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ABSTRACT 
The prevalence of micropollutants is growing, necessitating the development of ecologically acceptable 
bioremediation techniques. Researchers are investigating the use of microbial enzymes as biocatalysts for 
novel environmental cleaning solutions, driven by their extraordinary diversity and powerful catalytic activity. 
Microbial enzymes are effective bioremediation agents because they are substrate-specific, biodegradable 
and can degrade a wide spectrum of contaminants. However, the stability and reusability of enzymes often 
restrict their practical utility. To address this issue, enzyme immobilization approaches have emerged as 
revolutionary tools. These methods immobilize enzymes on inert or active supports, increasing their stability 
and reusability. These developments result in more economical bioremediation procedures and more 
effective pollutant breakdown. This review examines immobilization techniques and their effectiveness in 
degradation of environmental pollutants, such as dyes and pesticides. It demonstrates the groundbreaking 
potential of microbially immobilized enzyme biocatalysts in reducing micropollutant pollution and achieving a 
cleaner, more sustainable future. The review also emphasizes how the unique properties of nanomaterials 
and the catalytic activity of enzymes can be combined to provide cutting-edge, environmentally friendly 
remediation solutions. It suggests that future technological developments in environmental cleanup may be 
facilitated by this research. 
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1. INTRODUCTION 

Expanding industrialization and urbanization have worsened 
environmental degradation, becoming significant global 
issues (Liang and Yang, 2019). Micropollutants, which include 
persistent contaminants such as dyes, pharmaceuticals, and 
insecticides, represent major concerns (Gul et al., 2022). These 
pollutants exhibit high persistence in the environment and 
pose significant risks to living organisms and marine life, even 
at low concentrations. This is evidenced by alterations in 
aquatic ecosystems and bioaccumulation within food webs 
(Goutte et al., 2020; Desiante et al., 2021). Pharmaceuticals 
with biological activity can disturb microbial ecosystems and 
contribute to antibiotic resistance (Pinto et al., 2022). 
Discharges of industrial dyes contaminate the environment, 
reduce light penetration in aquatic bodies, inhibit 
photosynthesis, and disrupt food chains (Tkaczyk et al., 2020). 
Although pesticides are necessary for agriculture, they can 
also affect non-target species, particularly those that provide 
food, when they contaminate soil and water (Yang et al., 

2021). Phenolic compounds, commonly found in industrial 
effluents and agricultural runoff, can induce oxidative stress, 
disrupt endocrine function, and increase the risk of cancer and 
long-term disorders in humans (Anku et al., 2017). Emissions of 
industrial dyes not only pollute the environment but also harm 
beneficial insects and wildlife, causing health risks. It is vital to 
develop innovative, sustainable micropollutant removal 
technology. There are numerous methods for eliminating 
contaminants, including physical separation, chemical 
transformation, and biological treatment (Saravanan et al., 
2021). Established techniques have drawbacks, such as high 
operational costs, inadequate micropollutant removal, and 
the danger of secondary pollutants with greater toxicity, 
which may pose serious challenges (Crini et al., 2019). 
Advanced oxidation processes are excellent in degrading 
complex organic pollutants, but they can create toxic 
byproducts that complicate environmental rehabilitation. The 
limitations highlight the need for effective, long-term 
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environmental restoration techniques. A novel method of 
environmental remediation is offered by microbial enzymes, a 
broad family of biocatalysts generated by microorganisms 
(Narayanan et al., 2023).  
 
These enzymes have a strong chemoselectivity and catalytic 
efficiency when it comes to mediating biological processes 
required for pollution degradation. Microbial diversity 
generates a large pool of enzymes that can degrade a variety 
of environmental contaminants (Karigar and Rao, 2011). 
Laccases and peroxidases, for example, are very good in 
breaking down complex chemical compounds such as dyes, 
pesticides, and drugs (Akkaya et al., 2016; Das et al., 2017; 
Spina et al., 2020; Preethi et al., 2023; Caraene et al., 2023). 
Similarly, hydrolases may degrade a wide range of insecticides 
(Ghosh and Sarkar, 2023). Similar capabilities are shown in the 
degradation of agricultural pesticides like atrazine and 
chlorpyrifos, as well as azo dyes like methyl orange and 
Reactive Black 5 in textile industry effluents (Saravanan et al., 
2021). Solutions based on enzymes can successfully cut 
pollution and advance sustainability (Dave and Das, 2021). 
However, fundamental limitations often prevent free 
enzymes from being widely employed in environmental 
cleaning initiatives, despite the fact that they function as 
homogenous biocatalysts. The constraints include intrinsic 
instability, environmental change susceptibility, and 
difficulties with recovery and reuse. One potential solution to 
these issues is enzyme immobilization (Homaei et al., 2013). 
Enzymes that are attached to solid supports in a controlled 
manner have increased stability, activity and longevity 
(Federsel et al., 2021). Enzymes have a safe environment when 
immobilized, which decreases degradation and increases 
resilience to changing environmental conditions. Since 
immobilized enzymes may be reused, they are a more 
sustainable and economical option than free enzymes 
(Maghraby et al., 2023). There are a number of immobilization 
techniques, including as encapsulation, cross-linking, covalent 
binding, and adsorption, each having particular advantages 
and restrictions that may be adjusted for use in particular 
environmental contexts (Cavalcante et al., 2021). One 
significant benefit of affinity-based immobilization is that it 
makes it easier to properly position the enzyme on the 
support material (Abdelhamid et al., 2022). 
 
Optimizing enzyme orientation during immobilization is 
critical for preserving effective substrate access to the active 
site, thereby enhancing catalytic efficiency (Abdelhamid et al., 
2020). The selection of an appropriate immobilization strategy 
is governed by multiple factors, including the nature of the 
enzyme, the physicochemical properties of the target 
contaminant, and the operational conditions such as pH, 
temperature, and ionic strength. This review critically 
examines the potential of microbial enzymes as efficient and 
sustainable tools for environmental remediation. Particular 
emphasis is placed on their intrinsic advantages in the 
degradation of micropollutants, including high specificity, 
catalytic efficiency, and eco-friendly operation. Furthermore, 
advanced immobilization techniques such as adsorption, 
covalent binding, entrapment, and encapsulation are 
discussed in the context of improving enzyme stability, 
reusability, and resistance to environmental stressors. The 
review specifically focuses on the application of immobilized 
microbial enzymes in the removal of environmentally 
persistent pollutants, notably pesticides and synthetic dyes. In 
addition, it evaluates the broader role of enzyme-based 

technologies in promoting environmental sustainability, 
highlighting their potential integration into green remediation 
strategies. 
 
2. MULTIPOLLUTANT REMEDIATION USING MICROBIAL 
ENZYMES 
A wide range of micropollutants can be effectively mitigated 
using the diverse catalytic repertoire of microbial enzymes. In 
particular, oxidoreductases including peroxidases, laccases, 
oxygenases, and tyrosinases along with hydrolases such as 
cutinases, lipases, dehalogenases, esterases, and PETases, 
exhibit strong biocatalytic potential for the degradation of 
structurally diverse environmental contaminants (Bhandari et 
al., 2021). These enzyme classes are capable of transforming 
or mineralizing a broad spectrum of pollutants, including 
pesticides, synthetic dyes, pharmaceuticals, and other 
recalcitrant organic compounds. 
 
2.1. Microbial enzymes in micropollutants degradation  
Microbial oxidoreductases are a broad class of enzymes that 
are well-known for their ability to catalyze oxidation-reduction 
processes. These enzymes are particularly effective in the 
transformation and detoxification of a wide range of chemical 
pollutants, including phenolics, dyes, pesticides, and 
pharmaceutical residues (Varga et al. 2019). Due to their 
robust biocatalytic capabilities, extensively studied 
oxidoreductases such as peroxidases, laccases, oxygenases, 
and tyrosinases have garnered significant scientific interest 
for their potential applications in environmental remediation 
and industrial biotechnology. 
 
According to Janusz et al. (2020), laccases (EC 1.10.3.2) are a 
type of multi-copper oxidoreductases that are present in a 
wide range of taxa, including bacteria, fungi, and in some 
plants. The exceptional ability of these enzymes to oxidize a 
wide spectrum of both aromatic and non-aromatic 
compounds has established them as key biocatalysts in 
environmental remediation (Agrawal et al., 2018; Xu et al., 
2020). Their distinctive multicopper active-site architecture is 
closely associated with their high catalytic efficiency and 
broad substrate specificity. Gianfreda et al. (1999) reported 
that laccases had three distinct copper cores, known as type 1 
(T1), type 2 (T2), and type 3 (T3). T1 copper center, a 
mononuclear site, is the main electron acceptor from the 
targeted substrate undergoing oxidation (Malhotra et al., 
2021). However, molecular oxygen binding and reduction to 
water depend on the trinuclear cluster made up of the T2 and 
T3 copper centers. The difference in redox potential between 
the substrate and T1 copper dictates how well laccase 
mediates oxidation. According to Malhotra et al. (2021), 
laccases have the ability to selectively oxidize molecules that 
have a lower ionization potential, hence facilitating electron 
transfer. Additionally, it has been demonstrated that naturally 
occurring mediators like syringaldazine, which are created 
when lignin breaks down, are highly effective against some 
pollutants (Asadi et al., 2020). The selection of an optimal 
mediator is governed by the complex interplay between the 
chemical characteristics of the target micropollutant, the 
intrinsic properties of the laccase (e.g., redox potential and 
substrate affinity), and environmental parameters such as pH 
and temperature. 
 
Microbial laccases, derived from both bacterial and fungal 
sources, are emerging as potent biocatalysts for 
environmental remediation (Agrawal et al., 2018; Agrawal et 
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al., 2022). In particular, fungal laccases especially those from 
the genera Trametes and Pleurotus have attracted 
considerable attention due to their remarkable ability to 
oxidatively degrade a wide spectrum of pollutants, including 
structurally complex dyes and pharmaceutical compounds 
(More et al., 2011; Loi et al., 2021). According to studies (Guo et 
al., 2008; Hachi et al., 2017, Singh et al., 2020), laccase 
extracted from Trametes versicolor is effective in degrading 
acetaminophen, carbamazepine, azophloxine and Remazol 
Brilliant Blue R dye. In contrast, laccase derived from 
Pleurotus ostreatus demonstrates broad substrate specificity, 
effectively catalyzing the oxidation of structurally diverse 
pollutants such as Congo Red dye and chlorophenolic 
compounds (Isanapong et al., 2021; Isanapong et al., 2024). 
 
Several environmental pollutants can be effectively reduced 
by fungi laccases due to their inherent flexibility. As an 
interesting alternative to fungal laccases for laccase-based 
bioremediation, bacteria provide a lot of interest. According 
to Givaudan et al. (1993), Azospirillum lipoferum provided the 
first indication of bacterial laccase activity. Since then, it has 
been shown that laccases are present in the following 
microorganisms: Streptomyces (Machczynski et al., 2004), 
Proteobacterium (Narayanan et al., 2015), Pseudomonas 
(Neifar et al., 2016), Yersinia (Singh et al., 2016), Klebsiella (Liu 
et al., 2017), Bacillus (Wang et al., 2020), and Marinomonas 
(Chang et al., 2022). These monomeric extracellular or 
intracellular proteins, averaging 50–70 kDa in size, are known 
to participate in various bacterial processes, such as 
pigmentation, morphogenesis, toxin oxidation, and defence 
against UV light and oxidising agents (Martins et al., 2015; 
Akram et al., 2022). Notably, the CotA protein from Bacillus 
subtilis represents a distinctive copper-dependent laccase 
localized in the spore coat, underscoring the functional 
diversity and physiological significance of laccase-like enzymes 
in bacterial systems (Hullo et al., 2001). 
 
3. IMMOBILIZED ENZYMES IN MICROPOLLUTANT 
DEGRADATION 
The widespread use of dyes and pigments, particularly in the 
textile industry, poses a significant environmental challenge 
due to their toxicity, persistence, and resistance to 
degradation. Azo and synthetic dyes commonly found in 
industrial effluents can adversely affect aquatic ecosystems 
and water quality. Conventional treatment methods are often 
inadequate for their complete removal. In this context, 
immobilized enzymes offer a sustainable and efficient 
alternative for dye degradation. Enzymes such as laccases and 
peroxidases, when immobilized, exhibit enhanced stability 
and reusability, enabling effective breakdown of complex dye 
molecules. Thus, enzyme immobilization represents a 
promising approach for mitigating dye pollution in 
wastewater systems. 
 
3.1 Dyes degradation by immobilized enzyme 
Immobilized manganese peroxidase (MnP) has demonstrated 
considerable potential in cleaning wastewater. In one 
investigation, iron oxide nanoparticles were used to 
immobilize MnP from the fungus Aspergillus flavus (Kalsoom 
et al., 2022). The immobilized MnP demonstrated improved 
thermal stability and performed well across a larger pH and 
temperature range (ideal pH 5.0, 50℃). Additionally, 
compared to the free enzyme, it demonstrated enhanced 
catalytic activity, completely decolorizing Direct Red 31 and 
greatly improving (92%) decolourization of Acid Black 234. 

Additionally, the incorporation of magnetic nanoparticles 
facilitated efficient separation and recovery of the biocatalyst 
using an external magnetic field. This property enables 
repeated reuse of the immobilized enzyme, thereby 
improving process economics and contributing to a more 
sustainable and environmentally friendly wastewater 
treatment strategy. A key limitation of manganese peroxidase 
(MnP) is its strict dependence on Mn²⁺ ions as mediators for 
catalytic activity, which can restrict its practical application 
(Kalsoom et al., 2022). To address this constraint, Jiménez et 
al. (2023) developed an innovative co-immobilization strategy 
in which MnP and Mn²⁺ ions were simultaneously entrapped 
within silica gel matrices. This approach resulted in a 
substantial enhancement of enzymatic activity, with a 4–5-fold 
increase compared to MnP immobilized alone. The sustained 
presence of Mn³⁺ within the gel matrix confirmed the effective 
and continuous redox cycling facilitated by immobilized Mn²⁺, 
a critical step in MnP-mediated catalysis. Consequently, dye 
degradation efficiency improved significantly, with removal 
rates increasing by 2–4 times. This strategy enables effective 
MnP application even in Mn²⁺-limited environments, thereby 
broadening its potential for environmental remediation. 
 
Laccase is a widely studied oxidoreductase known for its 
ability to degrade a broad spectrum of synthetic dyes, making 
it a valuable biocatalyst for environmental remediation, 
particularly in textile wastewater treatment. Recent advances 
in immobilization strategies have significantly enhanced its 
operational stability and catalytic efficiency. For instance, 
laccase derived from Aspergillus sp. has been co-immobilized 
with the redox mediator ABTS onto a metal–organic 
framework (MOF) grown on polyethylene terephthalate (PET) 
fibers (Lou et al., 2023). This approach improves enzyme 
stability under acidic conditions and enables the degradation 
of recalcitrant dyes such as malachite green and crystal violet. 
The co-immobilized laccase–mediator system achieved 58.8% 
removal of crystal violet within 24 hours, approximately 
sevenfold higher than free laccase, demonstrating 
significantly enhanced performance. Additionally, the 
recyclability of both the enzyme and mediator contributes to 
reduced operational costs and improved sustainability. 
 
Zhu et al. (2020) have proposed a unique approach to tackle 
the problem of eliminating harmful azo dyes. Their method 
involves creating a biocatalytic membrane with a strong 
polyvinylidene fluoride base. Using a multi-step procedure, 
researchers coated the PVDF membrane with polydopamine, 
attached iron oxide cubes that were specifically designed and 
modified with silica (Fe2O3@SiO2) and a coupling agent 
(APTES), and then immobilized laccase onto this structure. 
This resulted in the creation of a hybrid bio-inorganic structure 
on the membrane's surface. Lac-FS@cubes-PDA@PVDF 
membrane demonstrated excellent operational performance, 
characterized by high storage stability and notable reusability, 
retaining over 75% removal efficiency after five successive 
cycles. Moreover, it exhibited outstanding catalytic efficiency, 
achieving up to 97.1% decolorization of the model dye Congo 
Red, thereby highlighting its potential for practical 
wastewater treatment applications. 
 
Tyrosinase is a well-characterized oxidoreductase that 
exhibits high efficiency in the removal of toxic dyes and 
phenolic compounds, both of which are significant 
environmental pollutants. A recent work used EDC/NHS 
chemistry to covalently link Agaricus bisporus tyrosinase onto 



35 Technol TIMES  ●  2026  ●  Vol 1 Iss 1 

 

silver-coated Fe3O4 nanoparticles, thereby immobilizing the 
enzyme. According to Yava et al. (2023), this designed 
biocatalyst showed excellent efficiency, usefulness, and 
reusability in pollution removal applications. It was 
determined that each gram of nanoparticles contained 216.6 ± 
1.250 mg of immobilized tyrosinase. 48.9% of the enzyme's 
initial activity was retained after six reuses, and 
immobilization enhanced the substrate affinity by 1.4 times. 
The immobilized enzyme's residual activity after 84 days of 
storage was 68.3%, whereas the free enzyme's residual 
activity was 45.8%. High effectiveness was demonstrated by 
the immobilized tyrosinase in eliminating phenolic chemicals 
and azo dyes from aqueous solutions. For Congo Red and 
Reactive Green 19, it obtained decolourization rates of 95.0% 
and 36.9%, respectively. Additionally, a variety of phenolic 
compounds were effectively removed by the biocatalyst, 
including 87.8% of 4-chlorophenol and 92.3% of phenyl acetate. 
Furthermore, cyclic voltammetry was used to evaluate the 
electrochemical characteristics of immobilized tyrosinase in 
order to assess its suitability for use as a catechol biosensor. 
Overall, this approach highlights the effectiveness of enzyme-
based, environmentally benign strategies for the remediation 
of phenolic and dye contaminants in wastewater. 
 
3.2 Pesticides degradation by immobilized enzyme 
The extensive use of pesticides, including fungicides, 
herbicides and insecticides has unquestionably increased 
agricultural output. On the other hand, their ability to remain 
in soil and water presents a serious environmental risk. The 
need for alternate remediation solutions arises from 
bioaccumulation throughout ecosystems and possible 
damage to non-target animals, including people. One 
emerging green technology that shows promise is 
immobilized enzymes. A number of enzyme biocatalysts that 
have been immobilized are particularly engineered to break 
down pesticide molecules into less hazardous chemicals, 
hence lowering their toxicity and environmental persistence. 
With this strategy, pesticide contamination may be reduced in 
a targeted and sustained manner. A different research used 
immobilized Bacillus sp. laccase on magnetic iron 
nanoparticles to address the problem of chlorpyrifos 
breakdown (Srinivasan et al., 2020). In order to obtain almost 
full recovery of enzyme activity, they improved the procedure. 
The resulting immobilized laccase claimed numerous 
improvements: better stability (lasting 100 h), resistance to 
alkaline pH, higher temperatures, and critically, the capacity to 
successfully breakdown the chlorpyrifos. Researchers have 
created a very efficient approach that uses immobilized 
phosphotriesterase (PTE) enzyme from Sulfolobus 
solfataricus within a customized biocatalytic membrane in 
order to tackle the difficulty of decomposing the harmful 
pesticide paraoxon (Vitola et al., 2023). The key innovation lies 
in the integration of immobilized phosphotriesterase (PTE) 
with either cationic or anionic surfactants. This approach 
significantly enhances enzymatic performance, with activity 
reaching up to 90% compared to the free enzyme. The 
improvement is likely attributable to surfactant-induced 
conformational stabilization of the enzyme, particularly in the 
presence of CTAB as well as increased substrate accessibility 
and affinity facilitated by SDS. Because of their decreased 
flexibility, the immobilized enzyme activity improved less, but 
the resultant biocatalytic membranes had significant benefits. 
These membranes achieve an impressive 96% conversion rate 
of paraoxon in a biocatalytic reactor, taking only one-third of 
the time reported in previous methods. The surfactant-

assisted immobilized system exhibited approximately a 
twofold increase in specific activity compared to surfactant-
free counterparts. Moreover, it retained catalytic efficiency 
over multiple reaction cycles, particularly when surfactants 
were replenished, indicating enhanced operational stability 
and reusability. This work demonstrates how extremely active 
and stable biocatalytic membranes may be made using 
immobilized PTE enzymes and surfactants. This method 
overcomes obstacles that previously prevented the 
widespread use of this technology and marks a substantial 
advancement in the degradation of organophosphate 
insecticides. 
 
Pest management can be greatly aided by pyrethroid 
insecticides, such as bifenthrin, permethrin, cypermethrin, and 
fenpropathrin. Their strong neurotoxic effects and 
environmental durability, however, raise questions about how 
they may affect human health and non-target creatures. By 
attacking sodium channels in the neurological system of 
insects, pyrethroids cause paralysis and, in the end, insect 
death. Immobilized esterase enzymes are a unique technique 
for pyrethroid breakdown that has been studied recently. 
Zong et al. (2022) identified a novel gene, est882, encoding a 
highly efficient esterase (Est882) capable of rapidly degrading 
pyrethroid pesticides such as permethrin, cypermethrin, and 
fenpropathrin. The enzyme exhibited remarkable catalytic 
performance, achieving over 80% degradation of these 
compounds within 30 minutes. To enhance its stability and 
broaden its practical applicability, Est882 was subsequently 
immobilized. This modification significantly improved its 
tolerance to diverse environmental conditions—such as 
variations in pH, temperature, and the presence of inhibitors, 
thereby enhancing its catalytic efficiency and suitability for 
real-world remediation applications. 
 
A study conducted by Yang et al. (2020) investigated lx-
EstM160K, an immobilised esterase produced from Geobacillus 
uzenensis, and provided evidence of the potential of these 
esterases for pyrethroid remediation. In a reactor system with 
high concentrations of bifenthrin (500 mg/L), lx-EstM160K 
exhibited a degradation efficiency of 90.4%. Additionally, after 
10 consecutive cycles of bifenthrin degradation, lx-EstM160K 
demonstrated operational stability, retaining 72% of its original 
activity. These findings highlight the efficacy of immobilised 
esterases for bioremediation in pyrethroid-contaminated 
environments. 
 
Carbamates, a class of pesticides that includes fungicides, 
insecticides, and herbicides, are generally considered to pose 
lower acute toxicity to humans compared to 
organophosphate pesticides (Hernández et al., 2013). 
Bayramoğlu et al. (2019) investigated an advanced 
wastewater treatment strategy targeting carbamate 
contaminants through the application of immobilized laccase 
enzymes, demonstrating the potential of this biocatalytic 
approach for efficient and sustainable pollutant removal. 
Using this approach, laccase enzymes isolated from the 
fungus T. versicolor were immobilized onto specially 
engineered microbeads functionalized with carbonate or 
epoxy groups, enabling efficient enzyme attachment and 
enhanced operational stability. The procedure of 
immobilization greatly improved the performance of the 
enzymes. In contrast to the free enzyme, the immobilized 
laccase nearly completely biodegraded the model carbamate 
pesticide, carbaryl, when a mediator was present. 
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Furthermore, the immobilized enzyme demonstrated 
enhanced stability during storage and a wider tolerance for 
pH and temperature fluctuations. After a day of testing in a 
fluidized bed reactor, the immobilised enzyme showed 
minimal activity loss for carbaryl, highlighting its excellent 
reusability. This study underscores the potential of using 
immobilised laccase on microbeads as an effective approach 
for removing carbamate micropollutants from wastewater 
treatment. The three key advantages of this technique are 
improved degradation efficiency, enhanced enzyme stability, 
and superior reusability. 
 
Organochlorine pesticides, including dichlorophen and DDT 
(dichlorodiphenyltrichloroethane), are well known for their 
prolonged environmental persistence and strong tendency to 
bioaccumulate. These properties lead to long-term 
contamination of soil and aquatic systems and pose significant 
risks to ecosystems and human health. Researchers have 
created laccase-MSU-F, a unique biocatalyst that particularly 
targets the breakdown of dichlorophen, as a potential remedy 
for environmental cleanup (Vidal-Limon et al., 2018). The 
laccase enzyme, which is sourced from the fungus Coriollopsis 
gallica, is combined with mesoporous synthetic silica foam 
(MSU-F) to create this novel hybrid nanomaterial. Laccase-
MSU-F demonstrated effective degradation of dichlorophen, 
likely through mechanisms such as dechlorination and 
oxidative polymerization into higher-molecular-weight 
products. This transformation significantly reduced the 
genotoxic and apoptosis-inducing effects of the parent 
compound in cellular assays, indicating decreased 
cytotoxicity. Importantly, the degradation products were also 
suggested to exhibit a lower affinity for steroid hormone 
receptors, thereby potentially reducing the risk of endocrine 
disruption. Collectively, these findings highlight the strong 
potential of laccase-MSU-F as an efficient biocatalyst for 
environmental remediation, with implications extending to 
reducing toxicological impacts beyond environmental 
systems. 
 
Salem et al. (2024) reported the development of an efficient 
biocatalytic system based on covalently immobilized 
ligninolytic enzymes for the remediation of DDT 
(dichlorodiphenyltrichloroethane). In this approach, a multi-
enzyme consortium was extracted from the fungus Pleurotus 
ostreatus, comprising key ligninolytic enzymes such as aryl 
alcohol oxidase, laccase, lignin peroxidase, and manganese 
peroxidase. The enzyme mixture was partially purified and 
subsequently covalently immobilized onto nano-silica particles 
using glutaraldehyde as a crosslinking agent. This 
immobilization strategy markedly enhanced both the stability 
and reusability of the biocatalyst. The resulting system 
exhibited robust catalytic performance across a broad 
operational range (pH 4–9 and 20–55 °C). Notably, it achieved 
complete degradation of p,p′-DDT within 12 hours under 
optimized conditions (pH 5 and 30 °C), highlighting its high 
efficiency and potential for practical environmental 
remediation applications.  
 
To address the growing challenge of persistent organic 
pollutants, considerable research is focused on developing 
microbial enzyme-based biocatalysts for efficient degradation. 
One promising strategy involves co-immobilized enzyme–
membrane composites (Jia et al., 2024). In this context, a 
novel system, Lac-HBT-Pd/BC, integrates laccase, the redox 
mediator 1-hydroxybenzotriazole (HBT), and palladium (Pd), 

all co-immobilized on a functionalized bacterial cellulose 
support. This synergistic design enhances electron transfer 
and catalytic efficiency. The biocatalyst demonstrated 
remarkable performance in atrazine degradation, achieving 
complete removal within 5 hours under mild conditions. 
Additionally, it facilitated “deep degradation,” with ~85% 
removal of toxic intermediate products, indicating effective 
detoxification and improved environmental safety. The 
incorporation of palladium (Pd) played a critical role in 
enhancing the stability of mediator-derived radicals and 
improving the overall catalytic efficiency of the Lac-HBT-Pd/BC 
system. Furthermore, this biocatalyst exhibited excellent 
reusability and adaptability across varying water quality 
conditions, underscoring its suitability for practical water 
treatment applications. These findings highlight the 
considerable potential of co-immobilized enzyme–membrane 
composites as efficient and sustainable platforms for the 
removal of persistent contaminants such as atrazine. Given 
the well-documented environmental persistence and 
toxicological impacts of such pesticides, the application of 
immobilized microbial enzymes offers a viable remediation 
strategy. By leveraging the high specificity and catalytic 
efficiency of enzymatic systems, it is possible to reduce both 
the toxicity and longevity of pesticide residues, thereby 
contributing to the protection of aquatic ecosystems and 
human health. 
 
4. CONCLUSION 
In conclusion, the immobilisation of enzymes represents a 
transformative approach to enhancing bioremediation efforts, 
offering significant advantages in terms of stability, 
reusability, and efficiency. By enabling the breakdown of a 
diverse array of environmental pollutants, from dyes to 
complex industrial chemicals, immobilised enzymes provide a 
sustainable solution to pressing environmental challenges. 
The ongoing exploration of innovative immobilisation 
methods and new enzyme designs holds great promise for 
expanding the scope of enzymatic bioremediation, 
particularly in addressing emerging contaminants. 
Furthermore, integrating enzyme-based solutions with 
complementary technologies can create more effective and 
holistic remediation strategies. To ensure the widespread 
adoption of these techniques in large-scale industrial 
applications, it is crucial to assess their economic viability, 
optimize production processes, and conduct life cycle 
assessments to understand their environmental impacts 
comprehensively. By addressing these factors, researchers 
can foster the long-term implementation of enzyme-based 
bioremediation as a key strategy for environmental 
restoration, paving the way for a cleaner and more 
sustainable future. 
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