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Abstract 
Enzyme immobilization has emerged as a powerful strategy to enhance enzyme stability, reusability, and catalytic efficiency for diverse 
applications, particularly in environmental remediation, such as the removal of organic pollutants from wastewater. Among various enzymes, 

laccases have gained significant attention for their ability to degrade a broad spectrum of organic pollutants under mild and environmentally 

friendly conditions. This review focuses on the immobilization of laccases onto magnetic nanoparticles as a carrier, emphasizing their 
advantages as robust and reusable biocatalysts for wastewater treatment. The discussion encompasses immobilization techniques, key 

influencing factors, and recent advancements in optimizing catalytic efficiency, thermal stability, and operational durability. Magnetic 

nanoparticles, with their high surface area, ease of separation, and reusability, are highlighted as ideal carriers for enzyme immobilization. 
Furthermore, the review critically evaluates the latest research on laccase-magnetic nanoparticle systems and challenges in scalability, cost-

effectiveness, and long-term stability. Finally, the integration of these immobilized enzyme systems with complementary treatment 

technologies is examined as a promising avenue for sustainable and efficient pollution control strategies.     
 

Keywords: Enzymes; immobilization techniques; physical immobilization; chemical immobilization; biological activity; catalytic efficiency. 
  

 

1. Introduction 

The enormous civilization and profound growth in various industrial segments in the last century led to an increase in 

anthropogenic activities and produced enormous quantities of new chemicals and compounds in the aquatic environment. 

Consequently, the exacerbation of the problem of environmental pollution and diverse organic pollutants (such as phenols, 

organic dyes, pharmaceuticals, estrogens, herbicides, pesticides, and personal care products) in the water system[1]. Distinct 

physical and chemical treatment techniques have been utilized over the last decades to eliminate organic pollutants. Figure (1) 

presents the physical techniques, which comprise several methods, such as filtration, adsorption, chemical flocculation, 

coagulation, reverse osmosis, and filtration, etc. These physical methods present effective treatment for organic pollutants. 

However, they have some drawbacks.  For instance, in the adsorption method was noticed that the reproduction of the 

adsorbents and the generation of many by-products (sludge)[2]. Furthermore, Coagulation, sedimentation, and flocculation 

methods are not effective towards all types of pollutants because they show selectivity to definite contaminants over others 

and the generation of toxic by-products [3]. According to the drawbacks and limitations of the traditional strategies of 

remediation more and more attention is being paid to implement environmentally competent, sustainable, essentially smart, 

greener, and effective strategies of pollutants decontamination whose implementation will not have an impact on the 

equilibrium of the entire ecosystem. Biological remediation techniques capable of effectively eliminating the organic 

pollutants under the mild process circumstances in accordance with the green chemistry principles, without generation of 

toxic by-products and the use of hazardous chemicals, and the ability to avoid sludge[4,5]. Biological techniques also involve 

the use of biocompatible, low-cost, and non-toxic compounds comprising fungi, yeasts, bacteria, and other microorganisms 

that have been demonstrated to have an exceptional capacity to eliminate organic contaminants[6]. Generally, the biological 

technique can be applied by two main methods: (i) treatment using microorganisms and (ii) treatment using free and 

immobilized enzymes [7]. In this context, biological remediation methods concerning the use of laccase enzyme seem to be of 

particular interest.  

 

https://doi.org/10.21608/ejchem.2025.340868.10913
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Figure 1. Physical and chemical treatment techniques with their limitations. 

Although enzyme-based processes offer many benefits (the low toxicity and energy input, ability to operate under mild 

conditions, and reduced the amount of sludge and by-product generation)[8],  using the free form of enzymes for such 

purposes at large industrial scale faces several drawbacks including the low thermal and operational stability of the 

biocatalysts as well as the extremely limited reusability of the free enzymes. As a result of that, the enzyme immobilization 

might be applied to enhance the catalytic activity properties as well as the stability of free enzymes and create highly effective 

and durable biocatalytic systems [9,10].  Finally, the major benefit behind enzyme immobilization is enhancing the 

biocatalytic productivity of the biocatalysts and lowering the overall operational expenses of the process through the 

improvement of enzyme reusability [11].  

In this current review we focused on the implementation of immobilized laccases in decontamination processes of organic 

contaminants. Also, we presented a general overview about: immobilization (methods, affecting factors, and carriers for 

immobilization), laccase enzyme, and magnetic nanoparticles as a matrix for laccase immobilization. In addition, this review 

is crucial because it tackles a critical issue: the ecologically responsible removal of organic contaminants by application of 

immobilized laccase on magnetic nanoparticles and the future prospects and recommendations for optimizing immobilization 

techniques and integrating enzyme-based approaches with existing water treatment technologies to further improve 

environmental sustainability. 

 

2. Laccase 

Laccases (benzenediol: oxygen oxidoreductase, EC 1.10.3.2) have attracted the efforts of many researchers in the field of 

environmental purposes and biodegradation of organic pollutants from aquatic environment owing to their nontoxicity and the 

higher efficiency [12]. They can be widely found in nature from a lot of sources including plants, fungi, prokaryotes, bacteria, 

insects and lichens each species of laccase exhibit particular catalytic characteristics and sequences [13,14]. According to 

National Center for Biotechnology Information (NCBI), there are 191,500 items of laccases, where about 87% of them are 

bacterial laccases. However, fungal laccases are preferred in biotechnological applications owing to their high redox 

potential[15,16].  

The structure of laccases can exist in different forms as monomeric, homotetrameric, heterodimeric, and multimeric forms, 

with a molecular weight ranging from 50 to 130 kDa depending upon their origin [17]. The carbohydrate content in laccase is 

approximately 45% and 10-30 % of molecular weight for plant and fungal laccases, respectively [18]. Carbohydrate content in 

laccase enzymes is responsible for the conformational stability of the protein part in enzyme and protects them from the 

proteolysis and the inactivation by radicals [19]. Laccase enzymes (p-diphenol: oxidoreductase dioxide) are a family of 

multicopper oxidoreductase that comprise four different copper ions in their active sites. These four Copper ions are divided 

into three types of structures [20,21], as shown in figure (2).   

According to the biological activity features of laccases, they are able to oxidize a wide range of substrates, including 

aromatic and non-aromatic compounds with different substituents like phenols, some inorganic ions, and several non-phenolic 

substrates [16,22,23]. Laccases only require oxygen molecules as reactants, and only produce water molecules as by-products 

for bio-catalysis process, so they can be expressed as the “green catalysts” [24] as shown in figure (3). 
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Laccases have high catalytic efficiency, so they are widely used in technical applications in various biotechnological and 

industrial fields[25,26]. These fields include the removal of phenolic compounds, which cause cancer and teratogenicity when 

released in wastewater [27], improving the properties of fibers, environmental protection, bio-synthesis, energy exploitation, 

and the bio-detection and degradation of synthetic dyes[28]. Laccases can be used in the printing and dyeing industry, bio-

pulping in the industry of paper, and conversion of aromatic compounds to less toxic by-products[28]. In addition, they are 

also used in pharmaceutical industries as anesthetics, anti-inflammatory drugs, sedatives, and antibiotics [23,29]; and in nano-

biotechnology as nanoparticle-based biosensors[27]. 

 

3. Enzyme Immobilization  

The immobilization process can be carried out by trapping the free enzymes within or on the surface of the insoluble support 

material, even if they retain their catalytic activity[30]. Enzyme immobilization aims to acquire two main merits: the 

enhancement of the catalytic activity and improve the enzymatic stability of enzymes against the catalytic process conditions 

(such as the high temperatures, the variation of pH values, the organic solvents and detergents throughout the process storage 

and operation). Furthermore, immobilization could lower operating expenses in several ways, like the improvement of the 

enzyme catalytic activity, facilitating effective recycling, and managing the conditions of the process. As well as expanding 

the operational domain of implementation and enabling a large-scale application of the enzymatic processes[31]. Continuing 

with the benefits of enzyme immobilization, sometimes the catalytic activity of immobilized enzymes becomes higher than 

that of their free forms. This is owing to the stability and/or the conformational changes of protein after combining with the 

support, which leads to an increase in the availability of the active site for biocatalysis[32]. 

4. Main Influencing Factors on Immobilization  

Enzymes undergo chemical and physical changes in their properties as a result of immobilization. Hence, there are some 

fundamental factors that should be considered collectively for the success and effectiveness of enzyme immobilization: choice 

of the enzyme, selection of immobilization supports, methods of immobilization, and finally, cost and practical conditions of 

immobilization [33].  

 

Figure 2. Copper centers of laccase enzyme: Type 1, Type 2, and Type 3 (Adapted and modified axial ligand by Garavaglia et al. 

(2004)). 
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Figure 3. Schematic representation of catalyzed reaction by laccase a: direct oxidation by laccase b: in-direct oxidation in presence of ediator. 

 

4.1. Choice of enzyme 
The physical and chemical properties of enzymes can impact their catalytic activity. For instance, the enzyme 

characterization: enzyme characterization factors such as enzymatic activity, kinetics, substrate affinity, and inhibition of the 

immobilized enzyme should be assessed to ensure the effectiveness of the immobilization process. The size and shape of 

enzymes can influence the selection of immobilization technique and the choice of an appropriate carrier. Large enzymes may 

require matrices with a larger surface area or porous carriers to accommodate their large size, while the smaller enzymes can 

be a good choice for smaller support materials [34,35]. Also, the concentration of the immobilized enzyme can affect the 

overall activity and efficiency of the immobilization process because the loading of immobilized enzyme on the support 

material depends on the concentration of the enzyme. Higher enzyme concentrations may lead to higher loading on the 

support material, but excessive concentrations can result in enzyme crowding, decreased accessibility to the substrate, and 

reduced catalytic activity[36]. Some enzymes require co-factors or specific prosthetic groups to improve their catalytic 

activity. So, with such enzymes, it is important to ensure that the immobilization process preserves the functionality of these 

co-factors or prosthetic groups [37].  

4.2. Selection of support material 

One of the key components of the immobilization process is the selection of appropriate immobilization supports. 
However, the selection of the better support material can be a complicated process. Because it depends on the type of enzyme, 

Figure 4. Various strategies of immobilization 
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reaction media, safety guidelines in the area of hydrodynamic conditions, and reaction conditions [38,39,40,41].  As a result, 

the supporting material needs to possess the following attributes [41]:    

• Support should be biocompatible and possess a large internal surface area to facilitate good enzyme binding. 

Porosity may, therefore, be a useful property, such as vesicular silica or vesicle-like mesoporous material. However, the pores 

diameter must remain within a certain range, because the enzyme and the support will rarely interact intensely when the last is  

smaller than the protein, also too large support will result in a significant drop in the surface area [42,43,44].   

• For the covalent immobilization, a high surface density of function groups should be presented in the supporting 

material. An intense multipoint covalent attachment can only be achieved, when the protein surface is exposed many reactive 

groups inside the support material[45,46]. In the reaction medium, the reactive groups in the protein and the support material 

should exhibit lower steric hindrances, because the multipoint covalent attachment requires contact between groups bonded to 

stiff structures after the initial immobilization [41].   

• The active sites on the surface of the enzyme ought to interact with the reactive groups in the support material 

[41,46]. 

• To enable an extended enzyme-support reaction, the reactive function groups that participated in the immobilization 

must be sufficiently stable chemically and physically [41,47].  

• After the immobilization process, it should be simple to obtain a final inert surface in the support matrices by 

obstructing the remaining function groups without changing the structure of the enzyme [48]. 

Support materials can be categorized into organic and inorganic supports based on their chemical composition; in addition, 

they can be subdivided into natural and synthetic polymers. The most widely utilized support materials include porous 

matrices (e.g., agarose, cellulose, or silica), magnetic particles, and solid surfaces (e.g., glass or polymers) [42,49,50,51]. 

4.3. Enzyme immobilization methods  

In accordance with how the enzyme and support interact, the immobilization processes are based on distinct physical and 

chemical methods, physical methods such as physical adsorption and entrapment/encapsulation. Chemical methods like 

covalent bonding and cross-linking. Figure (4) presents an overview of several techniques that have been applied to laccase 

immobilization. Each technique has benefits and drawbacks, as summarized in table (1). 

4.3.1. Adsorption 

Enzymes can be immobilized using the adsorption method by attaching them to the outside surface of an insoluble 

substrate through several types of interactions, including hydrophobic, hydrogen bonds, ionic bonds, electrostatic, van der 

Waals or dipole interactions, and even chelation [9]. The simplicity of the operation of the immobilization process is the main 

characteristic of adsorption. While the interaction's reversibility is the main limitation, which could result in enzyme leakage 

into the reaction medium, they might guarantee that the enzymes original structure is preserved throughout the biocatalysis 

process. This is because of the mild forces interaction between support and the enzyme[9]. Also, there are some factors that 

limit the process, like the reduced flexibility in operating circumstances (e.g., variations in pH and ionic strength), in addition 

to abrasion on the enzyme surface from mixing conditions [52]. Although electrostatic interactions are a common method of 

adsorption immobilization, they necessitate the existence of charges on the surface of the support and the enzyme, which 

range from low resistance to large  

ionic forces in the reaction medium [53]. Electrostatic interactions may become ionic interactions depending on the 

intensity of the previous ones. In terms of the chelation adsorption, the amino acid residues and the chelated metal ions on the 

support surface retain a very stable coordination [54,55].  

4.3.2. Entrapment 

In this type of immobilization, the support's porous nature allows the enzyme to be three-dimensionally confined, preserving 

its mobility, permitting unimpeded passage of substrate and products without causing structural alterations to the enzyme, and 

reducing the amount of enzyme lost into the solution, so it is the most favored option in industries [56]. The most extensively 

utilized supports for entrapment immobilization are polymers like alginate, alginate-chitosan microcapsules, gelatin, 

carrageenan, metal-linked enzyme beads, and hydrogel structures [57].    

4.3.3. Covalent binding 

The principle behind the covalent binding technique is the interaction between the reactive function group on the support and 

the enzyme's nucleophilic group and the formation of strong covalent connections that provide the immobilization with 

increased stability [58]. Several function groups on the carriers (like amino, hydroxyl, amino, thiol, imidazole, and guanidyl 

groups) are covalently attached to the functional group like the α-carboxyl group at C-terminus of the enzyme, phenol ring of 

tyrosine, indole ring of tryptophan, and α-amino group at N-terminal of the enzyme [59]. A wide variety of supports can be 

covalently bonded to the enzyme like cellulose, silica, inorganic carriers such as glass, agarose, collagen, metallic silver, and 

gold nanoparticles, as well as cross-linkers like glutaraldehyde [60]. 

4.3.4. Cross linking / self-immobilization  

Bifunctional cross-linkers allow for the immobilization enzymes without the need for carriers, in cross-linking method 

enzymes can be immobilized by two different procedures.  The crosslinking enzyme aggregates (CLEA) technique precipitate 

laccase, integrating immobilization and purification into a single process.  In this method, the application of the crosslinking 

agent encourages the crosslinking between the groups that are not involved in the catalytic process of the enzyme [61]. 

Diisocyanates, dialdehydes, diiminoesthers, and diamines activated by carbodiimide are some of these crosslinking agents 

[62]. The enzymatic immobilization is conferred by the enzymes crossing each other, hence this approach does not require 

any matrix to act as a support [63]. Cross-linked enzyme crystals (CLECs) are the second way for cross-linking 

immobilization. Although CLECs exhibit high activity and operational stability; there are drawbacks like the high purity 
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demand for the crystalization of the enzyme, the high laccase activity loss, difficulty controlling enzyme orientation, and the 

harsh reaction conditions[59] [62].  

 
Table 1. Advantages and limitations of the most common immobilization techniques. 

Immobilization 

technique 

Advantages Limitations 

Adsorption • operational simplicity 

• The enzyme has not been chemically modified 

• reversibility  

of interaction may result in enzyme leakage 

• The reaction's low specificity (because 

adsorption and ion-exchange may overlap) 

• Decreased operational condition flexibility 

Entrapment/ 

encapsulation  

• The enzyme has not been chemically modified 

• Enzymes should remain catalytically active 

during the support transitions or polymerizes 

• Possibility of mass transfer 

• Possibility of enzyme leakage 

Covalent bonding • Durability of the binding 

• Reducing the enzyme leaching 

• Enhance the enzyme stability 

• Usually the irreversibility of the connection 

limiting the reusability of enzyme  

• Support needs the chemical modification  

• Possibility of decreasing of enzyme catalytic 

activity 

• Possibility of enzyme's sterical 

modifications 

Enzyme cross-

linking 

• Support is not required 

• Enhancement of activity and operational 

stability of the enzyme 

• Reducing the enzyme's leakage  

• Possibility of mass transfer 

• harsh reaction conditions 

• pore blockage issues 

• Potentially significant chemical modification 

of enzyme  

 

 
4.4. Selection of suitable immobilization conditions 

The operational conditions of the immobilization process, such as temperature, pH, and presence of redox mediators, can 

affect the efficiency and stability of the immobilized enzyme.  

4.4.1. Temperature  

The temperature of the immobilization process is one of the most effectual parameters on the enzymatic reaction because it 

improves the enzymatic degradation process by providing the reaction with the demand activation energy[64]. Nevertheless, 

the enzymatic reaction may retarded and the enzyme's catalytic activity may decrease after the optimal temperature 

[65,66,67].  

4.4.2. pH 

Enzymes are extremely sensitive to pH changes, because of the variations in the buffer solution can alter the ionization 

states of amino acids at the active sites, which can impact substrate binding and catalysis [68]. The enzymatic activity shows 

an increasing tendency before its optimal pH value, but it then declines with raising the pH [69]. Hereby, the influence of pH 

level and temperature on the enzymatic elimination of contaminants tend to be similar. In strongly acidic or alkaline solution 

the immobilized laccase activity is inhibited, so the enzymatic elimination rate is significantly reduced [70].  

4.4.3. Reaction time  

The non-complementary enzyme's multipoint interaction with the support surface is a sluggish and time-dependent 

reaction and the removal efficiency increases over time until leveling off [71].  This could be due to a number of factors, 

including the inactivation of enzymes during the degradation process, the inhibition of catalytic degradation brought on by the 

accumulation of bi-products, and the saturation of support material by adsorption [72,73,74]. So, this reaction requires the 

correct alignment of the enzyme active sites and the rigid surface of the support [75].  
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4.4.4. Presence of redox mediators  

As previously reviewed, enzymatic degradation of some organic pollutants needed to be activated by using redox 

mediators[76].  The efficacy of redox mediators relies on their redox potentials. In which there is a direct relationship between 

the degradation efficiency of the redox mediators and their redox potentials[76].  

 
Table 2. Some recent studies of the optimized immobilization conditions. 

Enzyme Immob. Carrier enzyme conc. pH Temp. 

(°C) 

Incubation 

time 

Ref. 

Trichoderma 

asperellum laccase 

polymer 

coated Fe3O4@SiO2 

nanoparticles  

24.11 µg 5.95 NA/NG 5.3 h [88] 

laccase Cu2+ modified recyclable 

magnetite nanoparticles, Fe3O4-

NH2 

2.5 mg mL-1 4.5 65  72 h [87] 

laccase magnetic nanoparticles (MNPs) NA/NG 5 50   9 h [90] 

laccase nanoparticles of 

magnetic iron oxide (Fe3O4) 

and copper ferrite (CuFe2O4) 

0.1 mL/mL 4 25  4 h [91] 

laccase magnetic amino-functionalized 

metal–organic framework 

Fe3O4 

-NH2@MIL-101(Cr) 

6 mg·ml−1 3 20-30  5 h [92] 

laccase Copper ferrite magnetic 

nanoparticles (CuMNPs) 

1:5 

enzyme:nanoparticles 

(NPs) ratio 

5 50 9 h [89] 

  
4.5. Other factors 

Great efforts are being made to remove organic pollutants because of their hazardous effect on the ecosystem and the 

living organisms present in it because of their toxicity. So, the target of remediation techniques (like enzymatic degradation) is 

the elimination of the toxicity of the organic pollutants[77,78]. Also, the structure of organic pollutants can affect the 

efficiency of catalytic removal of pollutants. As in previous studies, Enzymes degrade the organic pollutants through the 

binding and orientation of these substances within the enzyme's active sites. Consequently, the degradation potential of the 

enzymes directly related to the organic pollutants structures. [79,80,81]. Cost and practical considerations such as ease of 

production, handling, and downstream processing are essential factors that must be taken into account in the selection of the 

immobilization strategy. Because they can influence the feasibility and scalability of the immobilization process.  

When taking the immobilization efficiency into account, it was observed that immobilization circumstances play a 

significant role. So the immobilization circumstances should be optimized, for instance, the impact of protein weight ratio to 

linker and immobilization carrier (e.g., GTA), the concentration of protein and support, and time of immobilization are vital 

characteristics that specify the residual enzyme activity. GTA concentration is typically less than 3%, and the duration of 

incubation varies depending on the specific enzyme. The optimization process is crucial for the immobilization efficiency, 

enzyme stability, catalytic activity, and reusability of immobilized enzyme. Studies that have previously optimized the 

immobilization conditions have often improved the immobilization yield and efficiencies[82,83,84,85,86,87,88,89], table (2) 

presents some recent studies of the optimized immobilization conditions. 

 

5. Magnetic Nanoparticles as a Precise Matrix for Laccase Immobilization   

Recently, nanoparticles have been extensively utilized as carrier agents for the immobilized enzymes in biocatalytic systems; 

this trend is owing to their high surface area, which leads to a high capacity of loading, in addition to enhancing the 

biocatalytic activity of enzymes [93]. To immobilize enzymes, a variety of materials have been created as nanoparticles, these 

materials included silica, chitosan, nanotubes of carbon, nanofibers of cellulose, nanocomposites through the combination of 

certain nanomaterials and iron oxide nanometals [94].  Surface modifications of these nanomaterials, such as silanization,  

activation of carbodiimide, and crosslinking with glutaraldehyde, among others, can contribute in the conjunction of the 

enzyme and the support by creating single or multi-point systems through covalent interactions [95].   
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Table 3. Catalytic properties of free and immobilized laccase with magnetic carrier of recently reported. 

Laccase 

source 

Magnetic Carrier Kinetic parameters Thermal Stability Operational 

stability 

Ref. 

Km 

(µM) 

Vmax 

(µM/min) 

 

Cerrena sp. 

HYB07 

 

Modified silicon 

dioxide coated 

ferroferric oxide 

magnetic 

nanoparticles 

 

14.8   

81.4 

22.5 

28.4 

59.7 

 

4.5 x 103 

22.8 x 103 

13.32x 

103 

11.6 x 103 

111.0x 

103 

At 50 ◦C, t (1/2)(h)  

1.6 

1.7 

2.3 

1.6 

Fold of that for free 

lac. 

 

7 cycles: 53 % 

7 cycles: 52 % 

8 cycles: 61 % 

8 cycles: 51 % 

------------------ 

 

[90] 

 

Trametes 

versicolor 

 

Laccase@CuFe2O4 

Laccase@Fe3O4 

free laccase 

(mg/mL) 

3.64 

3.76 

3.65  

(U/mL) 

34.80 

30.93 

33.60 

Laccase@CuFe2O4 

and Laccase@Fe3O4 

retained 71% and 

61% of their activity 

at 70.0 ◦C 

Residual activity 

was 70 % for both 

the 

nanobiocatalysts 

after 6 cycles 

[91] 

 

Trametes 

versicolor 

Magnetic amino-

modified 

metal–organic 

framework Fe3O4-

NH2@MIL-101(Cr) 

Free lac. 

0.1 mM 

Immob.  

0.7 mM 

Free lac. 

1.9  

Immob. 

1.2  

Free and immob. 

laccase retained 34% 

and 87% of their 

initial activity at 45 ◦C  

Residual activity 

was 92 % for the 

nanobiocatalyst 

after 5 cycles 

[92] 

 

Trametes 

versicolor 

Amino- 

functionalized 

magnetic 

nanoparticles 

(MNPs) 

 

 

 

NA/NG 

 

 

 

NA/NG 

At 40 °C, Free laccase 

loses 50% of its initial 

activity and at 60 °C 

almost completely 

inactivates. 

At 20–30 °C, 

immobilized laccase 

retained relative 

activity > 90%  

After four cycles, 

immobilized 

laccase preserved 

70% of its initial 

activity, while after 

eight cycles, it 

retained 30%.  

 

[100] 

 

Aspergillus 

oryzae 

Amino-

functionalized ionic 

Liquid-modified 

magnetic chitosan 

nanoparticles 

 

 

NA/NG 

 

 

NA/NG 

Free and immobilized 

laccase retained 7 % 

and 70 % of their 

initial activity at 60°C 

for 7 h, respectively.  

 

Immobilized 

laccase retained 

93.2% of its initial 

activity after 6 

operational cycles. 

 

[101] 

 

Trametes 

versicolor 

Magnetic iron 

nanoparticles 

0.58 mM 0.25  

mM min−1 

The lowest activity of 

free and immob. 

enzyme was recorded 

at 60 °C  

95% of residual 

activity was 

retained after 5 

cycles 

[102] 
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Aspergillus 

oryzae 

Magnetic 

nanoparticles 

 

 

NA/NG 

 

NA/NG 

The immobilization 

enhanced the activity 

of the enzyme 

83.5% of residual 

activity was 

preserved after 6 

cycles 

[103] 

Commercial 

laccase  

Magnetic 

nanoparticles 

0.0062 

mM 

0.062  

mM min−1 

Half life time of 

immobilized enzyme 

at 60 °C was 1.5 h, 

while for free enzyme 

was 4.1 h  

80%of  residual 

activity, after 5 

operational cycles 

[104] 

 

 

 

 

Trametes 

pubescens 

MB89 

Glutaraldehyde 

cross-linking prior 

to entrapment in 

Ca-alginate beads 

 

0.272 

mM 

 

0.869  

mM min−1 

above 50ºC, the 

immobilized laccases 

retained 50% of their 

initial activities 

Greater than 70% 

of residual activity 

was preserved after 

10 cycles 

[105] 

Trametes 

versicolor 

IBL-04 

Calcium alginate 

beads 

77.5μ M 876.4  

μM min−1 

After the incubation 

at 60 °C for 6 h, free 

and immobilized 

laccase retained about 

3.7 % and 33.2% 

relative activity, 

respectively. 

retained 68% of 

residual activity 

after 3 cycles 

[106] 

Laccase 

Novozymes 

513003 

Granular activated 

carbon (GAC) 

NA/NG 37 

μM/min 

More than 85% of 

activity of 

immobilized laccase 

was retained, while 

43% of free laccase 

activity was lost.  

55% of residual 

activity was 

retained after 20 

cycles 

[107] 

Alternia 

tenuissima 

Calcium alginate 

with chitosan beads 

4.375 

U /mL 

1250 

U/ml/min 

After 60 min at 60 ˚C 

the immobilized 

laccase superior the 

free enzyme by 10% 

relative activity  

Residual activity 

was 58% after 19 

cycles 

[108] 

 

Specifically, Fe3O4 magnetic nanoparticles have attracted considerable attention as support agents and carrier matrices for the 

immobilized enzymes in the immobilization technologies[96], as shown in table (3).  This is owing to their unique properties, 

including a strong magnetic response, which enhances the reusability of immobilized enzymes by saving easy separation from 

the biocatalytic system by applying an external magnetic field. Furthermore, magnetic nanoparticles have low toxicity, easy 

surface modification and biocompatibility with biological materials, and high mass-transference [97,98]. The magnetic 

materials always tend to aggregate owing to their substantial surface area-to-volume ratio and magnetic dipole-dipole 

attractions [99]. 

 

6. Conclusions and Future Perspectives 

Laccase immobilization onto magnetic nanoparticles as carriers have been shown to be a successful method for improving the 

catalytic properties of enzymes, such as the stability, reusability, and catalytic activity of enzymes for the bioremediation of 

organic pollutants. Magnetic nanoparticles present distinct benefits as immobilization matrices, owing to their high surface 

area, ease of recovery, and reusability by applying an external magnetic field. This was proved by the recent studies that 

demonstrated the ability of various laccase-magnetic nanoparticles biocatalytic systems in the removal and degradation of a 

wide range of contaminants, like organic dyes, phenols, and pharmaceutical residues.  Nevertheless, a number of obstacles 

need to be resolved before the practical application of these bio-catalytic systems. So, further studies are required to optimize 
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the immobilization process, considering enzyme loading and operational conditions (temperature, pH, presence of mediators, 

and reaction time).  Furthermore, the long-term stability and reusability of the immobilized enzymes should be assessed under 

actual environmental circumstances.  

Developing scalable and affordable immobilization strategies ought to be another priority, moreover to the investigation of 

alternative magnetic nanoparticles or nanocomposites with improved qualities. More effective pollutants removal biocatalytic 

systems, can be obtained by the integration of immobilized laccase system with other treatment technologies, such as 

membrane filtration or advanced oxidation processes. 

In general, immobilization of laccase enzyme on the surface of modified magnetic nanoparticles offers a promising avenue for 

the creation of sustainable and environmentally friendly bioremediation techniques. Researchers should make more efforts in 

this area to develop a more sustainable future and circular economy. 
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