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HIGHLIGHTS

e White-rot fungi effectively degrade
acetaminophen and ibuprofen in aquatic
environments.

o Ligninolytic enzymes play a pivotal role
in Dbiotransformation and pollutant
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e Bioremediation offers a cost-effective
and eco-friendly solution for water
pollution.

e Pharmaceutical pollutants exhibit sig-
nificant toxicity to aquatic ecosystems.
e Fungal enzyme stabilization enhances
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applications.
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ABSTRACT

Emerging pharmaceutical pollutants, such as acetaminophen and ibuprofen, are frequently detected in aquatic
ecosystems due to their widespread use and persistence in the environment. Their continuous discharge into
water bodies through municipal wastewater presents significant ecological risks, including bioaccumulation and
toxicity to aquatic organisms.

Extensive research on white-rot fungi has highlighted their exceptional capacity to oxidize diverse contami-
nants, emphasizing their promise for environmental cleanup. This article presents a detailed evaluation of the
effectiveness of white-rot fungi and their ligninolytic enzymes in mitigating micropollutants, with a particular
focus on pharmaceuticals such as acetaminophen and ibuprofen in aquatic environments. The aim is to provide a
foundation for utilizing these fungi and their enzymes in the treatment of commonly used analgesics, discuss the
occurrence, fate, and environmental impacts of these two pharmaceuticals, followed by an in-depth examination
of white-rot fungi degradation mechanisms, including biosorption and enzymatic oxidation through their lig-
ninolytic enzymes. The review highlights key fungal species, operational parameters influencing degradation
efficiency, thereby promoting advancements in fungal enzyme production, and practical applications in pollutant
removal.
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1. Introduction

Water, one of Earth's most essential resources, is crucial for main-
taining ecosystems, preserving biodiversity, and regulating the climate
(WWEF, 2018). It also plays a pivotal role in addressing fundamental
human needs, including health, food, education, and energy (Chopra
and Kumar, 2020; WWF, 2018). However, the demand for high-quality
water continues to increase, while environmental pollution intensifies
due to enhanced living standards, rising consumer demands, and the
growth of industrial and agricultural practices. These factors signifi-
cantly lead to the release of contaminants, introducing newly identified
pollutants such as pharmaceuticals, personal care items, and hormone-
disrupting chemicals (Gonzalez-Gonzalez et al., 2022; Rasheed et al.,
2019; Zhuo and Fan, 2021).

Pharmaceutical substances constitute a significant class of newly
identified contaminants frequently found in aquatic systems, primarily
due to their widespread use linked to population growth and their
persistence against natural degradation processes (Jain et al., 2022;
Parra Guardado, 2019). Acetaminophen (paracetamol), for example, is
extensively consumed worldwide for its antipyretic and analgesic ef-
fects, and its recurrent detection in water bodies highlights the pressing
need for remedial research (de Lima et al., 2018). Similarly,
ibuprofen—a commonly utilized NSAID valued for its pain-relieving and
fever-reducing functions—enters the environment in substantial quan-
tities. Even at trace levels, these pharmaceuticals can negatively impact
aquatic ecosystems through biomagnification and bioaccumulation,
potentially disturbing ecological food webs (Ding et al., 2017; Gong
et al., 2017).

Acetaminophen and ibuprofen, both listed on the World Health Or-
ganization's Essential Medicines List, are extensively utilized for pain
relief, palliative care, and migraine management (WHO, W. H. O, 2023).
In 2023, global demand for acetaminophen was estimated at approxi-
mately 145,000 t, with a projected Compound Annual Growth Rate
(CAGR) of 4.5 %, potentially reaching 235,000 t by 2034. Similarly, the
global market for ibuprofen was estimated at 46,000 t in 2023, with an
expected CAGR of 2.3 %, likely growing to around 60,000 t by 2034
(ChemAnalyst, 2024a, 2024Db).

The widespread use of pharmaceuticals, including acetaminophen
and ibuprofen, poses significant environmental risks when these com-
pounds enter natural ecosystems through usage or improper disposal.
Acetaminophen exposure has been associated with neurotoxicity,
oxidative stress, enzyme inhibition, DNA damage, and reproductive
impairments in aquatic species. Similarly, ibuprofen has been shown to
disrupt physiological processes such as circadian rhythms and induce
inflammatory responses in fish, while also accumulating through
aquatic food chains (Fu et al., 2024; Moro et al., 2014; Ogunwole et al.,
2024; Zur et al., 2018). Consequently, investigating their degradation
has become a priority in water treatment research.

Pharmaceutical contamination is a growing environmental concern,
primarily driven by improper disposal practices, insufficient wastewater
treatment, and outdated infrastructure in treatment facilities not origi-
nally designed to remove these compounds. Consequently, aquatic
ecosystems are consistently exposed to elevated concentrations of
pharmaceuticals (Akerman-Sanchez and Rojas-Jimenez, 2021; Barrios-
Estrada et al., 2018), posing risks to diverse organisms and potentially
raising significant public health concerns. As a result, substantial
research efforts have been directed toward removing these emerging
contaminants through various remediation methods (Gonzdlez-
Gonzalez et al., 2022).

Bioremediation offers an innovative strategy for pollutant removal,
delivering significant benefits related to cost-effectiveness, operational
efficiency, and environmental sustainability (Jain et al., 2022).
Numerous investigations have highlighted the effectiveness of various
microbial species in pollutant biodegradation, with increasing attention
to fungal species in recent years. Basidiomycetes—a diverse fungal
group that includes white-rot fungi—stand out as particularly
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advantageous for bioremediation purposes. Key genera within this
group, such as Ganoderma, Trametes, Phanerochaete, Bjerkandera, and
Pleurotus, have been thoroughly examined for their potential in such
contexts (Bautista-Zamudio et al., 2023; Mir-Tutusaus et al., 2018;
Vobeérkova et al., 2018).

White-rot fungi have been extensively studied for their ability to
degrade a wide variety of pharmaceutical compounds, including acet-
aminophen and ibuprofen, from wastewater, due to their production of
ligninolytic enzymes (Akerman-Sanchez and Rojas-Jimenez, 2021;
Naghdi et al., 2018). Their enzymatic machinery exhibits broad sub-
strate specificity, enabling the breakdown of complex organic molecules
even under low-nutrient conditions and across a wide pH range
(Bautista-Zamudio et al., 2023; Chen et al., 2022; Mir-Tutusaus et al.,
2018). This highlights their potential as a sustainable bioremediation
tool for the treatment of aquatic environments polluted by these
commonly used pharmaceuticals.

This review aims to provide a comprehensive overview of the
application of white-rot fungi and their ligninolytic enzymes in the
bioremediation of aquatic environments contaminated with pharma-
ceutical micropollutants, with a particular focus on acetaminophen and
ibuprofen. The manuscript covers the occurrence, environmental fate,
and ecotoxicological effects of these two widely used analgesics, fol-
lowed by an analysis of the degradation mechanisms employed by
white-rot fungi. Additionally, it discusses key fungal species, operational
conditions influencing degradation efficiency, and recent advances in
enzyme evaluation. While several reviews have addressed the biore-
mediation potential of white-rot fungi in general, few have specifically
focused on the removal of acetaminophen and ibuprofen from aquatic
systems. Therefore, this review addresses this gap by critically analyzing
the current state of research and highlighting future perspectives for
scaling up fungal bioremediation processes in wastewater treatment.

2. Emerging pharmaceutical pollutants: characteristics and
environmental impacts

Emerging contaminants, also referred to as micropollutants, repre-
sent one of the most critical categories of environmental pollutants. This
group includes both manufactured materials and substances of synthetic
or natural origin that largely remain unregulated within ecosystems.
Their increasing prevalence in water bodies raises concerns due to
possible threats to human well-being and ecological systems. While the
impacts of certain micropollutants are not yet fully understood, they
have recently been identified as significant contributors to water
pollution (Barrios-Estrada et al., 2018; Morsi et al., 2020; Ogunwole
et al., 2024; Rasheed et al., 2019).

Emerging pollutants have been analyzed across various aquatic
systems, such as surface water, potable water, groundwater, and treated
wastewater (Ogunwole et al., 2024). Micropollutants are compounds
identified in environmental samples at concentrations spanning from
nanograms to micrograms per liter. These substances present environ-
mental risks due to their bioaccumulative potential, toxicity, and
persistence, which can result in significant disruptions to local aquatic
ecosystems, even at minimal concentrations. Historically, identifying
these pollutants has posed considerable difficulties (Asif et al., 2017;
Mir-Tutusaus et al., 2018; Varga et al., 2019; Zhong et al., 2019).

However, recent advancements in analytical methods and laboratory
instrumentation have significantly enhanced the ability to detect these
compounds in environmental samples, achieving detection limits as low
as micrograms—and even picograms—oper liter (Aus der Beek et al.,
2016).

Emerging contaminants include a diverse array of substances, such
as active pharmaceutical compounds (e.g., antibiotics, pain relievers,
and hormones), cosmetics, nanomaterials, personal care products,
phthalates, plastic additives, pesticides, fluorinated chemicals, indus-
trial compounds, and various non-halogenated materials (Barrios-
Estrada et al., 2018; Mir-Tutusaus et al., 2018; Morsi et al., 2020;
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Rasheed et al., 2019; Zhong et al., 2019).

Recent advancements in pharmacology and health sciences have
resulted in the creation of numerous medications aimed at addressing a
broad spectrum of illnesses in humans and animals alike. However, for
over 30 years, pharmaceuticals have also been identified as significant
environmental pollutants (Akerman-Sanchez and Rojas-Jimenez, 2021;
Mulkiewicz et al., 2021). Pharmaceutical residues are particularly
worrisome due to their potential long-term effects on both human health
and aquatic ecosystems, even at minimal concentrations. Their persis-
tence and bioactivity in natural environments can impair water quality
and lead to economic repercussions (Akerman-Sanchez and Rojas-
Jimenez, 2021; Chopra and Kumar, 2020; Esterhuizen et al., 2021;
Rasheed et al., 2019; Zhong et al., 2019).

2.1. Origin and consequences of emerging pharmaceutical pollutants

Understanding the presence, sources, environmental pathways, and
impacts of emerging pollutants is crucial. The world is currently grap-
pling with a significant water quality crisis, which is expected to worsen
with a global population projected to exceed nine billion by 2050
(Barrios-Estrada et al., 2018).

The sources of pharmaceutical contaminants (Fig. 1) are comparable
to those of traditionally recognized pollutants. Micropollutants may
enter the environment at various stages, including during production,
following consumption, and through the disposal of unused medica-
tions. These contaminants are introduced through urban and industrial
activities, as well as via wastewater and effluent discharge. Although
conventional wastewater treatment facilities address leachates from
municipal landfills and agricultural runoff, these systems are primarily
designed to eliminate larger pollutants, such as organic matter, nutri-
ents, and suspended particles, and may not effectively remove phar-
maceutical residues (Girijan and Kumar, 2020; Mir-Tutusaus et al.,
2018; Naidu et al., 2016; Rasheed et al., 2019; Varga et al., 2019).

Widely used pharmaceuticals, whether prescription or over-the-
counter, significantly contribute to environmental pollution due to the
persistence of their residual compounds. This contamination often stems
from the partial bioassimilation of these medications by humans and
animals. Medicinal substances are commonly excreted through bodily
waste, either unchanged or as metabolites, creating pathways from these
sources to environmental receptors (Naghdi et al., 2018; Rasheed et al.,
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Fig. 1. Sources of pharmaceuticals as emergent contaminants — icons from
(Flaticon, 2023).
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2019; Varga et al., 2019). Notable examples include antihypertensive
agents, antibiotics, diuretics, beta-blockers, and anti-inflammatory
drugs (Akerman-Sanchez and Rojas-Jimenez, 2021; Varga et al., 2019).

Studies on the impacts of emerging pollutants have highlighted the
environmental risks that pharmaceuticals pose to aquatic ecosystems. As
bioactive substances, their presence in aquatic environments has
demonstrated adverse effects on numerous organisms, potentially dis-
rupting entire ecosystems (Varga et al., 2019). Designed to trigger bio-
logical reactions in specific target species, pharmaceutical compounds
may also produce similar effects in non-target species, including primary
producers, cnidarians, water fleas, mussels, and various fish species.
Exposure to these pollutants has been associated with observable ab-
normalities, with prolonged exposure posing significant risks during
critical developmental periods (Rasheed et al., 2019; Wilkinson et al.,
2015; Zur et al., 2018).

Pharmaceuticals are commonly identified in wastewater treatment
plants at levels ranging from nanograms to micrograms per liter. Med-
ications—including analgesics, psychiatric drugs, antidiabetic treat-
ments, and anti-inflammatory compounds—have been documented at
varying concentrations in discharged effluents (Akerman-Sanchez and
Rojas-Jimenez, 2021). These levels are considered to pose significant
environmental risks, including fostering antimicrobial resistance, dis-
rupting endocrine systems in higher organisms, and contributing to
reproductive impairments, physical deformities, and other negative
impacts (Morsi et al., 2020).

Exposure of non-target species to pharmaceutical substances can
promote the development of drug resistance or tolerance (e.g., antibiotic
resistance or analgesic tolerance), alter microbial community structures,
and disrupt food chains. Such exposure may also lead to behavioral
changes in affected species and long-term health issues (Mir-Tutusaus
et al., 2018; Sundararaman et al., 2022). Furthermore, micropollutants
can infiltrate aquatic ecosystems via various routes, leading to bio-
magnification and increased accumulation of these substances in or-
ganisms occupying higher trophic levels, eventually transferring to
humans through dietary exposure (Mahesh et al., 2022).

2.2. Acetaminophen and ibuprofen as emerging pollutants:
characteristics, risks, and environmental impact

In an era of heightened public health awareness, a broad range of
medications is widely used to treat or manage conditions ranging from
headaches to muscle pain and inflammatory disorders. This rising de-
mand is largely driven by the high prevalence of chronic illnesses and an
aging population. Growing concerns regarding the accumulation of
micropollutants in aquatic environments have prompted extensive
research on their impacts and potential biodegradation methods
(Marchlewicz et al., 2015; Naghdi et al., 2018).

Over-the-counter (OTC) drugs—medications accessible without a
prescription—such as acetaminophen and ibuprofen, are widely used
due to their availability and affordability (Marchlewicz et al., 2015).
These medications belong to a well-known category of synthetic
chemicals and have been detected across various environments,
including soil, rivers, wastewater systems, and even drinking water,
underscoring the global scope of this issue (Girijan and Kumar, 2020;
Gonzalez-Gonzalez et al., 2022; Zur et al., 2018).

2.2.1. Acetaminophen: chemical structure, environmental presence, and
toxicity

Acetaminophen (commonly referred to as paracetamol, N-acetyl-p-
aminophenol, N-(4-hydroxyphenyl) ethanamide, 4-acetaminophenol, or
4-hydroxyacetanilide) is a frequently utilized non-opioid medication
with pain-relieving and fever-reducing properties. It can be adminis-
tered individually or in combination with other pharmaceuticals in
various formulations (Chiam et al., 2015; Chu-Wen et al., 2020; Zur
et al., 2018). Structurally, paracetamol comprises a benzene ring func-
tionalized with a hydroxyl group and an amide group positioned in the
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para (1,4) orientation (Fig. 2) (Zur et al., 2018).

This pharmaceutical compound is available over-the-counter and is
among the ten most commonly consumed medications worldwide.
Annual consumption is estimated at approximately 29 billion doses,
with production predominantly occurring in nations including China,
India, the United States, Australia, the United Kingdom, and several
European countries such as Italy, Spain, Portugal, and Germany, as well
as in Colombia, Poland, the Czech Republic, Hong Kong, Thailand, and
Indonesia (Poddar et al., 2022; Zur et al., 2018).

Acetaminophen, along with related compounds such as 4-aminophe-
nol and N-(4-hydroxyphenylacetamide, is classified as a micro-
pollutant. It has been identified across various environmental media,
with levels varying between 5 ng/L and 30 mg/L in different water
samples. Harmful effects have been documented at lower trophic levels,
and its concentration may increase through biomagnification within
ecological food chains, leading to accumulation in aquatic environments
and ultimately posing risks to human health (Chang et al., 2018; Chu-
Wen et al., 2020; Poddar et al., 2022; Zur et al., 2018).

The toxic mechanisms of acetaminophen appear to be highly
conserved, affecting both vertebrate and invertebrate species in similar
ways. Environmentally significant outcomes include neurotoxicity and
enzyme inhibition, which result in oxidative stress—a common conse-
quence of exposure to this compound. Other harmful effects include
DNA damage, tissue accumulation, lipid degradation, and alterations in
behavior reported in organisms such as algae, small crustaceans, mol-
lusks, and various fish species. Acetaminophen exposure has also been
linked to liver toxicity, impaired biological functions, reduced repro-
ductive capacity, and concerns about bacterial resistance (Fu et al.,
2024; Zur et al., 2018).

2.2.2. Ibuprofen: chemical structure, environmental presence, and toxicity
Ibuprofen, chemically known as a-methyl-4-[isobutyl]phenylacetic
acid or 2-(4-methylpropyl)phenyl propanoic acid, ranks as the third

Structure Chemical
Formula

HN O

Molecular weight

151.16 g mol-!

OH
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most frequently utilized NSAID (non-steroidal anti-inflammatory drug)
globally. It is commonly prescribed to reduce fever and alleviate pain or
inflammation associated with various conditions, such as headaches,
dental pain, back pain, arthritis, menstrual discomfort, and minor in-
juries (Gong et al., 2017; Zhang et al., 2022; Zur et al., 2018). Struc-
turally, ibuprofen contains an aromatic ring attached to acetate and
alkyl groups, which makes its degradation particularly challenging
(Fig. 3) (de Melo Pirete et al., 2022).

The widespread occurrence of ibuprofen and its derivatives in nat-
ural environments is largely due to its frequently prescribed high doses,
typically ranging from 600 to 1200 mg per day. Around 15 % of
ibuprofen is eliminated from the body unchanged, as glucuronide or
thiol conjugates, or as a variety of metabolites, including hydroxy-
ibuprofen, carboxy-ibuprofen, and carboxyhydratropic acid. Notably,
some of these metabolites are more toxic than the original compound
(Chopra and Kumar, 2020; Marchlewicz et al., 2015; Zur et al., 2018).
Once released, ibuprofen enters wastewater systems and spreads
throughout the environment—including aquatic habitats like rivers,
lakes, and oceans, along with soil and groundwater—where it can be
absorbed by plants and aquatic species (Chopra and Kumar, 2020).

The annual production of NSAIDs is estimated to reach several
thousand tonnes, and their increasing use in medicine is evident in their
extensive presence within natural environments. As a result, ibuprofen
has been identified in environmental samples worldwide, with levels
varying between 0.02 pg/L and up to 703-1673 pg/L in wastewater
(Ogunwole et al., 2024; Zur et al., 2018). Due to its bioactive nature,
ibuprofen contributes to environmental toxicity and accumulates in
wastewater systems (Chopra and Kumar, 2020).

The negative impacts associated with ibuprofen exposure indicate a
significant risk of toxicity (Zur et al., 2018). Notably, degrading the
parent compound does not necessarily eliminate its environmental
hazards. This issue arises because, in some cases, the toxicity of treated
wastewater may increase due to the formation of more harmful

Structure Chemical
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Fig. 2. Structure and chemical formula of acetaminophen (DrugBank, 2023a)

Fig. 3. Structure and chemical formula of ibuprofen (DrugBank, 2023b).
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intermediate products during standard treatment methods (Gong et al.,
2017).

Recent research on the toxic effects of ibuprofen and its metabolites
indicates that this drug can induce stress, disrupt sleep cycles in fish, and
stimulate the production of inflammatory cytokines in aquatic organ-
isms. This contrasts with its effect in humans, where ibuprofen functions
as an inhibitor of inflammatory mediators like prostaglandins. Addi-
tionally, ibuprofen tends to accumulate within ecological food chains,
leading to negative impacts on both aquatic and land-based ecosystems
(Moro et al., 2014; Ogunwole et al., 2024).

3. Remediation treatments for pharmaceutical pollutants:
Conventional and biological approaches

The partial elimination of pharmaceutical compounds during
wastewater treatment processes poses substantial risks to both aquatic
ecosystems and human health. Monitoring studies have shown that
pharmaceutical pollutants have infiltrated and become widespread in
water systems (Ebele et al., 2017). In response, a range of treatment
methods has been designed to extract micropollutants from water,
aiming to mitigate their environmental impact (Morsi et al., 2020).

Wastewater treatment technologies employ an integrated approach
combining chemical, physical, and biological methods to remove con-
taminants (Kasonga et al., 2021). Given the structural diversity of
micropollutants, developing effective treatment methods requires
consideration of factors such as molecular saturation, the presence of
functional groups (e.g., halogens and sulfates), and structural configu-
rations (e.g., linear or branched forms). Consequently, no single tech-
nique can effectively address all emerging contaminants (Zur et al.,
2018).

A range of physicochemical methods has been explored for removing
contaminants from water, including membrane separation, precipita-
tion, ion exchange, flocculation, liquid-liquid extraction, irradiation,
adsorption using materials like activated carbon, advanced oxidative
techniques, and photocatalytic breakdown (Morsi et al., 2020; Naghdi
et al., 2018; Zhuo and Fan, 2021).

However, despite their widespread application, these techniques
have several drawbacks. For instance, the use of chemical agents as
coagulants and flocculants can result in significant sludge accumulation.
Additionally, these methods often exhibit limited effectiveness in
contaminant degradation, involve high operational costs, and may
produce harmful by-products, including more toxic intermediates
(Naghdi et al., 2018; Sundararaman et al., 2022; Vasiliadou et al., 2016;
Zhuo and Fan, 2021).

Biodegradation methods present multiple benefits compared to
conventional techniques, such as lower costs, greater public acceptance,
reliance on natural degradation processes, fewer toxic by-products, and
a wider range of favorable operational conditions (Chopra and Kumar,
2020; Gonzalez-Gonzalez et al., 2022). Biological treatments, particu-
larly those employing microbes and enzymes, provide effective solutions
for decomposing various types of organic pollutants, making this an
increasingly promising area of research in water treatment (Morsi et al.,
2020).

3.1. Bioremediation: mechanisms and effectiveness of white-rot fungi in
pharmaceutical pollutant degradation

Bioremediation is a biological approach that employs living organ-
isms in processes such as phytoremediation, vermicomposting, bio-
leaching, land farming, and bioventing. This method harnesses the
activity of plants, bacteria, fungi, or their enzymes to degrade or remove
contaminants—including dyes, metals, organic compounds, and other
persistent or toxic substances, as well as micropollutants—f{rom various
environmental matrices (Kasonga et al., 2021; Mahesh et al., 2022;
Naghdi et al., 2018; Sundararaman et al., 2022).

In these biotreatment processes, microorganisms utilize pollutants as
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substrates, inducing enzyme production to catalyze their degradation.
As a result, pollutants are biotransformed into smaller molecules, with
the ultimate goal of achieving mineralization, which produces CO2 and
water as final end products (Morsi et al., 2020; Naghdi et al., 2018).

Fungi are acknowledged as key agents in the breakdown of various
organic materials within natural environments. White-rot fungi, in
particular, are regarded as highly effective because of their ability to
metabolize a wide range of compounds, as evidenced by their use in
bioremediation applications for soil and water (Akerman-Sanchez and
Rojas-Jimenez, 2021; Mir-Tutusaus et al., 2018). Known for their role in
wood decay, these fungi have been employed across various industrial
and environmental sectors for biotechnological applications, owing to
their ability to degrade complex polymers (Gonzalez et al., 2021).

White-rot fungi exhibit multiple traits that render them highly
effective in the degradation of pharmaceutically active substances.
These traits include their enzymes' broad specificity, enabling the
breakdown of diverse pollutants; their rapid hyphal growth, which im-
proves contact with contaminants; the production of enzymes capable of
degrading poorly water-soluble compounds; and their capacity to
decompose substances in low-nutrient environments over a wide pH
range (Naghdi et al., 2018).

White-rot fungi are part of a physiological group within basidiomy-
cetes recognized for their ability to degrade lignin, which gives wood a
bleached appearance (Zhuo and Fan, 2021). In natural environments,
these fungi break down complex lignocellulosic biomass into smaller
molecules, enabling them to utilize carbohydrates from hemicellulose
and cellulose as carbon sources for metabolism. This decomposition
process is driven by a synergistic action of extracellular ligninolytic
enzymes, organic acids, mediators, and other enzymatic components
(Kumar and Chandra, 2020; Mir-Tutusaus et al., 2018).

3.2. Biodegradation of acetaminophen and ibuprofen by white-rot fungi

Several species of white-rot fungi have demonstrated notable success
in removing emerging pollutants. These microorganisms possess enzy-
matic systems, including lignin-degrading enzymes, that facilitate
lignocellulose degradation and exhibit resilience to xenobiotic com-
pounds. This adaptability and effectiveness make them highly suitable
for environmental applications, such as wastewater remediation
(Gonzalez-Gonzalez et al., 2022; Gonzalez et al., 2021).

Microbial processes for biodegrading or biotransforming pharma-
ceutical compounds operate primarily through two mechanisms:
adsorption onto biomass and enzymatic chemical modification. During
adsorption, the hyphal network of mycelia contributes to water treat-
ment via biosorption, in which pharmaceutical compounds and other
substances attach to the mycelial surface or are absorbed into cells,
effectively immobilizing them and restricting their movement within the
water flow (Akerman-Sanchez and Rojas-Jimenez, 2021).

Additionally, extracellular enzymes, including laccase, manganese
peroxidase, and lignin peroxidase—enzymes predominantly secreted by
fungi for lignin degradation—play a crucial role in breaking down
persistent contaminants. These enzymes utilize free radical mechanisms
to degrade various pollutant molecules, with enzymatic activity occur-
ring both within cells and along the mycelial surface (Mulkiewicz et al.,
2021; Naghdi et al., 2018).

The biotransformation of pharmaceuticals, such as ibuprofen and
acetaminophen, by certain strains of white-rot fungi enhances degra-
dation processes and offers an environmentally and economically viable
solution for treating wastewater (Zur et al., 2018). Tormo-Budowski
et al. (2021) described a Trametes versicolor strain that successfully
degraded acetaminophen and other pharmaceutical compounds at 100
mg/L in a bioreactor utilizing synthetic and hospital wastewater sam-
ples. The study demonstrated high removal efficiency, achieving nearly
complete elimination of acetaminophen. This method effectively
removed contaminants while preserving the original characteristics of
the treated matrix, providing a cost-effective solution (Tormo-Budowski
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et al., 2021).

Additionally, Vasiliadou et al. (2019) demonstrated that Ganoderma
lucidum and Trametes versicolor efficiently removed ibuprofen at 50 pg/L.
The success of enhanced bio-oxidation techniques in eliminating phar-
maceutical contaminants highlights the remarkable capabilities of
white-rot fungi, particularly in the presence of mediators—processes
that hold significant potential for bioremediation applications
(Vasiliadou et al., 2019). Table 1 provides an overview of research on
the biodegradation or biotransformation of acetaminophen and/or
ibuprofen by white-rot fungi.

Biodegradation mechanisms in complete cultures of white-rot fungi
involve adsorption onto fungal biomass and degradation mediated by
both intracellular and extracellular enzymatic processes (Asif et al.,
2017). The effectiveness of contaminant elimination may vary based on
the range of enzyme systems produced by various fungal species (Yang
et al., 2013).

Microorganisms employ various pathways for the biodegradation of
acetaminophen and ibuprofen. In the degradation of acetaminophen,
the process begins with hydroxylation, leading to hydroquinone for-
mation, the release of acetamide, and cleavage of the aromatic ring. A
subsequent decarboxylation step transforms 4-aminophenol, replacing
the amino group with a hydroxyl group, which further generates hy-
droquinone. Intermediates identified during acetaminophen degrada-
tion include catechol, 2-hexenoate, succinate, oxalate, malonate,
formate, nitrite, and nitrate (Li et al., 2014; Zur et al., 2018).

The biodegradation of ibuprofen involves the incorporation of hy-
droxyl groups into both the aromatic ring and the aliphatic chain of the
molecule, producing intermediates such as 2-hydroxyibuprofen, 2-(4-
hydroxyphenyl)propanoic acid, 1,4-benzenediol, and 2-hydroxyquino-
line (Marchlewicz et al., 2017; Zur et al., 2018).

3.3. Ligninolytic enzymes of white-rot fungi: targeted biodegradation of
acetaminophen and ibuprofen

Focusing on targeted methods, the application of purified enzymes
derived from white-rot fungi offers an effective approach for bio-
degrading emerging contaminants in aquatic environments. In biore-
mediation, lignin-degrading enzymes have garnered considerable
interest for industrial applications in recent years. These enzymes can
operate continuously without additional nutrient inputs, minimize
competition with bacterial populations, and address a wide range of
contaminants. They also demonstrate high reaction rates under mod-
erate temperature and pH conditions. Furthermore, using isolated en-
zymes rather than whole microorganisms significantly reduces reaction
time, thereby enhancing overall process efficiency (Alvarado-Ramirez
et al., 2021; Bilal et al., 2017; Morsi et al., 2020; Naghdi et al., 2018).

Enzymes provide exceptional specificity under mild operating con-
ditions, requiring minimal energy and promoting environmentally sus-
tainable technologies. This benefit has fueled significant progress in
biotechnology, particularly in green chemistry. Projections indicate that
the global market for industrial enzymes will reach $9.4 billion by 2026
(Alvarado-Ramirez et al., 2021; GlobeNewswire, 2023). The demand for
lignocellulolytic enzymes has experienced significant expansion, driven
by their versatile applications across multiple industries, including
chemical synthesis, degradation of persistent pollutants, healthcare
products, renewable energy, textiles, and food and beverage production.
These enzymes are vital in supporting the economies of both developing
and developed nations, as they heavily influence industrial workflows
associated with the creation of various goods and services (Saldarriaga-
Hernandez et al., 2020).

Key enzymes extensively studied for the degradation of lignocellu-
losic biomass include laccase (Lac, EC 1.10.3.2), manganese peroxidase
(MnP, EC 1.11.1.13), and lignin peroxidase (LiP, EC 1.11.1.14), as well
as additional auxiliary enzymes. The molecular weight of these enzymes
varies depending on their amino acid composition and associated co-
factors. However, not all white-rot fungi species produce every
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ligninolytic enzyme (Asif et al., 2017; Bilal et al., 2017; Kumar and
Chandra, 2020; Mir-Tutusaus et al., 2018; Yang et al., 2013). These
biologically derived catalysts efficiently accelerate biochemical re-
actions and are essential for addressing pollution through sustainable
methods (Naghdi et al., 2018).

Laccase and peroxidase enzymes are among the most widely applied
in bioremediation due to their efficiency in breaking down various
organic pollutants in water. The main difference between them lies in
their electron acceptors: laccases rely on molecular oxygen, whereas
peroxidases utilize hydrogen peroxide (H202) (Asif et al., 2017; Mir-
Tutusaus et al., 2018). These enzymes mediate oxidation-reduction re-
actions in persistent molecules, producing radicals that degrade the
original pollutant into smaller compounds. This ability allows extra-
cellular enzymes derived from white-rot fungi to alter diverse organic
substances, including micropollutants such as pharmaceutical residues,
cresols, PAHs (polycyclic aromatic hydrocarbons), various phenolic
compounds (including chlorinated variants), herbicides, pesticides, di-
oxins, synthetic textile dyes, and numerous other contaminants (Mir-
Tutusaus et al., 2018; Morsi et al., 2020; Zhuo and Fan, 2021).

Enzymes responsible for breaking down pharmaceutical compounds
have been widely studied for their roles in bioremediation and com-
mercial uses. The application of isolated enzymes in catalytic environ-
mental processes has been examined under diverse conditions. For
instance, Alokpa et al. (2022) investigated the breakdown of acet-
aminophen and other pharmaceuticals using laccase derived from Tra-
metes hirsuta. The study reported a high removal efficiency of 99 % in
batch treatments, highlighting significant potential for improving
wastewater treatment performance (Alokpa et al., 2022). Similarly,
Arca-Ramos et al. (2016) employed laccase from Trametes versicolor to
investigate the degradation of ibuprofen, acetaminophen, and addi-
tional pharmaceuticals, achieving a removal rate close to 80 % (Arca-
Ramos et al., 2016).

The biodegradation of emerging contaminants using lignin-
degrading enzymes obtained from white-rot fungi represents an inno-
vative and sustainable strategy to address the escalating issue of water
pollution. This method offers an efficient and eco-friendly approach to
reducing the effects of these compounds on aquatic ecosystems and
human health. Table 2 provides an overview of research focused on the
biodegradation or biotransformation of acetaminophen and/or
ibuprofen using isolated ligninolytic enzymes derived from white-rot
fungi.

4. Conclusions and future perspectives

The widespread use of medications such as acetaminophen and
ibuprofen, coupled with pollution driven by population growth and in-
dustrial expansion, has caused a substantial global impact from these
emerging pollutants, which is expected to worsen without effective
management. Bioremediation research, particularly studies focused on
treatment systems employing microorganisms like white-rot fungi and
their associated enzymes, presents a promising solution. These fungi
have proven effective at breaking down a diverse array of persistent
contaminants, offering environmentally sustainable approaches for
pollutant removal in water treatment systems.

Studies have demonstrated that specific white-rot fungi, including
Trametes versicolor and Ganoderma lucidum, are highly effective in
breaking down pharmaceuticals such as acetaminophen and ibuprofen.
Although these fungi have shown promising results, investigating other
species within the white-rot group and their enzyme systems could un-
cover additional candidates for bioremediation. Comparative research
on enzyme specificity and degradation pathways may also provide in-
sights into the underlying mechanisms. A key process involves the
secretion of extracellular ligninolytic enzymes—such as laccase, man-
ganese peroxidase, and lignin peroxidase—that degrade complex phar-
maceutical compounds into less harmful forms. These fungi function
efficiently under a variety of environmental conditions, including
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Table 1
Degradation of acetaminophen and ibuprofen by white-rot fungi.
White-rot fungi Pharmaceuticals Concentration Conditions Determined Effectiveness of ~ References
analytical treatment (%)
procedures

The treatment of acetaminophen was

carried out using a laccase activity of 40

U/L. The reduction of the drug was

evaluated with and without the mediator Spectrophot " 79 % (Sybuia et al.,
HBT (1-hydroxybenzotriazole) at 0.2 pectrophotometer ? 2024)

mM. The mixtures were incubated in

Trametes versicolor Acetaminophen 60 and 80 mg/L

darkness at 37 °C in a final volume of 5
mL.

The study evaluated the removal of
pharmaceuticals in two types of
bioreactors: a 5 L semi-batch stirred tank
bioreactor and a 3 L recirculating trickle- (Tormo-
bed bioreactor. In both systems, 90.5 t0 99.7 % .

. X LC-MS/MS Budowski
synthetic and hospital wastewater were removal et al,, 2021)
used, with pH controlled at 4.5 and ’
temperature maintained at 25 °C. Fungal
pellets were inoculated, and nutrients
were added every 48 h for 14 days.

The study evaluated the remediation
capacity of acetaminophen in nutrient-
rich and nutrient-poor media. The effects
of nitrogen limitation, pH manipulation,

Phcmerochaefe Acetaminophen 0.25 mg/L and co-cultivation of both species were
chrysosporium

Acetaminophen, and
Trametes versicolor 16 other 1 mg/L each
pharmaceuticals.

(Esterhuizen
LC-MS/MS 99 % 1
investigated. The cultures were /! o remova et al., 2021)

incubated at 20-30 °C, 130-150 rpm,
and samples were taken at specific time
intervals to analyse the pH and drug
concentration for 7 days.

The experiments for the treatment of
hospital wastewater were carried out in
sealed 125 mL glass serum bottles. Each
bottle contained 50 mL of a solution of
oxidising promoters, 5 mL of wet fungal LC-MS/MS 70-100 % (Vasiliadou
pellets, and 25 pL of a standard solution removal et al., 2019)
containing 13 pharmaceutical

compounds. The mixtures were

incubated at 25 °C, 150 rpm for 24 h for

1 day.

Experiments were conducted on hospital

wastewater, which was pretreated with a

coagulation-flocculation process.

Following this, bioreactor treatment was

performed, where after the pellet

growth, the medium was withdrawn, HPLC-UV >80 % removal
and the bioreactor was filled with
pretreated hospital wastewater.
Continuous operation and batch
degradation experiments were carried
out for 21 days.

Bioreactor experiments were performed
in glass reactors with a total volume of
500 mL at a temperature of 25 °C. For the
acetaminophen removal, reverse osmosis
water was circulated through the reactor

Trametes versicolor and Ibuprofen, and other

Ganoderma lucidum 12 pharmaceuticals 0.05 mg/1. each

(Mir-Tutusaus
et al., 2018b)

Ibuprofen, and other ~ 10 mg/L of

Trametes versicolor .
pharmaceuticals each compound

Pleurotus eryngii, Pleurotus
djamor, Lentinus edodes, Acetaminophen, and (Chang et al
HPLC-DAD 30-100 % angetal,

P 1 L
leurotus ostreatus, and other 5 t0 100 mg/ for 24 h. Once the reactor reached a 2018)

Pleurotus citrinopileatus, pharmaceuticals . . . removal
steady state, it was continuously fed with
among others.

either reverse osmosis water or

wastewater containing 2 mg/L of

acetaminophen.

The biodegradation study was carried

out in a glass air-pulsed fluidised bed

bioreactor with a volume of 1.5 L, in

continuous and sequential batch reactor HPLC-UV Almost 100 % (Toran et al.,

modes. The pH was maintained at 4.5, removal 2017)

temperature at 25 °C, with synthetic

water and pretreated hospital

wastewater for 3 days.

An air-pulsed fluidised bed bioreactor

was used, with a volume of 1.5 L, in

20 mg/L of each continuous and sequential batch reactor =~ HPLC
modes. In the pharmaceutical compound
treatment experiments, pretreatments

Ibuprofen, and other

Trametes versicolor .
pharmaceuticals

20 mg/L

Ibuprofen, and other
pharmaceuticals

90-100 % (Mir-Tutusaus

Trametes versicolor
removal et al., 2016)

(continued on next page)
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White-rot fungi

Pharmaceuticals

Concentration

Conditions

Determined
analytical
procedures

Effectiveness of

treatment (%)

References

Trametes hirsuta

Trametes versicolor and
Ganoderma lucidum

Trametes versicolor

Trametes versicolor ATCC
7731

Phanerochaete
chrysosporium

Phanerochaete
chrysosporium

Trametes versicolor and its
laccase

Bejerkandera sp.
Phanerochaete
chrysosporium

Trametes versicolor,
Ganoderma lucidum,
Irpex lacteus and
Phanerochaete
chrysosporium

Acetaminophen,
ibuprofen and other
4 pharmaceuticals

Ibuprofen, and 13
pharmaceutical

Ibuprofen,
acetaminophen and
other
pharmaceuticals

Iibuprofen, and 30
trace organic
contaminants

Ibuprofen and other
pharmaceuticals

Ibuprofen, and other
pharmaceuticals

Ibuprofen, and other
9 pharmaceuticals

Ibuprofen and other
3 pharmaceuticals

Ibuprofen, and other
pharmaceuticals

0.1 mg/L to 0.5
pg/L each

0.05 mg/L of
each
pharmaceutical

Ibu 12.61 pg/L
and Ace 3.87 pg/
L

Ibu 100 pg/L

1 mg/L each

2000 mg/L each

10 pg/L

1 mg/L each

10 mg/L

such as coagulation-flocculation and UV-
C irradiation were evaluated, with
untreated or pretreated hospital
wastewater for 28 days.

Biodegradation studies were performed
in 250 mL Erlenmeyer flasks. Each flask
contained 50 mL of sterile medium with
0.5 mL of mycelial solution at 26 °C, 135
rpm, and pH 4.6. After 3 days of fungal
growth, 50 pL of a solution containing six
pharmaceuticals were added. The
treatment lasted for an additional 48 h.
Biological removal experiments were
conducted in 125 mL glass serum bottles
using 36 mL of defined medium with a
pH of 4.5, at 150 rpm and 25 °C for 7
days.

A batch mode scale was used in a
fluidised bed bioreactor with a volume of
10 L, to carry out both sterile and non-
sterile urban wastewater treatments, at
pH 4.5, 25 °C, air flow rate: 12 L h~!, and
the contact time varied in intervals to
study the degradation process.

A batch mode experimentation scale was
used. Experiments were conducted in a
5.5 L membrane bioreactor with a
Polyvinylidene Fluoride hollow fiber
membrane module.

A continuous mode experimentation
scale was used. Experiments were
conducted in a continuous fixed-bed
reactor (FBR) operated continuously for
100 days, at 30 °C, and a continuous air
flow (1 L/min).

A fed-batch mode experimentation scale
was used. Experiments were conducted
in a 2 L fermenter at 200 rpm and 30 °C,
using modified Kirk medium with a pH of
4.5. Pulses of glucose and
pharmaceuticals were added every 3-4
days, with daily additions of
pharmaceuticals.

A batch mode experimentation scale was
used. The incubation time was 48 h, at a
temperature of 30 °C and 125 rpm. 1 mM
ABTS was added as a mediator in some
experiments.

Experiments were conducted in
Erlenmeyer flasks containing 90 mL of
modified Kirk medium at 30 °C, 150 rpm
for 14 days.

Experiments were conducted at pH 4.5,
25 °C, with an incubation time of 7 days
at 135 rpm in 10 mL of medium per 125
mL serum bottle.

UPLC-MS/ESI

LC-MS/MS

UPLC-MS

GC/MS

GC-MS

GC-MS

GC-MS

GC-MS

NMR, HPLC, GC

90 % removal

>98 % removal

100 % removal

Low removal

100 % removal

100 % removal

100 % removal

100 % removal

100 % removal

(Haroune
et al., 2016)

(Vasiliadou
et al., 2016)

(Cruz-Morato
et al., 2013)

(Nguyen
et al., 2013)

(Rodarte-
Morales et al.,
2012)

(Rodarte-
Morales et al.,
2011)

(Tran et al.,
2010)

(Rodarte-
Morales et al.,
2010)

(Marco-Urrea
et al., 2009)

different pH levels and nutrient-limited settings, broadening their
applicability in wastewater treatment.

Future research should prioritize the optimization of ligninolytic
enzyme production from white-rot fungi by exploring genetic and
environmental factors that influence enzyme yield and activity.
Improving enzyme stability and reusability, both in free and immobi-
lized forms, is essential to enhance reaction rates and overall efficiency
in degrading pharmaceutical contaminants. Additionally, feasibility and
scale-up studies, including pilot projects and economic evaluations, are
crucial to establishing a favorable cost-benefit ratio and validating the
practical implementation of fungal bioremediation in large-scale
wastewater treatment facilities. Such research is vital for developing

effective technological approaches to address diverse contaminated
matrices from an environmental perspective.

Ensuring regulatory compliance and achieving public acceptance are
critical for the successful implementation of bioremediation technolo-
gies. Engaging policymakers, industry stakeholders, and the public to
effectively communicate the benefits and safety of fungal bioremedia-
tion in wastewater treatment is essential. Addressing these factors will
enable future research to advance bioremediation, providing robust,
sustainable, and environmentally friendly approaches to eliminate
pharmaceutical pollutants from wastewater.
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Table 2
Degradation of acetaminophen and ibuprofen by enzymes from white-rot fungi.
White-rot Pharmaceuticals Concentration Conditions Determined Effectiveness of Reference
fungi enzyme analytical treatment (%)
source procedures
A batch mode experimentation scale was used,
Trametes with studies conducted in 15 mL Falcon flasks, . . .

. . . . . . (Hoinacki Da Silva
versicolor Acetaminophen 30mg/L using 10 mg of biochar incubated with 5mLof ~ HPLC 20 % removal et al,, 2022)
laccase acetaminophen solution for 24 h at 25 °C and o

80 rpm in an orbital shaker.
Trametes Acetaminophen and A batch mode experimentation scale was used, (Alokpa et al
hirsuta P . 10 pg/L with studies conducted at pH 7, temperature UPLC-MS/MS 99 % removal o '\p( o
other pharmaceuticals ; . 2022)
laccase of 22 °C, and a contact time of 24 h.
Trametes - A ba'fch mode experimentation scale \/f/as used. SEM, FT-IR,
. Acetaminophen and Studies were conducted at pH 5.0, with (Pylypchuk et al.,
versicolor . 1 mg/mL . . AFM, NMR, UV- Up to 99 % removal )
other pharmaceuticals contact times for acetaminophen removal of 1, 2018)
laccase VIS
2,4, and 18 h.
A batch mode experimentation scale was used,
Trametes with experiments conducted in 50 mL glass
flask: initial pH of H 7. —vi LC-
versicolor Acetaminophen 30.232 mg/L asks, the initial pH of the enzymes at pH 7.4 UV-vis and LC 63.7 % removal (Wang et al., 2018)
and the substrate at pH 4.2, temperature: MS
laccase . .
25 °C, and contact time with samples taken at
intervals of 60 s, 150 s, 250 s, and 1000 s.
A batch mode experimentation scale was used,
Lentinus with a reaction mixture of 50 g of immobilized (Ratanapongleka
polychrous Acetaminophen 1-100 mg/L laccase and 300 mL of acetaminophen UV-VIS 94 % removal atanapongiex:
L. . . and Punbut, 2017)
laccase solution in 500 mL conical flasks, with a
contact time of 4 h at room temperature.
A batch mode experimentation scale was used
Trametes . with biobead-entrapped laccase, initial pH
X Acetaminophen and o ;
hirsuta . 1 mg/L 7.0, temperature: 20 °C, 150 rpm, and contact ~ UPLC-MS/MS 30 %-70 % removal (Hachi et al., 2017)
other pharmaceuticals . .
laccase time: samples collected at intervals of 1, 2, 3,
4,5, 6, 24, and 48 h.
Trametes Ibuprofen, A batch mode experimentation scale was used 80 % removal of (Arca-Ramos et al
(] a-nd al.
versicolor Acetaminophen, and 10-50 pg/L for 6 h, co-aggregation with BSA (laccase ratio = UPLC-MS/MS . ’
. acetaminophen 2016)
laccase other pharmaceuticals of 1:1 w), at room temperature: 24 + 2 °C.
. A batch mode experimentation scale was used
Trametes Acetaminophen and .

. for 6 h and 12 h, with a core-shell system (Kumar and

versicolor others 12 100 pg/L . UPLC-MS 85-97 % removal ) .
. composed of copper alginate for laccase Cabana, 2016)
laccase pharmaceuticals X e
immobilisation.
Trametes Crosslinked enzyme aggregates (combi-/
. . L. o
versicolor Acetaminophen 100 pg/L and CLEA) reaction w1.th samples of munlmpe'll ) UPLC/MS/MS About 99 % arfd 80 (Ba et al., 2014a)
laccase 177.4 pg/L wastewaters, hospital wastewater, and Milli-Q % transformations.
ultrapure water reaction during 8 h
A hybrid bioreactor (HBR) combining a
Trametes . polysulfone hollow fiber microfiltration
A h Nearl %
versicolor cetaminophen ar}d 100 pg/L membrane and cross-linked enzyme UPLC/MS/MS early 90 % (Ba et al., 2014b)
other pharmaceuticals removal
laccase aggregates of laccase (CLEA-Lac) was used at

pH 7.5 for 8 h.
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