Vol. 77, No. 3 / 2025 INMATEH - Agricultural Engineering

THE USE OF LACCASES IN THE BIOREMEDIATION OF AGRICULTURAL SOILS: A
SUSTAINABLE APPROACH FOR THE FUTURE
/
UTILIZAREA LACAZELOR iN BIOREMEDIEREA SOLURILOR AGRICOLE: O
ABORDARE DURABILA DE VIITOR

Mariana IONESCU"), Mariana — Gabriela MUNTEANU*", Bianca — Stefania ZABAVA"), Georgiana MOICEANU",
Mirela - Nicoleta DINCA", Elena - Valeria VLADUT", Gigel PARASCHIV"), Mariana FERDES"
" National University of Science and Technology POLITEHNICA Bucharest / Romania;
Tel: +40767236522; E-mail: mariana.munteanu@upb.ro

DOI: https://doi.org/10.35633/inmateh-77-87

Keywords: laccases, soil pollution, bioremediation, agricultural soil, sustainable remediation

ABSTRACT

Agricultural soil contamination is one of the major global environmental problems, with direct effects on
ecosystem quality, agricultural productivity, and human health. Among the methods for remediating
contaminated soils, bioremediation is one of the most economical and environmentally favourable innovation.
Laccases, enzymes produced by fungi, bacteria, and certain plants, are especially valuable because they can
degrade a wide range of hazardous organic pollutants by simple oxidation reactions. This review summarizes
the bioremediation concept, the most recent developments in soil bioremediation, and the environmental
importance of this concept. Also, the article presents the action mechanisms of laccases, the life cycle analysis
for bioremediation systems with laccases, providing a comprehensive overview for future developments.

REZUMAT

Contaminarea solului agricol este una dintre principalele probleme de mediu la nivel mondial, cu efecte directe
asupra calitétii ecosistemului, productivitatii agricole si sa&natétii umane. Dintre metodele de remediere a
solurilor contaminate, bioremedierea este una dintre inovatiile cele mai economice si mai prietenoase cu
mediul inconjurétor. Lacazele, enzime produse de ciuperci, bacterii si anumite plante, sunt deosebit de
valoroase deoarece pot degrada o gama largé de poluanti organici periculosi prin simple reactii de oxidare.
Aceasté lucrare rezuma conceptul de bioremediere, cele mai recente evolutii in domeniul bioremedierii solului
si importanta ecologicad a acestui concept. De asemenea, articolul prezintd mecanismele de actiune ale
lacazelor, analiza ciclului de viaté pentru sistemele de bioremediere cu lacaze, oferind o imagine de ansamblu
cuprinzatoare pentru cercetarile viitoare.

INTRODUCTION

Lately, population growth, technological progress, intensive industrial activities, and the continuous
development of synthetic compounds have led to an increase in the levels of hazardous contaminants that are
affecting the environment, accumulating in the soil, water, and air (Romero-Martinez et al., 2024; Bonnet et
al., 2025). Moreover, industrialization has led to an increase in the quantity and diversity of chemical
substances in the environment, many of which are absorbed and retained by the soil for long periods of time
until they are treated (Sridharan and Krishnaswamy, 2021). Soil contamination with chemical substances
represents a serious threat, and the detection and monitoring of new and emerging pollutants is becoming a
priority, given their impact on the environment and human health. Emerging contaminants include a wide range
of chemicals resulting from human activities, such as domestic, agricultural, industrial, and medical activities
(Lee et al., 2024; Oprea et al., 2009). Contamination changes the structure of the soil, which can become
unsuitable or even abandoned when pollutant levels exceed the permissible limit. Depending on their nature,
pollutants are biodegradable or non-biodegradable (Sridharan and Krishnaswamy, 2021).

According to The Food and Agriculture Organization (FAQO), agricultural soils can be contaminated
with various compounds originating from both direct sources (such as the application of pesticides and
fertilizers) and indirect sources (such as flooding or atmospheric deposition) (FAO, Sources of soil pollution).
Figure 1 shows the main sources of agricultural soil pollution.
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Fig. 1 - The main sources of agrlcultural soil pollution
(FAO, Sources of soil pollution)

For example, between 1990 and 2022, the global use of pesticides in agriculture steadily increased,
reaching 3.69 million metric tons in 2022. The increase in global pesticide use raises concerns about their
impact on the environment. These substances can have harmful effects on both human health and animal
species, while also contaminating soil, water, and vegetation (Dokua D., 2025).

Thus, the excessive use of pesticides and fertilizers in agriculture has led to soil pollution with heavy
metals, which has resulted in lower crop yields and reduced food quality (Su et al., 2014, Pereira-Silva et al.,
2025). Moreover, agricultural soil pollution also hinders the achievement of the Sustainable Development
Goals (SDGs), such as goal 2, Zero hunger and goal 12, Responsible consumption and production
(https://sdgs.un.org/goals). ldentifying and managing sources of pollution, as well as implementing the
necessary preventive measures to protect people and the environment, are essential issues addressed at a
global level (Nuruzzaman et al., 2025). Therefore, modern and sustainable methods of remediating
contaminated agricultural soils must be developed. The bioremediation strategy uses microorganisms to break
down or remove dangerous pollutants from the environment, turning them into less harmful or non-toxic
compounds (Fouad et al., 2022).

Conventional physical and chemical remediation methods often generate significant amounts of
chemical waste and involve high costs. In comparison, biological methods represent economical and
environmentally friendly alternatives to traditional methods and are therefore essential for protecting
ecosystems and public health (Abu -Tahon et al., 2025). Unlike conventional physico-chemical methods,
bioremediation strategies are considered a more attractive alternative due to their potential to remove
emerging pollutants from waste streams in an economical and sustainable manner (Bonnet et al., 2025).

In recent years, enzymes have gained significant importance in industry, and laccases are among
them, being widespread in nature. They represent one of the oldest and best-studied enzyme systems
(Shraddha et al., 2011). Laccases, which belong to the multicopper oxidase family, are versatile enzymes that
can degrade a range of organic pollutants, including pesticides, polycyclic aromatic hydrocarbons, and
pharmaceuticals products. Laccases (EC 1.10.3.2) are found in bacteria, fungi, and plants (Bonnet et al., 2025;
Bhatt et al., 2023). Laccases have numerous applications in various industrial and technological fields, the
most significant being (Mate and Alcalde, 2015): soil bioremediation, biofuels, food industry, paint industry,
textile industry, paper industry, biomedical industry, cosmetics industry and organic chemistry.

This review summarizes the bioremediation concept, the most recent developments in soil
bioremediation, and the environmental importance of this concept. Also, the article presents the action
mechanisms of laccases, the life cycle analysis for bioremediation systems with laccases, providing a
comprehensive overview for future developments.
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PRINCIPLE OF BIOREMEDIATION

Introduction to bioremediation

Soil is the fundamental environmental component that forms the ecosystem and serves as the material
foundation for human society's industrial and agricultural output, as well as daily life (Anae et al., 2020).
However, soil is also a natural resource that is hard to replenish. Additionally, soil is crucial for preserving
natural balance and safeguarding human health and food safety (Lv et al., 2022). The ecosystem, especially
the soil, has become contaminated as a result of increased global industrialization and intensive farming
caused by the growing human population (Alori and Fawole, 2017). Soil contamination occurs when
contaminants generated by human activity enter the soil ecosystem through a variety of channels and their
concentration overcomes the soil's ability to accommodate and assimilate them (Li et al., 2018). Changes in
the fundamental physical and chemical characteristics of soil can result from this phenomena. Additionally,
these modifications could cause the soil's natural environment function to become unbalanced and deteriorate
(Wu et al., 2018; Papageorgiou et al., 2021).

Remediation is the process of eliminating harmful compounds from the environment or substituting
them with less dangerous ones (Uloaku et al., 2022). Currently, various methods for soil remediation have
been developed and applied. Among the factors that affect the applicability of remediation method are the
remediation efficiency, contamination type, and cost-effectiveness. Previously, excavation, landfill disposal,
and waste treatment techniques (like incineration and inertisation) were used for remediation of contaminated
soils. In recent decades, the understanding of remediation methods has developed rapidly. Risk assessment
is now the foundation of soil remediation procedures, and several treatment methods seems suitable at the
field scale (Santos et al., 2025).

Remediation technologies can be classified into two major categories, in situ and ex situ. The ex situ
category includes the remediation methods which involve the excavation and transfer of contaminated soils
for treatment. Ex situ technologies include the added cost of excavation and transportation, but they are
typically controlled better and involve less time. Ex situ treatments often cause the soil's organic matter and
structure to deteriorate, making restoration more difficult, expensive, and time-consuming. By in situ
remediation methods, the soil pollutants are removed right at the pollution site (Romantschuk et al., 2023).
The in situ methods sometimes involve some soil manipulation in order to add compounds that will accelerate
the remediation process. The most significant benefit of in situ treatment is that it makes it possible to treat soil
without the need for excavation and transportation, which could result in significant cost savings and less
environmental effects (FAO and UNEP, 2021).

Another classification of remediation technologies is made by taking into account the type of operation
on which the process is based. Thus, according to the United States Environmental Protection Agency
(USEPA) remediation techniques can be categorized into biological, chemical, physical, and thermal methods
(Uloaku et al., 2022). Figures 2 and 3 present the categories of in situ and ex situ technologies used for soil
remediation.

Bioremediation techniques

Biological remediation has received a lot of interest lately because it is considered to be a more
environmentally friendly option given the negative effects linked to other techniques (Dinca et al., 2025).
Biological (nature-based) remediation methods involve the use of soil-dwelling organism (microorganisms
such as bacteria and fungi, macroorganisms, or plants) to degrade the pollutants. A biological remediation
strategy can frequently combine more than one method, to improve the contaminants biodegradation (FAO
and UNEP, 2021).

Bioremediation represents the process of using microorganisms (bacteria, fungi, algae, and plants) to
break down, modify, immobilize, eliminate, or detoxify different physical and chemical contaminants from the
environment. The enzymatic metabolic pathways of microorganisms accelerate the biochemical reactions that
degrade contaminants (Nannipieri et al., 2002; Khalid et al., 2021). Microorganisms must come into contact
with substances that give them the energy and nutrition they require to grow and multiply in order to combat
contaminants (Garg et al., 2012).
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Fig. 2 - In situ remediation technologies of soil
(adapted after FAO and UNEP, 2021)

Bioremediation is one of the treatment techniques that has gained significant attention as it is an
efficient, economical and environmentally friendly technique (Feng et al, 2021). Several factors must be taken
into account when choosing the appropriate method of bioremediation, including: pollutant type and
concentration, affected area, remediation method cost, depth of contamination, oxygen concentrations,
amount of nutrients, ambient temperature, soil properties, soil moisture and pH, environmental policies
(Koshlaf and Ball, 2017; Alori et al, 2022; Micle and Sur, 2021). Figure 4 presents the most used methods of
bioremediation, classified as in situ and ex situ methods.

Ex situ bioremediation

Biopiling represents a bioremediation method widely utilized for ex situ remediation of soils
contaminated by a variety of pollutants. In biopiling, the contaminated soil is dug up and placed in piles,
followed by homogenizing and amending the excavated soil to improve the conditions for pollutants
biodegradation by microorganisms. Biopiles, named also biocells, are frequently built and handled similarly to
a compost windrow. Microorganism’s activity can be increased aerobically or by supplying nutrients and
minerals, and modifying pH or moisture (Germaine et al., 2015). Extreme air temperatures can slow down
bioremediation by drying out the soil and increasing the probability that it will evaporate rather than be broken
down by microorganisms (Ojha et al., 2021).
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Fig. 3 - Ex situ remediation technologies of soil (adapted after FAO and UNEP, 2021)
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Fig. 4 — Bioremediation techniques
(adapted after Bala et al., 2022)
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Similar to biopiling, composting is an aerobic ex situ technique that mixes the excavated
contaminated soil with organic additions (such as straw or green waste) and a non-hazardous bulking agent
to confer on microorganisms the ideal amounts of moisture and oxygen. The mixture typically consists of 75%
contaminated soil and 25% organic fraction. However, this can be modified depending on different soil types,
pollutant concentrations, and other factors. In order to improve the composting process, the pile may be
mechanically stirred to maintain aeration, homogenize the mixture, and provide uniform biological activity
across the pile (Fitri et al., 2017).

Land farming represents a bioremediation method that is widely spread due to its low operating costs,
process simplicity, absence of special equipment, and small ecological footprint (Janssen and Stucki, 2020;
Wang et al., 2021). This method assumes that excavation of polluted soil, followed by the transportation to the
land farming site and the soil spreading in a thin layer on an impermeable surface or a biologically active land.
Sometimes organic amendments (such as manure or sewage sludge) are added to the contaminated soll
before it is ploughed into the soil's surface. This approach promotes biodegradation by the natural
microorganisms, aerobically stimulated by repeated ploughing, and by supplying nutrients to support
microorganism growth (Patel et al., 2022).

Bioreactors are equipment where the polluted soil is mixed with nutrients to stimulate the
microorganism’s activity, resulting in the degradation of pollutants. Bioreactors can be open or closed and can
operate aerobically or anaerobically, accordance with the contaminants and microorganisms involved in the
degradation process. Among the advantages of bioreactors are shorter remediation times and high process
controllability (Davoodi et al., 2020).

In situ bioremediation

Natural reduction is also known as in situ bioremediation. Intrinsic bioremediation involves the use
of contaminated sites without requiring human intervention. This process aims to stimulate a microbial
population that already exists in the respective site. The biodegradation process of contaminants, as well as
those that are resistant, is based on aerobic and anaerobic reactions in microorganisms. Because this
approach requires minimal external input, natural attenuation is considered a low-cost remediation method
(Gurkok, 2021; Sharma, 2019).

Bioventing represents a method that uses regulated airflow to stimulate the activity of native microbes
by supplying oxygen to the unsaturated zone. The addition of moisture and nutrients during the bioventing
procedure facilitates the bioremediation process. As a result, contaminants will be converted by microbes into
harmless compounds. Bioventing is a technique that stimulates native microflora by supplying sufficient
aeration, thereby enhancing microbial biodegradation and promoting the removal of heavy metal pollutants
through precipitation (Anekwe and Isa, 2021).

Biosparging represents a bioremediation method (mostly used to remove petroleum), similar to
bioventing, which involves injecting air into subsurface soil in order to facilitate the degradation of pollutants.
But when biosparging is used, air is added to the saturated zone, which encourages volatile organic
compounds to move to the unsaturated zone, where biodegradation occurs (Azubuike et al., 2016).

Natural attenuation is an in situ treatment technique that lowers the concentration of pollutants and
stops the spread of pollution from chemical spills by utilizing natural processes. Depending on whether the
method eliminates the contaminant or only lowers its concentration, it can be classified as either destructive
or non-destructive. Natural attenuation is a proactive method that focuses on confirming and monitoring natural
remediation processes rather than only depending on manufactured procedures (Ebuehi et al., 2005; Declercq
etal., 2012).

Bioslurping represents a multiphase extraction technique that combines elements of bioventing,
vacuum-enhanced extraction, and free-product recovery to remove light non-aqueous phase liquids (LNAPLSs),
such as gasoline or diesel, while stimulating biodegradation of residual hydrocarbons in the subsurface
(Anekwe and Isa, 2021). The bioslurping method presents the advantage to reduce the costs related to
storage, processing and disposal, but the disadvantage is that microbial activity, Oz transfer rate, and air
permeability are all decreased by excessive soil moisture.

Biostimulation is a process that optimizes environmental conditions through the addition of limiting
nutrients, biopolymers, or biosurfactants, to enhance microbial growth, thereby increasing metabolic activity
and accelerating contaminant degradation. Biostimulation is one of the most widely used bioremediation
techniques, owing to its low cost and high efficiency.
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As disadvantages of biostimulation, the long period of treatment and the limited number of
microorganisms that can totally mineralize the contaminants can be mentioned (Sales da Silva et al., 2020;
Lopes et al., 2022).

The bioremediation method named bioaugmentation is a technique of improving microorganism
populations' performance by introducing genetically modified bacteria, cultivated bacterial isolates, or consortia
enriched with particular catabolic activities to accelerate the contaminants degradation. Through the
bioaugmentation technique, pollutants that are resistant to the indigenous microbiota are degraded by
exogenous microorganisms. Although bioaugmentation is a non-invasive and relatively rapid method, it has
the disadvantages of high energy consumption and is often considered to result in incomplete remediation
(Adams et al., 2020; Myazin et al., 2021).

LACCASES - STRUCTURE, PROPERTIES, AND MECHANISM OF ACTION

Laccases are a class of multicopper oxidoreductase enzymes that catalyse the oxidation of a wide
range of aromatic and non-phenolic compounds, while simultaneously reducing molecular oxygen to water.
These enzymes are found in numerous organisms, from plants and fungi to bacteria and some insect species,
and play an important role in biological oxidation and detoxification processes (Jones and Solomon, 2015).

From a biochemical point of view, laccases show great diversity in terms of temperature and pH
stability, specific activity, and range of oxidizable substrates. They can act on phenolic compounds, aromatic
amines, synthetic dyes, as well as persistent organic pollutants. In addition, some enzyme forms can be
stabilized and enhanced through the use of redox mediators, thereby extending their oxidation capacity
(Hilgers et al., 2018). Therefore, studying the structure, properties, and mechanism of action of laccases
provides a fundamental scientific basis for the development of sustainable technologies that harness natural
oxidation processes to reduce the chemical impact on the environment (Brugnari et al., 2021).

Laccases produced by fungi, bacteria and plants present different molecular structure, redox potential
and environmental adaptability, making them suitable for soil bioremediation (Baldrian, 2006, Giardina et al.,
2010; Janusz et al., 2020). In their natural environment, microorganisms can produce laccases during
substrate degradation, as well as in the processes of protection, virulence and pathogenicity, sporulation, and
pigment synthesis. The most important bacteria that produce laccases are those included in the Firmicutes,
Cyanobacteria, Proteobacteria, Actinobacteria, Aquificae, Deinococcus-Thermus, Archaea phyla, and some
human pathogens. Bacterial laccases can be synthesized extracellularly or intracellularly, during the
exponential growth phase, and when a certain substrate is present. Fungal laccases are mostly synthesized
by fungi from Basidiomycota, Ascomycota, Zygomycota, Chytridiomycota and Oomycota phyla. Fungal
laccases usually present a higher redox potential than the bacterial laccases and are well known for their ability
to breaking down lignocellulosic material. Also, fungal laccases are involved in the decomposition of different
substrates, including phenolic compounds, aromatic amines, polycyclic aromatic hydrocarbons (PAHs),
pharmaceuticals, synthetic dyes. Plant laccases are synthesized by various species, including pears, turnips,
cabbages, apples, potatoes, asparagus, and others. Plant laccases are mainly associated with lignin
metabolism but provide useful insights into enzyme behaviour in solid matrices (Madhavi and Lele, 2009). In
soil systems, laccase activity is dominated by solid-phase catalysis, where enzymes interact with pollutants
bound to soil particles, emphasizing the role of enzyme adsorption and redox mediation (Morozova et al., 2007;
Paraschiv et al., 2022).

The importance of laccases for the environment

In the context of rapid urbanization, anthropogenic activities, industrial expansion, and economic
growth have intensified the exploitation of natural resources, leading to significant challenges in waste
management, disposal practices, and the emergence of various environmental pollutants. To ensure a
sustainable environment, these contaminants must be efficiently removed or degraded. Microorganism- or
enzyme-based bioremediation offers a promising approach, enabling the degradation and/or transformation of
pollutants into less toxic or non-toxic compounds. Laccase, an oxidoreductase enzyme produced by diverse
microorganisms, is particularly notable due to its broad substrate range and ability to catalyse single-electron
oxidation reactions across numerous chemical structures. These characteristics make it highly effective for the
degradation of chemical contaminants, including emerging pollutants. However, large-scale applications
require enhanced reusability, thermal stability, and operational robustness. These demands have driven the
development of strategies such as enzyme immobilization and protein engineering to obtain more resilient and
efficient laccase variants (Dong et al., 2023).
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The significance of fungi and their enzymatic systems in pollution control and environmental
management have become increasingly well recognized. Among the enzymes with major environmental
relevance are hydrolases, laccases, lyases, peroxidases, tyrosinases, and cytochrome P450
monooxygenases (Kiies, 2015; Martinkova et al., 2016).

Along with hydrolase enzymes, laccases have gained increasing interest due to their effectiveness in
treating environmental pollutants and degrading household, industrial, and agricultural waste. The rising
accumulation of potentially hazardous substances highlights the need to harness the biodegradative capacity
of these enzymes (Paraschiv et al., 2022).

Because of their low substrate specificity, laccases can transform a wide range of compounds while
producing only water as a by-product (Zhang et al., 2020; lark et al., 2019). Consequently, they are increasingly
applied in the treatment of degradation of antibiotics, dyes, agro-waste, in textile and pulp industries etc (Figure
5).

degradation

of antibiotics

agro — waste

degradation
treatment

of dyes

The use of
laccases

textile

pulp
industries

industries

Fig. 5 - The application of laccases in the degradation of hazardous compounds
(adapted after Paraschiv et al., 2022)

Regarding antibiotic degradation, the most frequently studied classes include penicillins, tetracyclines,
sulphonamides, quinolones, and trimethoprim, with particular attention given to sulfamethoxazole and
tetracycline. In one study, the laccase from T. versicolor was used for penicillin degradation, achieving removal
efficiencies ranging from 54 to 100% (Balcazar-Lopez et al., 2016). The same laccase was also applied to the
degradation of sulphonamides, reaching 100% efficiency after 8 h, and to tetracycline, with an efficiency of
78% after 18 h (Rodriguez-Rodriguez et al., 2012; Llorca et al., 2015).

The textile industry is a major contributor to global pollution, releasing approximately 280.000 tons of
dyes into the environment each year (Pierrat et al., 2023), over 70% of which are azo dyes with carcinogenic,
mutagenic, and teratogenic effects due to the stability of their azo (-~N=N-) bonds, thereby intensifying the
harmful impact of untreated industrial wastewater on environmental and public health (Golka et al., 2004;
Franca et al., 2020). Various physical and chemical methods—such as membrane filtration, adsorption,
electrocatalytic degradation, and Fenton oxidation—have been applied for azo dye removal (Hasan et al.,
2020; Maiti et al., 2023). More recently, enzymatic degradation has emerged as an eco-friendly alternative due
to its low energy demand and absence of secondary pollutants. Enzymes such as azoreductase, peroxidase,
and notably laccase have shown high potential for azo dye degradation (Misal and Gawai, 2018). However,
free laccase suffers from limited stability and poor reusability, which has prompted extensive research on
immobilization techniques to enhance its performance (Kashefi et al., 2019). Regarding the treatment of agro-
waste using laccase, Schroyen et al. evaluated corn stover pretreatment with laccase, manganese peroxidase,
and versatile peroxidase over incubation times of 0, 6, and 24 h (Schroyen et al., 2014). They reported that
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laccase pretreatment enhanced methane production by 25%, while peroxidase pretreatment led to a 17%
increase. In addition, the application of MetZyme, a novel bacterial laccase, was evaluated; when used in
combination with alkali extraction, it enhanced the hydrolysis and fermentation of steam-exploded wheat straw,
leading to increases of 21% and 30% in glucose and xylose concentrations, respectively (Moreno et al., 2016).

In the textile and pulp industries, fungal laccase is used for bio-bleaching, helping to remove synthetic
dyes and inks. These compounds, which often exhibit toxicity and are difficult to break down because of their
complex aromatic structures, can harm aquatic ecosystems by lowering oxygen levels and reducing microbial
photosynthesis (Cafias and Camarero, 2010). Laccase can degrade them, but typically requires synthetic
mediators such as 1-hydroxybenzotriazole (HBT), 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS), or violuric acid (VLA) (Yesilada et al., 2018).

In food processing, laccase removes phenolic compounds that cause haze and colour instability in
beverages like wine, beer, and juices. It can also induce protein crosslinking through natural mediators,
improving the texture, functionality, and nutritional quality of various plant- and dairy-based products (Li et al.,
2021; Manhivi et al., 2018).

Properties of laccases

Laccases are multicopper enzymes characterised by a distinctive molecular structure. They are
distinguished by the presence of three different types of copper (T1, T2, and T3) integrated into an active
centre that has the ability to successfully transfer electrons. The structure of the enzyme in its active form
consists of a trinuclear group composed of T2 and T3 copper, to which T1 copper is added, which is
responsible for capturing electrons from the substrate. This structure allows the direct reduction of molecular
oxygen to water without creating dangerous reactive intermediates such as hydrogen peroxide or free radicals.
In addition, T1 copper and the transfer of charge from cysteine to the Cu (Il) ion are responsible for the
characteristic absorption in the 600 nm region, which gives laccase its blue colour (Gatgzka et al., 2023).

Most fungal laccases are monomeric or oligomeric (dimer or tetramer) glycoproteins with molecular
weights between 60 and 100 kDa, of which up to 50% are carbohydrates. Thermal stability, resistance to
proteolytic degradation, and copper retention in the enzyme structure depend on this glycosylation. Attached
monosaccharides, such as glucose, mannose, galactose, and arabinose, provide additional stability and allow
for efficient secretion of enzymes into the extracellular environment. This is a characteristic of most fungal
laccases (Galhaup et al., 2002). In terms of physicochemical properties, laccases function best at pH values
of 3.5-5 for fungal forms and 6.5-7.5 for plant forms. This demonstrates the evolutionary adaptation of
enzymes to their physiological environment. Intracellular laccases in plants polymerize monolignols during
lignin formation, while extracellular fungal laccases, secreted in acidic environments, are mainly responsible
for the decomposition of phenolic compounds in the environment (Madhavi and Lele, 2009).

From an evolutionary perspective, the spread of laccases across different phases of biological life
indicates that this enzyme is quite old. Phylogenetic studies on multicopper oxidases show that simple
structures with two cupredoxin domains, which are specific to bacterial laccases, preceded three-domain
laccases, which are specific to fungi and plants. This modular derivation shows progressive functional
specialization. It begins with antioxidant protection functions and engages in the remodelling of lignocellulosic
materials (Janusz et al., 2020).

The thermal stability of laccases is influenced by a number of physicochemical factors, such as the
compact organization of the protein globule, the degree of hydrophobicity, the distribution of charged residues
on the protein surface, the number of intramolecular salt bridges and hydrogen bonds, as well as the presence
of specific amino acid residues in higher proportions. These structural elements contribute to considerable
variability in thermal stability, observed both between different species and even between distinct isolates of
the same species (Hildén et al., 2009).

Regarding enzymatic activity, most laccases reach their optimal performance at temperatures typically
ranging from 50 to 70 °C, indicating a functional adaptation to relatively warm environments. However, there
are enzyme variants with different behaviour, whose maximum activity occurs at lower temperatures, below
35 °C (Baldrian, 2006).

Many xenobiotic chemical substances, including synthetic dyes, antibiotics, polycyclic aromatic
hydrocarbons, and aromatic amines, can be oxidized by laccases. However, several substituted phenols are
the usual substrates for laccases (Giardina et al., 2010). The quantity and type of substituents in the phenolic
ring also affect the catalytic effectiveness of different substances. Compared to laccases of ascomycetes,
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plants, and bacteria, laccases of basidiomycetes have a wider substrate specificity because of a larger redox
potential. Additionally, mediators—low molecular weight substances that function as electron shuttles—can be
used to increase the substrate specificity of laccases (Loi et al., 2021).

Laccases — Production microorganisms

Laccases constitute a phylogenetically diverse group whose enzymatic systems are essential for
degrading natural organic matter and transforming xenobiotic contaminants. Laccase enzymes are prevalent
in fungi, bacteria, and actinomycetes, underscoring their ecological significance and metabolic adaptability
(Shraddha et al., 2011; Mahuri et al., 2023). In recent years, researchers have focused on microbial laccases
due to their strong catalytic abilities, wide range of substrates and potential for sustainable bioremediation. As
agricultural soils are increasingly polluted by persistent chemicals such as pesticides, pharmaceuticals, dyes,
phenolic compounds, and polycyclic aromatic hydrocarbons, studying microbes that produce laccases has
become important for creating environmentally sustainable remediation methods (Janusz et al., 2020).

Among microorganisms, filamentous fungi, particularly white-rot Basidiomycetes, are recognized as
the most abundant and efficient natural producers of extracellular laccases. Species such as Trametes
versicolor, Pleurotus ostreatus, Cerrena unicolor, Phanerochaete chrysosporium, and Lentinus tigrinus are
consistently identified as high-yield laccase producers because of their ligninolytic enzymatic systems, which
have evolved to decompose complex aromatic polymers in wood (Yang et al., 2017, Brijwani et al., 2010).
These fungi secrete several types of laccases, each with different biochemical features, allowing them to
oxidize a wide range of substrates. Their high redox potential, ability to secrete extracellular enzymes, and
functionality in acidic environments make them highly effective for oxidative degradation processes. Such
processes are crucial for soil bioremediation. The physiological functions of fungal laccases include lignin
depolymerization, pigmentation, sporulation, detoxification of phenolic compounds, and protection against
oxidative stress, highlighting their ecological significance (FEMS Review, 2006; Janusz et al., 2020).

A notable characteristic of fungal laccases is their inducibility by environmental stress factors, including
copper ions, aromatic compounds, xenobiotics, and lignocellulosic residues. Exposure to these stressors
frequently upregulates laccase gene expression and enhances enzyme secretion, which can be strategically
utilized in biotechnological applications (Yang et al., 2017; Guan et al., 2025). In addition, solid-state
fermentation with agricultural wastes such as rice straw, wheat bran, corn cobs, and sugarcane bagasse has
been shown to significantly increase laccase production, providing a cost-effective and sustainable method for
large-scale enzyme synthesis (Wang et al., 2019). The interaction between fungal metabolism and agricultural
biomass is particularly advantageous for soil remediation, as residues or composted agro-waste can serve as
both a treatment medium and a substrate for laccase induction.

Although fungal laccases have been extensively studied, bacterial laccases are gaining attention for
their superior physicochemical stability. Genera such as Bacillus, Streptomyces, Pseudomonas, Azospirillum,
and Ralstonia produce laccases with unique structures that remain stable at high temperatures, alkaline pH,
and in the presence of pollutants, including heavy metals and industrial dyes (Acién et al., 2016; Chauhan et
al., 2017; Elsayed et al., 2023). The unique properties of bacterial laccases make them effective for remediation
in environments where fungal enzymes may fail. For example, Bacillus aryabhattai TFG5 exhibits both strong
laccase and tyrosinase activities, providing dual oxidative functions vital for breaking down complex pollutants
(Muniraj et al., 2022). In addition, Bacillus cereus strains from dye-contaminated effluents produce substantial
extracellular laccase, which remains active against synthetic dyes and aromatic wastes, highlighting their
biotechnological value in soil and water treatment (Bhelose et al., 2024; Thangaraj et al., 2020).

Bacterial laccases are classified as either classical three-domain multicopper oxidases or as the more
compact two-domain bacterial laccases. The two-domain bacterial laccases exhibit enhanced thermostability
and resistance to denaturing agents, which makes them promising candidates for industrial-scale remediation
processes (Chauhan, 2017). These characteristics are especially important in agricultural soils, where
fluctuating conditions, such as pH changes resulting from fertilizer application or seasonal temperature
variations, can hinder the effectiveness of bioremediation. Consequently, bacterial laccases provide the
resilience and adaptability required to enhance bioremediation in dynamic soil environments.

Actinomycetes represent a significant microbial group capable of laccase production, yet they have
received less research attention compared to fungi and common soil bacteria. Genera including Streptomyces,
Micromonospora, and Thermomonospora display laccase activity linked to their ability to degrade complex
plant materials, pigments, and xenobiotic compounds (Goodwin et al.,2010; Fernandes et al., 2014).
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Laccases from actinomycetes often exhibit enhanced stability under alkaline conditions, distinguishing
them from fungal laccases and thereby increasing their applicability in environments with neutral or slightly
alkaline pH levels. Recent investigations of actinomycetes from mangrove, marine, and terrestrial ecosystems
have demonstrated their ability to degrade synthetic dyes, textile effluents, phenolic pollutants, and
polyethylene-based plastics via laccase-mediated oxidative depolymerization (Vanathi et al., 2024, Bhelose et
al., 2024). This metabolic versatility highlights the potential for broader application of actinomycete laccases
in soil remediation, particularly in sites contaminated with persistent polymers or industrial chemicals.

In addition to their natural diversity, microbial laccase producers are the focus of extensive
biotechnological optimization. Advances in heterologous gene expression, protein engineering, and directed
evolution have facilitated the development of recombinant laccases with enhanced catalytic efficiency or
broader substrate specificity (Guan et al., 2025). The expression of fungal laccases in yeast, bacterial, and
plant systems allows the large-scale production of enzymes with characteristics tailored for environmental
applications. Similarly, engineered bacterial laccases with modified metal-binding domains or active sites can
be designed to target specific agricultural pollutants, including phenoxy-acid herbicides, chlorophenols, and
benzoic acid derivatives.

Microbial laccase producers also serve an ecological role. Microbial laccase producers fulfil essential
ecological functions. In natural ecosystems, they contribute to carbon cycling, humification, and detoxification
of phenolic allelochemicals, serving as key oxidative agents that influence soil chemistry. In agricultural soils,
these activities facilitate the breakdown of persistent pollutants, including pesticide residues, aromatic
hydrocarbons, antibiotics, and endocrine-disrupting compounds, which accumulate due to intensive use of
agrochemicals (Ezra et al., 2025; Yang et al., 2017). The enzymatic transformation of these contaminants into
less toxic or more biodegradable intermediates supports the gradual restoration of soil health. Research shows
that these enzymes can operate across a wide range of environmental conditions. Fungal laccases excel in
acidic environments and in high-organic-matter soils; bacterial laccases are resilient to alkaline conditions,
salinity, and temperature fluctuations; and actinomycete laccases tolerate a variety of pH conditions and can
interact with complex xenobiotic substrates. This ecological complementarity underpins the potential for
designing microbial consortia or multi-enzyme remediation systems that maximize oxidative capacity in
heterogeneous soil environments.

Catalytic mechanism of laccases

Laccases operate via a specialized catalytic mechanism that sets them apart from other microbial
oxidoreductases and facilitates the transformation of a wide range of xenobiotic compounds under
environmentally compatible conditions. In contrast to organism specific features, the mechanism of laccase
activity is determined by the enzyme’s multicopper active site, which directs electron transfer, substrate
oxidation and oxygen reduction. This metal-based structure enables laccases to couple the oxidation of
aromatic or phenolic substrates with the four-electron reduction of molecular oxygen to water, an energetically
favourable process that does not generate harmful by-products (Solomon et al., 2014; Morozova et al., 2007).
The subsequent sections will examine the structural features of the laccase active site, the sequential electron
transfer events, and the enzyme’s environmental implications to clarify how the catalytic cycle provides an
efficient benign oxidation pathway, thereby positioning laccases as promising agents for bioremediation
applications.

The laccase catalytic mechanism is based on four copper ions organized into three spectroscopically
and functionally distinct centres: type 1 (T1), type 2 (T2), and binuclear type 3 (T3). The T1 copper serves as
the primary electron acceptor from reducing substrates. Its characteristic “blue copper” chromophore reflects
an electronic structure that supports rapid long-range electron transfer, enabling oxidation of substrates several
angstroms from the active site (Solomon et al., 2008). Following electron transfer to T1, the enzyme relays the
electron to the T2/T3 trinuclear cluster through a conserved pathway involving histidine and cysteine residues.
At this site, molecular oxygen is completely reduced to water, a process that regenerates the oxidized copper
centres and prevents the accumulation of reactive oxygen intermediates (Baldrian et al., 2006).
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Fig. 6 - Catalytic Mechanism of Laccases
(adapted from Paraschiv et al., 2022)

Laccase activity on substrates is represented by several mechanisms. As shown in Figure 3, the
simplest mechanism involves the enzyme directly catalysing the oxidation of the substrate. This direct reaction
occurs when the substrate possesses and appropriate redox potential. But, if the substrate doesn’t meet this
requirement, oxidation can proceed via a chemical mediator (Paraschiv et al., 2022).

Laccase-mediated substrate oxidation typically produces reactive radical intermediates, which
subsequently undergo spontaneous chemical rearrangements such as coupling, polymerization or cleavage
reactions (Giardina et al., 2010). The diversity of radical transformations allows laccases to target a wide
spectrum of organic pollutants, including phenolic pesticides, aromatic hydrocarbons, synthetic dyes,
endocrine-disrupting compounds, and pharmaceutical residues. In agricultural soils contaminated with
persistent aromatic molecules, these radical-driven processes initiate detoxification by converting complex
xenobiotics into more reactive or biodegradable intermediates (Ezra et al., 2025). Notably, because radical
formation occurs outside the enzyme’s active site, laccase-mediated oxidation can impact pollutants beyond
the immediate proximity of microbial cells, enabling large-scale transformation in soil environments.

While high-redox-potential fungal laccases can directly oxidize certain aromatic compounds, many
xenobiotics exhibit redox potentials that exceed the oxidative capacity of the T1 copper centre. This limitation
led to the development of laccase—mediator systems (LMS), which significantly broaden the catalytic range of
laccases. In LMS, the enzyme oxidizes a small, diffusible mediator molecule rather than the target pollutant
directly, generating a highly reactive radical form (Bourbonnais et al., 1990). Mediators such as ABTS, HBT,
TEMPO, and the plant-derived compound syringaldehyde operate as highly diffusible redox shuttles, bridging
the electron-transfer gap between laccase and structurally inaccessible or high-potential substrates, thereby
significantly expanding the enzyme’s catalytic scope (Morozova et al., 2007). This approach enables the
degradation of non-phenolic lignin models, recalcitrant dyes, pesticides and other high redox potential
pollutants, establishing laccase-mediator systems as a high component for an advanced bioremediation
process.

The catalytic efficiency of laccases is significantly affected by environmental factors, including pH,
temperature, oxygen concentration and the presence of metal ions or inhibitors. Fungal laccases generally
achieve peak activity in acidic environments, while bacterial laccases are more tolerant of neutral to alkaline
conditions and higher temperatures (Chauhan et al., 2017; Elsayed et al., 2023). These functional differences
are the result of evolutionary adaptations, determining the appropriateness of specific laccase types for various
remediation scenarios. Agricultural soils, which display considerable variation in pH and organic content, can
benefit from the synergistic action of diverse laccase types. Additionally, copper ions frequently enhance
catalytic by stabilizing the T1 copper site, whereas halides, heavy metals, and certain organic solvents inhibit
oxidation reactions (Morozova et al., 2007).

Both organic and inorganic inhibitors may significantly reduce laccase activity in soil conditions, which
directly affects the efficiency of enzymatic bioremediation. By interfering with electron transfer mechanisms
necessary for catalytic activity, inorganic ions including halides and heavy metals can cause partial or whole
inhibition of laccases' copper-containing active sites (Morozova et al., 2007; Baldrian, 2006). Therefore, high
metal concentrations that are frequently present in contaminated agricultural soils can lower enzyme efficiency,
especially when free laccases are used. The organic inhibitors, such as certain pesticides, phenolic chemicals,
and aromatic xenobiotics, can also reduce laccase activity by competitive inhibition or by altering the structure
of the enzyme (Giardina et al., 2010; Bonnet et al., 2025).
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Thus, when the laccase-based bioremediation techniques is employed, the presence of laccase
inhibitors in soil constitute an important element that must be taken into account (Morozova et al., 2007;
Paraschiv et al., 2022).

Understanding the structure-function relationship of laccases has also paved the way for targeted
enzyme engineering. High-redox-potential fungal laccases generally lack a coordinating axial ligand at the T1
copper, increasing their oxidative power, whereas bacterial and low- redox-potential laccases often possess
axial methionine, which lowers their redox potential (Solomon et al., 2014). Through site-directed mutagenesis,
these structural elements can be modified to fine-tune catalytic properties, enhance thermal or pH stability, or
improve the interaction with specific mediators. Advances in heterologous expression, notably in Pichia
pastoris, Escherichia coli, and plant systems, have facilitated the production of engineered laccases at
industrial scales, expanding, of course, their applicability in this area (Guan et al., 2025).

In bioremediation, laccases offer mechanistic advantages not only through their oxidation capabilities,
but also by acting synergistically with other microbial enzymes and natural soil processes. The catalytic activity
of laccases increases the susceptibility of pollutants to subsequent microbial degradation, establishing a
cooperative sequence of reactions that accelerates mineralization (Thathola et al., 2024). Additionally, since
laccase mediated oxidation depends on oxygen, the availability of oxygen in the soil matrix is a key factor
influencing the rate and extent of pollutant transformation (Ezra et al., 2025; Liu et al., 2025).

In soil environments, laccase-mediated bioremediation occurs predominantly under heterogeneous
conditions, where enzymatic reactions take place at the solid—liquid interface rather than in homogeneous
solution. Laccases are mainly active as extracellular enzymes and rapidly adsorb onto clay minerals and
organic matter through electrostatic and hydrophobic interactions, which can enhance enzyme stability while
simultaneously limiting substrate accessibility due to diffusion constraints (Baldrian, 2006, Morozova et al.,
2007). In this context, the catalytic efficiency of laccases depends strongly on soil texture, mineral composition,
and organic matter content.

Because a large fraction of soil contaminants is strongly associated with mineral and organic solid
phases, laccase-driven transformations in soils frequently proceed through indirect oxidation pathways
involving low-molecular-weight redox mediators. Naturally occurring humic substances and lignin-derived
phenolics can act as electron shuttles, allowing oxidative reactions to occur at locations spatially separated
from the enzyme itself and enabling the transformation of contaminants bound to soil particles (Morozova et
al., 2007; Paraschiv et al., 2022). Such solid-phase catalytic processes are especially important for persistent
organic pollutants, as the initial laccase-mediated oxidation alters contaminant structure, increases chemical
reactivity, and enhances bioavailability, thereby promoting subsequent microbial degradation and
mineralization (Nannipieri et al., 2002; Ezra et al., 2025).

The catalytic mechanism of laccases, which involves multicopper redox chemistry, long-range electron
transfer, and mediator-assisted radical formation, makes these enzymes effective at breaking down persistent
pollutants. While the previous section focused on the variety and distribution of microbial laccase producers,
this section explains the biochemical features that allow laccases to play a key role in sustainable remediation.

USE OF LACCASES IN THE BIOREMEDIATION OF POLLUTED SOILS

The contamination of soil, water, and air with toxic chemicals has become a major environmental issue
as a result of accelerated industrialization, the expansion of intensive agricultural practices, and the
widespread use of pesticides. Industrial processes, emissions from energy-related activities, improper waste
disposal, and the repeated application of agrochemicals have all contributed to the progressive accumulation
of toxic compounds in terrestrial ecosystems. In the United States, approximately 80 billion pounds of
hazardous organo- pollutants are produced annually, of which only about 10% are safely eliminated (Upadhyay
et al., 2016; Viswanath et. al., 2014). This contamination negatively affects the soil ecosystem and human
health, while also reducing crop yields (Balogu et al., 2017).

Agricultural soils are diverse systems where the bioremediation using laccases is mostly affected by
soil physicochemical properties. Soil composition, content of organic material, acidity, and mineral content
influence enzyme movement, stability, and their interactions with contaminants. Sandy soils usually increase
the enzyme diffusion but ensure a minimal protection from inactivation, while clay-heavy soils can limit
substrate availability but will improve enzyme stabilization through adsorption. In soils rich in organic matter,
humic substances may either block laccase activity or increase pollutant degradation by stabilizing enzymes
and supporting redox mediation (Nannipieri et al., 2002; Morozova et al., 2007; Ezra et al., 2025).
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Soil, often described as a "universal sink," has the capacity to accumulate an extremely diverse range
of pollutants (Sridharan and Krishnaswamy, 2021). Persistent pollutants such as PAHs (polycyclic aromatic
hydrocarbons), PCP (penta- chloro- phenols), PCBs (polychlorinated biphenyls), DDT (dichloro-diphenyl-
trichloroethane), BTEX compounds (benzene, toluene, ethylbenzene, and xylene), and TNT (trinitrotoluene)
pose carcinogenic and mutagenic risks, which underscores the need to develop sustainable remediation
strategies capable of reducing the environmental impact of pollution and restoring the ecosystem functions of
contaminated soils (figure 7) (Viswanath et. al., 2014).

In this context, laccases are distinguished by their ability to oxidize toxic organic pollutants, including
polycyclic aromatic hydrocarbons and chlorophenols. An effective strategy for their application in soil is
inoculation with laccase-producing fungi, as the use of purified enzymes is not cost-effective on a large scale
(Viswanath et. al., 2014; Upadhyay et al., 2016). Enzymes can sequester toxic metals or transform them into
less dangerous forms, reducing their bioavailability to plants, and can degrade persistent organic pollutants
such as organochlorine pesticides. In the case of petroleum hydrocarbons, laccases disrupt aromatic nuclei,
contributing to improved soil fertility and quality. Due to these multiple mechanisms, laccases are considered
effective tools for remediating contaminated soils and groundwater (Hussain et al., 2025).

Bacteria

Green Earth

Plants Fungi

Fig. 7 - Laccases in the bioremediation of polluted soils
(adapted from Karigar et Rao, 2011)

Numerous microorganisms, including bacteria, yeasts, and fungi, are capable of degrading polycyclic
aromatic hydrocarbons (PAHSs). Bacteria can use PAHs as a carbon source, but they do not mineralize them
completely, unlike soil fungi. A promising approach is the use of microbial consortia, combining the advantages
of both types of organisms (Mougin et al., 2023). White rot fungi have proven to be particularly effective in
degrading PAHs, as they produce extracellular laccase, an enzyme that oxidizes PAHs into quinone-type
intermediates and subsequently facilitates their complete mineralization to carbon dioxide (Mougin et al., 2023;
Chandra and Chowdhary, 2015; Liu et al., 2017).

The degradation of PAHs can be significantly amplified by the presence of chemical mediators, which
are transformed by laccases into reactive species capable of generating oxidative reactions on pollutants. In
the presence of these mediators, laccase expands the range of substrates on which it can act, overcoming the
limitations imposed by the rigid and hydrophobic structure of PAHs. Through radical mechanisms, the
mediators activate chains of reactions that lead to oxidation and subsequently to the opening of aromatic rings,
facilitating the mineralization of compounds into less toxic products. Under these optimized conditions, studies
have reported oxidation rates of up to 80% for molecules such as anthracene, phenanthrene, or
benzo[a]pyrene, highlighting the efficiency of laccase—mediator systems in remediating persistent pollutants.
Also, certain natural compounds, such as tyrosine and cysteine, can function as effective mediators in these
processes, providing an environmentally friendly alternative to synthetic mediators and contributing to the
sustainability of bioremediation strategies (Mougin et al., 2023).
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Laccase obtained from the fungi Trametes versicolor and Pleurotus ostreatus has been successfully
used for the degradation of polychlorinated biphenyls as well as phenolic compounds. These fungal enzymes
exhibit a high oxidative capacity, which makes them valuable in the bioremediation of persistent organic
pollutants and toxic aromatic substances. (Mishra et al., 2015).

Fungal laccases exhibit biotechnological potential for heavy metal decontamination through
mechanisms such as chelation, reduction, and precipitation of metal ions. These enzymes can interact with
metals via functional groups within their structure, converting toxic forms into less hazardous ones, and can
adsorb ions such as Cr(VI), Cu(ll), and As(V). However, their efficiency depends on enzyme selectivity, the
availability of metal ions, and the concentration of metals in the polluted environment, as high levels of
contamination may inhibit enzymatic activity (Hussain et al., 2025).

In the study conducted by Deshmukh et al., it was demonstrated that Aspergillus flavus and Aspergillus
niger were capable of reducing heavy metals such as Cr®* to less toxic forms, such as Cr**. Additionally, the
authors of another study (Mumtaz et al., 2013) reported that fungi including Aspergillus, Cryptococcus,
Penicillium, and Curvularia exhibit significant potential in the bioremediation of uranium-contaminated soils
due to their ability to bind and immobilize this metal.

Fungal laccases are also capable of degrading various types of pesticides and herbicides, including
organophosphates, organochlorines, and carbamates, through the oxidation of aromatic rings, which facilitates
their breakdown into less toxic products (Hussain et al., 2025; Yadav et al. 2025; Younus et al., 2025). The
resulting products then become more easily accessible to native microbial communities, which complete the
mineralization process. The synergistic interaction between laccase and the soil microbiota enhances the
natural resilience of contaminated ecosystems, providing a sustainable solution for restoring soil health
(Younus et al., 2025). Enzymes have demonstrated effectiveness in degrading several commonly used
pesticides, such as atrazine, diazinon, chlorpyrifos, and lindane, through the cleavage of benzene rings.
However, the efficiency of laccases varies depending on the type of pesticide, and highly chlorinated molecules
are more difficult to degrade (Hussain et al., 2025).

The results of the study conducted by Zhao et al. indicate that laccase produced by white-rot fungi can
serve as an effective solution for the remediation of dichloro-diphenyl-trichloroethane (DDT)-contaminated
soils, particularly when environmental conditions such as soil aeration and pH are favourable. A high oxygen
level enhances the degradation process, after 25 days, DDT residues in oxygenated conditions decreased by
28.1% compared with soils maintained under a nitrogen atmosphere. This approach highlights the potential of
enzymes in restoring soil health (Zhao et Yi, 2010).

Species within the genus Aspergillus are well known for their versatility in degrading a wide range of
toxic compounds, including heavy metals, textile dyes, aromatic compounds, and pesticides (Deshmukh et al.,
2016). The species Trametes versicolor is used in the bioremediation of soils contaminated with atrazine due
to its ability to produce oxidative enzymes capable of degrading this persistent herbicide. The high enzymatic
activity of this fungus facilitates the transformation of atrazine into less toxic compounds, making it an effective
biological agent in strategies for the remediation of contaminated agricultural soils (Mishra et al., 2015).

The textile, leather, and synthetic dye industries generate massive amounts of effluents each year,
many of which reach soils located near industrialized areas. Azo, anthraquinone, and triphenylmethane dyes
are known for their persistence in the environment and their high toxicity, exhibiting mutagenic, carcinogenic,
and endocrine-disrupting potential. In soil, these molecules form stable associations with organic and mineral
fractions, which makes them difficult to remove using conventional physicochemical processes.

In this context, fungal laccases have emerged as a promising alternative for the detoxification of dye-
contaminated effluents infiltrated into soils (Panchal et al., 2024). Recent studies have shown that a strain of
Stenotrophomonas maltophilia synthesizes laccase, an enzyme that was subsequently utilized for the efficient
degradation of synthetic dyes (Chandra and Chowdhary, 2015).

Additionally, laccases from fungi such as Trametes versicolor, Pycnoporus cinnabarinus, and Cerrena
unicolor are involved in the degradation of a wide range of xenobiotics, from azo dyes to polychlorophenols,
due to their ability to oxidize aromatic rings and facilitate subsequent mineralization by soil microorganisms
(Mousavi et al., 2021).

The paper industry and the biofuel sector make extensive use of laccase due to its high catalytic
activity and low substrate specificity. This enzyme can effectively break down a wide range of dyes and
aromatic compounds, according to recent research. Owing to this versatility, laccases play a crucial role in the
degradation of persistent pollutants and in the transformation of toxic substances into products with reduced
or negligible toxicity (Othman and Flaifil, 2025).

1075



Vol. 77, No. 3 / 2025 INMATEH - Agricultural Engineering

The use of enzyme-based bioremediation enables a much more efficient and selective treatment of
pollutants, as enzymes exhibit a superior degradation capacity compared with intact microorganisms.
Characteristics such as the requirement for mild operating conditions and a low activation energy provide
enzymatic bioremediation with high adaptability, making it particularly suitable for applications across diverse
environmental settings (Dong et al., 2023).

Given the current challenges related to environmental pollution and soil health, enzymatic
bioremediation has the potential to serve as a sustainable and relevant solution for restoring soils and
protecting both human health and ecosystem integrity.

LIFE CYCLE ASSESSMENT OF LACCASE-BASED BIOREMEDIATION SYSTEMS

The integration of laccase enzymes into bioremediation systems has gained considerable attention in
recent years due to the enzymes' broad substrate specificity and eco-friendly mode of action. Life Cycle
Assessment (LCA), as a holistic tool, provides an invaluable framework for evaluating the environmental,
economic, and operational impacts of such systems throughout their lifespan—from raw material extraction to
end-of-life disposal or reuse. Figure 8 illustrates the life cycle assessment of laccase-based bioremediation

systems.
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Fig. 8 — LCA and bioremediation systems (authors own creation — Microsoft Visio)

Laccase-based bioremediation systems typically involve multiple stages, including enzyme production
(through microbial cultivation or recombinant synthesis), enzyme stabilization (via immobilization or hybrid
material development), field application, pollutant degradation, and post-treatment soil recovery. Each phase
contributes uniquely to the environmental footprint, and its inclusion in the LCA scope is critical to an accurate
sustainability assessment.

In order to improve the stability and reusability of laccases in soil environments, several immobilization
techniques have been explored. Those techniques can be classified by the type of interaction between the
enzyme and the support material. The physical immobilization (like adsorption to soil minerals or organic
matter) is the method most employed in soil bioremediation, due to the simplicity and the environmental
compatibility. However, partial enzyme desorption and decreased long-term efficacy may result from changes
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in soil pH, moisture content, or ionic strength (Baldrian, 2006; Morozova et al., 2007). In the category of
chemical immobilization can be included various methods, such as: covalent attachment or cross-linking to
solid matrices (like chitosan or modified polymers), entrapment or encapsulation of laccases within polymeric
or inorganic matrices, hybrid immobilization methods (especially those based on biomineralization or enzyme—
inorganic composites). Those immobilization methods generally provide greater resistance to enzymatic
deactivation and allow repeated use under variable conditions (Aslam et al., 2021; Jiang et al., 2018; Hobucsh
etal., 2024).

The goal of an LCA in the context of laccase-based bioremediation is to quantify the environmental
impacts over the system’s entire life cycle—from enzyme production to application, reuse, and final disposal.
The functional unit typically considered is the number of pollutants removed or the volume of soil/water treated.
Depending on the study, boundaries may be set from enzyme production or cradle to grave (including disposal
and reuse phases) (Hobucsh et al., 2024).

According to (Zhang et al. 2021) while immobilisation enhances enzyme performance, challenges
remain regarding cost-effectiveness, scalable production, and the practicality of synthesis methods. A novel
immobilization technique based on biomineralization has recently emerged as a promising strategy for enzyme
stabilization (Ge et al. 2012). This approach involves a straightforward and mild incubation process that avoids
the generation of toxic byproducts. The resulting enzyme—inorganic hybrid nanoflowers demonstrate superior
catalytic activity and improved reusability when compared to their free enzyme counterparts (Jiang et al. 2018;
Kumar et al. 2018; Menon et al. 2019, Sun et al. 2020, Wu et al. 2019). Nevertheless, the application of these
hybrid nanoflowers in the biodegradation of azo dyes remains largely unexplored.

Similarly, regarding immobilization strategies, authors (Aslam et al., 2021) through their research
showed that extracellular laccase derived from Pleurotus nebrodensis WC 850 was successfully immobilized
onto robust, high-quality spherical chitosan beads to evaluate its potential for the degradation and
detoxification of a variety of textile reactive and disperse dyes. The immobilized system (CTS-Lac)
demonstrated broad operational stability across diverse pH and temperature ranges and exhibited high
degradation efficiencies for all dyes tested. Notably, CTS-Lac retained more than 50% of its initial enzymatic
activity toward Foron Turquoise even after eight consecutive dye treatment cycles. The system's strong
decolorization performance, notable reusability, and effective reduction in biological oxygen demand (BOD),
chemical oxygen demand (COD), and total organic content underscore its significant potential for application
in the treatment of dye-laden wastewater and effluents from the textile industry.

Most studies mention the need for proper characterization of the environment and industrial
applications in order to be able to apply the proper enzymes. Also, researchers have successfully purified and
characterized over 150 fungal laccases, many of which have been explored for a wide range of practical
applications (Darshan et al., 2020). Further analysis revealed that fungal laccases have been widely employed
in the degradation of various environmental pollutants, including lignin, synthetic dyes, phenolic compounds,
pesticides, and other hazardous substances. Among these, pesticides are extensively used in both agricultural
and domestic settings to control pests. However, their overuse has led to significant environmental
contamination and poses risks to human health. As such, effective degradation strategies are essential. Fungal
laccases offer a promising solution, as they are capable of breaking down pesticide residues without
generating secondary toxic byproducts, making them a more environmentally benign alternative compared to
conventional remediation methods (Darshan et al., 2020).

The enzyme production phase remains a dominant contributor to environmental impacts, largely due
to the energy and nutrient demands of microbial cultivation. An efficient upstream design is, therefore, crucial.
Several studies within our dataset highlight attempts to optimize production through selective strain
engineering and low-cost substrates. For example, Zhang et al. (2015) report on enhanced laccase production
using metal-tolerant fungal strains that demonstrate robustness under stress conditions, which can be
particularly advantageous in polluted sites with heavy metals (Zhang et al., 2015). These advances not only
mitigate input costs but also reduce secondary contamination risks.

In terms of application, the performance of laccase in the presence of real-world pollutants such as
polycyclic aromatic hydrocarbons (PAHs), azo dyes, and pesticides determines both the duration and
effectiveness of bioremediation efforts. The decolorization of industrial dyes, as evidenced in the work of Li et
al. (2020), underscores the potential for laccase systems to outperform conventional chemical oxidants in
specific applications (Li et al., 2020). Moreover, hybrid application modes, combining laccase with mild
oxidants or redox mediators, are increasingly reported as effective methods for enhancing substrate affinity
and reaction kinetics, as noted in Wang et al., (2021).
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Life Cycle Inventory (LCI) data gathered by scientists suggests key environmental hotspots lie in the
energy-intensive purification stages and in the preparation of immobilization matrices. Furthermore, the
durability and recyclability of these supports are essential for amortizing environmental costs over extended
use cycles. Likewise, the downstream fate of pollutant residues, bioproducts and any immobilization supports
must be scrutinized to avoid burden shifting from one environmental compartment to another (Li et al., 2022).
According to Wu et al. (2021), key contributors to environmental burdens include fungal cultivation (Trametes
versicolor, Pleurotus sp.), enzyme purification, and support material synthesis. For example, one study showed
that immobilization using glutaraldehyde and chitosan-coated supports improved enzyme reusability but also
introduced chemical residues and synthetic inputs with distinct environmental implications (Zheng et al., 2017).
A comparison between free and immobilized laccase systems indicated that immobilized systems, despite
requiring additional inputs, offset their impacts through prolonged operational lifespan and higher degradation
efficiencies. Furthermore, enzyme production from agro-waste substrates such as wheat bran and
lignocellulosic residues has been proposed as a sustainable alternative, reducing reliance on energy-intensive
growth media (Financie et al., 2016).

A key advantage noted across studies is the minimal secondary pollution generated by laccase
applications. Unlike conventional chemical oxidants or heavy metal catalysts, laccases degrade pollutants into
benign end-products such as CO, and water, significantly lowering ecotoxicity indices (Kandasamy et al., 2016;
Gupta et al., 2015). These factors support their integration into broader sustainability frameworks, particularly
in regions with agricultural runoff or persistent organic pollutants.

From a broader perspective, the methodological diversity of LCA applications in laccase research
reveals a need for harmonisation. Variations in system boundaries, functional units, and impact categories
need cross-study comparability. Nonetheless, works such as those by (Ezike et al. 2021), offer frameworks
that align LCA with field-scale validations, integrating both environmental indicators and socio-economic
considerations. These integrative approaches may be instrumental in positioning laccase-based systems as
credible alternatives to energy-intensive or chemically aggressive soil decontamination technologies.

Enzyme Production Enzyme Stabilization Field Application
Microbial Strain Cultivation Immobilization Site Assessment &
Soil Sampli
Fermentation/Expression Crosslinking/ Mineralization Eee
Purification and Recovery Activity Retention Testing .?: ;;]r:‘?q/u/:ppllcatlon

Environmental
Condition Monirtoring

Pollutant Degradation Pollutant Degradation

Catalytic Breakdown Catalytic Breakdown : : Y :

of Contaminants of Contaminants Soil Quality Testing
Reuse of Immobilized

Monitoring of Byproducts Enzyme

Fig. 9 — LCA Assessment Diagram (authors own creation)

Thus, Life Cycle Assessment of laccase-driven soil bioremediation systems reveals promising
environmental credentials, especially when enzyme production and application phases are optimised.

CONCLUSIONS

In recent years, laccases have gained considerable interest due to their oxidative capacity and the
essential role they have in the bioremediation processes of contaminated soils, contributing significantly to
reducing the impact on the environment.
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The selection of a bioremediation method is influenced by a range of factors, including—though not
limited to—the cost, the characteristics of the site, and the type and concentration of contaminants present.
The specific characteristics of the site contribute to identify the most appropriate and promising bioremediation
method (in-situ or ex-situ). Gaining a deeper understanding of how microbial communities in contaminated
soils react to specific pollutants will make it easier to identify suitable microorganisms from the affected site for
use in bioremediation field tests. This insight will ultimately strengthen the ability to break down the pollutant
effectively.

Restoring the quality of soils affected by industrial and agricultural activities requires sustainable
solutions, capable of reducing the impact of toxic substances and reactivating natural ecosystem functions.
Biological processes represent a promising direction in this regard, as they harness the capacity of organisms
and natural enzymes to transform contaminants into less harmful forms and support environmental
regeneration. Approaches based on advanced biochemical mechanisms offer selective, efficient and
adaptable treatments to a variety of environmental conditions, contributing to maintaining soil health and
protecting human health. In the context of increasing pressures on the environment, such biological strategies
are emerging as essential tools for responsible resource management and promoting a sustainable
development model.

Regarding Life Cycle Assessment, achieving sustainable deployment at scale will require not only
technical improvements but also methodological alignment in LCA practices. This would ensure that
environmental claims are verifiable, system-level trade-offs are understood, and future innovations are guided
by robust, evidence-based sustainability metrics.
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