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Abstract 

Laccase is a flexible multicopper oxidase which has been studied for use in a variety of sectors including environmental, industrial, 
food, medical and biotechnology. Although, there is rapid development in studying the practical uses of laccase, issues surrounding 
poor reusability, stability, and a short lifespan still exist. The entrapment of laccase in nanoparticles has been proven to be a viable 
method to increase the effectiveness of laccase and its enzymes. The laccase nanoparticles exploit the adjustable chemistry, high 
surface area and great electrical characteristics of laccase. A host of advanced biocatalysts have proven their potential in a number of 
industries including food, medical diagnostics, medicine, medical, pharmaceuticals, bioenergy, intelligent food packaging, 
bioelectronics, biosensors, and waste water treatment. The enhancement of electron transfer, controlled immobilization of enzymes, 
and simplified recovery of laccase bound to metallic, polymeric, magnet, and carbon nanoparticles, sustains the green technology 
goals. 
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Introduction 
Multi copper oxidases, peroxidases, and oxidases can be found in nearly every industry including pharmaceuticals, food, textiles, 
paper, and even in environmental biotechnology (Bilal et al, 2019). With increases in demand for safe and sustainable processing, 
laccases are becoming increasingly commercially valuable as oxidative enzymes. Laccases are referred to as brown oxidases, as a 
subclass of oxidases, and also as an enzyme with a specific type of electrochemical reaction of oxidation; laccases oxidize a substrate, 
and in the process, lose an electron and, via a 4 electron (4-eu) pathway, reduce and make water (Singh et al, 2018). This behavior 
explains how laccases and certain phenolic and aromatic amine xenobiotics, laccases and some other oxidases can operate with no 
by-products, which in laccases, is explaining the most fundamental principle of green chemistry (Bilal et al, 2019). In the textile 
industry, laccases are used for the decolorization of dyes. They also serve a variety of purposes including the treatment of waste water, 
the synthesis of organics, the creation of biofuels, the sensing of bios, and the utilization of biomass of lignocellulosic materials 
(Marlina et al, 2021). 
Yoshida was the first person to describe the presence of laccases when researching phenolic compounds from the Japanese lacquer 
tree (Rhus vernicifera) in the year 1883. There is no shortage of scientific descriptions of laccases and their functions within the study 
of fungal communities. In particular, laccases produced by white-rot fungi are instrumental in the degradation of lignin (Baldrian, 2006; 
Couto, S. R.; Herrera, 2006). Evolving laccases and organism classification seem to differ in some bacterial and higher plant and certain 
insect groups (Janusz et al, 2017). While laccases are produced by the fungi of the basidiomycetes, the basidiomycete fungi have been 
the subjects of most of the laccase investigations, particularly due to their distinctive redox and substrate versatility (Mate et al, 2015). 
There is a growing understanding as a result of the fusion of contemporary molecular and protein engineering and genomics of laccases 
and their possible commercial applications (Pollegioni et al, 2016; Ruiz-Dueñas, F. J.; Martínez, 2020). 
Unbound laccases do come with disadvantages that make them combustable: operational stability is low and they are not reusable. 
Free laccases run lnc efficiently with extreme pH, temperature, and organic solvents (Bilal et al, 2017; Lima et al, 2016). Despite 
operational stability and entrapment improving through the use of nanotechnology, numerous questions remain. Laccases are solid 
catalysts. Moreover, nanomaterials enhance not only the engineered surface area and chemistry for mass and chemical transfer but 
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also for operational stability, catalytic potency, and the reuse of solid laccase catalysts (Su et al, 2021). Among the most sophisticated 
catalytic solid laccase systems are those with various biocompatible nanostructures and laccase, including metallic and metal oxide 
nanoparticles, carbon and carbon-based magnetic nanoparticles, polymer and magnetic nanoparticles, hybrid nanocomposites, and 
laccase with biocompatible nanostructures (Bilal et al, 2021; Zhao et al, 2020; Gao et al, 2023). Bridging laccases with nanotechnology 
and engineering/biochemistry minimizes the numerous biocatalytic systems’ challenges at the systemic level. 
 

BIOCHEMICAL PROPERTIES OF LACCASE 
Laccase has possible applications in different industries and biotechnologies based on its biochemical properties, including optimum 
pH and temperature, stability, kinetics, and redox mediators. Such factors may differ, impact catalytic and operational efficiencies, 
and are a function of proximate source, molecular make up and reaction conditions of the enzyme (Baldrian, 2006; Janusz et al, 2017). 
Apart from the specific oxidizable substrate, the source of laccase also impacts on the laccase pH value.  Laccases have a broad range 
of operational pH. Fungal laccases perform optimally in the range of pH 3.0 to 5.0 in the presence of phenolic substrates (Baldrian, 
2006). Some of the behaviours of fungal laccases may be attributed to the electron transfer at the type 1 copper site. In addition, 
phenoxy radicals tend to be more stable in an acidic environment (Mate and Alcalde, 2015). On the other hand, bacterial and plant 
laccases show optimum activity at pHs 6 to 9. This particular feature is advantageous when laccases are used in various applications, 
including textile, pulp and paper, and wastewater treatment industries, which are typically alkaline (Singh et al, 2020).  
Temperature, too, has an influence on the activity of laccases. Most laccases have optimal activity at temperatures between 40 and 
50 °C, but certain thermophilic bacteria operate at temperatures exceeding 70 °C (Janusz et al, 2017). Extreme temperatures, however, 
can cause the misalignment of the copper and protein subunits, causing an irreversible loss of function of the enzyme (Pollegioni et 
al, 2016).  
The robustness of laccases is especially useful to numerous industrial applications. More economical laccase variants tend to suffer 
more from extremes of pH, thermal instability, and elemental inhibition (Mate and Alcalde, 2015). While fungal laccases tend to be 
more stable in the presence of acid, they tend to possess relatively low activity at high pH. On the other hand, even under extreme 
pH, salinity, and certain organic solvents, bacterial laccases tend to have high relative activity (Singh et al, 2018). Animal laccases tend 
to exhibit Michaelis-Menten type of kinetics. 
The particularities of substrate specificity also include its size, electrostatic charge, and concealment of the T1 copper site and so on 
(Zhang et al, 2020). The substrate oxidation limit of laccases is determined by high redox potential or by the size.Laccase-mediator 
systems, in some cases, exhibit a form of redox versatility. Although, because of redox activators, small mediators might provide and 
electric pathway to the enzyme and the substrate, which would otherwise be blocked (Bilal et al, 2021). The implementations of 
mediators in laccase-mediator systems do come at their own issues. These include high cost, unregulated pollution, instability of the 
mediators, and increased pollution. Use of unbound laccase, or nano laccase, is to enhance efficiency and is more eco-friendly (Kumar 
et al, 2023; Wang et al, 2024). 

 
SOURCES OF LACCASE 
Numerous different varieties of organisms can produce laccases, including a range of bacteria, fungi, animals, and even some plants 
that are considered multicopper oxidases. While laccases can be produced by laccase-inducing organisms in a range of environments, 
laccases produced by fungi, laccase-inducing plants, laccase-inducing bacteria, and laccase-inducing insects are most economically 
valuable. Laccase-producing bacteria, laccase-producing fungi, and laccase-producing organisms are the most economically valuable 
and are the most diverse. The highly diverse laccase-producing fungi and bacteria dominate laccase-producing fungi and laccase-
producing bacteria industries (Reinhammar, 2018; Younus et al, 2025). 
The white-rot and brown-rot basidiomycete fungi genera are the most well-characterized groups producing laccases, particularly 
Laccase-producing fungi, which, alongside laccase-producing basidiomycetes, are some of the most well-characterized organisms 
producing laccases (Deshmukh et al, 2025). Laccases are made by fungi in the form of glycoproteins that are produced and secreted 
extracellularly. Fungi laccases are active against a variety of polymeric subunits (positive and negative) across all the classes of phenols 
and non-phenols. The redox potentials shown by laccase-encoding fungi laccases are very diverse as well (Vallejo et al, 2025). 
Vallejo et al. note the presence of laccase-encoding multigene families in all fungi species including Lentinula, Timothy, Phanerochaete, 
Pleurotus, and Ganoderma. Laccase production is most active under conditions that are mesophilic and of moderate acidity (Vallejo 
et al, 2025). There are laccase-producing fungi which have shown optimal growth and laccase activity in conditions which are outside 
the usual mesophilic range. The laccases of Aspergillus and Penicillium species are said to have a lower redox potential but are 
produced commercially more easily because of lesser growth and lesser requirements for genetic manipulation (Sharma et al, 2025; 
Huang et al, 2024; Algahmadi et al, 2024). Hence, fungal laccases are used in most of the industrial processes like pulp biobleaching, 
textile dye decolorization, wastewater treatment, biosensing, and green biosynthesis (Rodríguez-Couto et al, 2019; Magalhães et al, 
2024). 
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The enzymes of bacteria have been the most commercially studied and exploited laccases for biotechnological applications. Bacteria, 
as explained by Chauhan et al., have shown robust and greater stability in alkaline environments (pH, temperature, salinity, and organic 
solvents) (Chauhan et al, 2017). Species of Bacillus, Streptomyces, Pseudomonas and Thermus are neutral to alkaline, and their high 
thermostability coupled with their typically lower redox potential makes them bioremediation, biofuel and nanobiotechnology (Akram 
et al, 2022). Laccases are the enzymes of plants which polymerize the Xeno-substrates of monolignols. 
These are endoenzymes that polymerize the lignin in the secondary cell walls of the plants (structural components of the plant’s 
defense tissues) (Liao et al, 2023; Chen et al, 2025). Laccase-1 and 2 are insect laccases involved in cuticle sclerotization, pigmentation, 
and components of the cellular immunity and are used in natural polymerization and designing of biomimetic materials and cannot be 
used for industrial purposes directly (Asano et al, 2014; Liu et al, 2018; Clark et al, 2021).  

 
Table 1: Classification of Laccase Sources and Their Industrial Significance 

Source 
Representative 

organisms 
Optimum pH 

Major 
characteristics 

Major applications Reference 

Fungi 
Trametes versicolor, 
Pleurotus ostreatus, 
Ganoderma lucidum 

3.0–5.0 

High redox 
potential, 

extracellular 
enzyme 

Bioremediation, 
textile dye 

degradation, pulp 
bleaching 

Baldrian (2006); 
Janusz et al. 

(2017); Sharma et 
al. (2025) 

Bacteria 

Bacillus, 
Streptomyces, 
Pseudomonas, 

Thermus 

6.0–9.0 
Thermostable, 
alkali tolerant 

Wastewater 
treatment, biofuel 

production 

Chauhan et al. 
(2017); Akram et 

al. (2022) 

Plants 
Rhus vernicifera, 

Populus trichocarpa 
5.0–7.0 

Lignin 
polymerization 

Plant 
development, 

lignification 

Liao et al. (2023); 
Chen et al. (2025) 

Insects 
Bombyx mori, 

Plutella xylostella 
~6.0–7.0 

Cuticle 
sclerotization and 

pigmentation 

Biomimetic 
materials 

Asano et al. 
(2014); Liu et al. 

(2018) 

 

LIMITATIONS OF FREE LACCASE 
The most important issues regarding the use of free soluble laccases in inustrial processes are the poorly working and the loss of 
function of the enzyme at the high temperatures, extreme pH and long process times that are common in industry. Operational l ife 
spans can be shortened by any number of factors. Common instances of this are enzyme depletion by reaction intermediates, by the 
processing pH, and by the need for product replenishment (Zhao et al, 2020). Because free laccases cannot be recovered and reused, 
the processes being reused become more volatile, as with processes like dye degradation and waste water treatment that involve free 
laccases. The laccases are also affected by heavy metals and organics that disrupt the electron transfer from Ni and Cu, as well as by 
the halides that are known to be laccase inhibitors (Wang et al, 2024). Free laccases also cannot use mediators, and therefore cannot 
process large, non-native substrates. Because industry often involves very high temperatures and the use of free laccases, these 
processes also become non-viable, which is one of the reasons that the use of immobilization and nanobiocatalyst are so popular 
(Zhao et al, 2020). 
 
Table 2: Comparative Characteristics of Free and Immobilized Laccase Systems 

Parameter 
 

Free Laccase Nano-Immobilized 
Laccase 

Reference 
 

Operational stability Low High 
Bilal et al. (2017); Zdarta 

et al. (2023) 

Thermal stability Poor Improved 
Datta et al. (2017); Bilal 

et al. (2023) 

pH tolerance Narrow Broad 
Sheldon and van Pelt 
(2015); Ribeiro et al. 

(2024) 

Reusability Single use Multiple catalytic cycles Kumar et al. (2023); 
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Zhao et al. (2020) 

Recovery Difficult 
Easy (especially 

magnetic nanoparticles) 
Rashid et al. (2022); 

Villalonga et al. (2025) 

Catalytic efficiency Moderate Enhanced 
Li et al. (2024); Mate and 

Alcalde (2024) 

Industrial applicability Limited High Wang et al (2024) 

 

NANOTECHNOLOGY IN IMMOBILIZATION OF LACCASE 
The length of time, reusability, and stability problems of laccase systems and nanotechnology para and the impact of combined laccase 
systems and nanotechnology has been documented (Alvarado-Ramírez et al, 2021).  Various magnetic and silica nanostructures, 
laccase-graphene oxide nanofibers, other nanofibers, and various polymeric derivatives of these materials have been used for the 
laccase nanoscale and microscale immobilization. These micro and nanostructures materials lessen the potential for laccase to fold on 
itself and constrain the microenvironment (Mahmoodi et al, 2014; Lateef et al, 2015; Deniz et al, 2022). With the optimum 
microenvironment, nanocarriers, the conditions for substrate accessibility, catalysis, and enzyme loading. Economically, and reusable 
laccase nanomaterials, magnetic, and laccase nano-immobilized laccase. Of surrendered laccase nanocarriers, the best for control and 
orientation was, according to Alvarado-Ramírez et al, entrapment (Alvarado-Ramírez et al,2021). The use of laccase nanotechnology 
immobilization is economically feasible in most of the processes in which laccases perform functions in biocatalysis, bioremediation, 
and in the biosensors; laccases perform vital functions (Dong et al, 2023; Ren et al, 2020). 

 
Figure 1: Schematic overview of laccase immobilization on nanoparticles illustrating the limitations of free laccase, major 
immobilization strategies, representative nanocarriers, and the resulting improvements in catalytic performance, stability, and 
reusability. 

 
METHODS FOR SYNTHESIS OF NANOPARTICLES 
The techniques used in the synthesis of nanoparticles determine the particles' dimensions, shape, surface chemistry, biocompatibility, 
etc. These characteristics are all crucial for effective laccase immobilization. Patil et al. reported that nanoparticle synthesis methods 
are typically divided into three categories: physical, chemical, and green methods (Patil et al, 2021). 
Physical Methods 
Methods that do not involve chemicals as such, and use purely physical means rely upon top-down approaches and the use of 
mechanical/physical methods to break samples down to the nanoscale, from bulk to nanoparticles. Such methods include ball milling, 
laser ablation, evaporation–condensation and sputtering (Jagdeo, 2023). Although ball milling can be scaled up easily, the 
nanoparticles produced are often not uniform which leads to the potential problem of not having the proper enzyme loading 
(Wirunchit et al, 2021). Amongst the other methods laser ablation is the most applicable to sensitive biological systems as the 
nanoparticles produced are chemically pure and optimal for enzyme immobilization (Kim et al, 2017; Mansoureh and Parisa, 2018). 
Since physical methods are usually associated with high costs because of the high quantity of specialised equipment and the high 
amount of energy required, additional surface modifications are needed as the nanoparticles produced are usually (Jagdeo, 2023). 
Chemical Methods 
Because the intrinsic physical characteristics of nanoparticles such as dimensions, form, and surface chemistry can be fine-tuned, most 
methods to immobilize laccase involve some type of chemical synthesis. Some of the synthesis methods include chemical reduction, 
co-precipitation, sol-gel, and polymerization. Because of the rapid growing field of laccase immobilization on porous iron oxide 
nanoparticles, it is pertinent to mention that it was also co-precipitation that was most widely used in the formation of highly magnetic, 
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easily collectable, and reusable laccase (Hachem et al, 2022). Chemical reduction is of at most importance in the construction of metal-
Au (and Ag) nanoparticles which are predominantly used in biosensors. Sahoo et al. explains the use of polymeric microspheres, which 
are formed by interface polymerization or ionic gelation, and are hydrophilic in nature, as offering an advantageous environment for 
the utilization of laccase as well as being biocompatible (Sahoo et al, 2021). Careful selection and purification of reagents is, without 
a doubt, the result of the use of hazardous chemicals and/or solvents (Hachem et al, 2022). 
Green Synthesis Methods 
The use of biological systems and natural compounds as reducing and stabilizing agents in green chemistry is another area that 
improves sustainability. Successful synthesis of nanoparticles for laccase immobilization has been achieved with polyphenol- and 
flavonoid-containing plant extracts and with microorganisms, including bacteria, fungi, and algae. There have also been positive 
reports during synthesis with the biopolymers chitosan, alginate, cellulose, and starch (Ali et al, 2015; Nasrollahzadeh et al, 2019; 
Warkara and Meena, 2022). Although there have been positive reports regarding the biocompatibility and environmental safety of 
the nanoparticles, size and reproducibility are still concerns (Samuel et al, 2022). 
 

TYPES OF NANOMATERIALS USED FOR IMMOBILIZATION OF LACCASE ENZYME 
Recent advances in the encapsulation of laccase nanomaterials have laccase increased activity, catalytic efficiency, and reusability. For 
instance, nanosilver, gold, and platinum nanoparticles enhance conductivity and biocompatibility. These nanoparticles promote 
electron transfer in laccase biosensors, and laccase bioelectrochemical systems. Iron oxides (Fe₃O₄, γ-Fe₂O₃), as well as titanium oxides, 
zinc oxides, cerium oxides, and manganese dioxides are among the materials attributed mechanical and chemical stability, along with 
surface hydroxides that bond, chemically, to laccase. Iron oxides (Fe₃O₄) nanomaterials are particularly beneficial, as the laccase that 
is covalently bonded to the material can, the use of a magnet, be removed and reused (Rashid et al, 2022; Muthuvelu et al, 2020; 
Kadam et al, 2022; Si et al, 2024; Villalonga et al, 2025; Wang et al, 2024).  
Core-shell magnetic silica and nanomagnetic mesosphere silicate are praised for their chemical stability. Silicate nanomagnetic 
mesospheres have been cited as magnets in the positive, as has Zhao (Zhao et al, 2022). When grouped mesoporous silica and 
multifunctional mesoporous silica, the magnetic microspheres mesospheres silica nanocomposites exhibit the same stability and 
permeability characteristics as silicate magnetic nanocomposites (Patel et al, 2014). 
Numerous carbon nanomaterials exhibit remarkable tensile strength, as well as remarkable conductance and catalytic abilities, and 
carbon biochar nanoparticles, carbon nanodots, carbon nanotubes, nano-graphenes (graphene oxide, reduced graphene oxide, 
grapheme), and even conductive oxides. The properties of graphene oxide and laccase (Adamian et al, 2021). The primary focus will 
thus be on composite nanomaterials, more specifically, those that integrate magnetic nanomaterials, layered nanomaterials, and 
synthetic and naturally occurring polymers like chitosan, alginate, cellulose, starch, dextran, poly(lactic acid), poly(vinyl alcohol), 
polyaniline and stogether with the more complicate synergistic effects of the additional electrostatic interactions (Alsaiari et al, 2021; 
Gupta et al 2025). 
 
Table 3: Types of Nanocarriers for Laccase Immobilization and Their Applications 

Nanomaterial Major characteristics Typical application Reference 

Fe₃O₄ magnetic nanoparticles 
Magnetic separation, high 

reusability 
Wastewater treatment 

Rashid et al. (2022); Zhao et 
al. (2020) 

Silica nanoparticles 
High surface area, chemical 

stability 
Enzyme immobilization 

Patel et al. (2014); Zhao et al. 
(2022) 

Gold nanoparticles 
Excellent conductivity and 

biocompatibility 
Biosensors 

Patil et al. (2021); Li et al. 
(2024) 

Graphene oxide / Carbon 
nanotubes 

High electrical conductivity 
Bioelectrocatalysis, 

biosensors 
Adamian et al. (2021) 

Chitosan nanoparticles Biocompatible, biodegradable Food packaging, biocatalysis Rashid et al. (2022) 

Polymeric nanoparticles 
High enzyme loading and 

stability 
Industrial biocatalysis Sahoo et al. (2021) 

 
PROPERTIES OF LACCASE NANOCOMPOSITES 
Among recent entrants of biocatalysts innnovation are nanocomposites biocatalysts using laccase and new designed nanomaterials 
(Mate and Alcalde, 2024). One of the benefits of biocatalysts is their longer operational shelf life. Due to laccase support is 
nanostructured, laccase is less susceptible to irreversible denaturation. In addition, these composites are not subjected to the 
operational inflexibility and reuse limitations of previous nanomaterials (Bilal et al, 2023). Compared to other dissociated catalysts, 
nanomaterials offer better surface area and porosity, and with dissociated catalysts better substrate accessibility, and higher catalytic 
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efficiencies, the extent of catalytic action is enhanced (Zhang et al, 2023; Ribeiro et al, 2024). In comparison to unbound laccase, 
laccase nanocomposites offer greater mass transfer and less diffusion of reacted biocatalysts, thus enhancing biocatalyst response 
time. According to Kumar et al, there appears to be an association of reduced enzymatic leaching to increased oriented and more 
laccase bonded to the functionalized nanocarriers (Kumar et al, 2023). In certain laccase nanocomposites, Li et al. report of increased 
electrical conductivity, and improved resistance to some classes of inhibitors. Due to the unique attributes of such composites, they 
can be applied in various domains, including but not limited to, environmental remediation, the production of sensors, sustainable 
bioprocessing, and biocompatible electrodes (Li et al, 2024). 
 

EFFECT OF NANOPARTICLES ON PROPERTIES OF LACCASE 
Certain types of nanomaterials used in conjunction with laccases may solve, or at least ameliorate the problem of free enzymes in 
bioconversion systems, although free enzymes present a myriad of problems (Mate and Alcalde, 2017; Bilal et al, 2019). The laccase 
free enzyme instability issue is one of those problems. The microenvironment created by the nanomaterials may protect the enzyme 
microenvironment from extreme pH, temperature, and organic solvents that cause enzyme denaturation. This microenvironment may 
allow enzymes to withstand extreme pH and elevated temperature, enhancing its commercial and industrial applications (Datta et al, 
2017; Sheldon and van Pelt, 2015; Zdarta et al, 2018). The cost and operational implications of modifying laccases and using 
magnetophoresis, (removal of laccase via magnets), as a controllable biocatalyst, may integrate with process and function multiple 
reaction cycles with negligible loss of laccase activity, as described by (Kumar et al, 2023; Asgher et al, 2017). 
Laccases catalyze enzyme reactions; one way to obtain better reaction rates is to place them within magnetically responsive 
nanoparticles with optimal pore size and an ideal surface to volume ratio, increasing the enzyme's surface and interaction with the 
substrate (Zdarta et al, 2023; Bilal Iqbal, 2020). Of all nanoparticles, the most functional modification is offered by polymers that 
encapsulate laccase conjugated to the polymers.  
This method offers the highest laccase positional control, the best reduction of laccase leaching from the nanoparticles, and the best 
promotion of laccase encapsulation. Laccase nanoparticles coupled with biosensors and other areas of electrochemistry are very 
promising (Gupta et al, 2016; Li et al, 2024). The enzyme laccase is, with respect to certain inhibitors such as halides and metal cations, 
less inhibited (Santos et al, 2015; Ribeiro et al, 2024). Of all disciplines, laccase and nanoparticles composites are especially promising 
for biosensors and electrochemistry (Li et al, 2024; Gupta et al, 2016).  Like other conductive nanomaterials, such as graphene oxide, 
metal nano parts, and carbon nanotubes, accelerate electron transfer from laccase to the electrode. 

 
APPLICATIONS OF NANO-ENABLED LACCASE SYSTEMS 
 
Industrial and biotechnological applications 
The first nano-biocatalysts were created with laccase systems by coupling laccase enzymes to laccase-immobilized nanostructured 
supports (Arduini et al, 2022; Bilal et al, 2019). Laccase systems span a variety of technological and biotechnological fronts. 
Environmentally, they rapidly and effectively mitigate phenolic, synthetic dye, endocrine disrupting, and pharmaceutical contaminants 
in wastewater (Singh et al, 2020; Gasser et al, 2014). Since nano-immobilized laccase systems are reliable, they are consistent in 
straightforward continuous treatment systems, extreme changes in pH and temperature, and in the presence of heavy metals and 
organic solvents (Sharma et al, 2021; Zdarta et al, 2018). In the textile and paper industries, the application of nanostructured laccases 
to decolor dyes, biobleach the pulp, and in a chemically disruptive manner, alter the chemically fibro disruptive pulp (Yang et al, 2023; 
Chauhan et al, 2017). 
The use of biosensors with bioelectrochemical applications of laccase with conductive nanomaterials like carbon nanotubes, metal 
nanoparticles, graphene oxide showed improved detection of phenolic compounds, glucose, and other analytes due to better electron 
transfer between laccase and the electrodes (Rodríguez-Delgado et al, 2015; Tiwari et al, 2020). Nano-immobilized laccase enhances 
the safety and the quality of food and pharmaceuticals, since laccase detoxifies mycotoxins and synthesizes antioxidants, and laccase 
modifies bioactive compounds (Faccini et al, 2019; Bilal et al, 2020). In biopolymer and packaging technologies, laccase-nano 
composites enhance the functionality of active packaging systems, and add antimicrobial and antioxidant properties to sustain and 
prolong food shelf life (Bilal et al, 2020; Zdarta et al, 2018). Nano-enabled systems for laccase are commercially scalable and 
economically viable due to having great substrate accessibility, a high surface to volume ratio, and resistance to inhibitors (Zdarta et 
al, 2018; Jesionowski et al, 2015). The combination of laccase and nanotechnology, especially in the environmental, biomedical, and 
industrial fields, strengthens the utilization of biocatalysis as a more environmentally friendly and sustainable paradigm in the 
technologies of the future (Arikan et al, 2024; Bilal et al, 2021).  
 
Applications in the food industry 
Bilal et al. and Zdarta et al. report the application of nanotechnology in the food sector which improves the stability, efficiency, and 
reusability of laccase (Zdarta et al, 2023). The operational lifespan of laccase is boosted by the nanomaterials; silica, gold and polymers, 
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which provide protection from temperature, pH, and proteolytic enzymes (Sharma et al, 2021; Jesionowski et al, 2015). Another 
application is the stabilization and clarification of some beverages. Laccase can reduce the enzymatic browning which occurs when 
phenolic compounds are present and turbidity (Faccini et al, 2019; Minussi et al, 2016). In baking, the nano-laccase systems (Yang etal, 
2022; Selinheimo et al, 2017) increase the texture of the bread by means of controlled oxidative crosslinking of phenolic compounds 
and proteins and also enhance the rheology of flour and dough, and reinforce the gluten network. The use of nano-laccase in the 
processing of dairy is also reported by many authors with the improvement of the solubility and functionality of the modified whey 
proteins (Mate and Alcalde, 2024).  In addition, nano-laccase has been found to unregulatedly reduce undesired off-flavors due to 
phenolic oxidation (Bilal and Iqbal, 2020; Abdel-Moneim et al, 2023). 
From the point of view of the dairy processing industry, antimicrobial laccase conjugate nanoparticles are, probably, an answer to the 
phenomena of Fos coagulation, which would be useful to extend the shelf-life of dairy products (Zhang et al, 2023). Laccase 
nanoparticles could also function as biosensors to assess/track the quality of the food (Arduini et al, 2022; Rodríguez-Delgado et al, 
2015). The incorporation of laccase and nanomaterials and the reduction of chemical preservatives in food processing is very recent 
and remains of high interest (Bilal et al. 2021; Zdarta et al. 2023). 
 
Medical and Pharmaceutical Applications 
There is an increasing trend in the use of biocatalysts of laccase, encapsulated in nanocarriers in the pharmaceutical and medical fields. 
They are more catalytically active, biochemically more stable, and more readily reusable (Zdarta et al, 2023; Bilal et al, 2021). 
Numerous encapsulated laccase nanocarriers, which are more useful in preventing the denaturation of the enzyme within more 
complex biophysical constructs at physiological temperatures. 
For example, some examples of nanocarriers include the encapsulated laccase magnet, gold and silica, and other polymers (Sharma 
et al, 2021; Jesionowski et al, 2015). When it comes to the biocatalyst laccase, in the drug development process it is less toxic than the 
chemical and biocide-releasing methods used in the industry for targeted and stereoisomer oxidation (Bilal et al, 2020; Rodríguez 
Couto and Toca Herrera, 2016).   
As laccase-nanoparticle conjugates used in prodrug activation and drug delivery, the oxidation caused by the triggered enzyme acts 
on the drug released to alter the therapeutic effect, there are new potentials for this in as some literature describe (Kumari et al, 2018; 
Arikan et al, 2024). Also, laccase-carrying nanoparticles used for their combined antimicrobial and anticancer properties are (El-
Saadony et al, 2023; Singh et al, 2018). Laccase-integrated distributed sensors have been used for the rapid and selective detection of 
biosensors and the markers of drugs and toxins (Arduini et al, 2022; Rodríguez-Delgado et al, 2015). 

 
Figure 2. Multidisciplinary applications of nano-enabled laccase systems in environmental remediation, food processing, 
biosensing, biomedical engineering, pharmaceutical technologies, industrial biotechnology, and sustainable biocatalysis. 



 

3505 
 

Adolescencia e Saude, vol. 21, No.9s, p. 3498-3508 

 

CONCLUSION 
One of the best promising combinations of nanotechnology and enzymology is the incorporation of laccase into nanoparticles. These 
nanoparticles, in addition to being multifunctional, can also possess a number of helpful characteristics in various aspects of industry 
and biotechnology. Along with laccase's improved stability, laccase's limitations and laccase's reusability will boost overall catalytic 
efficiency. Dependable performance will be shown, even in exceptionally complicated and extreme reactivity. Regulatory safety, cost, 
and scalability will be easily overcome by the trends in the field of laccase redesign, the immobilization methods, and the 
nanomaterials. Responsive smart systems will be of extreme importance, as will commercially and societally laccase nanobiocatalysts. 
Strong innovation will also be supported in many fields of technology, especially in the extremely important field of sustainability. 
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