
RSC 
Sustainability

RSC 
Sustainability
Accepted Manuscript

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been accepted 
for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  A. Aman, M.

Qureshi, A. Ansari, F. Shahid and M. Sohail, RSC Sustainability, 2026, DOI: 10.1039/D6SU00142D.

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6su00142d
https://pubs.rsc.org/en/journals/journal/SU
http://crossmark.crossref.org/dialog/?doi=10.1039/D6SU00142D&domain=pdf&date_stamp=2026-04-30


Sustainability Spotlight Statement

Enzymes are catalytic modalities that helps in sustaining life by controlling metabolic systems. 

Reusing them multiple times, for the same purpose, assists in reducing their production cost and 

also minimizes carbon emission. Our goal was to establish a stable insoluble version of the enzyme 

(laccase) that could be recycled in order to cutdown the biochemical processing industrial steps. 

Laccase is capable of oxidizing phenolic compounds therefore, laccase based crosslinked enzyme 

aggregates (L-CLEAs) could be used to clean water based contaminants. The proposed research 

work highlights the affordable and clean energy of SDG-7, industry, innovation and infrastructure 

of SDG-9) and also to some extent the climate action of SDG-13.
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Enhanced Catalytic Turnover and Robustness of Laccase from Trametes 
pubescens through Carrier-Free Aggregation 
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Abstract

Green biocatalysis has revolutionized industrial processing by replacing whole-cell systems with 
robust immobilized biocatalysts, significantly streamlining downstream purification. This study 
reports on the fabrication and biocatalytic characterization of carrier-free Crosslinked Enzyme 
Aggregates (CLEAs) using laccase produced by the white rot fungus Trametes pubescens through 
solid state fermentation. The resulting L-CLEAs exhibited superior thermal robustness and 
catalytic performance compared to the soluble laccase (SL). Kinetic analysis revealed that while 
the apparent substrate binding affinity (Km) increased 5.4 fold due to mass transfer limitations, this 
was also largely compensated for a 4.1 fold enhancement in the catalytic rate constant (kcat). 
Furthermore, L-CLEAs demonstrated a significant 2.2-fold reduction in activation energy (Ea) and 
an increased inactivation energy (Ed), indicating a fortified structural conformation. Thermal 
stability assays confirmed that L-CLEAs nearly doubled the enzyme's half-life (t1/2) at 60°C, 
extending it to 406 minutes. Moreover L-CLEAs also retained >80% activity after 20 consecutive 
cycles of use, demonstrating excellent operational durability and ease of recovery through simple 
centrifugation. These findings, coupled with exceptional reusability, position L-CLEAs as a highly 
efficient and stable hybrid system for the industrial degradation of phenolic compounds and other 
green chemistry applications.

Keywords: Crosslinked Enzyme Aggregates, Laccase, Oxidoreductase, Phenolic Compounds, 
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1 Introduction

Enzymes due to their green nature have found several industrial applications and subsequently 

have limited the use of conventional chemical catalysts for the manufacturing of different types of 

metabolites. Microbial enzymes could either be utilized in soluble form or immobilized form 

depending upon their application. Numerous researchers have highlighted the need to overcome 

the barriers associated with the use of soluble or free enzymes as they cannot be easily recovered 

or reused multiple times, and they also have low stability. One of the alternative options developed 

to overcome the related issues was the use of enzyme immobilization technology where compatible 

carrier materials (carrier-bound matrices) were applied to restrain enzyme molecules with solid 

support. With the passage of time, immobilization of biocatalysts on different types of organic or 

inorganic matrices has become one of the most explored areas in research. This carrier-bound 

technology was also found to be one of the most suitable alternative methods that would have 

facilitated industries to overcome the stability and reusability issues related to soluble enzymes. 

Immobilized single-enzyme, immobilized multiple-enzymes or immobilized microbial cells have 

been frequently investigated and used in academia and industry. However, immobilization 

technique itself also has exhibited several limitations including loss in enzyme activity and stability 

because of the complex immobilization process and the type of matrix used. Cost and scalability 

are also some of the issues related to the use of immobilized enzymes in various sectors. There are 

several important aspects of immobilization that if considered carefully, may result in improved 

implementation of this technique. Selection of a suitable immobilization method (physical 

adsorption, encapsulation, ionic bonding, covalent binding, entrapment and crosslinking 

techniques), type of compatible support system used (inorganic material, biopolymers, synthetic 

polymers, hydrogels), efficient enzyme recovery process and improved kinetic properties of 
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immobilized enzyme are some of the parameters that could result in scalable applications of 

immobilized enzymes. 

To overcome the aforementioned challenges, a new carrier-free crosslinking 

immobilization technology was introduced where the main emphasis was on the improvement of 

enzyme’s operational stability. Currently, there are many different types of crosslinking strategies 

on which researchers are extensively working and those include crosslinked enzyme aggregates 

(CLEAs), crosslinked enzyme crystals (CLECs), magnetic crosslinked enzyme aggregates 

(MCLEAs), porous crosslinked enzyme aggregates (PCLEAs) and combi- and multi-crosslinked 

enzyme aggregates (CCLEAs).1-8 While these strategies have been applied across various enzyme 

classes, the choice of immobilization technique is dictated by the specific primary amino acid 

sequence and structural motifs rather than the enzyme’s functional classification. Among various 

oxidoreductases, laccase has been immobilized using some of the aforementioned methods using 

different types of matrices or supports. This is because laccases are reported to have high catalytic 

properties and are explored frequently in developing green applications for water remediation. It 

has been immobilized using hydrogels9, magnetic nanoparticles5 and other solid supports10-12 and 

also has been studied in the form of CLEAs.13-15

As per the identified sustainable development goals (SDGs) by the United Nations, it has 

become imperative to explore and utilize different types of sustainable materials to support a green 

environment. This trend has also affected the use of sustainable biological materials like enzymes 

in various processing setups. In the pursuit of sustainable by catalysis, the field of enzyme 

immobilization has increasingly prioritized carrier-free strategies. These matrix-less techniques, 

such as Crosslinked Enzyme Aggregates, continue to be extensively exploited to maximize 

volumetric productivity and minimize the environmental footprint of industrial processes. Herein, 
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a supportless enzyme immobilization approach is studied to support SDGs in industrial processing. 

CLEAs of laccase are considered as a versatile approach for bioremediation of pollutants as well 

and are therefore currently being explored extensively16 however, its kinetic performance has not 

been discussed in detail elsewhere. Another important aspect of utilizing CLEAs of laccase is its 

simplicity and robustness as this approach could be employed on crude enzymes without extra 

purification steps involved. Therefore, the current study reports its production from a white rot 

fungi Trametes pubescens MB89 through solid state fermentation, its partial purification and its 

fabrication into CLEAs. The kinetic studies of laccase based CLEAs are also studies in detail. Here 

we report, for the first time, the use of laccase from Trametes pubescens to create laccase-based 

crosslinked enzyme aggregates, which are subsequently fully characterized for kinetic studies

2 Experimental 

2.1 Chemicals and reagents

All chemicals used during the study were of analytical grade and were procured from different 

sources/vendors. ABTS [2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)] disodium salt, 

98% HPLC; Kraft Lignin (alkali); Copper (II) Sulfate Pentahydrate (ACS grade) and 

Poly(ethylene glycol)-6000 were purchased from Sigma Aldrich whereas, Tween-80 and 

isopropanol were purchased from Scharlau. Glutaraldehyde (25%) aqueous solution was from 

Daejung, Korea.

2.2 Production of Laccase 

Laccase was extracellularly produced by a white rot fungi Trametes pubescens MB89 through 

solid state fermentation up to consecutive 10.0 days at 30℃ with pretreated sugarcane bagasse as 

a substrate matrix. Initially, the fungal strain was cultivated in a culture medium (100 ml) 

containing potato extract (30 ml: prepared from 50 g diced potatoes) and dextrose (0.5%)  
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dextrose.17 Sugarcane bagasse was collected from the local market in Karachi in the month of July, 

2020 and was initially subjected to extensive washing for the removal of dust particles and any 

other contaminated matter followed by drying at 100℃. This oven dried sugarcane bagasse was 

crushed into small particles (100 m) and the fungal strain which was earlier cultivated in potato-

dextrose liquid medium was finally mixed with mineral salt medium containing 0.1% kraft lignin 

and 0.5 mM Cu2+ to stimulate laccase production as inducers for the extracellular production of 

laccase.

2.3 Extraction of Crude Enzyme and Partial Purification of Fungal Laccase 

Crude laccase was extracted using one litre of 100 mM citrate phosphate buffer (pH-4.0) which 

was supplemented with Tween-80 (0.01%) to maximize recovery. Fungal biomass and the 

sugarcane bagasse were recovered by filtration through Whatmann filter paper No.1 followed by 

secondary filtration through 0.45 m membrane. The resulting cell free filtrate (crude laccase) was 

then utilized for enzyme assay and subsequent experiments. 

Crude laccase was partially purified using ammonium sulphate (70.0%) and was desalted 

through dialysis with a cutoff value of 2000 Daltons (Servapor) against citrate phosphate buffer 

(100 mM, pH-4.0). The protein content in the desalted sample was equivalent to 1200±110 Units 

with 1.3±0.058 mg. This desalted enzyme was stored at 20℃ and was used for the 

characterization of soluble enzyme as well as for the development of CLEAs.

2.4 Enzyme Assay for Soluble Laccase and Laccase-CLEAs

For the laccase assay, the partially purified soluble enzyme was used with a chromogenic substrate 

known as 2,2'-azinobis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). ABTS solution (1.0 

mM) was utilized as a working concentration for the enzyme assay, and it was mixed with a laccase 

(10.0 l) and the reaction mixture was kept at 50℃ for 5.0 minutes. The absorbance was measured 
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at 420 nm. Whereas the same procedure was followed using 5.0 mg of the CLEAs for the enzyme 

activity for the immobilized enzyme at 50℃ but for 10.0 minutes. 

Total protein content in the samples was analyzed using Lowry’s protocol.18 Bovine serum 

albumin (250 μg ml-1) was used as a standard protein.

2.5 Enzyme Unit Calculation 

Laccase activity was determined spectrophotometrically by monitoring the oxidation of 2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). Enzyme units were calculated as described 

earlier19 using the following equation:

𝐸𝑛𝑧𝑦𝑚𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈𝑛𝑖𝑡𝑠 𝑚𝑙
1

 𝑚𝑖𝑛𝑙
1

) =
𝐴𝑉

𝑡𝑉𝑒

Where, A is the absorbance measured at wavelength of 420nm; V is the total volume of the reaction 

mixture; t is the time in minutes used for the reaction; ℇ is the substrate molar extinction coefficient 

(ℇ=36000 M-1 cm-1) and Ve is the volume (ml) of enzyme used in the reaction. 

One unit of laccase activity is defined as “The amount of the enzyme that is required to oxidize 1.0 

µM of the ABTS into its radical ABTS+ form in one minute under standard assay conditions.” 

Specific activity was calculated as: 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑈 𝑚𝑔-1) = 𝐸𝑛𝑧𝑦𝑚𝑒 𝑈𝑛𝑖𝑡𝑠 (𝑈)
𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 (𝑚𝑔)

Percent residual enzymatic activity was calculated as:

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝐸𝑛𝑧𝑦𝑚𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑎𝑓𝑡𝑒𝑟 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑇𝑜𝑡𝑎𝑙 𝐸𝑛𝑧𝑦𝑚𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑏𝑒𝑓𝑜𝑟𝑒 𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 × 100

Percent relative enzymatic activity was calculated as:

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =
𝑂𝑏𝑡𝑎𝑖𝑛𝑒𝑑 𝐸𝑛𝑧𝑦𝑚𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐸𝑛𝑧𝑦𝑚𝑒 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 × 100

2.6 Characterization of Soluble Laccase
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2.6.1 Enzyme Reaction Optimization for Soluble Laccase

The desalted soluble laccase was diluted as 1:60 to ensure that the enzymatic reaction remained 

within the linear range of the spectrophotometer. This dilution maintained absorbance values 

between 0.1 and 1.0 at 420 nm under standard assay conditions, accounting for the high catalytic 

rate of the soluble enzyme. The experimental parameters are detailed below:

To determine the optimal reaction time for the conversion of ABTS to its radical cation 

(ABTS+), the reaction was monitored at 420 nm over 20 minutes at 05-minute intervals. With the 

reaction time subsequently fixed at 10 minutes, the effect of temperature was also evaluated 

between 30°C and 70°C. Substrate concentration was varied from 0.01 mM to 1.0 mM in 100 mM 

citrate phosphate buffer (pH 4.0). Finally, the effect of pH on soluble laccase activity was 

investigated using four buffer systems (all at 100 mM): citrate phosphate (pH-3.0 to pH-8.0), 

sodium acetate (pH-4.0 to pH-7.0), potassium phosphate (pH-6.0 to pH-9.0) and glycine-NaOH 

(pH-9.0 to pH-12.0).

2.6.2 Thermal and Storage Stability of Soluble Laccase

Thermal stability was evaluated by incubating the soluble laccase at 50°C, 60°C and 70°C for 

durations of up to 180 minutes. Simultaneously, storage stability was monitored over 120 days at 

6 days intervals, with both the soluble enzyme and the CLEAs maintained at 4°C. In both studies, 

stability was expressed as a percentage of residual enzymatic activity.

2.7 Development of Laccase based Biocatalytic System (Laccase-CLEAs) 

Insoluble laccase based crosslinked enzyme aggregates (L-CLEAs) were developed by 

precipitating the soluble enzyme with an appropriate agent, followed by the addition of a 

crosslinker. Based on the preliminary precipitation experiments described above, ammonium 

sulfate was selected as the optimal precipitating agent for this process. However, for the 
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development of Laccase-CLEAs the concentration of this salt (50%, 60% and 70%; w/v) and the 

concentration of the crosslinking agent (glutaraldehyde: 50.0 mM to 150.0 mM) were varied to 

ensure effective development of laccase based insoluble enzyme aggregates. The crosslinking 

factors including reaction temperature (20℃), shaking time (72.0 hours) and the agitation speed 

(150 rpm) were adopted as described earlier.20 After 72.0 hours, the synthesized insoluble enzyme 

aggregates (Laccase-CLEAs) were harvested using centrifugation (2000  g) for 30.0 minutes at 

4.0℃. Supernatant was used to evaluate the remaining total protein content and the enzyme units 

that failed to aggregate during the crosslinking reaction. Laccase-CLEAs were washed multiple 

times with citrate phosphate buffer (pH 4.0, 100 mM) to remove unbound crosslinker molecules 

and the unbound soluble laccase. The total protein content and enzyme units were also calculated 

for the washes. After consecutive washing steps of Laccase-CLEAs, they were subjected to drying 

using silica beads as a desiccant in a vacuum chamber at 4.0℃. The developed Laccase-CLEAs 

were stored at 4.0℃ for further characterization.

2.8 Scanning Electron Microscopy

Surface topographical images of the developed Laccase-CLEAs were captured at different 

magnification levels through JSM 6389 A Jeol, Japan. 

2.9 Calculation of Aggregation Yield (%) and Aggregation Efficiency (%)

The aggregation yield represents the efficiency of the crosslinking process, quantifying the 

conversion of soluble laccase into insoluble aggregates. In this study, the yield was determined 

after 72 hours of incubation under regulated environmental parameters (20°C and 150 rpm). 

Following equation was used:

Aggregation Yield (%) =
𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑒𝑑 𝐸𝑛𝑧𝑦𝑚𝑒 

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝐸𝑛𝑧𝑦𝑚𝑒 × 100
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Whereas, percent aggregation efficiency is the amount of protein concentration that has been 

successfully aggregated and is calculated as follows: 

Aggregation Efficiency (%)

=
Total Protein of Crude enzyme ― ( 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑜𝑓 𝑊𝑎𝑠ℎ + 𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑜𝑓 𝑆𝑢𝑝𝑒𝑟𝑛𝑎𝑛𝑡𝑎𝑛𝑡)

𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑜𝑓 𝐶𝑟𝑢𝑑𝑒 𝐸𝑛𝑧𝑦𝑚𝑒 × 100

2.10 Characterization of Crosslinked Laccase Aggregates (Laccase-CLEAs)

After synthesizing functionally active Laccase-CLEAs, they were characterized using kinetic 

performance by optimizing various crosslinking parameters and they were compared with the 

soluble laccase. 

Catalytic reaction time interaction was also optimized for the substrate and the Laccase-

CLEAs for up to 20.0 minutes with an interval of 5.0 minutes. Optimized temperature for Laccase-

CLEAs was determined by performing catalytic reaction in the range from 30℃ to 70℃ with an 

interval of 10℃. While ABTS varied in the range from 0.5 mM to 2.75 mM concentrations for the 

calculation of maximum velocity (Vmax), substrate binding affinity (Km), substrate specificity 

(Vmax/Km), catalytic rate constant (kcat) and catalytic efficiency (kcat/Km). Same four different 

buffers were also tested including citrate phosphate buffer (pH-3.0 to 8.0), sodium acetate buffer 

(pH-4.0 to 7.0), potassium phosphate buffer (pH-6.0 to 9.0) and glycine NaOH buffer (pH-9.0 to 

12.0) for measuring effective catalytic activity.

2.11 Thermal and Storage Stabilities of Laccase-CLEAs

Thermal stability of Laccase-CLEAs was determined by placing the CLEAs at 50℃, 60℃ and 

70℃ for up to 180 minutes. Enzymatic activity was measured in terms of percent residual activity. 

Storage stability of enzyme aggregates was analyzed by performing enzyme assay periodically for 

up to 120 days with a time interval of 06 days. Laccase CLEAs were also stored at 4℃ as of soluble 

laccase. 
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2.12 Reusability of Laccase-CLEAs 

The reusability of laccase-CLEAs was evaluated by performing successive enzyme assays under 

optimized conditions. The activity measured in the initial cycle was defined as 100% residual 

activity. To ensure the removal of any residual substrate or product, the Laccase-CLEAs were 

washed three times with 100 mM citrate phosphate buffer (pH-4.0) after each cycle.

2.13 Determination of Thermal Activation Energy of Soluble Laccase and Laccase-CLEAs 

The activation energy of soluble laccase and laccase-CLEAs was determined at varying 

temperatures from 20℃ to 50℃ in case of soluble laccase and between 30℃ to 50℃ for laccase 

CLEAs. Activation energy was calculated using the following Arrhenius equation: 

𝑘 = 𝐴𝑒 ―
𝐸𝑎
𝑅𝑇

Where, k is the rate constant of a reaction; Ae is Arrhenius exponential factor; Ea is the activation 

energy; R is gas constant and T is temperature in Kelvin. 

Activation energy was calculated using the following equation, a derived equation from 

Arrhenius equation and the graph was plotted against lnk against 1/T from Arrhenius equation: 

𝐸𝑎 =  ― 𝑆𝑙𝑜𝑝𝑒 ×  𝑅

Where, Ea is activation energy and R is the gas constant.

2.14 Determination of Thermal Deactivation of Soluble Laccase and Laccase-CLEAs

Various parameters including deactivation energy (Ed), change in Gibbs energy (ΔG), change in 

enthalpy (ΔH) and change in entropy (ΔS) of the soluble laccase and laccase-CLEAs were 

estimated at various temperatures (40℃ to 70℃) for a specific time interval. Percent residual 

activity for both the soluble laccase and laccase-CLEAs was also calculated for the estimation of 

thermal inactivation constant (kd). Natural log (ln) of residual activity was calculated for each 
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temperature. A graph was plotted using natural log of percent residual activities versus time. The 

following equation was used for the calculation of deactivation constant: 

ln
𝐴

𝐴𝜊 = 1 ― 𝑘𝑑 × 𝑡

Where, A is the residual activity after thermal treatment; A0 is the initial activity; t is time of 

exposure to heat.

The temperature at which 50.0% reduction in enzyme activity was observed was referred 

to as the half-life of an enzyme molecule. The half-life (t1/2) of both the soluble laccase and laccase-

CLEAs was calculated as described earlier21 using the following equation: 

𝑡1/2 =
𝑙𝑛0.5

Κ𝑑

Decimal reduction time (D-value) is defined as the time required at a specific temperature 

to achieve a 90% reduction (1-log cycle) in initial enzymatic activity. The Z-value represents the 

temperature increase required to result in a ten-fold (1-log) reduction of the D-value and the 

following equation was used: 

𝐷 =
𝑙𝑛(10)

Κ𝑑

Z –value was calculated from the slope of the graph plotted between logD and the temperature in 

℃: 

𝑠𝑙𝑜𝑝𝑒 = ―
1
𝑍

𝑍 = ―
1

𝑠𝑙𝑜𝑝𝑒
Finally, deactivation energy was calculated considering the non-linear Arrhenius equation 

by plotting the graph against ln of deactivation constant (Kd) and inverse of absolute temperature 

in K.
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Κ𝑑 = 𝑘𝑜𝑒
𝐸𝑑
𝑅𝑇

Ε𝑑 = ―𝑠𝑙𝑜𝑝𝑒 × 𝑅 

Where, Kd is the deactivation constant; k0 is the exponential factor; Ed is the deactivation energy; 

T is the temperature in Kelvin and R is the gas constant.

Change in Gibbs energy (ΔG), change in enthalpy (ΔH) and change in entropy (ΔS) were 

also calculated as described previously22 using the following equations:

𝐺𝑖𝑏𝑏𝑠 𝐹𝑟𝑒𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 (∆𝐺) = ―𝑅𝑇 𝑙𝑛
𝑘𝑑 × ℎ
𝑘𝑏 × 𝑇

𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦(∆𝐻) = 𝐸𝑑 ― 𝑅𝑇

Entropy (∆S) =
∆𝐻 ― ∆𝐺

𝑇

Where, R is gas constant; T is temperature in Kelvin; H is Plank’s constant; kb is Boltzmann 

constant; Ed is the deactivation energy and kd is the deactivation constant.

3 Results and discussion

Generally, in stoichiometric chemical reactions, specific amounts of reactants are used for the 

production of a specific number of product molecules. In these types of chemical reactions all of 

the reactant molecules are completely consumed and therefore have an increased economic impact. 

Most of the time these stoichiometric reactions are very slow and require high energy input and at 

the same time during the reaction some unwanted byproducts are also produced parallel to the 

specific synthesis of a product. Many chemical processes are expensive, and the byproducts 

formed are also a hazard to the environment. With the passage of time, many biocatalysts from 

different classes of enzymes have surpassed the conventional setups for the synthesis of several 

chemical metabolites and intermediates. Different types of biocatalysts were introduced afterwards 

in the processing steps to facilitate quick chemical reactions. Free enzyme molecules used in 
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bioprocess were environmentally friendly, but they were not recovered after the reaction was 

completed because of their soluble nature and sometime caused interference during product 

purification step. Keeping this in view, current research work was undertaken to support 

sustainable green chemistry processes which might help industries in reducing their part cost and 

could also support in reutilizing the biocatalyst reactant molecules multiple times as the focus is 

towards insoluble enzyme version. Many different types of enzymes have been used in different 

industrial chemical processes, but these soluble biocatalysts are not recoverable from the reaction 

mixture after the chemical reaction is completed. Hence, to overcome this drawback various 

immobilization techniques were introduced previously with different types of matrices or support 

systems. Again, these insoluble matrices were not feasible on large scale thus, the researchers 

introduced a new form of supportless insoluble enzyme immobilization approach known as 

Crosslinked Enzyme Aggregates. Laccase [E.C. 1.10.3.2.] is one of the most stable and robust 

biocatalysts with broad industrial applications and in the present study, a detailed kinetic 

characterization of the soluble and laccase based CLEAs has been explored to support the 

thermodynamics and stability of the supportless immobilization technique for its potential 

application in biodegradation of toxic compounds.

3.1 Production and Purification of Soluble Fungal Laccase

Laccase [E.C. 1.10.3.2] is ubiquitously produced by a variety of bacteria, plants and fungi whereas, 

fungal laccase has been extensively studied for its various applications in industrial and 

environmental setups. Previously, fungal laccase from white rot fungi Trametes versicolor, Fomes 

Fomentarius and Cerrena sp. have been extensively studied.15,20,23 So far, laccase from Trametes 

pubescens has proved to be more potent in catalytic performance than other laccases from different 

fungal species. This is because it has shown itself to exhibit having a significantly higher catalytic 
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efficiency i.e. approximately four to five times higher than commercial T. versicolor laccase when 

acting on certain phenolic substrates with stronger affinity towards certain diphenols like caffeic 

and gallic acids.24 In this same study the authors found that the amperometric measurements 

indicated that biosensors developed using T. pubescens laccase could be more active than 

biosensor based on laccase from Trametes versicolor and this was because of the particular 

specificity of the enzyme. In general, the choice of T. pubescens laccase is often driven by a 

combination of its efficient kinetic performance and the high-yield, low-cost production potential 

achievable on waste stream. Therefore, in this study laccase was produced from Trametes 

pubscencs MB 89 through solid state fermentation using sugarcane bagasse. Agricultural biomass 

is a complex source of nutrients particularly carbon and nitrogen that accelerates fungal growth 

rate without any supplementations therefore, utilization of agricultural leftovers and 

lignocellulosic material is an ecofriendly and cost-effective approach for the production of useful 

biomaterials and industrially important enzymes.25,26 In this current research, fungal culture was 

grown under solid state fermentation using agro-industrial waste that gave a laccase activity of 200 

U ml-1 with the specific activity of 434 U mg-1 (Table-1). The fermentation was performed at 25℃ 

for 10 days. Similarly, other studies have also reported the utilization of natural biowaste material 

as effective substrates for the production of soluble laccase.27,28,29 To maximize the recovery of 

soluble laccase from biomass, the extracellular enzyme was extracted using a citrate phosphate 

buffer (pH-4.0) supplemented with Tween-80. The extraction was performed at constant agitation 

speed of 180 rpm. In this study the provision of buffer was to maintain the physiological conditions 

and the stability of the enzyme however, it was reported that sterile distilled water can also be used 

for the extraction of enzyme.27,30 Afterwards, filtration was subjected using 0.45 µM nitrocellulose 

membrane disc (Merck) to ensure the removal of residual biomass. 
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The nature of precipitating agent plays an important role in the precipitation of biocatalyst 

some of the precipitating agents may lead towards the loss of enzymatic activity. Some of the 

water-miscible organic solvents can promote enzyme denaturation, as demonstrated by Öztürk et 

al. in the case of serine alkaline proteases.31 Initially soluble laccase was precipitated using three 

different types of precipitating agents (ammonium sulphate, PEG-6000 and isopropanol) and it 

was observed that laccase was effectively precipitated out using salt as a precipitating agent. This 

suggested that polymeric or solvent based precipitating agents may have led to loss in the 

enzymatic activity or denaturation of the soluble enzyme. The results revealed that the crude 

enzyme precipitated with 70.0% ammonium sulphate gives the enzymatic activity of 1200 U ml-1 

(Table-1) whereas, the much-lowered laccase activity was observed in case of PEG-6000 (25.0%) 

and isopropanol (50.0%) (data not shown). Afterwards, gradient precipitation for ammonium 

sulphate was performed with three different concentrations and it was observed that with the 

highest ammonium sulphate concentration of 70.0% the maximum laccase activity was observed 

with the specific activity of 1103 U mg-1. Previous, studies have also reported that ammonium 

sulphate may be an effective precipitating agent for the partial purification of laccase.15,32

3.2 Development of crosslinked aggregates of Laccase (L-CLEAs)

Conventional process for the synthesis of CLEAs is a simple, fast and an economical binary 

process that involves physical and chemical interactions between the biocatalyst molecules in the 

presence of a suitable dialdehyde linker molecule.33,34 The physical enzyme aggregates have been 

previously developed through precipitation of enzyme molecules while, chemical crosslinkers 

among these aggregates resulted in the synthesis of insoluble, stable form of enzymes.35 Earlier, 

the development and utilization of laccase-based enzyme aggregates have been used as an effective 

and ecofriendly approach for the decolorization, oxidation and biodegradation of dyes and 
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phenolic compounds.23 Therefore, for the current study the extracellularly produced crude soluble 

laccase with specific activity of 434.0 ± 20.0 U mg-1 was initially precipitated through physical 

interaction method by the addition of ammonium sulphate salt (70.0%) and the specific activity of 

923.0 ± 40.0 U mg-1 was obtained (Table-1). The precipitated enzyme molecules were desalted 

(1103.0 ± 80.0 U mg-1) and were chemically crosslinked together with each other by combining 

glutaraldehyde molecules (50.0 mM) as crosslinkers under specified conditions. The feasibly 

recovered insoluble form of laccase, in the form of aggregates, were named Laccase-CLEAs (L-

CLEAs) which exhibited specific activity of 1639.0 ± 20.0 U mg-1 thus demonstrating successful 

aggregation of the catalytically active laccase molecules. 

The complete protocol for production, purification and synthesis of L-CLEAs is depicted 

in the schematic presentation (Figure-1).

3.3 Scanning Electron Micrographs of L-CLEAs

According to the classical nucleation theory, the covalent crosslinking of enzyme molecules in the 

form of aggregates results from the variation in free energy of soluble and insoluble state of 

enzyme molecules. The structure and size of the synthesized aggregates depend on the ratio of 

nucleation and growth of aggregates. The structural elucidation of CLEAs through SEM helps to 

categorize the aggregates into one of the two different types which may be Type-I and Type-II as 

proposed earlier.36 The physical appearance of L-CLEAs was in the form of fine powder (Figure-

2A) while, surface topography through scanning electron micrographs at different magnification 

power revealed the uniform porous structure of the aggregates resembles with the characteristics 

of Type-II form (Figure-2B, 2C and 2D). One plausible reason for synthesis of Type II form of L-

CLEAs could be the high glycosylation as well as the greater hydrophilic surface of fungal 

laccase.37 
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3.4 Optimization of crosslinking parameters for the Development of L-CLEAs

Further improvement in catalytic activity was carried out by optimizing crosslinking parameters 

that included the specific concentrations of the precipitating agent and the crosslinker molecule 

(Figure-3). After the assessment of different precipitating agents (ammonium sulphate, PEG- 6000 

and isopropanol) for the soluble laccase, ammonium sulphate was selected due to its efficient 

precipitating property for the development of laccase-based enzyme aggregates. Ammonium 

sulphate is reported as the most common inorganic salt that has been used for the synthesis of 

CLEAs however, appropriate concentration of salt should be optimized to obtain a higher yield of 

functionally active CLEAs.33 Therefore, in the current study, three different concentrations of 

ammonium sulphate (50.0%, 60.0% and 70.0%) were analyzed, and it was observed that 70.0% 

concentration of ammonium sulphate resulted in maximum aggregation efficiency of 

approximately 53.0% (Figure-3A). While, at concentrations of 50.0% and 60.0% a lower 

aggregation efficiency was noticed as compared to 70.0% concentration. The reason for lower 

aggregation efficiency is the insufficient amount of the precipitation agent which would have been 

required for the aggregation of laccase molecules. Similar effects were also reported previously by 

the other researchers as well.38,39 Nevertheless, in addition to ammonium sulfate, PEG-4000 has 

also been reported to attain maximum precipitation of laccase produced from Trametes versicolor 

IBL-04.32

Enzyme aggregates can be fabricated by incorporating a crosslinker at various stages: prior 

to, during or following the precipitation of the crude enzyme.40 In the current study, to achieve 

effective binding, glutaraldehyde (GA) was incorporated as a crosslinker molecule after the 

precipitation of laccase enzyme. Glutaraldehyde is frequently used for the synthesis of CLEAs due 

to its higher degree of crosslinking capacity, feasible cost and availability in sufficient quantity.34 
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GA is a dialdehyde and their aldehydes undergo Schiff base formation upon nucleophilic attack of 

amino groups of lysine moieties present in the enzyme or protein molecules. Under acidic 

conditions at which probably the laccase precipitates out, the dialdehyde molecules exist in 

monomeric cyclic hemiacetal and multimeric form and both of these react with the protein 

molecules through amino group of lysine and thus also eventually improves the stability of the 

enzyme. Therefore, it has been earlier reported that the presence of such amino acids on the surface 

of the protein molecules and their absence or even the low quantity in the catalytic domain 

facilitates the synthesis of functionally active form of CLEAs.32,33,41 While, studying the structure 

of laccase through literature it was revealed that histidine and cysteine residues are the most critical 

amino acids in the catalytic domain of the fungal laccase instead of lysine.42,43,44 In addition, 

selection of an appropriate ratio of enzyme and crosslinker molecule is also a critical task to 

develop catalytically active crosslinked aggregates.45 Hence, three different concentrations of 

glutaraldehyde were selected in the present study (50mM, 100mM and 150mM) for efficient 

crosslinking of soluble laccase/precipitated laccase and it was noted that 100mM concentration of 

glutaraldehyde gives the highest aggregation efficiency of about 63.0% that remains constant to 

some extent even after increasing the concentration up to 150 mM (Figure-3B). On the other hand, 

low aggregation yield of approximately 33.0% was observed at 50 mM concentration of 

glutaraldehyde. A plausible reason for low catalytic activity of aggregates at low concentration of 

crosslinker could be the intramolecular crosslinking of dialdehyde within the same enzyme that 

restricts the intermolecular crosslinking between enzymes that facilitate the synthesis of efficient 

enzyme crosslinked system. In contrast, excessive amount of crosslinker results in excessive inter 

and intra molecular linkages that compacted the conformational structure of protein making it rigid 

and thus create the mass transfer limitation that ultimately lessen the enzyme activity of 
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CLEAs.46,47,48 Another possibility could be because of the more compact structure of the CLEAs, 

the substrate binding pocket is prevented for the docking of the specific substrate thus resulting in 

delayed enzyme-substrate reaction.

3.5 Optimization of Reaction Time, Reaction Temperature and Reaction pH

The impact of catalytic performance of time, reaction pH and reaction temperature were also 

investigated for both soluble and L-CLEAs and the results are expressed as percent relative 

activity. The initial activity for each parameter was set as 100%.

The experiments conducted to explore the optimum catalytic reaction time of soluble 

laccase and L-CLEAs depicted that in the soluble state, laccase exhibited maximum catalytic 

action within 05 minutes of reaction while, after the change in the state from soluble to aggregate 

the time extended up to 10 minutes (Figure-4A). It is possible that the crosslinking of the enzyme 

units through the crosslinker molecules could have brought the enzyme molecules close together 

in a small dimension and thus resulted in the limitation of availability of substrate molecules. 

Another possibility is the mass transport limitation of substrate molecules due to aggregated form 

of enzyme that ultimately prolonged the enzyme substrate reaction time.36,48 

To discover the optimal reaction temperature for the effective catalytic performance of L-

CLEAs, the enzyme activity was conducted at various temperatures (30℃ to 70℃) along with the 

soluble laccase (Figure-4A). The experimental data suggested that the activity of soluble laccase 

started from the temperature of 30℃ that reached to its peak point at 50℃ and approximately 

50.0% decline in the activity was noticed at 60℃ and 70℃. This pattern is also observed by the 

previously mentioned activity of the biocatalyst which mentions that the structural configuration 

of enzyme is responsible for any temperature sensitivity thus, the denaturation is noticed at 

increasing temperatures.49 The comparative analysis of catalytic activity of L-CLEAs revealed five 
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times lower at 30℃, than that of soluble counterpart, which gradually increase with increasing 

temperature and attain maximum activity at the similar temperature (50℃) as that of soluble 

laccase followed by decline afterward (Figure-4B). The results are in accordance with the former 

studies as well which stated the similar findings of temperature optima for soluble laccase and L-

CLEAs.14,15 While in another study, the shift in temperature optima from 40℃ (Soluble laccase) 

to 60℃ (Lac-CLEAs) is also reported with significant difference in stability of Lac-CLEAs at high 

temperature in contrast to the stability of soluble laccase.32,50 Covalent bonding between the 

enzyme and the crosslinker likely stabilized the active site against conformational changes, thereby 

minimizing the loss of enzymatic activity at elevated temperatures. Likewise, majority of the 

studies on enzyme aggregates synthesis reported shift in maximum activity of aggregates at high 

temperature compared to the soluble version of the enzyme.51

Selection of a suitable buffer with specific pH has attained critical consideration for 

efficient catalytic performance of biocatalysts. Therefore, using various buffers and pH at constant 

ionic strength for assessing the catalytic performance of soluble and L-CLEAs was studied. The 

result of this study indicates that the catalytic performance of L-CLEAs is highly buffer dependent, 

with optimal activity (98% relative activity) achieved in citrate phosphate buffer at pH-4.0 (Figure-

4C). While both soluble laccase and Laccase-CLEAs exhibited a clear preference for acidic 

conditions, the CLEAs demonstrated significantly broader pH stability. Notably, the immobilized 

aggregates maintained catalytic functionality in neutral and slightly alkaline environments, 

whereas the soluble enzyme was completely inactive under these conditions. This extended pH 

tolerance suggests that the covalent crosslinking provides a robust structural framework, shielding 

the enzyme active site from the denaturing effects of deprotonation or hydroxyl ion interference 

typically encountered at higher pH levels. Previous studies have shown that immobilizing laccase 
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on various solid supports or developing it into aggregates, significantly enhances it's catalytic 

efficiency across the wider pH range.15,52 There is a possibility that higher concentration of 

hydroxyl ions in soluble laccase may cause the hindrance in redox reaction at copper sites which 

are present in every type of laccases thus resulting in the reduction of catalytic performance under 

alkaline condition.53 However, the formation of covalent bonds between the enzymes and the 

crosslinker, during aggregation, significantly alters the enzyme’s microenvironment. This 

structural rigidification likely accounts for enhanced performance across a broader pH range 

compared to the soluble enzyme.54

3.6 Steady-State Kinetic and Thermodynamics Parameters of Soluble Laccase and 

Laccase Aggregates

The enzyme kinetic parameters were estimated using Hanes-Woolf plot for soluble laccase and 

laccase aggregates when ABTS was used as a substrate (Table-2). In case of laccase aggregates, it 

exhibited much higher Km value as compared to the Km value of soluble laccase which indicates 

that the immobilized laccase showed less affinity towards its substrate and therefore, the laccase 

aggregates also have higher turnover rate and lower catalytic efficiency. This reduction in substrate 

affinity is attributed to several factors, including conformational changes in the protein structure 

post-immobilization, electrostatic interactions between the crosslinker and the substrate molecule, 

and increased mass transfer resistance limiting substrate diffusion to the enzyme active site.55 In 

the case of diffusion limitations of the laccase based CLEAs, the dense cross-linking of laccase 

molecules creates a porous matrix where, substrate mass transfer is hindered. This typically results 

in a higher Km value because a higher bulk concentration of substrate is required to saturate the 

enzymes located within the interior of the developed enzyme aggregate. At the same time in terms 

of structural consideration, it cannot be entirely ruled out that minor conformational distortion or 
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steric hindrance (active site occlusion) may also be caused by the glutaraldehyde cross-linking. 

However, the retention of significant activity suggests that the laccase active sites remain largely 

accessible and functional even after forming crosslinking. While it was also observed that the 

catalytic efficiency (kcat/Km) decreased therefore, contend that the trade-off is justified by the 

drastic improvement in operational stability. In industrial biocatalysis, the ability to recover and 

reuse the enzyme over multiple cycles and its enhanced resistance to thermal/solvent denaturation 

is often more economically critical than the initial catalytic rate. The catalytic efficiency (kcat/Km) 

shows a slight decrease (from 11.86 to 9.09 sec-1 mM-1) this is driven entirely by the five-fold 

increase in Mapp. Crucially, the catalytic rate constant (kcat) actually increased more than four-fold 

in the CLEA form (5.355 sec-1 compared to 1.281 sec-1 for the soluble enzyme). This suggests that 

once the substrate reaches the active site, the catalytic transformation is significantly faster in the 

immobilized state. Earlier, study reported that laccase aggregates from fungal isolate 

Oudemansiella canarii have higher Km for immobilized enzyme in comparison to soluble 

enzyme.56 In another study, crosslinked enzymes prepared by ordered-crosslinking had better 

reducing activity and a higher NADPH production rate than those prepared by fixed point 

crosslinking and random crosslinking, obtained by glutaraldehyde mediated crosslinking of pure 

aldo-keto reductase and alcohol dehydrogenase proteins.35 This suggests that there is a difference 

in enzyme reaction catalysis when CLEAs are prepared under controlled conditions. Similarly, a 

separate study demonstrated that the ordered crosslinking yielded lower Km values and superior 

catalytic efficiency compared to both site-specific disordered and random crosslinking methods. 

These results suggest that enzymes within ordered-CLEAs maintain a higher substrate affinity, 

likely due to more favorable conformational orientations.57 Consequently, it can be inferred that 

substrate transfer is maximized when enzyme molecules are assembled with minimal inter-enzyme 
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distance and when crosslinking sites are optimally oriented towards one another.58 In the present 

study, a decrease in activation energy (Ea) from 7.423 kJ mol-1 to 3.329 kJ mol-1 for the CLEAs 

was also observed. A lower Ea indicates that the energetic barrier for the catalytic reaction has 

been reduced, which strongly suggests that the active site remains fully functional and is perhaps 

even stabilized in a more transition-state-favorable conformation. Inactivation energy (Ed) was 

observed to increase from 48.55 to 53.30 kJ mol-1, proving evidence that the CLEAs are more 

resistant to thermal unfolding. Similarly, the change in Gibbs Free Energy (kJ-1 mol-1 K-1) was also 

observed to be increased from 95.56 to 100.10 kJ mol-1 thus, confirming the superior 

thermodynamic stability of the CLEA matrix. Thermal stability of soluble laccase and laccase 

aggregates was also assessed. The activation energy (Ea) for L-CLEAs was lower (3.329 kJ mol-

1) than that of soluble laccase (7.432 kJ mol-1) whereas, the inactivation energy (Ed) of L-CLEAs 

was higher (53.29 kJ mol-1) than soluble laccase (48.55 kJ mol-1) thus, suggesting that CLEAs are 

more stable and require less energy for chemical reaction. Overall, the decrease in Ea and the 

concurrent four-fold increase in kcat t suggest that the crosslinking process does not compromise 

the intrinsic catalytic mechanism. When coupled with the significant enhancement in half-life at 

60°C (t1/2) and higher inactivation energy Ed, the CLEAs demonstrate a clear net benefit for long-

term operational use despite the apparent reduction in substrate affinity. Similarly, when both the 

enzyme forms were exposed to three different temperatures including 50.0℃, 60.0℃ and 70.0℃ 

for the calculation of half-life (t1/2) the results again supported the assumption that L-CLEAs have 

more stable half-life, specifically at 60.0℃ then that of soluble version. Approximately 2.0 times 

increase was noted in half-life of the L-CLEAs when exposed to 60.0℃. The slightly higher values 

of change in Gibbs free energy (ΔG), change in enthalpy (ΔH) and change in entropy (ΔS) indicate 

the thermal stability of the enzyme as well. In this study, the data suggested that immobilized 
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laccase have higher Gibbs-energy which could be corelated to the thermal stability of enzyme. 

Previous literature has also suggested that the development of enzyme aggregates and the process 

of immobilization resulted in the enhancement of the thermal stability and thermal tolerance of the 

immobilized enzyme.59,60 The increased heat tolerance of an immobilized enzyme is due to the 

structural stability during the process of immobilization and aggregate development.32 

3.7 Storage Stability and Recycling Efficiency of Soluble Laccase and Laccase Aggregates

Long-term storage of enzymes is considered as important parameter for industrial applications. 

Therefore, storage stability was also determined for both the soluble and L-CLEAs and it was 

observed that at 4℃ the soluble laccase was only able to retain its enzymatic activity upto 24 days 

(90.0%) while, in case of L-CLEAs it exhibited similar stability upto 72 days (Figure-5A). After 

this time period a gradual decline was noticed in both cases. Contrary to soluble laccase, the 

developed laccase aggregates were able to retain the enzymatic activity even after 120 days of 

experimentation thus suggesting that L-CLEAs could be used for a longer period of time with 

effective catalytic performance.

Reutilization of an enzyme is also an important parameter in utilizing the enzyme at 

industrial scale level. Development of immobilized versions of an enzyme is an effective method 

to enhance the recycling of the biocatalytic molecule in a commercial setup.21 The current study 

suggests that the L-CLEAs remained more than 85.0% catalytically active up to 16 cycles out of 

20 cycles (Figure-5B) which is much higher than previously reported data. In case of matrix 

dependent immobilization, the recycling efficiency was reported previously to be reduced from 08 

to 12 cycles only.61,62 This loss in catalytic performance could be due to the leakage or deactivation 

of immobilized enzyme molecules during multiple washing steps that are involved after each cycle 
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of study.63 Thus, development of enzyme aggregates might be an advantage over matrix dependent 

immobilization in terms of reutilization of enzyme molecules.

4 Conclusions

Laccase is applied in various green chemistry processes including polymer synthesis and 

bioremediation. Sensitivity to environmental and process conditions impedes its widespread use. 

This study concludes that cross linked enzyme aggregates could work as an effective technology 

to improve operational stability of fungal laccase. Our findings demonstrate that while the 

aggregate matrix introduces diffusion-related increases in Km, it simultaneously optimizes the 

enzyme's catalytic and structural resilience. The four-fold increase in catalytic rate constant (kcat) 

and the significant reduction in activation energy (Ea) confirm that the laccase active site remains 

highly accessible and catalytically efficient within the crosslinked framework. Furthermore, the 

other parameters emphasize the success of this approach; the increase in inactivation energy (Ed) 

and the doubling of the half-life at 60°C illustrate a superior protective effect against thermal 

unfolding. Ultimately, this study proves that for industrial laccase applications, the gain in 

operational longevity and turnover frequency effectively outweighs the apparent reduction in 

substrate affinity, providing a robust biocatalytic platform capable of withstanding rigorous 

process conditions. The immobilized laccase (L-CLEA) retained enzymatic activity for up to 120 

days and remained catalytically active for 16 out of 20 cycles. Future work on the application of 

L-CLEAs in biomass pretreatment, remediation of textile effluent and synthesis of aromatic 

polymers will widen the scope of enzyme-based green chemistry. 
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Figure Captions

Figure-1: Schematic presentation for the fabrication of laccase based crosslinked enzyme 

aggregates (L-CLEAs).

Figure-2: Scanning Electron Microscopy of laccase based crosslinked enzyme aggregates (L-

CLEAs) at different magnification levels.

Figure-3: Optimization parameters for the fabrication of laccase based crosslinked enzyme 

aggregates (L-CLEAs). (A) Specific concentrations of the precipitating agent; (B) 

Specific concentrations of the crosslinker molecule.

Figure-4: Catalytic performance of soluble laccase and laccase based crosslinked enzyme 

aggregates (L-CLEAs). (A) Catalytic performance with reference to reaction time; (B) 

Catalytic performance with reference to reaction temperature; (C) Catalytic 

performance with reference to reaction pH.

Figure-5: Catalytic performance of soluble laccase and laccase based crosslinked enzyme 

aggregates (L-CLEAs). (A) Storage stability with reference to time; (B) Recycling 

efficiency with reference to number of cycles used.
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Figure-1
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Figure-2
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Figure-3
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Figure-4
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Figure-5
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Table-1: Purification of Soluble Laccase from Trametes pubescens MB89.

Precipitating 
Agents and 
Concentrations

Total 
Volume 

(ml)

Enzyme 
Activity 

(U)

Total 
Protein 

(mg)

Specific 
Activity
(U mg-1)

Fold 
Purification 

(%)

Yield 
(%)

Crude Laccase 1000 200±50 0.46±0.008 434±20 1.0 100

Ammonium 
Sulphate (70%) 100 1200±110 1.3±0.058 923±40 2.13 60

Desalted Laccase 90 1434±120 1.3±0.05 1103±80 2.54 72
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Table-2: Kinetic studies of Soluble Laccase and Laccase base Crosslinked Enzyme 

Aggregates produced Extracellularly by Trametes pubescens MB 89.

Laccase Produced by 
Trametes pubescens MB 89Parameters Units Soluble 

Laccase
CLEAs of 
Laccase

Maximum Velocity (Vmax) U mg-1 1794 1639

Substrate Binding Affinity (Km) mM 0.108 0.589

Substrate Specificity (Vmax/Km) U mg-1 mM-1 16611.11 2782.68

Catalytic Rate Constant (kcat) sec-1 1.281 5.355

Catalytic Efficiency (kcat/Km) sec-1mM-1 11.86 9.09

Gibbs Free Energy (ΔG) kJ-1 mol-1 K-1 95.56 100.10

Enthalpy of Activation (ΔH) kJ-1 mol-1 K-1 45.94 50.53

Entropy of Activation (ΔS) kJ-1 mol-1 K-1 −0.155 −0.145

Free Energy for formation of 
Activation Complex (ΔG E-T) kJ mol-1 −6867.95 −6129.56

Activation Energy (Ea) kJ mol-1 7.423 3.329

Inactivation Energy (Ed) kJ mol-1 48.554 53.295

Half-life (t1/2) at 50℃ min-1 423 494

Half-life (t1/2) at 60℃ min-1 210 406

Half-life (t1/2) at 70℃ min-1 127 154
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Data availability

The authors do not have other results to share as all data are shown in the present article.
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