pain relief drugs are currently highlighted
as among the most notable categories, because of their presence identified in multiple
natural matrices. Among them, acetaminophen is widely used and falls into the category
of micro-pollutants. It has been observed in different aquatic environments, exhibiting con-
centrations that vary from 5 ng/L to 30 mg/L in various natural aqueous samples [11,12].
While toxic effects have been observed at lower trophic levels of the food web, increased
concentrations can extend across trophic levels, readily accumulating in the aquatic environ-
ment. This accumulation may eventually reach humans due to biomagnification [5,11-13].

The mechanism underlying acetaminophen toxicity holds significant ecological rele-
vance, as it induces neurotoxicity and enzyme inactivation, DNA damage, peroxidative
damage to lipids, and tissue accumulation, resulting in oxidative stress. These effects
manifest as behavioral alterations in a wide range of aquatic organisms, including algae,
micro-crustaceans, mollusks, and teleost fish [5,12].

Biodegradation processes offer several advantages over physicochemical techniques.
These include enhanced safety, reduced environmental disruption, cost efficiency, lower
energy consumption, and the ability to function as ecologically catalytic procedures. Addi-
tionally, they are effective for treating contaminants present in extremely low concentrations,
which are often challenging to degrade using physicochemical methods [6,14]. Among the
various treatments for the removal of emerging contaminants, white-rot fungi stand out
as widely used microorganisms [5,15,16]. These fungi are considered a viable approach
for treating contaminants, given their capacity to break down a wide range of substances,
which includes emerging pharmaceutical contaminants, through their versatile enzymatic
machinery [2,15,17]. The synthesis of extracellular ligninolytic enzymes, such as laccase,
manganese peroxidase, and lignin peroxidase, represents a compelling area of research.
The application of these enzymes as biocatalysts is recognized as an emerging technology
that continues to gain prominence [15,18-20]. Reflecting this growing interest, projec-
tions indicate that the global enzyme market will increase from USD 9.4 billion in 2021 to
USD 17.45 billion by 2026 [21].

The use of free enzymes, however, presents several limitations, including a lack of
functional stability, single-use disposal, and susceptibility to conformational changes under
harsh environmental conditions, which can hinder their industrial applications. These
challenges can be addressed through immobilization processes on various solid supports.
Immobilization offers numerous advantages, including enhanced stability and the ability
to reuse and recycle enzymes, thereby improving their efficiency and cost-effectiveness in
manufacturing applications [6,22-24].

This research aims to analyze various parameters associated with the immobiliza-
tion of partially purified enzymes on chitosan and to assess their stability under different
conditions. The immobilized enzyme systems are further characterized using scanning
electron microscopy (SEM), Fourier-transform infrared spectroscopy (FT-IR), and enzymatic
activity assays to confirm successful immobilization and structural modifications. Addi-
tionally, the study investigates the biodegradation of acetaminophen using the immobilized



Fermentation 2025, 11, 387

30f21

ligninolytic enzymes and analyzes the transformation of acetaminophen through nuclear
magnetic resonance (NMR) spectroscopy.

2. Materials and Methods
2.1. Materials and Reagents

The fungus Ganoderma parvulum utilized in this research was previously acquired
through the efforts of the Biopolimer Research Group [25,26] at the University of Antioquia
(UdeA) from a tropical humid forest located in the municipality of Puerto Berrio, Antioquia,
Colombia. This fungus is axenically preserved under controlled laboratory conditions. Its
collection, preservation, and authorization for use was conducted in compliance with the
Formal Contract No. 235 for Access to Genetic Resources and their Derivatives, signed by
the Ministry of Environment and Sustainable Development of Colombia and the UdeA.

The fungal strain corresponds to a wild isolate of Ganoderma parvulum, previously
identified through molecular analysis using ITS, RPB1, and RPB2 markers. The dry basidio-
carp of the specimen was deposited in the Herbarium of Universidad de Antioquia under
the voucher number HUA-191249. The strain is currently undergoing the deposit process in
the certified Microbial Culture Collection of the School of Microbiology at Universidad de
Antioquia. In future studies, it will be referenced under the official accession code assigned
by the collection [25,26] .

The reagents used in this study were disodium hydrogen phosphate (Na; HPOy, mo-
lar mass: 141.96 g/mol), ].T. Baker™ (Phillipsburg, NJ, USA) ; citric acid (C¢HgO7*H,O,
molar mass: 210.14 g/mol), PanReac AppliChem ITW Reagents (Chicago, IL, USA); chi-
tosan, low molecular weight, Sigma-Aldrich®, St. Louis, MO, USA; 2,2'-azino-bis-(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), >98%, Sigma-Aldrich; acetic acid, Merck
(Burlington, MA, USA); sodium hydroxide (NaOH), Emsure®, Merck; glutaraldehyde
(50% aqueous solution), Sigma—Aldrich® ; methanol (HPLC grade), LiChrosolv®, Merck;
potassium dihydrogen phosphate (KH;PO,4), CARLO ERBA Reagents (Cornaredo, MI,
USA); and acetaminophen (USP grade, 99.5%), Mallinckrodt® (Dublin, Ireland).

2.2. Cultivation of Ganoderma parvulum for Laccase Production

Ganoderma parvulum was cultivated on modified Kirk agar [27]. The medium was
prepared per liter with the following composition: peptone, 5 g; anhydrous glucose, 20 g;
yeast extract, 2 g; KHyPOy, 1 g; MgSO4¢7H,0, 0.5 g; oak sawdust, 2 g; and agar, 15 g.
Cultures were incubated at 30 & 2 °C until complete colonization of the medium.

Subsequently, five wide-mouth Erlenmeyer flasks, each containing 100 mL of Bio
medium, were inoculated with six plugs of Kirk medium colonized by the fungus. The cul-
tures were incubated at 30 = 2°C for seven days on an orbital shaker at 120 rpm. These
flasks were then used as pre-inoculum for a BIOSTAT® A plus (Tampa, FL, USA) 5 L
bioreactor operated under batch submerged cultivation conditions with the same lignocel-
lulosic medium. The bioreactor, equipped with three Rushton turbines, was maintained at
30+ 1°C, 300 rpm (3.02 RCF (relative centrifugal force, or g-force)), and an aeration rate of
1.5 vvm for five days [26].

The Bio medium, developed by the Biopolimer research group, is a patented culture
medium specifically designed to support fungal growth. It consists of a blend of organic
residues rich in carbon, nitrogen, and essential growth factors, including by-products from
wheat cultivation. The composition is standardized for research applications and has
been officially patented by the Superintendence of Industry and Commerce of Colombia
(Rad. No. 11-160567, granted by resolution 49744, 2014). The standardized formulation of
the Bio medium guarantees consistent enzyme yields across replicates and promotes the
valorization of agro-industrial by-products, aligning with circular economy principles [25].
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2.3. Partial Purification and Concentration of Fungal Enzymes

After incubation in the bioreactor, the fungal mycelium was removed from the liquid
phase by centrifugation at 4000 rpm (1792 RCF) for 10 min. The supernatant was stored at
—20°C and later brought to room temperature [28]. Exopolymeric substances formed a
hydrogel, which was separated by decantation. The enzymatic broth was filtered through a
Whatman #1 filter, (Maidstone, UK) followed by filtration through a 0.2 pm cellulose mem-
brane. The process was completed with ultrafiltration using tangential flow diafiltration
cartridges (VIVAFLOW 200, 10,000 MWCO Hydrosart®, Sartorius, Gottingen, Germany)
equipped with membranes with 10 kDa pores [29-31].

2.4. Covalent Immobilization of Enzymes on Chitosan Microspheres

To prepare chitosan microspheres, 500 mg of chitosan was added to 100 mL of a
2% acetic acid water solution for dissolution. Subsequently, 1% NaOH in water was
incorporated dropwise to the solution under gentle stirring until microspheres were formed.
The preparation of the crosslinking agent solution involved dissolving glutaraldehyde in a
cold phosphate—citrate buffer at pH 7.0. The prepared solution was then incorporated into
5 g (wet basis) of chitosan microspheres, with both the crosslinking agent solution and the
microspheres pre-refrigerated. Finally, the chitosan microspheres were combined with a
phosphate—citrate buffer at pH 6.0 in a reaction flask, to which the enzymatic solution was
added for conducting the immobilization.

The initial enzymatic activity of the partially purified enzymatic solution was de-
termined to calculate the amount required for contact with the functionalized chitosan
suspension. The reaction was executed under refrigeration with magnetic agitation for
24 h. After this period, the mixture was subjected to centrifugation, and the pellet formed
was subjected to multiple washes with a phosphate—citrate buffer at pH 6.0. Supernatant
enzymatic activity was measured after each wash by repeating the centrifugation cycles
until no enzymatic activity remained in the supernatant [32,33]. A schematic representation
of the enzymatic immobilization process on chitosan microspheres is illustrated in Figure 1.

(1) Chitosan | (2) Functionalization of ‘ (3) Enzyme Immobilization

Microspheres Formation Chitosan Microspheres with on Chitosan Microspheres
the Crosslinking Agent

Chitosan on e
acetic acid -
solution [

Under stirring

Figure 1. Schematic representation of the enzymatic immobilization process on chitosan microspheres.
The workflow includes three main stages: (1) chitosan microsphere formation by adding NaOH
dropwise into a chitosan—acetic acid solution under stirring, (2) functionalization of microspheres
with the crosslinking agent glutaraldehyde, and (3) covalent immobilization of partially purified
ligninolytic enzymes onto the activated chitosan support. Icons from [34].

2.5. Evaluation of Laccase Immobilization Efficiency Using a One-Factor-per-Time Approach

In developing the immobilization method, the response variable was the enzymatic
activity of immobilized laccase. The one-factor-per-time (OFT) approach was employed,
where a single variable was studied per experiment while keeping all other factors con-
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stant [35]. Three critical parameters for the immobilization process were evaluated: the con-
centration of the crosslinking agent (1%, 5%, and 10%), the crosslinking time (30 min, 60 min,
and 90 min), and the enzyme concentration to be immobilized (10,000 U/L, 20,000 U/L,
and 30,000 U/L).

The immobilization efficiency percentage (%IE) for the enzyme bound to chitosan was
determined using the formula in Equation (1):

1)

Experimental immobilized enzymatic activity
IE% = — — , — x 100
Theoretical immobilized enzymatic activity

2.6. pH and Temperature Stability of Free and Immobilized Laccase

Free and immobilized enzyme stability was tested under different pH conditions
(3.0-8.0) through incubation in a phosphate—citrate buffer at the respective pH levels for
4 h. Laccase enzymatic activity was determined at the beginning and end of the incubation
period, with the initial activity defined as 100% [22,36,37].

To evaluate thermal stability, free and immobilized ligninolytic enzymes were in-
cubated at pH 6.0 for 4 h under varying temperatures (20-60 °C). Laccase activity was
determined at the beginning and end of the procedure, with the initial enzymatic activity
defined as 100% [22,36-39].

2.7. Acetaminophen Degradation by Ligninolytic Immobilized Enzymes
2.7.1. Acetaminophen Degradation Using Immobilized Laccase

A total of 500 mg of immobilized enzymes on chitosan microspheres were added to
an aqueous acetaminophen solution starting with a concentration of 10 ppm, in a reac-
tion volume of 5 mL prepared with type I water. The initial laccase enzyme activity was
20 U/mg. Drug concentration was measured hourly over a 4 h period. The mixtures were
maintained at room temperature with orbital shaking at 120 rpm. Controls included chi-
tosan microparticles without immobilized enzymes and acetaminophen solutions without
chitosan microparticles. The percentage of acetaminophen transformation was calculated,
taking the initial concentration as 100%. All tests were executed in triplicate.

2.7.2. Reusability of Immobilized Laccase for Acetaminophen Transformation

A total of 500 mg of immobilized enzymes on chitosan microspheres were added to an
aqueous acetaminophen solution having an initial concentration of 10 ppm, in a reaction
volume of 5 mL prepared with type I water. The experiment was conducted at room
temperature with 120 rpm agitation for 4 h. The initial laccase enzyme activity was 20 U/mg.
A control containing chitosan microspheres without immobilized enzymes was included.
After the designated reaction time, to measure the acetaminophen concentration in the
supernatant, the mixture was centrifuged at 4000 rpm (1792 RCF) for 10 min. The chitosan
microspheres were recovered and washed three times with type I water, with each washing
step involving centrifugation at 4000 rpm for 10 min to remove excess reagents and prepare
the microspheres for reuse. The acetaminophen degradation percentage was determined,
taking the initial concentration as 100% [36,38]. All assays were executed in triplicate.

2.8. Analytical Methods
2.8.1. Laccase Activity Determination

Free enzyme activity was measured using a modified method based on Arboleda
Echavarria et al. [40], by measuring the shift in absorbance at 420 nm within 1 min. The pro-
cedure involved adding the enzyme extract to a phosphate—citrate buffer at pH 3.0 and
0.4 mM ABTS. Data acquisition was carried out with a Varian Cary 50 Bio UV-VIS spec-
trophotometer equipped with temperature control.
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Enzyme activity values were given in international units per liter (U/L), where one
unit (U) of laccase is defined as the amount of enzyme that catalyzes the oxidation of 1 umol
of ABTS in 1 L of solution at 30 °C over the course of 1 min (g429 = 36,000 M~ em™1) [32,40].

Immobilized Laccase Activity Determination: The reaction conditions were adapted
to include constant stirring in the reaction cell, ensuring that the microparticles remained
in suspension throughout the assay to directly measure enzymatic activity.

For the enzymatic activity measurement of immobilized laccase, 50 mg (wet basis) of
the enzyme-loaded support was weighed and dispersed in 5 mL of a phosphate—citrate
buffer at pH 5.0, with gentle magnetic stirring. Subsequently, a phosphate—citrate buffer
at pH 3.0 and the homogenized enzyme-support suspension were added to a quartz
cell. The suspension was thoroughly mixed before measuring the volume. The cell was
then placed in a Varian Cary 50 Bio spectrophotometer equipped with temperature and
magnetic stirring control for the reaction cell. The reaction was initiated by adding ABTS as
a substrate, and the change in absorbance at 420 nm was recorded over 5 min. Enzymatic
activity was expressed as international units per milligram (U/mg) [39].

2.8.2. SEM Analysis of Chitosan Microspheres

The surface morphologies of lyophilized chitosan microspheres without enzymes
(controls) and chitosan microspheres with varying quantities of immobilized enzymes were
analyzed using scanning electron microscopy (SEM) [33]. Samples were mounted on alu-
minum stubs with double-sided adhesive tape and coated with gold to analyze their surface
morphologies and evaluate the presence of enzyme molecules within the microspheres.

The surface topography of chitosan microspheres with immobilized laccase was exam-
ined using a ZEISS EVO® (Oberkochen, Germany) MA 25 scanning electron microscope in
high vacuum mode at an accelerating voltage of 10 kV. The surface morphologies of the
samples were scanned, and high-resolution images were subsequently captured.

2.8.3. FT-IR Analysis of Chitosan Microspheres

Functional characterization of lyophilized chitosan microspheres was performed with
Fourier transform infrared (FI-IR) analysis, with and without immobilized enzyme, using
a Perkin Elmer Frontier (Waltham, MA, USA) FI-IR spectrometer in attenuated total
reflectance (ATR) mode. The analysis was conducted with 32 scans at a resolution of 4 cm~!

across the spectral range of 400-4000 cm ™.

2.8.4. Quantification of Acetaminophen

Acetaminophen quantification was carried out using high-performance liquid chro-
matography (HPLC) on a Shimadzu (Kyoto, Japan) Prominence system equipped with an
LC-20AD quaternary pump, an SPD-M20A diode array detector (DAD), and a DGU-20A5
degasser. Detection was performed at 244 nm. The analysis utilized a YMC-Triart C18
column (YMC company, Kyoto, Japan) (250 x 4.6 mm, 5-5 um, 12 nm) with a mobile phase
consisting of methanol and water (30:70 v/v), acidified with 0.5% phosphoric acid. The flow
rate was set at 1 mL/min, and the injection volume was 20 pL.

2.8.5. NMR-Based Analysis of Acetaminophen Degradation by Immobilized Enzymes

Three types of samples were prepared to evaluate the degradation of acetaminophen
using immobilized ligninolytic enzymes: M1 (initial acetaminophen, untreated control), M2
(acetaminophen treated with immobilized enzymes), and M3 (acetaminophen exposed to
the enzyme support material without enzymes). Each sample was prepared by dissolving
acetaminophen in Type 1 water at a concentration of 1 mg/mL and exposing the drug
solution to immobilized enzymes for 4 h at 120 rpm under dark conditions. After treatment,
the immobilized enzymes were separated by centrifugation (4000 rpm, 10 min) and filtration
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through a 0.45 pm membrane. The supernatant was concentrated using rotary evaporation,
and the resulting solid residue was resuspended in deuterated methanol (Sigma-Aldrich)
for nuclear magnetic resonance (NMR) analysis. 'H and COSY NMR spectra were acquired
using a Bruker (Billerica, MA, USA) Avance 600 MHz spectrometer and analyzed to identify
the structural modifications of acetaminophen and its potential degradation products.
Results were analyzed in the software TopSpin 4.3.0. Peak assignments were performed by
comparing the obtained spectra with reference data from the Spectral Database for Organic
Compounds (SDBS), a freely accessible database maintained by the National Institute of
Advanced Industrial Science and Technology (AIST), Japan. Specifically, the 'H NMR
spectrum of acetaminophen was matched with the SDBS entry No. 3290 (Spectral code:
HSP-43-745) [41].

2.9. Statistical Analysis

Data were statistically analyzed using Microsoft Excel to calculate means and stan-
dard deviations from the three replicates. Parameters investigated for the evaluation of
the immobilization process, following the one-factor-per-time approach, were analyzed
by one-way ANOVA with Fisher’s least significant difference (LSD) test. Results were
considered statistically significant at p < 0.05. All statistical analyses were performed using
STATGRAPHICS 19 software.

3. Results and Discussion
3.1. Evaluation of Laccase Immobilization Efficiency Using a One-Factor-per-Time Approach

The development of enzyme immobilization technologies and the exploration of
suitable supports play a crucial role in modifying and enhancing enzyme properties [38].
In this study, critical factors in the covalent immobilization of ligninolytic enzymes onto
chitosan microspheres were evaluated to achieve effective immobilization.

A one-factor-per-time approach was employed to evaluate the impact of glutaralde-
hyde concentration on the immobilization of enzymes onto chitosan microspheres.
The ANOVA analysis yielded a p-value of 0.0864, which is higher than the significance
threshold of 0.05. This indicates no statistically significant difference in mean immobi-
lization efficiency across the tested glutaraldehyde concentrations at a 5% significance
level. However, the highest laccase immobilization efficiency was observed at the highest
concentration tested, specifically 10% glutaraldehyde (Figure 2).

The enhanced efficiency at higher glutaraldehyde concentrations can be attributed to
the reactivity of aldehydes, chemical compounds containing a carbonyl group bonded to a
hydrogen atom. This structural feature facilitates their reaction with amines, forming imine
bonds. Glutaraldehyde, as a di-aldehyde, reacts with the primary amine groups in chitosan,
which are abundant due to its D-glucosamine structure. This amine-rich composition makes
chitosan particularly suitable for immobilization, as glutaraldehyde cross-links the chitosan
microspheres, providing stability and functional support for enzyme binding [42,43].

For successful cross-linking, certain aldehyde groups must interact with the amino
groups in chitosan, creating covalent imine bonds, while others stay free to bind with the
enzyme amino groups. Excess glutaraldehyde is necessary to prevent all aldehyde groups
from reacting solely with intra- or intermolecular amino groups of chitosan, which could
lead to microsphere aggregation [42—45].

At low glutaraldehyde concentrations, reduced immobilization efficiency may result
from the insufficient activation of chitosan for enzyme binding. Without adequate cross-
linking, the chitosan structure lacks functional stability and robustness, leaving fewer free
aldehyde groups available for enzymatic binding [32]. The presence of abundant amino
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groups in chitosan significantly enhances the immobilization process, but glutaraldehyde
treatment is essential for achieving stable and functional enzyme binding.

300

250
218

200

<150 133
= 123
100 | !
100

66

61

|

10% 30,000 90

% Glutaraldehyde Enzyme added to the reaction Crosslinking time (min)
(U/L)

Figure 2. Enzyme immobilization efficiency (IE%) on chitosan, evaluated by one-factor-per-time.
Assess the factors glutaraldehyde percentage, cross-linking time (min), and amount of enzyme (U/L).

Blue bars are the low level of each factor, orange bars are the medium level, and gray bars are the
high level of each factor.

The study conducted by Aslam et al. [32] investigated glutaraldehyde concentrations
(1-4%) for their role as a cross-linker in the immobilization of laccase on chitosan beads.
The main objective was to evaluate the efficiency of the coupling reaction between glu-
taraldehyde and enzyme molecules. Their results showed that optimal laccase entrapment
occurred when chitosan beads were functionalized with 2% glutaraldehyde over a reaction
period of 6 h. The modified chitosan beads offered an efficient and biocompatible platform
for enzyme attachment, with an immobilization efficiency of 79% [32].

Unlike the findings of this study, where the highest glutaraldehyde concentration
(10%) yielded the best immobilization efficiency, Aslam et al. [32] reported optimal results at
a lower concentration. These differences highlight the influence of experimental conditions,
such as the levels of chitosan and enzyme utilized during the reaction, which influence
the amount of cross-linking agent required. Choosing the right enzyme-to-glutaraldehyde
ratio and their respective concentrations is key to reducing enzyme structural alterations
while retaining catalytic efficiency [43].

The crosslinking time was found to significantly influence the immobilization process.
According to the ANOVA analysis, the p-value for this factor was 0.0001. Since the p-
value is below the 0.05 significance threshold, there is a statistically significant difference
in mean immobilization efficiency between the tested crosslinking times. As shown in
Figure 2, the highest immobilization efficiency for laccase was achieved after 60 min of
crosslinking, indicating that, under the study conditions, this duration is optimal for the
covalent bonding of enzyme molecules to chitosan microspheres.

Properly establishing the crosslinking time is key to retaining optimal laccase activity
following immobilization. Adequate exposure time is necessary to stabilize the support
structure while ensuring the effective coupling of glutaraldehyde to the enzymes. However,
excessive reaction times can lead to overreactivity of the aldehyde groups, which may
become unstable or inactivated. This can result in aldehyde groups reacting excessively
with amino groups on the chitosan, reducing the number of active aldehydes available for
enzyme binding. Conversely, insufficient reaction times may prevent the glutaraldehyde
from effectively coupling to the enzymes, resulting in lower immobilization efficiency [45].

Additionally, glutaraldehyde exists in aqueous solutions in multiple forms, including
monomeric di-aldehyde, dimeric, trimeric, and polymeric configurations. The multiplic-
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ity of these structures, influenced by solution conditions, can affect the effectiveness of
glutaraldehyde as a crosslinking agent during the immobilization process [43].

Finally, regarding the amount of immobilized active enzyme, the ANOVA analysis
yielded a p-value of 0.0001. Since this value is below the 0.05 significance threshold, there
is a statistically significant difference in mean immobilization efficiency across the tested
enzyme concentrations. As shown in Figure 2, the highest immobilization efficiency for
laccase was achieved using an enzyme solution with 10,000 U/L.

This finding may be attributed to the interaction between the amino groups of the
enzyme and the aldehyde groups on the modified support. A lower enzyme concentration
may result in inefficient coupling to the support, either because the enzyme is insufficient
to fill the available binding sites or because multiple binding points per enzyme molecule
could restrict mobility, reducing catalytic efficiency or even causing inactivation. Con-
versely, an excessive enzyme concentration may overload the support, leading to steric
hindrance and a reduction in laccase activity [45].

The improvement and development of enzyme immobilization strategies have been
a significant area of research. For example, Zheng et al. [45] investigated several factors
influencing the immobilization of laccase produced by Trametes pubescens onto chitosan
beads. The essential parameters investigated encompassed glutaraldehyde concentration,
crosslinking duration, enzyme volume, and the immobilization period. Their study identi-
fied optimal conditions for laccase immobilization as 0.8% glutaraldehyde, a 3-h crosslink-
ing period, and the use of 2 mL of enzyme solution (approximately 43,672 U/mL) [45].

These findings highlight how variations in particle formation methodologies, reagent
concentrations, reaction times, and other variables can significantly impact the optimiza-
tion of the immobilization process. Both the results of this study and those from other
researchers emphasize the importance of evaluating critical parameters under specific
working conditions. Factors such as temperature, pH, particle size, crosslinking and im-
mobilization durations, and the concentrations of supports, enzymes, and reagents play
essential roles in determining reactivity and immobilization efficiency. Achieving successful
immobilization often requires a trial-and-error approach to balance these interdependent
factors effectively [43].

It is important to note that the enzymatic extract used for immobilization was partially
purified, and the reported immobilization efficiencies are based on the activity measured
using ABTS as a substrate. Therefore, the yields reflect the immobilization of the pool of en-
zymes present in the partially purified extract, rather than a single purified laccase isoform.

3.2. Chitosan Microsphere Characterization
3.2.1. SEM Analysis

The surface morphology of chitosan microspheres was analyzed using SEM. High-
resolution images were obtained for both the control group, consisting of microspheres
without enzymes, and the experimental groups, which contained varying amounts of
immobilized enzyme.

In the SEM micrographs (Figure 3), distinct surface features were observed, revealing
differences between the control microspheres and those with immobilized enzymes. These
differences are likely due to the functionalization process involving glutaraldehyde and
subsequent enzyme immobilization. As shown in Figure 3A, the control chitosan micro-
spheres exhibit a homogeneous surface. In contrast, the micrographs in Figure 3B-D display
chitosan microspheres with immobilized enzymes, highlighting noticeable changes in sur-
face characteristics. The contrast between untreated microspheres (Figure 3A) and treated
ones (Figure 3B-D) illustrates the effect of enzyme immobilization on the morphology of
the surface.
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The surface of the control microspheres, without enzymes, appears smooth and uni-
form. In contrast, microspheres with immobilized enzymes exhibit noticeable surface
modifications, including exposed aggregates and distributed pores.

EHT=1000KV
WD= 85mm

Figure 3. SEM micrographs at 500 K x magnification depict the surface of lyophilized microspheres
formed with 10% crosslinking agent, 60 min crosslinking time, and different amounts of immo-
bilized enzyme. (A) Control—chitosan beads without immobilized enzyme, (B) Chitosan beads
with 10,000 U/L immobilized laccase, (C) Chitosan beads with 20,000 U/L immobilized laccase,
(D) Chitosan beads with 30,000 U/L immobilized laccase.

In a study by Jeong & Choi [36], laccase produced by Trametes versicolor was immo-
bilized on chitosan beads, and its surface morphology was characterized using SEM.
The authors reported that the surface of the chitosan beads in the control group ap-
peared smooth, while the beads with immobilized laccase exhibited a rougher surface
texture [36]. These findings align with the results of this study, where the surface mor-
phology of microspheres without enzymes also appeared smoother compared to that of
enzyme-immobilized microspheres.

Similarly, Bilal, Jing et al. [33] immobilized laccase on chitosan beads and documented
analogous SEM outcomes. According to the authors, the significant surface alterations in
chitosan beads with immobilized enzymes, as opposed to control beads, serve as compelling
evidence of protein attachment to the chitosan matrix. In their investigation, Bilal et al. [33]
examined chitosan hydrogel beads with smooth surfaces that had not been subjected to
laccase immobilization. In contrast, beads with immobilized enzymes displayed significant
surface modifications, including prominent irregular aggregates and pores [33]. Similarly,
as shown in the micrographs in Figure 3, these surface alterations are likely attributed to
the coupling of enzymatic molecules onto the chitosan matrix.

3.2.2. FT-IR Analysis of Chitosan Microspheres with Immobilized Enzymes

Transmittance spectra (Figure 4) were obtained using the FT-IR technique in ATR
mode to identify the characteristic functional groups of chitosan microspheres and their
variations based on the different amounts of immobilized enzymes. Figure 4 presents
the infrared spectra of chitosan microspheres without enzymes (control) and those with
varying amounts of immobilized enzymes (10,000, 20,000, and 30,000 U/L).

The FTIR spectrum of chitosan exhibits two prominent peaks at 3345 cm ™! and
3275 cm™~!, attributed to the overlapping O-H and N-H stretching bands. Additionally,
a peak at 2864 cm ™! corresponds to aliphatic C-H stretching, while peaks at 1631 cm ! and
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1423 cm ! indicate N-H bending, associated with amino groups [46]. The immobilization
of ligninolytic enzymes can be assessed through the deformation of the peaks at 1631 cm~*
and 1423 cm ™!, which correspond to the deformation vibrations of chitosan amino groups,
as well as the peak at 2864 cm ™!, suggesting interactions between chitosan amino groups
and enzyme carboxyl groups [46—49]. These findings confirm that the support retains
characteristic chitosan signals and undergoes structural modifications following enzyme

immobilization. particularlv in its functional eroups.

TEENER J— 7—7~\‘~‘~‘I\, B }
\
!

— Free enzyme
Chitosan + 10,000 UL
Chitosan + 20,000 UL
Chitosan + 30,000 UL

2864 cm™! —Chitosan control

1631 cm~'and 1423 cm™!

%T (Transmittance)
< 1
=,

3345 cm~'and 3275 cm™!

3900 3400 2900 2400 1900 1400 900 400

wave number (cm~!)

1 resolution in the spectral

Figure 4. FT-IR transmittance spectra obtained with 32 scans at 4 cm™
region of 4004000 cm ™! for chitosan microspheres with different amounts of immobilized enzymes,

a control of chitosan without enzymes, and a control of free enzymes.

The covalent immobilization of enzymes on chitosan has been studied, with several
works characterizing these supports using FI-IR. For instance, Aricov et al. [48] analyzed
the covalent immobilization of laccase on chitosan microspheres using FT-IR [48], reporting
results similar to those obtained in this study. They concluded that laccase immobilization
on the chitosan surface was successfully achieved. Similarly, Nguyen et al. [49] immobilized
laccase produced by Trametes versicolor on chitosan beads. Their FI-IR analysis revealed a
decrease in the peak corresponding to amino groups, indicating that the enzymes occupied
these functional groups, thereby confirming successful binding between the support and
the enzyme [49].

3.3. Stability Assessments of Free and Immobilized Laccase
3.3.1. pH Stability

The results of the stability analysis of free and immobilized laccase under different pH
conditions are presented in Figure 5A. A pH range from 3 to 8 was evaluated, revealing
that free laccase was unstable at lower pH levels, losing up to 54% of its enzymatic activity
at pH 3. However, when exposed to pH 5, 6, and 7 for 4 h, free laccase maintained greater
stability in enzymatic activity (blue bars).

In contrast, the immobilized enzyme demonstrated significantly improved stability
across the tested pH range. Notably, at pH 6, the enzymatic activity of immobilized
laccase even increased (orange bars). These findings suggest that laccase produced by
Ganoderma parvulum exhibits greater stability in neutral and slightly alkaline pH regions
(6-8) compared to acidic conditions (pH < 4). Various factors, such as pH, significantly
influence protein stability. pH affects enzyme stability by inducing the protonation or
deprotonation of terminal amino and carboxylic groups, which can alter the molecular
structure and contribute to the unfolding of the peptide backbone and active site [48].

A comparison of activity profiles under varying pH conditions reveals that the im-
mobilized enzyme maintains more stable catalytic activity than the free enzyme. The ob-
served stability can be explained by the ability of chitosan microspheres to generate a
buffered microenvironment, reducing protein protonation and deprotonation. Additionally,
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the reduced mobility of enzymes during the immobilization process helps preserve their
three-dimensional structure and prevents modifications to their active sites [48].
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Figure 5. Percentages of enzyme stability on chitosan microspheres for free and immobilized laccase.
(A) At different pHs after four hours. (B) At different temperatures after four hours.

Some studies in the literature have evaluated the stability of free and immobilized
enzymes across different pH ranges. For example, Cen et al. [50] conducted enzyme
stability experiments on laccase and reported reduced stability at acidic pH levels. These
findings, consistent with the results of the present study, highlight that laccase storage and
application should be performed in environments with a neutral pH to ensure optimal
stability [50].

3.3.2. Temperature Stability

The temperature effect on free and immobilized laccase activity using chitosan mi-
crospheres is depicted in Figure 5B. At 40 °C after 4 h, the immobilized enzyme reached
maximum stability. However, stability decreased with increasing temperature for both the
free and immobilized enzymes. Notably, at all evaluated temperatures, the immobilized
enzymes demonstrated greater enzymatic activity than the free enzymes, highlighting its
superior thermal stability, a critical property for bioprocess applications.

This higher thermal stability was particularly evident at 60 °C. While free laccase
retained 3% of its activity after 4 h, the immobilized enzyme retained 64%, demonstrating
a significant reduction in activity loss (97% for the free enzyme compared to 36% for the
immobilized enzyme). These results underscore the enhanced thermal stability provided
by immobilization, making the laccase more suitable for high-temperature bioprocesses.

Protein structural stability is closely related to thermal inactivation, as intense heat
can disrupt the secondary structure and compromise enzyme stability. The activity profile
of free and immobilized laccase after 4 h of exposure to different temperatures is shown in
Figure 5B. The results highlight that the covalent immobilization approach adopted here
is an effective strategy for enhancing enzyme stability. As suggested by Aricov et al. [48],
the immobilization process may induce the enzyme to adopt a more rigid structure, im-
proving its stability against temperature-induced denaturation and other destabilizing
factors [48].
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It has been reported that immobilized enzymes, such as laccase, exhibit lower sensitiv-
ity to temperature compared to free enzymes, primarily due to the protective effect of the
support and conformational changes that reduce molecular mobility and enhance protein
structure stability [38]. At 60 °C, free laccase experienced near-total inactivation, indicating
that elevated temperatures cause significant damage to the enzyme’s molecular structure.
In contrast, the properties of the support and the covalent bonds formed with the enzyme
conferred greater stability to the immobilized enzyme, preserving its conformation under
thermal stress.

3.4. Acetaminophen Degradation by Ligninolytic Enzymes Immobilized System
3.4.1. Enzymatic Treatment of Acetaminophen

The results of acetaminophen degradation tests using ligninolytic enzymes produced
by Ganoderma parvulum immobilized on chitosan microspheres are presented in Figure 6.
The control tests, which included the drug alone and the support without immobilized
enzymes, showed reductions in acetaminophen concentration of 25% and 33%, respectively.
The observed removal can be linked to the partial diffusion of drug molecules into chitosan
pores and the stabilization of acetaminophen molecules in the water-based medium.

In contrast, treatments with microspheres containing immobilized ligninolytic en-
zymes achieved significantly higher acetaminophen removal, with absorption and/or
biotransformation rates of up to 66% (3.5 ppm) within 1 h and 97% (0.3 ppm) after 4 h of
reaction. These findings clearly indicate that the primary driver of acetaminophen bio-
transformation is the presence of partially purified enzymes immobilized on the chitosan
support, as evidenced by the significant decrease in acetaminophen concentration only in
the presence of immobilized enzymes.
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Figure 6. Biodegradation of acetaminophen in water by ligninolytic enzymes from Ganoderma
parvulum immobilized on chitosan microspheres in four hours of reaction.

Other authors have also evaluated the biodegradation of acetaminophen using ligni-
nolytic enzymes immobilized on various supports. Hoinacki Da Silva et al. [51] studied
the absorption and biotransformation of acetaminophen by a laccase produced by Trametes
versicolor, covalently immobilized on avocado seed biochar. Their results indicated that
supports lacking immobilized laccase adsorbed less than 20% of acetaminophen in all
experiments. This minimal adsorption was linked to diffusion within biochar pores and
interactions driven by van der Waals forces and hydrogen bonding between acetaminophen
and the glutaraldehyde-treated biochar surface.

In contrast, biochar supports with immobilized laccase achieved 99.5% biodegra-
dation of acetaminophen after 24 h of reaction, starting with an initial acetaminophen
concentration of 30 ppm. The authors concluded that the sorption and biotransformation
of acetaminophen occur primarily due to laccase activity [51]. These findings, consis-
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tent with the results of this study, highlight the effectiveness of ligninolytic enzymes in
biodegradation processes, reinforcing their potential utility in environmental applications.

3.4.2. Repeated Use of Immobilized Enzymes in Biotransformation of Acetaminophen

Figure 7 presents the results of reusing ligninolytic enzymes produced by Ganoderma
parvulum, covalently immobilized on chitosan microspheres. The biotransformation per-
centage of acetaminophen remained above 95% for up to five consecutive cycles, demon-
strating the high immobilization efficiency of the enzymes on the chitosan microspheres.
This stability indicates minimal enzyme loss during the reaction process and subsequent
washing steps, enabling effective reuse.

However, from cycle 6 onward, the degradation percentage began to decrease, reaching
78% by cycle 10. This reduction can be attributed to enzyme denaturation and the loss
of material mass during repeated use. These results highlight the operational stability of
immobilized enzymes, demonstrating their significant potential for application in larger-
scale treatment processes due to the reusability of the enzyme biocatalyst.

% Degradation acetaminophen

1 2

4 5 q 8 9 10
Cycles

m Chitosan microparticles control ® Microparticles + enzymes
Figure 7. Reuse cycles of immobilized enzymes for the biotransformation of acetaminophen.

The study conducted by Hoinacki Da Silva et al. [51] evaluated the reusability of
immobilized laccases for acetaminophen degradation over eight 24 h reaction cycles. Their
findings showed that the biotransformation percentage of acetaminophen remained above
90% during the first four cycles, highlighting the high efficiency of laccase immobiliza-
tion on biochar through covalent bonding. However, in subsequent cycles (5, 6, and 7),
the biotransformation efficiency decreased to 80%, 65%, and 50%, respectively. The authors
concluded that the proposed immobilized enzyme system offers significant potential for
acetaminophen biotransformation in environmental bioremediation applications [51].

3.4.3. ITH-NMR Analysis of Acetaminophen Biotransformation

The results presented in Figure 8 focus on the 'H-NMR analysis (nuclear magnetic res-
onance spectroscopy) of acetaminophen and its potential chemical transformations induced
by enzymatic degradation. Where M1 (Blue) (Initial Control) presents the pure, untreated
acetaminophen, M2 (Red) (Treated with Immobilized Enzymes) presents the potential
biotransformation of acetaminophen with the formation of secondary metabolites, and M3
(Green) (Control with Microspheres without Enzymes) looks to rule out the influence of
the carrier material (chitosan) on biodegradation process.

The analysis of samples M1, M2, and M3 using 'H-NMR spectroscopy allowed for
the identification and comparison of the characteristic signals of acetaminophen and the
potential changes associated with enzymatic treatment. In M1, corresponding to untreated
acetaminophen, signals consistent with its molecular structure were observed. In the
aromatic region, a doublet at 7.3 ppm and another at 6.7 ppm were identified, corresponding
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to the aromatic ring protons in the ortho and meta positions relative to the hydroxyl and
amide groups, respectively. These signals match the reference spectrum for acetaminophen
available in the SDBS database. In the aliphatic region, a signal at 2.0 ppm was associated
with the methyl group (-CH3) of acetaminophen [41]. Additionally, an intense signal at
4.8 ppm was attributed to residual water, a common feature in solvents like MeOD, while a
signal at 3.3-3.5 ppm was attributed to the MeOD solvent itself [52].

cale : 0.70715hift : -0.40 ppm = -240,052 nzl |

30 [*1x108]

cale : 0.70715hift : -0.20 ppm = -120.026 izl

scate = o.7071 [l

20
1

10
|

e | |
M2 |
M1

T T T T T T T
12 10 8 6 4 2 [ppm]

Figure 8. Spectro I'H-NMR of acetaminophen. Where M1 (Blue) is the initial control of acetaminophen,
M2 (Red) is the acetaminophen treated with immobilized enzymes, and M3 (Green) is the control
with microspheres without enzymes.

In the 'H-NMR spectrum of M2, significant changes are observed, suggesting the
substantial biotransformation of acetaminophen due to the action of immobilized enzymes.
The characteristic signals of the aromatic ring of acetaminophen at 7.3 ppm and 6.7 ppm
disappeared, indicating a possible alteration of the aromatic structure, such as oxidation or
chemical substitution. Similarly, the signal of the methyl group (-CHs) at 2.1 ppm is no
longer present, suggesting modifications to the acetamide group.

New signals emerged at 2.8 ppm and 2.7 ppm, which may correspond to aliphatic
fragments derived from secondary metabolites, such as hydroxylated, fragmented, or deam-
inated products. These new signals, along with the disappearance of the original signals,
confirm a structural transformation of acetaminophen by the enzymatic treatment. In con-
trast, the signals for the solvent (methanol at 3.3 ppm) and water (4.8 ppm) remained
visible but did not provide direct information about the analyzed compound. Collectively,
these findings support the hypothesis that immobilized enzymes catalyzed a biotransfor-
mation of acetaminophen, altering its aromatic ring and its acetamide functional group
and generating new secondary metabolites [12,53].

On the other hand, M3, corresponding to the control with chitosan microspheres
without immobilized enzymes, exhibited a spectrum very similar to that of M1. The signals
of acetaminophen remained practically unchanged, indicating that the carrier material,
in the absence of enzymes, does not affect the chemical structure of the compound. This
result reinforces the conclusion that the changes observed in M2 are due to enzymatic
action and not to the effects of chitosan as a carrier material.

3.4.4. COSY-NMR Analysis of Acetaminophen

In the spectrum shown in Figure 9A, which presents the COSY-NMR analysis of
biotransformation of acetaminophen (correlation spectroscopy), the correlation points
indicate couplings between protons within the structure of pure acetaminophen. The most
significant correlations correspond to the aromatic ring core and the protons of the methyl
group attached to the oxygen atom. This pattern aligns with the expected signals for an
unmodified acetaminophen molecule.
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The aromatic ring protons exhibit correlations between protons in the ortho and meta
positions on the aromatic ring, with signals around 7.0-7.5 ppm that couple with each
other, reflecting interactions between H4 and H5 on the ring (a typical correlation in a
monosubstituted aromatic system). Additionally, the methyl group (-CHs) displays a
signal around 2.0-2.5 ppm, indirectly correlating with the ring protons through the oxygen
atom of the ether group. The amide group (-NH) shows a signal near 9.0 ppm, with weak
correlations to the aromatic protons due to the conjugated bond.
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Figure 9. COSY-NMR spectrum of acetaminophen, where (A) M1 is the initial control of ac-
etaminophen, (B) M2 is the acetaminophen treated with immobilized enzymes, and (C) M3 is
the control with microspheres without enzymes.

In contrast, the spectrum in Figure 9B, which presents the COSY spectrum of M2
(acetaminophen treated with enzymes), reveals new correlation points or changes in the
intensities and positions of cross-peaks compared to M1. These changes suggest a potential
biotransformation of acetaminophen, likely leading to the formation of secondary metabo-
lites. The presence of new correlations can be attributed to protons in novel chemical
environments, such as hydroxyl or carbonyl groups introduced through enzymatic action.

This spectrum exhibits significant changes compared to M1, indicating acetaminophen
biotransformation. Moreover, new interactions not present in M1 are detected in the
3.5-5.0 ppm region. These interactions may correspond to the introduction of hydroxyl
groups (—OH) at positions on the aromatic ring, such as the formation of catechols or
hydroquinones. It is also possible that the methyl group was oxidized, producing an
alcohol group (-CH,OH) that could also appear in this region. An increase in correlations
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is also observed in the aliphatic region (1.0-3.0 ppm), which could be associated with the
formation of small aliphatic fragments or modifications to the methyl group [12,53].

Finally, the COSY spectrum of M3 in Figure 9C closely resembles that of M1, confirm-
ing that chitosan does not induce chemical transformations in the acetaminophen molecule.
In this spectrum, the interactions between aromatic ring protons remain unchanged, as in
M1, and no new signals are observed in aliphatic or polar regions (3.5-5.0 ppm), rein-
forcing the idea that the modifications observed in M2 are exclusively caused by the
enzymatic treatment.

The COSY spectrum of M2, compared to M1 and M3, suggests a complex biotrans-
formation mediated by immobilized enzymes. The main changes observed, such as the
appearance of correlations in the 3.5-5.0 ppm and 1.0-3.0 ppm regions, point to the forma-
tion of more oxygenated (hydroxylation, oxidation) and possibly fragmented (ring-opening)
secondary metabolites. These results highlight clear differences between the samples, un-
derscoring the effects of enzymatic treatment.

The results obtained from the NMR spectra align in aspects with findings reported
in the literature. Regarding alterations in the aromatic ring, the disappearance of the
characteristic signals of this structure in the spectra of M2 (treated with immobilized
enzymes) suggests significant structural degradation or modification.

This result is consistent with the findings of Qutob et al. [54], who reported that
acetaminophen oxidation can induce aromatic ring cleavage, leading to the formation of
compounds such as carboxylic acids or oxygenated aliphatic structures. The new signals
observed in the aliphatic region of the M2 sample are consistent with the formation of
aliphatic fragments, further supporting the hypothesis of biotransformation [54].

Additionally, the generation of intermediate products, such as catechols and aliphatic
compounds, has been documented during acetaminophen degradation under advanced
treatment processes. Complete degradation of the aromatic ring may result in simpler
aliphatic compounds, such as aldehydes (e.g., formaldehyde and acetaldehyde) or ketones
(e.g., acetone), which are often characteristic of advanced degradation end stages [12,53].

To complement the findings described above, *C-NMR and HMBC spectra were also
obtained and are presented in the Supplementary Materials.

4. Conclusions

The covalent immobilization of ligninolytic enzymes partially purified from Ganoderma
parvulum was improved by evaluating key parameters. Optimal conditions included 10%
glutaraldehyde, a 60 min crosslinking time, and an enzyme concentration of 10,000 U/L.
SEM images confirmed the formation of an enzyme layer on the chitosan polymeric struc-
ture, while FT-IR analysis verified modifications to amino functional groups, providing
evidence of successful immobilization.

NMR analysis provided critical insights into the structural transformations of ac-
etaminophen following enzymatic treatment. The disappearance of characteristic aromatic
signals in the 'H NMR and COSY spectra, along with the emergence of new signals in
aliphatic regions, confirmed aromatic ring cleavage and the formation of hydroxylated and
aliphatic metabolites. These findings directly support the enzymatic biotransformation
of acetaminophen, validating the system’s efficiency. This work represents a crucial step
toward the efficient bioconversion of environmental contaminants.

Immobilized enzymes exhibited enhanced thermal stability and retained enzymatic
activity across a wide pH range, with remarkable stability and reusability. These properties
make them highly suitable for wastewater and effluent treatment applications. Additionally,
these immobilized enzymes demonstrated high efficiency in acetaminophen biotransfor-
mation within a short time frame, maintaining effectiveness across multiple reuse cycles.
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These findings highlight a promising strategy to address the environmental challenges
posed by pharmaceutical pollutants.

Future research should prioritize the development of advanced technologies to an-
alyze and optimize scalability processes and industrial and environmental applications.
Key priorities include improving enzyme stability under varying biochemical conditions,
others pollutant degradation capabilities, and applicability to diverse environmental matri-
ces. Such advancements are critical for the successful implementation of enzyme-based
technologies in environmental remediation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/fermentation11070387/s1, Figure S1: Spectro 13C-NMR of ac-
etaminophen. Where M1 (Blue) is the initial control of acetaminophen, M2 (Red) is the acetaminophen
treated with immobilized enzymes, and M3 (Green) is the control with microspheres without enzymes.
Figure S2: HMBC-NMR of acetaminophen, where A. M1 is the initial control of acetaminophen, B. M2
is the acetaminophen treated with immobilized enzymes, and C. M3 is the control with microspheres
without enzymes.
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