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d degradation of emerging
contaminants: unveiling a sustainable solution

Pooja Thathola, *ab Elda M. Melchor-Mart́ınez,cd Priyanka Adhikari,e

Saúl Antonio Hernández Mart́ınez,d Anita Pandeyf and Roberto Parra-Sald́ıvar cdg

The excessive use of emerging contaminants (ECs) in various applications has led to a global health crisis.

ECs are found in groundwater, surface water, soils, and wastewater treatment plants at concentrations

ranging from ng L−1 to mg L−1. This review explores the sources of ECs and laccase's role in their

degradation. ECs encompass diverse categories with potential implications for human health, animals,

and the environment, and their adverse effects are examined. Laccase, a key mediator, can oxidize non-

phenolic compounds, broadening its substrate range. The review discusses the intricacies of laccase-

mediated degradation and highlights its potential to improve global water resource sustainability.

Innovative strategies, like laccase immobilization, are explored for EC removal, benefiting environmental

preservation. In summary, the review addresses the issue of excessive EC use, their presence in water

sources, and their impact on health, wildlife, and the ecosystem. Laccase offers promise for EC

degradation, emphasizing its mechanism and potential for sustainable water resource management.

Advanced techniques, including laccase immobilization, further demonstrate the commitment to tackling

EC-induced environmental challenges.
Environmental signicance

The review on Laccase-Mediated Degradation of Emerging Contaminants unveils a promising sustainable solution to the growing concern of environmental
pollution caused by novel, unregulated compounds. Emerging contaminants, including pharmaceuticals, personal care products, and industrial chemicals,
pose signicant risks to ecosystems and human health due to their persistence and bioaccumulative potential. Traditional water treatment methods oen fail to
effectively remove these pollutants. Laccase, a naturally occurring enzyme, offers an eco-friendly and efficient approach to degrade these contaminants. By
harnessing the catalytic power of laccase, this research demonstrates a viable pathway to mitigate the environmental impact of emerging contaminants,
promoting cleaner water bodies and healthier ecosystems. The laccase-mediated process not only aligns with green chemistry principles but also supports the
advancement of sustainable water treatment technologies, contributing to the broader efforts for environmental protection and public health safety.
1. Introduction

Occurrence of emerging contaminants (ECs) in the environ-
ment has become a signicant concern due to their potential
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adverse effects on both humans and aquatic animals. The
concentration of these ECs in soil and water bodies varies from
a few nanograms to several micrograms per liter (mg L−1).1,2

These ECs (Table 1) are present in trace levels, and they are
categorized into different types, i.e., pesticides, steroid
hormones, pharmaceuticals, and chemicals from industries.
Phytoestrogens are also one of the active ECs, which primarily
constrain the sexual and reproductive development of wild-
life.2,3 Therefore, the remediation of ECs has become the most
signicant concern in the current age. This portends a potential
impact on broader ecology as well as human health (Fig. 1). Due
to concerns about widespread human exposure and the
potentially harmful health effects, or environmental impact of
ECs, research on the treatment of these contaminants has
recently gained increasing interest.4 Different chemical and
physical methods, such as photodegradation,5 Fenton treat-
ment,6 electrochemical treatment,7 ozonation,8 thermal degra-
dation, and advanced oxidation processes,9 have been
implemented for the treatment of ECs. However, several
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Frequently detected emerging contaminants in water bodies with their molecular formula and structure

S. no Emerging contaminants Molecular formula Structure

1 Sulfadiazine C10H10N4O2S

2 Tetracycline C22H24N2O8

3 Trimethoprim C14H18N4O3

4 Amoxicillin C16H19N3O5S

5 Ciprooxacin C17H18FN3O3

6 a-Hydroxyalprazolam C17H13ClN4O

7 Atenolol C14H22N2O3

8 Amphetamine C9H13N

9 Triclosan C12H7Cl3O2

10 Ibuprofen C13H18O2

11 Paracetamol C8H9NO2

© 2024 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2024, 3, 1500–1512 | 1501
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Table 1 (Contd. )

S. no Emerging contaminants Molecular formula Structure

12 Gembrozil C15H22O3

13 Warfarin C19H16O4

14 Saccharin C7H5NO3S

15 Caffeine C8H10N4O2
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limitations, including high cost, generation of toxic by-
products, and high energy consumption hinder their imple-
mentation.10 Thus, developing novel, efficient, and greener
remediation processes has become an important objective for
researchers, industrial chemists, and the scientic community.
In this context, biodegradation appears to be a greener,
sustainable, and cost-effective approach for treating ECs.11

There are many innovations in the degradation of these
pollutants, which mainly include ltration technology,
advanced oxidation processes (AOPs), membrane bioreactors
(MBRs), and adsorption and absorption processes. These
methods are mainly based on their physical, chemical, and
biological mechanisms. In the ltration process, ECs are
effectively separated and studied in both pilot and full-scale
systems.12,13 But the treatment of these ECs separated by ltra-
tion technology is also a main concern as it involves a high
concentration of ECs. Adsorption and AOPs have also increased
attention due to their efficiency in removing ECs.3 Nonetheless,
these methods are normally used aer primary or secondary
treatments due to the higher content of organic carbon and
turbidity. MBR technologies are an alternative to the conven-
tional activated sludge processes for treatment. Many
researchers have reported that MBRs effectively remove
contaminants, but they are less effective in removing ECs.14,15

Recently, the enzymatic transformation and degradation of ECs
using microorganisms have been determined as a promising
and eco-friendly approach.16 Enzymes frommicroorganisms are
probable biological agents for the degradation and trans-
formation of these ECs.
1502 | Environ. Sci.: Adv., 2024, 3, 1500–1512
Among all the reported enzymes, laccase is one of the lignin-
modifying enzymes responsible for the effective degradation of
these ECs. These enzymes are applied in many processes due to
their oxidation capacity.17 Laccase enzymes in their crude,
puried, and immobilized forms have been used for the
degradation of several types of ECs in all categories of experi-
ments and trials (i.e., continuous and batch experiments).18

These enzyme technologies are widespread and have promising
applications in environmental biotechnology. Based on this, the
present review aims to gather current trends and information
on ECs, sources, harmful effects, and the role of laccase enzyme
in the degradation process.

2. Aim and scope

This review will address emerging pollutants, their sources, and
laccase-related studies with an emphasis on bioremediation.
Laccases are responsible for breaking down these compounds
without producing any harmful metabolites. Laccase enzyme-
based bioremediation is highly effective and specic for treat-
ing pollutants because these enzymes have a higher efficiency of
degradation as compared to the microorganisms as a whole.
The quality of enzyme-based bioremediation, i.e., it requires
mild conditions and low energy, makes it more suitable for the
eld of bioremediation.19,20 Laccase belongs to the diverse
group of enzymes/biocatalysts within the oxidoreductase group
which is produced by many microorganisms (e.g., fungi and
bacteria). It has several biotechnological applications ranging
from lignin degradation to organic pollutant biodegradation.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Harmful effects of emerging contaminants.
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Laccases are also involved in the transformation of various
groups of ECs whichmainly include polyaromatic hydrocarbons
(PAHs), pharmaceutical and personal care products (PPCPs),
phenols, and dyes.21,22 Although the applications of laccase
degradation are well proven, most of the studies are limited to
the lab scale. So further emphasis on pilot scale studies is
necessary for economic feasibility. Therefore, this review
expands upon bioremediation studies which will be further
contextualized to address future studies. This review also
focuses on immobilised laccase for bioremediation with
different synthesis methods, hypothesized uptake mechanisms,
and trends. Furthermore, the use of laccases as biocatalysts is
discussed. Immediate gaps in the laccase bioremediation are
highlighted to guide future studies, and potential mechanisms
of laccase degradation are also discussed.
3. Emerging contaminants and their
sources

The annual production of ECs in both developed and devel-
oping countries has been steadily increasing over the past few
decades, largely due to their persistent nature. They are
commonly used in agriculture, pharmaceuticals, personal care
products, and hormones.23 These compound residues are
© 2024 The Author(s). Published by the Royal Society of Chemistry
incessantly released into the water bodies via runoff and wash-off
from hospitals and households to the surface, contaminating the
agricultural land. Additionally, surface water contaminants enter
groundwater bodies through leaching and ltration. Furthermore,
the other routes for ECs to enter the diverse water bodies are
unused medicine disposal, irrigation methods using wastewater,
disposal of animal carcasses, and the treatment plants with
wastewater and sewage water.16,23 The discharge of these ECs from
wastewater plants is a major route for their entry into the aquatic
environment.24 Poor management strategies and inefficient treat-
ment technologies for EC pollutionmay lead to the release of these
ECs into the environment (Fig. 1). Disposal of solid waste into the
environment is the most common practice nowadays, which
mainly increases the EC pollution in both the environment and
wastewater treatment plants. However, the concentration is in the
range of pg L−1.25 Several studies have indicated the presence of
sweeteners. For instance, acesulfame, saccharin, and sucralose
have been reported to be present in domestic wastewater via
human excretion.26 On the other hand, food preservatives, i.e.,
parabens, have also been detected in groundwater.27 Surface water
and groundwater are usually used for drinking in developing
countries and some developed countries. These water bodies are
a common source of ECs in drinking water. The presence of ECs in
water bodies is a common source of contamination in drinking
water. The concentration of herbicides detected in drinking water
Environ. Sci.: Adv., 2024, 3, 1500–1512 | 1503
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suggests that agricultural runoff is the primary pathway for
transporting these contaminants from agricultural land to water
bodies and nally to drinking water sources. These contaminants
are detected in higher concentrations. The standard and frequently
detected contaminants are atrazine, and terbuthylazine.28

Non-sewered sanitation methods whichmainly include urine-
diverted dry toilets (UDDTs) are identied as amajor source of EC
pollution in developed countries. UDDTs, a means to separate
human urine toilets, are built on a pilot scale in many developed
countries. Still, there are few reports available on ECs from
UDDTs. Ref. 29 described the presence of 12 ECs in source-
separated urine. Pharmaceuticals are the major ECs detected,
including hydrochlorothiazide, clarithromycin, darunavir, ate-
nolol, atazanavir, atenolol acid, acetyl-sulfamethoxazole, diclo-
fenac, emtricitabine, N4-ritonavir, and trimethoprim (TMP).30

The management strategies for these ECs are very poor, so
these ECs are also detected in landll leachate, which increases
the possibility of these ECs contaminating freshwater sources.
Consequently, the constant monitoring of these landll leach-
ates should be done, as it is the major factor in detecting these
ECs in water bodies.31 Moreover, proper disposal of these ECs in
the environment and the treatment strategies for these landll
leachates are growing concerns. Untreated disposal of this
leachate into the sewer is a common practice (Environmental
Affairs 2019), which may lead to loading higher EC concentra-
tions onto municipal wastewater treatment plants (WWTPs).
Many studies have reported the presence of ECs in landll
leachates. Daso et al. reported that landll leachates in Cape
Town are the main source of polybrominated diphenyl ether
(PBDE) in waterbodies and the environment.32 Olukunle et al.
described the presence of these ECs in the landll at concen-
trations in the range of pg L−1.33
Fig. 2 Source of emerging contaminants in water bodies.

1504 | Environ. Sci.: Adv., 2024, 3, 1500–1512
4. Adverse effects of ECs on the
environment

ECs have an enormous destructive impact on the environment;
when these environmental pollutants come in contact with the
ecosystem, they tend to show diverse effects. These pollutants
probably cause many acute and long-term effects (i.e., disruption
of endocrine function, immunotoxicity, neurological disorders,
cancers, etc.) on aquatic life, human health, and the environ-
ment, (Fig. 2). Increased release of these ECs in the environment
provides many routes for their entry into the aquatic environ-
ment.34 ECs are incessantly discharged into the environment but
they are efficiently removed only sometimes; subsequently many
of these contaminants persist in the environment for a long
time.35,36 Improper and incomplete degradation of these
contaminants on waste treatment plants during the degradation
process are one of the main reasons for contaminants to enter
into aquatic environment.37 The risks associated with these ECs
are chronic for living organisms, and therefore, they may cause
lethal effects even at very low concentrations.38Creatures or living
bodies in the aquatic environment are continuously exposed to
the mixtures of these ECs, and these contaminants may interact
with aquatic organisms and produce synergistic or toxic effects.39

ECs are universally found in the environment primarily in soil
and water bodies. These compounds, including organic
compounds, brominated ame retardants, phthalates, plastics,
microplastics, hormones, and polycyclic siloxanes, are respon-
sible for causing deleterious effects on the health of humans and
aquatic animals.40 These contaminants are considered one of the
foremost reasons for endocrine disorders in humans, which
mainly include the modications of salivary glands, the thyroid,
and various genetic disorders in themale body system. These ECs
© 2024 The Author(s). Published by the Royal Society of Chemistry
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increase the risk of cancer in humans and act as antiandrogens
inmales, leading to feminizing effects.41 EC toxicity chiey affects
the endocrine cycle; many groups of these ECs may cause
hormonal imbalance, DNA damage, carcinogenic effects,
disruptions in thyroid function, impaired brain development,
reduced fertility, and overall growth issues. Moreover, the genetic
toxic effects of these ECs are abnormality in female implantation,
breasts, and the liver, whichmay lead to increased hormones due
to brominated ame retardants.42 Their excessive concentrations
have been reported to cause abortion andmaternity difficulties.43

5. Laccase enzyme

Laccases (EC 1.10.3.2) are monomeric glycoproteins that have
great potential in the eld of environmental microbiology.44–46

Over the last few years, the use of enzyme technology has
attracted great interest in the eld of green and sustainable
technologies. Lacasse acts as a biocatalyst in conventional
chemical-based processes and pharmaceutical industries.39,40

The use of laccases in the industrial and biotechnological
sectors is a thriving area of research nowadays.47,48 The use of
Laccases in industries, i.e., food, textile, paper, etc., as oxidative
enzymes due to their ability to act on a wide range of
substrates.49,50 Lacasse enzymes provide an eco-friendly substi-
tute for conventional chemical reactions. Laccase was rst
discovered in the nineteenth century in the Japanese lacquer
tree Rhus vernicifera.51 Although the presence of laccases has
been reported in higher plants, microorganisms (fungi,
bacteria), and insects, most researchers reported laccases from
fungal sps., which mainly include those in genera ascomycetes,
deuteromycetes, basidiomycetes, and cellulolytic fungi.52–56

Among these, basidiomycetes (white-rot fungi) laccases are
most common and frequently reported and these are Phlebia
radiata, Trametes (Coriolus) versicolor, Coriolopsis polyzona, T.
hirsuta, T. ochracea, T. villosa, Pycnoporus cinnabarinus, T. gall-
ica, Lentinus edodes, Pleurotus ostreatus, Coprinus cinereus, etc.52

Monocillium indicum was the rst characterized ascomycete
enzyme.57,58 Laccases, isolated from fungi, are mainly respon-
sible for fructication, detoxication, phytopathogenic, sporu-
lation, and degradation of lignin (Table 2).

Laccases isolated from bacteria have been reported to be the
most stable laccases due to their resistance to high tempera-
tures and wide pH ranges. While fungal laccases can be intra
and extra-cellular, bacterial laccases are mostly intracellular,
i.e., Marinomonas mediterranea, Azospirillum lipoferum, and
Bacillus subtilis.59,60 Bacterial laccases normally show the best
activity at a higher pH compared to laccases from fungal sour-
ces,61 with the optimum pH being acidic for the latter.62 Plant
laccases have intracellular physiological properties in the
neutral pH range.63,64 Plant laccases have a higher isoelectric
point compared with fungal laccases. Most laccases have an
optimum temperature between 50–70 °C.65 The thermal
stability mainly depends on the type of microorganism; laccases
from bacteria are more stable than those from fungi.66 Due to
the higher glycosylated content in the plant enzymes, they have
higher molecular weight when compared with bacterial and
fungal laccases. Laccases are secondary metabolites formed
© 2024 The Author(s). Published by the Royal Society of Chemistry
under conditions of limited growth, mainly nitrogen, which
negatively impacts the enzyme yield.67 The production of lac-
cases is mainly achieved through the fermentation process
(liquid and solid).68 Copper,69 ethanol,70 and aromatic
compounds such as xylidine, anisidine, syringaldazine, gallic
acid, veratrine alcohol, ferulic acid, and lignosulfonates71 are
used to induce the production of laccases.

5.1 Biochemical property characterization

Characterization parameters, like optimum temperature and
pH, always play a signicant role in the degradation process by
any enzyme. Previously, many researchers have reported the
role of characterization parameters in the laccase enzyme.
Laccase (molecular weight (MW) 52 kDa) from Cyberlindnera
fabianii has been reported for the degradation of 42.7% of Ca-
alginate immobilized laccase (AIL) and 39.1% (Cu-AIL) of
bisphenol A (BPA) (100 mM) aer 24 h. The characterization of
the native enzyme has shown an optimum pH and temperature
of 5 and 40 °C, respectively.72 Likewise, laccase (MW 37 kDa)
from Bacillus subtilis MTCC 2414 has been reported to degrade
81.72% of yellow GR dye aer 120 h at 35 °C and 9 pH.73

Aspergillus oryzae derived laccase (MM 57 kDa) with the poten-
tial of removing more than 80% of sulfamethoxazole, carba-
mazepine (CBZ), diclofenac, and bisphenol A at 30 °C and 7
pH,74 is also reported to biodegrade 75% of azo-dyes aer
consecutive cycles at pH 5 at room temperature.75 Trametes
versicolor derived laccase also works as a biosensor for detecting
phenolic compound catechol. Additionally, laccase (MW 31
kDA) isolated from Bacillus atrophaeus has been stated to clarify
41–58% phenolic compounds by reducing the color turbidity in
the juices at 35 °C and 5.5 pH.49

Biochemically, the protein is extremely thermostable with
a half-life of about 2 h at 80 °C.76 In contrast to fungal laccases,
bacterial-derived laccases are biochemically more active at high
pH values and highly stable at high temperatures. A high
alkaline pH optimum of 8.5 to 9 was shown for several Strep-
tomyces laccases for 2,20-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS),77,78 whereas an optimum temperature of
85 °C was reported for the multicopper oxidase protein (McoP)
laccase derived from Pyrobaculumaerophilum.79 Furthermore,
for T. thermophilus laccase, optimum temperature is 92 °C.80

Fascinatingly, the laccase retrieved from drained soil with
industrial wastewater is biochemically stable in the optimum
pH range of 3 to 10.6.81 Another equally important biochemical
parameter is salt tolerance. Streptomyces ipomoea derived lac-
case holds 100% activity in 1 M sodium chloride (NaCl) at an
optimum pH of 8.0.7 These astonishing biochemical features
highlight laccases as a potential basis for robust compounds
with valuable biotechnological applications.

5.2 Mechanism

The biocatalytic processes of laccases have the potential appli-
cation in the degradation of emerging compounds without any
harmful effects; therefore, it increases the interest of the
researchers to understand their mechanisms of degradation.
Normally, laccases are reported for the oxidation of various ECs
Environ. Sci.: Adv., 2024, 3, 1500–1512 | 1505
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Table 2 Laccase for the degradation of emerging contaminants

Source Emerging contaminant Biodegradation rate (%) Reference

A. densiorus Rubin GFL (RGFL) dye Rubin GFL (RGFL) dye (40 g L−1) up
to 91% within 48 h

59

Tagetes patula, Aster amellus,
Portulaca grandiora and Gaillardia
grandiora

Textile effluent Reduction in dyes 59, 50, 46 and
73%

60

Glandularia pulchella Reactive orange HE2R, reactive
yellow MEG4, reactive yellow GR,
blue 2GL, remazol red, green HE4B,
brown 3REL, blue 2RNL, patent
blue, and malachite green

Decolorization of all the dyes 61

Brumea malcolmii Brilliant blue R (BBR), malachite
green, reactive red 2, direct red 5B
and methyl orange

Compete degradation of dyes 62

Alternanthera philoxeroides Sulfonated remazol red Completely decolorize remazol red
dye

63

Arabidopsis thaliana Detoxication of herbicides
atrazine (ATR) and isoproturon
(IPU)

Detoxication or degradation of
ATR or IPU

64

Pycnoporus sanguineus CCT-4518 17-Alpha-ethinylestradiol (EE2) 80% of removal of EE2 aer 24 h 65
Pycnoporus sanguineus Estrogens 96% of estrogens aer 8 h of

reaction
66

Trametes trogii Amaranth, carmoisine, cochineal
red, sunset yellow, patented blue,
blue indigo and alizarin red S

All the dyes were decolorized up to
60% percent aer 2 h

67

Myceliophthora thermophila Anthraquinonic dyes acid blue 25
and acid green

RBBR and the diazo RB-5 were only
decolorized with laccase/HBT, 31
and 60%, respectively, aer 24 h

68

Trametes versicolor Triphenylmethane dyes Complete removal 69
Trametes trogii BAFC 463 Indigo carmine, xylidine, malachite

green, gentian violet, bromophenol
blue

Decolorized 85% of all dyes 70

Trametes trogii Azoic, indigoid, triarylmethane, and
anthraquinonic with
acetosyringone

50–100% decolorization 71

Trametes versicolor Bromocresol purple, safranin,
malachite green, kristal violet,
bromothymol blue, nigrosine and
phenol red

43%, 54%, 55%, 49%, 56%, 53%
and 37% for bromocresol purple,
safranin, malachite green, kristal
violet, Bromothymol blue, nigrosine
and phenol red, respectively

72

P. pastoris Crystal violet Decolorization rates 90.7% 8
Oudemansiella canarii Congo red 80% of 50 mg L−1 Congo red within

24 h
73

Ganoderma lucidum E47 strain Decolorizing xanthene, azo and
triarylmethane dyes

Decolorization 74

Pycnoporus sanguineus (CS43) Bisphenol A 100% degradation of bisphenol A
(20 mg L−1) was achieved in less
than 24 h

16

Trametes versicolor BAFC 2234 Phenol 84% phenol removal in 4 h 75
Trametes sanguineus Phenanthrene and benzo[a]pyrene Removed phenanthrene and benzo

[a]pyrene (97 and 99% respectively
69

Pleurotus ostreatus Phenol 70% phenol removal 76
T. versicolor Naphthalene, phenanthrene 100% degradation 77
P. ostreatus Atrazine — 78
Pseudomonas putida Chlorpyrifos 90% of degradation aer 8 days of

incubation
79

P. pastoris Atrazine, isoproturon Complete degradation 64
T. versicolor Amoxicillin, Ampicillin, cloxacillin,

penicillin G, penicillin V, oxacillin
54–100% aer 24 h 80

T. versicolor Sulfapyridine, sulfathiazole 100% aer 8 h 81
T. versicolor Sulfadimethoxine >90% aer 72 h 82
Cerrena sp. HYB07 Oxytetracycline, tetracycline 80% aer 12 h 83
A. oryzae Ciprooxacin 51% aer 5 h 84
Ganoderma lucidum Triclosan (biocide) 90% aer 24 h 85

1506 | Environ. Sci.: Adv., 2024, 3, 1500–1512 © 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Pathway of the laccase enzyme.
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which mainly include phenols and aromatic amines; aer
degradation, they are directly transformed into free radicals
(Fig. 3).82,83 These free radicals are commonly known to initiate
domino reactions, primarily driving the complex trans-
formations of ECs through biological processes, such as
degradation by laccase and lignin synthesis.84 Moreover, the
laccase reaction involves one electron (1e−), oxidations
consecutive of four molecules of plummeting substrates,
concurrently with doubling electron reduction (2 × 2e−) for
oxygen atoms into H2O molecules of their respective mecha-
nisms. This method is accompanied by a catalytic exchange of
4H+ between parallel molecules.85,86 The laccase reaction
involves two half-reactions associated with an internal electron
transfer (IET) step and is supported by catalytic copper ions
located at the T1 copper (Cu) site and T2 Cu/T3 Cua/T3 Cub
trinuclear cluster (TNC) sites from the mechanistic, kinetical,
and structural points of view.85,87–89 The complete conservation
of the eleven residues (one Cys and ten His) forming the T1

copper and TNC laccase sites explains their essential role in the
catalytic action. In many studies, comparisons related to
sequences and mutagenic approaches have not been clearly
demonstrated.83–85,90,91 Furthermore, highly conserved residues
play important roles in various catalytic steps involved in lac-
case action.92 Despite these advances in the understanding of
the action of laccases in terms of structure–function, a complete
picture relating their molecular properties and mechanisms
with their kinetic performance remains unclear. In brief, how
these structural elements are automatically linked to catalytic
copper center function and how the kinetic performance of
these elements is inuenced are listed below.

In the rst half semi-reaction, 1e− substrate oxidation at the
T1 copper site takes place which is located in the substrate
binding pocket at the bottom. In T. versicolor laccase, this
substrate interaction region is delimited by several highly
conserved hydrophobic residues, namely, phenol (Phe) 162,
leucine (Leu) 164, Phe 265, Phe 332, and proline (Pro) 391,
which is useful for the formation of a favourable environment
for the docking of hydrophobic molecules and for the
© 2024 The Author(s). Published by the Royal Society of Chemistry
degradation of aromatic compounds substrates by laccase.
Moreover, the residue of fully conserved Asp 206 (near His 458
of the T1 copper site), situated in the binding pocket of the
substrate at the bottom, is useful for the substrate orientation
and stabilization through interaction with O–H bonds at the
catalytic copper site T1, by the participation of fully conserved
His 458.93 Finally, the last residue should be exposed using
a solvent in the interface for the binding cavity of the substrate.
Furthermore, Asp 206 acts as a useful mechanistic component
using electron subtraction promotion and the transfer of
substrate donor molecules from the T1 copper ion (Cu2+ /

Cu1+) with the His 458, direct interaction at T1 copper site.
Moreover, the high E°0 detected on this T. versicolor is related
directly to the Phe 463 residue at an axial position in the
center.94

6. Immobilized laccase in
biodegradation

In general, biodegradation is the result of advances in molec-
ular biotechnology, with important advantages over traditional
degradation or catalytic processes, including higher catalytic
behavior, higher specicity, higher reaction rate under mild
conditions of pH and temperature, lower energy consumption,
and most importantly, biodegradability.95 Basically, biodegra-
dation of ECs can be achieved in three different ways: (1) whole-
cell biodegradation, which involves using biological molecules
as biocatalysts, (2) isolated enzyme biodegradation, which
involves using isolated enzymes; and (3) isolated-immobilized
enzyme biodegradation, which involves immobilizing enzymes
into nanomaterials.96 The rst two methods have been widely
used for the biodegradation of ECs due to important properties,
including high reaction rates and relatively low cost and oper-
ation time.97 For example,98 a high biodegradation rate (96%)
for sertraline, clomipramine, mianserin, and paroxetine has
been reported using Pleurotus ostreatus as a biocatalyst.
However, both techniques might present problems, such as
potential cross-reactivity, side reactions, and poor or null
Environ. Sci.: Adv., 2024, 3, 1500–1512 | 1507
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Fig. 4 Routes for laccase immobilization into nanomaterials.
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reusability.96,99 On the other hand, the immobilization of
enzymes into suitable nanomaterials might provide an optimal
environment to reach high biodegradation rates. Several
important properties are enhanced during this process, i.e.,
higher thermal and pH stability, and improved storage stability,
long-term operation, reusability, and higher enzymatic
activity.100 Different enzymes have been reported as immobi-
lized enzymes for the biodegradation of ECs, including peroxi-
dases, oxidases, catalase, super oxidase dismutase, and
laccases.101 Laccases have gained signicant interest in devel-
oping novel immobilized materials for their application in the
biodegradation of emerging pollutants since they can catalyze
the biotransformation of a wide range of compounds, such as
phenols, dyes, pharmaceuticals, and many others.102 Different
nanomaterials, each one with different properties, have been
applied for the immobilization of laccases and its further
application in the biodegradation of ECs, including polymers,103

metals andmetal oxides,96 and carbon-based materials.104 Thus,
depending on the nanomaterial used and the procedure of
immobilization, the characteristics and properties of the lac-
case immobilized system change.73 The immobilization of lac-
cases into nanomaterials can be achieved by different methods
(Fig. 4), which are briey described below:

� Physical adsorption immobilization is mainly character-
ized since it is the simplest immobilization method, which
basically involves the interaction of the enzyme with the
1508 | Environ. Sci.: Adv., 2024, 3, 1500–1512
nanomaterial by the formation of weak ionic bonds that usually
are formed by the dissolution of the enzyme at controlled pH
and the subsequent addition of the host matrix96 Important
advantages of adsorption immobilization are low operational
costs and times, reusability, and increased catalytic stability.
However, since the enzyme–nanomaterial interaction is gov-
erned by weak binding forces, changes in pH, temperature, or
ionic strength, might produce a leaching effect.97,105

� The covalent immobilization technique is widely used due
to its important advantages, which include strong bindings
between enzymes and supports, high stability across varying pH
and temperature conditions, high uniformity, and good control
over the immobilized enzyme amount.106 Covalent immobili-
zation is a two-step process, in which rst, the host carrier is
activated by the addition of multifunctional reagents (e.g.,
glutaraldehyde and carbodiimide), which then promotes the
formation of covalent bonds with functional groups of the
enzyme, most commonly amino, carboxylic, phenolic, and
hydroxyl groups.96 Even though covalent immobilization offers
great advantages, due to the structural modication of the
enzyme aer the formation of the covalent bond, the active sites
of the enzyme might be deactivated, thus affecting the catalytic
properties.92

� Cross-linking immobilization involves the self-
immobilization of enzymes by the formation of cross-linkages
named cross-linked enzyme aggregates (CLEAs), which are
© 2024 The Author(s). Published by the Royal Society of Chemistry
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formed by the addition of bifunctional reagents, such as
glutaraldehyde, dialdehydes, diiminoesters, diisocyanates and
diamines, and the subsequent formation of a three-
dimensional complex structure through the interaction of
amine groups of the enzyme and the activated bifunctional
reagents.107 This method has the ability to form materials
resistant to the effects of pH and temperature, but a major
disadvantage is the loss of enzymatic activity aer
immobilization.106

� Entrapment and encapsulation are two similar methods
involving a two-step process, in which the enzyme and
a monomeric solution are mixed, and then polymerization of
the monomer connes/entraps the enzyme within the poly-
meric network without chemical interactions.96 These two
methods are characterized for providing signicant protection
from the external environmental conditions to the enzyme,
enhancing the stability and decreasing denaturation.74 On the
other hand, these methods have important mass transfer limi-
tations, which means that substrates might have problems in
reaching the active sites of the conned enzyme.70,97
7. Laccase as a biocatalyst for
biodegradation

Immobilized laccases have been widely implemented as bio-
catalysts in the biodegradation of different ECs (Table 3). Even
though the application of laccases as biocatalysts might be
achieved either through free or immobilized enzymatic systems,
it is well known that through the implementation of immobi-
lized laccase biocatalysts, it is possible to overcome the major
disadvantages of using free enzymes, which are discussed
above.11 Different nanomaterials and immobilization methods
Table 3 Application of isolated-immobilized laccases in the biodegrada

Laccase source Support
Immobilization
method

Emerging
contaminan

Trametes
versicolor

Polyimide
aerogels

Covalent CBZ

Trametes hirsuta PVDF/
MWCNTs

Adsorption CBZ

Trametes
versicolor

CNTs Adsorption Dyes

Trametes
versicolor

Fe3O4@
C–Cu2+

Adsorption Dyes

Trametes
versicolor

DAY Adsorption BPA

Aspergillus avus GO Covalent Azo dyes

Trametes
versicolor

Copper
alginate

Entrapment 2,4-DCP

Trametes
pubescens

Chitosan Entrapment Dyes

Trametes villosa CLEAs Cross-link RIF, INH

a Carbamazepine (CBZ), polyvinylidene uoride (PVDF), multiwalled c
dealuminated form (DAY), graphene oxide (GO), 2,4-dichlorophenol (2,
cross-linked.

© 2024 The Author(s). Published by the Royal Society of Chemistry
have been applied to design laccase-based biocatalysts for the
biodegradation of different ECs. For example, adsorption
immobilization was reported to be effective for the biodegra-
dation of CBZ, bisphenol A (BPA), and synthetic dyes, by the
immobilization of laccases into polymers,108 carbon-based
nanomaterials,109 and metal-based nanomaterials.110 More-
over, covalent, entrapment, and cross-link immobilization have
been implemented to design novel biocatalysts by using poly-
mers, metal oxide, and carbon-based nanomaterials.115

Moreover, Ma et al. (2018) also described the biodegradation
of dyes, including CV, Congo red (CR), indigo blue (IB), and
others by the entrapment of laccases from Trametes pubescens
into a polymeric chitosan matrix. In this case, biodegradation
rates reached about 79%. However, the biodegradation of dyes
by implementing this biocatalyst was achieved aer 96 h, which
might be mainly attributed to the characteristic mass transfer
limitations achieved aer entrapment immobilization.74,114

The application of immobilized enzyme systems as bio-
catalysts for the biodegradation of ECs is an important
approach to deal with the increasing environmental impact that
ECs might have on human well-being and the environment.10

Thus, designing a novel and highly catalytic biocatalyst is
a critical point as a prospect; a suitable biocatalyst might be
designed in two main steps: (1) preparation of the host carrier
material and (2) choosing a suitable immobilization method.96

8. Conclusion and future prospects

In summary, laccases play a crucial role in breaking down ECs.
Leveraging modern protein engineering tools makes the use of
laccases viable. However, optimizing various factors such as pH,
temperature, suspended solids, and mechanical stress is
essential to maximize laccase yield. Extensive optimization is
tion of emerging contaminantsa

t Conditions
Biodegradation
rate (%) Reference

20 ng mL−1 of CBZ, 200 rpm,
25 °C, 24 h

74–76 108

5 ppm of CBZ, 223 U mL−1

of catalysts, pH 5, 25 °C, 4 h
95 109

10 mg L−1 of dye, 0.08 g L−1

of catalyst, 35 °C, 3 h
96 111

5–200 mg L−1 of dye, pH 4.5,
50 °C, 1 h

75–99 112

1 mL BPA 2 mM, pH 4.5,
5 mg of catalyst, 45 °C, 1 h

86.7 110

300 mg L−1 of catalyst,
10 ppm of dye, pH 5, 45 °C, 0.2 h

48.7–88.7 76

10 mg mL−1 of 2,4-DCP,
pH 4.6, 40 °C, 10 mh

96.4 113

50 mg mL−1 of dye, 10 g of
catalyst, pH 5, 55 °C, 96 h

37–79 114

5 mg mL−1 of drug, 100 U L−1

of catalyst, pH 5, 40 °C, 24 h
71–95 115

arbon nanotubes (MWCNTs), bisphenol A (BPA), sodium zeolite Y
4-DCP), ultraporous alumina (UPA), rifampicin (RIF), isoniazid (INH),
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pivotal for generating substantial laccase biomass, which holds
the potential for addressing the pressing challenge of waste-
water treatment and purication in the commercial sector.
Presently, safeguarding natural water bodies from pollutants
stemming from ECs is an urgent concern. These pollutants,
encompassing plastics, herbicides, fertilizers, dyes, phthalates,
pharmaceuticals, and personal care products, nd their way
into water bodies through direct runoff and disposal. The
degradation of these substances is paramount. Laccases emerge
as efficient biocatalytic agents, adept at converting these
compounds into less harmful and inert derivatives. It's worth
noting that complexities like the intricate composition of
contaminated water (high salt concentrations and/or elevated
pH levels) pose obstacles to efficient degradation. Nonetheless,
contemporary techniques like laccase engineering offer prom-
ising solutions. Encouraging reports have highlighted success-
ful EC degradation. Yet, transitioning these processes to pilot-
scale bioprocesses hinges on economic feasibility. Immobiliz-
ing laccases presents a viable strategy for treatment procedures.
Nevertheless, the time-intensive nature of laccase extraction
and purication remains a challenge. In this regard, producing
recombinant laccases with increased activity and stability holds
immense promise. This advancement could streamline the
enzyme purication process, signicantly enhancing cost-
effectiveness.
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S. Sauvé, Chemosphere, 2017, 166, 400–411.
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