
ABSTRACT 

IYER, SUBRAMANIAM PADMANABHAN. Immobilizing Laccase from Pleurotus 

ostreatus on Cotton Sliver for the Treatment of Textile Dye Effluents. (Under the direction of 

Dr. Stephen Michielsen.) 

 

In this research work, we utilized laccase from Pleurotus ostreatus, a common edible 

mushroom, to carry out and compare two different enzyme immobilization techniques. The 

laccase is known to help in the degradation of dye molecules and hence the immobilized 

enzyme system finds potential application in treating textile dye effluents. The laccase was 

initially immobilized on nylon fibers via entrapment within a chitosan membrane. The 

method was successful and the system properties such as immobilized protein concentration 

and laccase activity were studied. It was found that for every 0.1 gram of nylon fiber, 

approximately 0.083 mg of protein was immobilized. A specific activity of 0.059 U/mg was 

obtained for this system. As a comparison, a simpler method was used. Poly-(acrylic acid) 

(PAA) grafts were attached on the surface of cotton sliver by immersing them in aqueous 

PAA solution followed by heat treatment in a curing chamber for 4 minutes at 200°C. A 

coupling agent, 4-(4, 6-Dimethoxy-1, 3, 5-triazin-2-yl)-4-methyl morpholinium chloride or 

DMTMM, was used to bond the protein to the carboxylic acid groups of the grafted poly-

(acrylic acid). The carboxylic acid content on the surface was measured and the average 

amount attached was found to lie in the 95 % confidence interval of 1.329 x 10
-5

 – 1.378 x 

10
-5

 mol accessible –COOH groups per 0.1 gram sliver. The system had a laccase activity of 

0.078 U/mg. The amount of protein attached per 0.1 gram of cotton sliver was 0.141 gm. It 

was concluded that the covalent immobilization technique was better than the entrapment 

with higher protein attachment capacity and better immobilized laccase activity.  
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1. INTRODUCTION 

The textile industry has been one of the major contributors towards environmental pollution, 

more specifically to water pollution, by releasing large quantities of intensely colored and 

toxic effluents. It is quite important that bodies of water be able to preserve their natural 

color and clarity in order for the aquatic life to survive. (1) Synthetic dyes are widely used in 

the textile and dyeing industry merely due to the fact that they are easy to manufacture, have 

higher light stability, temperature stability, and are cost-effective. However, in many parts of 

the world 5-10% of these dyes are released from the dye houses as effluents into their 

wastewater. (2) The dyes, released in these bodies of water, change the absorption and 

reflection of sunlight on water creating problems for the photosynthetic aquatic plants and 

algae. Apart from the dyes, the textile effluents contain other chemicals such as salts, 

emulsifiers, dispersing agents and some organometallic compounds containing heavy metals. 

(1) Nonetheless, there is a need to eliminate the intense coloration from the wastewater 

before it is released into the natural water systems. (3) 

Progress has been made by textile industries to reduce water consumption and lower the 

output of wastewater. There is a growing impact of environmental regulations on the front of 

industrial development towards promoting eco-friendly technologies. However, one problem 

still exists – that of the synthetic dyes being discharged with the effluents. (1)  

Due to their complex structures, synthetic dyes are often difficult to decolorize. Chemical 

and physical methods to carry out decolorization exist but are expensive and at times, they 

lead to wastes, such as sludge, that are difficult to dispose of. (4) One of the best ways to 
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treat these toxic effluents is by the use of enzymes which are macromolecular biological 

catalysts. (5) Enzymes are in general quite expensive; however, they have the ability to 

convert substrates with high efficiency and specificity and can be used under mild conditions 

(ambient temperatures and mild pH). They are ecofriendly and can provide high cost 

effectiveness if used properly and repeatedly. (6) 

Oxidase enzymes such as laccase, lignin peroxidase and manganese peroxidase have been 

used repeatedly to develop new methodologies for dye degradation from the textile 

industries. (1)  

In the proof-of-concept described herein, laccase from Pleurotus ostreatus has been 

immobilized on cotton sliver to help in the treatment of textile dye effluents and thereby 

reduce the coloration from these effluents. If enzymes are used in the free state, they may be 

washed away with the products along with other contaminants. This will increase the cost of 

using enzymes. However, enzymes can be used repeatedly and more efficiently if they are 

attached to a support. 

Numerous papers have been written on removing color from textile effluents using enzymes. 

However, not much has been published on treating these dye effluents with immobilized 

enzymes, more specifically when immobilized on fibers. Immobilizing enzymes on fibrous 

supports has been an area where we foresee great scope for maximizing the enzyme potential 

and thus making it economically viable. In the few published studies, it has been quite a task 

to achieve high enzyme efficiency after immobilizing enzymes on supports. 
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The main objectives of carrying out this research were as follows: 

1. To carry out covalent immobilization of Pleurotus ostreatus onto cotton sliver. 

2. To compare the effectiveness of the immobilization methods - between covalently 

immobilized enzyme on cotton sliver and entrapped enzyme using chitosan 

membranes on nylon by measuring the immobilzed enzyme concentration. 

3. To compare immobiled enzyme activity using the above two methods 

  



4 
 

2. LITERATURE SURVEY 

 2.1 Dye Effluent Treatment – The Need for New Treatment Methods 

Dyes are essentially substances that give color to a material. The first synthetic dye was 

discovered accidently by William Henry Perkin in the year 1856. Such dyes have the ability 

to, along with providing permanent color to the fiber, resist fading upon exposure to various 

environments including chemicals and microbes. (7) 

The growth of the textile industry since the 19
th

 century has seen the use of synthetic dyes 

surge ahead rapidly thereby causing an increase in pollution due to dyestuff contaminated 

wastewater. This has been accompanied by increased water and energy consumption as well 

as wastewater generation from the textile industries particularly from the dyeing of textile 

fabrics. Based on which synthetic dye and process is utilized, the characteristic properties of 

the wastewater generated vary. These properties include pH, amount of organic and inorganic 

chemicals, and amount of dissolved oxygen. Approximately 50-55% of the wastewater 

generated from the textile industries corresponds to those generated from the dyeing process. 

(8) It has been estimated that worldwide, annually, almost 280,000 tons of textiles dyes are 

discharged in wastewater by the textile industries. (7) 

The discharge of polluted wastewater into water bodies such as rivers, seas, oceans has been 

causing serious environmental issues. High values of BOD and COD, presence of 

particulates, oils, greases and other substances greatly reduce the dissolved oxygen content 

thereby greatly affecting aquatic life. Many a times, presence of chromium in effluents from 

the textile mills has a cumulative effect when on entering the food chain. The dark dye and 
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chemical particulates create turbidity in water bodies thereby hampering the photosynthesis 

process and altering the aquatic habitat. (9) 

 

 

 

Figure 1. Effect of textile wastewater discharge on the environment. (10) 

 

 

Looking at the harsh effects of waste dyes on the environment, there is thus, a need to 

eliminate the dyes from wastewater effluents generated from the textile industries. A lot of 
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physicochemical methods have been implemented to remove dyes from wastewater effluents. 

A conventional physicochemical treatment process is comprised of a series of single unit 

processes, where the output from one process becomes the input for the subsequent process. 

Some of the common processes are equalization and homogenization, floatation, coagulation 

flocculation sedimentation, chemical oxidation, adsorption, and membrane separation 

process. (8) 

 

 

 

Figure 2. Treatment methods to remove dyes from textile wastewater effluents (7) 
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However, carrying out such methods is economically not feasible due to the requirement of 

higher amounts of energy and chemicals and, along with their inability to completely remove 

the dyes and they generate sludge causing secondary pollution problems. Also, these 

treatment processes primarily involve quite complicated procedures. An alternate solution 

has to be found to minimize such complications. Carrying out decolorization using microbes 

or enzymes is one of the best options now available as they are eco-friendly and cost-

competitive when compared to the physicochemical decomposition methods usually applied. 

This process would reduce water consumption too. (7) 

Activated sludge under aerobic conditions is often used to biologically treat textile dye 

effluents. In this treatment method, dissolved oxygen is utilized by the microorganisms and 

at the end, the wastes are converted into biomass and carbon dioxide. However, it was 

concluded from results obtained by various researchers that dyes were not degrading to the 

extent that was required using aerobic conditions. Fungal decolorization, microbial 

degradation and adsorption by living/dead systems are some of the more recently applied 

biodegradation treatment methods to treat many industrial effluents due to their ability to 

degrade various pollutants. (11) 

White rot fungi (WRF) have been found to be the most efficient in breaking down synthetic 

dye molecules. They have been found to be able to degrade lignin (found widely in woody 

plants). Some white rot fungi that are capable of decolorizing dyes are Coriolus versicolor, 

Trametes versicolor, Funalia trogii, Rhizopus oryzae, etc. (12)  
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More often than not, these enzymes are used in the free form to treat effluents. The free 

enzymes have some disadvantages which can be greatly overcome by immobilizing them. 

Enzyme recovery as well as that of the product, multiple reuse of enzyme, increased enzyme 

activity, ability to carry out the decolorization in a continuous manner, quick termination of 

the reactions and wider variety for bioreactor designs are some of the advantages that are 

associated with using immobilized enzyme over free enzymes.  

2.2 Need for Biotechnological Tools 

With increasing environmental problems and awareness of it, there is the need to look at 

cleaner alternative technologies to fight them. The use of biotechnological tools helps 

provide renewed approaches to understand, preserve, and restore the environment while 

transforming the pollutants to benign materials thereby creating biodegradable substances 

from renewable sources and also creating and developing environmentally safe process, both 

manufacturing as well as disposal. (13) 

2.3 Enzymes 

2.3.1 A General Overview 

There is a requirement for more sustainable production processes with reduced energy and 

raw material consumption along with reduction in toxic by-products and hazardous wastes in 

almost all chemical industries. Catalysts are used widely in numerous industrial processes in 

order to speed up and improve reactions that are being carried out. Most of the conventional 

catalysts that are used in these industries need harsh conditions and multiple stages, which 

lead to the usage of excess energy and results in higher waste generation. Enzyme technology 
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is now being used as a replacement for the less environment-friendly industrial processes 

utilizing the conventional synthetic catalysts as enzymes have proven to produce much 

cleaner products and use energy efficient processes. They can also be directly used in waste 

management as well as act as tools in environmental monitoring. (13, 14) 

Enzymes are found in all living organisms. They in general are globular proteins and their 

structure is mainly comprised of linear long chains of amino acids that fold thereby forming 

three-dimensional product. Each of the sequences has a specific structure and possesses 

unique properties. (15) They possess excellent chemical properties such as those of high 

catalytic efficiency, activity and substrate specificity and selectivity. These properties help 

them to be used to perform various complex chemical reactions, including organic syntheses, 

with relative ease in mild conditions and with almost no adverse effects on the environment. 

(16, 17) They have the ability to catalyze a number of highly complex chemical 

transformations between various biological macromolecules which are generally difficult to 

catalyze using the basic organic chemistry methods. This has resulted in enzymes being used 

for various applications in industries like the pharmaceutical, textile and chemical industries. 

However, their long-term operational instability, high costs for isolation, and the great 

difficulty associated with trying to recover the active enzymes especially, when used in 

solution, from the reaction mixture; after use, leading to the final product being contaminated 

are some of the disadvantages associated with using enzymes. (18)  
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2.3.2 Enzymes in Textile Industry 

The textile industry is one of the major industries where the use of enzymes is growing 

rapidly. The use of highly specific enzymes in various textile processing applications is 

gaining popularity because of their ability to replace harsh inorganic and organic chemicals 

that are currently being used in this industry. Traditionally, wastes produced from desizing of 

fabrics, bleaching chemicals and dye production have been the main contributors to 

environmental pollution from the textile industry. (13) 

Utilization of enzymes in the textile industry over the years has been, mainly present in two 

applications. Firstly, amylases have been used in the desizing process. Secondly, cellulases 

have been used in the finishing of textile fabrics for softening, bio-stoning and reducing the 

pilling of cotton based products. Some other enzymes currently used in textile processing are 

pectinase, lipase, protease, catalase, xylanase, etc. Some other processes making use of 

enzymes are denim fading and non-fading, bio-scouring, bio-polishing, wool finishing, 

removal of peroxide, dye decolorization, etc. (15) 
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Figure 3. Enzymes used in different unit operations in wet processing of textiles and the manufacture of denim 

(19) 
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Table 1. Applications of enzymes in the preparation of textile fabrics (15) 

Enzyme Substrate Textile Application 

Amylase Starch Starch desizing 

Cellulase Cellulose Stone wash-bio-polishing (bio-singeing) 

Bio finishing for handle modification 

Carbonization of wool 

Pectinase Pectin Bio scour replacing caustic 

Catalase Peroxides In situ peroxide decomposition without any rinse in bleach 

bath 

Lipase Fats and oils Improve hydrophilicity of PET in place of alkaline hydrolysis 

Laccase Color 

Chromophore 

and Pigments 

Discoloration of colored effluent chromophore 

Bio-bleaching of lignin containing and pigment fibers like 

kenaf and jute 

Bio-bleaching of indigo in denim for various effects 

Peroxidase Color  

Chromophore 

and Pigments 

Bio-bleaching of wood pulp 

Glucose Pigments In-situ generation of peroxide and bio-bleaching of cotton 

 

 

In a nutshell, some of the properties possessed by enzymes and used in textiles are: 

 Reaction acceleration by lowering activation energy of the reaction 

 Operability in mild conditions 

 Good alternative for a lot of the polluting chemicals 

 Substrate specificity 

 Ease of control 

 Biodegradability (15) 
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2.4 Enzyme Immobilization 

2.4.1 The Need for Immobilization 

The drawbacks in using free enzymes as catalysts can be overcome by fixing the enzyme 

onto supports. This process is termed ‘enzyme immobilization’.  

According to Brena and Batista-Viera, immobilized enzymes correspond to “enzymes which 

are confined physically (to a matrix/support) or localized in a defined region of space while 

retaining their catalytic activities and that can be used repeatedly and continuously”. (18) 

Another definition for enzyme immobilization provided by Khan and Alzohairy is “the 

attachment of free or soluble enzymes to different types of supports resulting in reduction or 

loss of mobility of the enzyme”. (20) 

Immobilized enzymes were first used industrially by Chibata and co-workers in 1967 when 

they immobilized Aspergillus oryzae aminoacylase for the resolution of synthetic racemic D-

L amino acids. (18) 

Selecting the immobilization strategy greatly influences the properties of the enzyme. The 

activity and diffusivity limitations of varying levels associated with immobilizing enzymes 

depend primarily on support material properties and the method used to immobilize the 

enzyme. (20) In most cases, inorganic materials and inert polymers are used as the 

matrix/support materials. The matrices must, along with being affordable, possess properties 

like inertness, high stability and physical strength, have the ability to improve enzyme 

specificity and activity, and prevent/reduce any contamination and unwanted product 

adsorption. (21) Along with these properties, the support material should be able to provide 
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large enough surface area along with little diffusion limitation in the transport of the substrate 

and the product for carrying out the enzymatic reactions. It must be ensured that to maintain 

complete biological activity of the enzyme, they should be attached without affecting their 

conformational and functional properties. (20) With immobilization, we can operate 

continuously and economically, generate automation, increase investment to capacity ratio 

and recover high purity final product. (21) 

Immobilizing enzymes has proven to be a breakthrough as it allows enzymes to be reused 

multiple times for the same reaction. (22) Immobilized enzymes also facilitate easy 

separation from the product thereby reducing enzyme contamination of the product obtained. 

Easier handling conditions of the enzyme and efficient enzyme recovery are some of the 

pluses associated with using immobilized enzymes. These features enable them to be used in 

continuous reactor systems. Another advantage with immobilizing enzymes is increased 

storage and operational stability. (23) 
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Figure 4. Immobilized enzymes characteristics (24) 

 

 

Enzyme immobilization is particularly important to achieve optimum performances in non-

aqueous media. Using enzymes in lyophilized form prevents enzyme molecules from being 

accessed by the substrate molecules. This reduces the efficiency of the enzymes. 

Immobilizing enzymes provides greater accessibility and stabilization of the enzyme. (23) 

The advantages and disadvantages associated with immobilizing enzymes are discussed in 

Table 2. 
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Table 2. Enzyme Immobilization- Advantages and Disadvantages (25) 

Advantages Disadvantages 

  

 Repetitive usage of single batch 

of enzymes 

 Possible loss in activity 

 More stable enzymes  Reduced activity per unit volume 

 Product is not contaminated 

with the enzyme 

 Additional cost involved 

 Easy separation of enzyme from 

the product 

 Possible diffusion problems associated with 

substrate and access to the enzyme 

 Can develop multi-enzyme 

reaction system 

 

 Reduced effluent disposal issues  

 

 

2.4.2 Enzyme Immobilization Techniques 

Enzyme immobilization has gained importance over the years with respect to cost-efficient 

and energy efficient catalysis. The choice of immobilization technique is to be determined 

based on the physico-chemical properties of the supporting surface as well as the enzyme 

needed. (20) 

There are numerous types of enzyme immobilization techniques which can be broadly 

classified into two categories – reversible and irreversible enzyme immobilization. 

Irreversible immobilization involves non-detachment of the attached enzyme from the 
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support unless its biological activity is destroyed or the support is destroyed. Some of the 

most common procedures of this type of immobilization are covalent bonding, 

entrapment/micro-encapsulation and cross-linking. Reversibly immobilized enzymes can be 

detached under gentle conditions from their supports. The advantage of using this method is 

because as and when the enzyme activity decays, the support can be regenerated and re-

loaded with fresh enzymes. This is economically quite advantageous. The cost of the support 

is the important factor when considering the cost of the immobilized catalyst. Some 

reversible enzyme immobilization techniques are adsorption (nonspecific adsorption, ionic 

bonding, hydrophobic adsorption, affinity binding), chelation/metal binding and disulfide 

link formation. (18) 
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Figure 5. Classification of immobilization techniques (24) 

 

 

 

Figure 6. Schematics of some enzyme immobilization techniques: (a) covalent binding, (b) entrapment, (c) 

encapsulation, (d) adsorption, (e) ionic binding, (f) affinity binding, (g) metal ion immobilization (26) 
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Covalent binding is a commonly used technique for enzyme immobilization and can be 

achieved by the direct attachment of the enzyme to the material via a covalent linkage. The 

covalent link is strong and this method is used when no enzyme is required in the product 

after the reaction process. Usually this involves two steps – activation of the support by 

adding some reactive compound and then modification of the polymer backbone in order to 

activate the matrix. The activation step basically helps produce an electrophilic group on the 

support thereby helping it to react with the nucleophiles present on the proteins. Some 

common support materials used for this method are polyacrylamide, porous glass, agarose 

and porous silica. (26) 

Entrapment is nothing but the caging or enclosing of enzymes within gels, fibers or 

microencapsulation. Effective and efficient encapsulation has been achieved earlier using 

alginate-gelatin-calcium hybrid carriers which prevented enzyme leakage along with 

providing improved mechanical strength. (21) The advantages of using the entrapment 

technique are that it is fast, cheap, and requires only mild conditions to carry out the reaction. 

(26) 

Some of the support materials used for the adsorption technique for enzyme immobilization 

is activated charcoal, alumina, ion exchange resins, etc. This is one of the easiest and oldest 

methods, is very cheap and involves a very weak bonding between the enzyme and the 

support which is a disadvantage. (26) 
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2.4.3 Advantages and Disadvantages of Enzyme Immobilization 

Tan, Lu et al. discussed the advantages and disadvantages of the various immobilization 

techniques which shown below in Table 3.  

 

 

Table 3.  Advantages and disadvantages of various immobilization techniques (27) 

Method Advantage Disadvantage 

Covalent Binding Immobilized enzyme is stable 

due to strong interaction between 

the protein and the carrier. 

Rigorous preparation conditions 

involved; enzyme may lose its activity 

during the process of immobilization. 

Few coupling agents are toxic 

Adsorption Preparation conditions are mild, 

easy with low cost. Carrier can 

be regenerated for repeated use. 

Weak interaction between enzyme and 

carrier. Immobilized enzyme is sensitive 

to pH, ionic strength, temperature, etc. 

Adsorption capacity is low; protein can 

be easily stripped off from the carrier 

Entrapment Conditions are moderate; method 

can be applied to a wide range of 

carrier and enzymes 

Immobilized enzyme has mass transfer 

restriction during the catalytic process 

and hence  enzyme effective only for 

low molecular weight substrates 

Cross-linking Strong interaction between 

enzyme and substrate; 

immobilized enzyme is stable. 

Intense conditions for cross-linking; low 

mechanical strength of the immobilized 

enzyme 
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2.5. Laccase 

2.5.1 What are they? 

Laccases have only recently been exploited as biocatalysts in organic synthesis. There was a 

need to find new, efficient and environmentally friendly processes for various industries 

especially the textile and pulp industries which led to the successful search of the so called 

‘green’ catalysts. Laccases are essentially a group of oxidative enzymes and belong to group 

of blue-copper oxidases or blue-copper proteins. They are glycoproteins and are found 

almost everywhere in nature- in higher plants and fungi. They contain roughly 15-30% 

carbohydrates with a molecular mass ranging between 60-90 kDa. (28-30) 

Laccases are characterized by the presence of four catalytic copper atoms in their structure. 

The laccases catalyze the reduction of oxygen molecules by various organic molecules 

directly to water molecules without the formation of hydrogen peroxide. They have the 

ability to oxidize a wide range of organic compounds including anilines, phenols, 

polyphenols and a few inorganic compounds by means of a one-electron transfer. (31, 32) 

In different organisms, the physiological functions of these biocatalysts are different, 

however, they basically all catalyze polymerization or depolymerization processes. In 

insects, it has been proposed that they are involved in the cuticle sclerotization and also in the 

assembly of UV-resistant spores in Bacillus species. In plants, they are involved in cell wall 

formation and along with peroxidases, they help in lignification. Also, it has been proved that 

they are important virulence factor in various fungal diseases. (29) 
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Laccases are the most abundantly found blue-copper containing proteins. Laccase was first 

found in 1883 by Yoshida in a Japanese lacquer tree Rhus vernicifera. But it was not until 

1958 that laccase became more prominent when an extracellular laccase from a white-rot 

fungus Trametes versicolor was purified. In the recent years, laccases from bacteria also have 

been found such as Azospirillum lipoferum, Bacillus subtilis, etc. (28, 33) 

 

 

 

Figure 7.  Some application of laccase (34) 
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2.5.2 Localization of Laccase in the Cell 

Keeping in mind the substrate specificity, essentially, the enzymes that are involved in lignin 

degradation are exclusively extracellular. Similar is the case with lignin peroxidase and Mn-

peroxidase, however, this is not true for laccase. Most of the fungal laccases that are known 

are extracellular proteins but the intracellular laccases from white rot fungi are also 

described. In other words, most of the white rot fungi are known to produce extra- as well as 

intra-cellular laccases with the greater part (~95%) of the enzyme being located outside the 

cell. It has been found that the localization of the laccases is associated with their 

physiological functions. The intracellular laccases are known to be involved in 

transformation of low molecular weight phenolic compounds which are produced in the cell 

while the laccase located in cell walls and spores can be involved in the synthesis of 

substances that protect the cell walls. (35) 

2.5.3 Structure of the Active Site of Laccase 

Laccase from fungi often occur in the form of isoenzymes which form multimeric complexes 

on oligomerization. The high stability of the enzyme comes from the covalently bound 

carbohydrate moiety (15-30%). The laccase active site contains four copper (Cu) ions. One 

paramagnetic ‘blue’ copper ion having absorbance at approximately 610 nm occupies the T1 

site while three copper ions occupy the T2/T3 site. This site contains one T2 paramagnetic 

‘non-blue’ copper ion and two T3 diamagnetic spin-coupled copper ion pair having 

absorbance at approximately 330 nm. The T2 and T3 copper ions are separated by a distance 

of about 4Å while the distance between the T1 and T2/T3 site is about 12 Å. (35, 36) 
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Figure 8. Scheme of the copper containing sites of the laccase from Bacillus subtilis (35) 

 

 

T1 copper site has a trigonal coordination with one cysteine and two histidines as equatorial 

ligands with one of the positions usually variable. The axial ligand is usually either leucine or 

phenylalanine in fungal laccases. There have been discussions over the fact that the ligand in 

the axial positions has a strong influence on the oxidation potential of the enzyme. (36) 
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Spectral and Electron Paramagnetic Resonance (EPR) characteristics distinguish the copper 

ions in the active site of the laccase. The copper ion located in the T1 site has a characteristic 

optical absorption at a wavelength of about 600 nm and hence imparts a light blue color to 

the enzyme. The T2 site of the enzyme is invisible in the electronic spectra. The T2 site 

copper ion can be detached from the enzyme selectively; however this results in a significant 

loss of enzyme activity. The T3 site consists of two copper ions which are paired 

antiferromagnetically via a hydroxide bridge. This makes this particular site diamagnetic and 

hence it cannot be detected in the EPR spectra. In the UV-Vis spectra, it can be detected at a 

wavelength of about 330 nm (UV region). (35, 36) 

The T2/T3 site is where the reduction of molecular oxygen to water and its release occurs. 

(36) 

Laccase by virtue of their ability to carry out highly non-specific oxidation, they can be used 

as biocatalysts for a variety of biotechnological applications which include the paper and 

pulp industries, in dye decolorization, treatment of wastewater and detoxifying environment 

pollutants. (37) 

2.5.4 Catalytic Functioning of Laccase 

The reactions that are catalyzed by laccase proceed by mono-electronic oxidation of the 

substrate, which may be phenols and aromatic or aliphatic amines, to the corresponding 

reactive radical.  The redox process occurs with the assistance of the 4 copper atoms which 

form the catalytic core of the enzyme. (29) 
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The catalysis by laccase involves three major steps. T1 copper is reduced by a reducing 

substrate which hence gets oxidized. The electron generated then gets transferred internally 

to the trinuclear cluster of T2-T3 copper atoms from T1 copper.  In this process, the oxygen 

(O2) molecule gets reduced to water at this trinuclear site. (32) 

Reactions catalyzed by laccase for synthetic applications, can be, from a mechanistic 

viewpoint, be represented by any of the schemes shown in Figure 9. (29) 

 

 

 

Figure 9. Schematic representation of the laccase-catalyzed redox cycles for substrate oxidation in absence (a) 

or presence (b) of chemical mediators (32) 
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The simplest case (Figure 9.a) involves the substrate molecules being oxidized to the 

corresponding radicals via direct interaction with the copper cluster. The laccase uses oxygen 

as the electron acceptor in order to remove the protons from the phenolic hydroxyl groups. 

This results in the reaction giving off radicals which can rearrange spontaneously leading to 

the fission of C-C or C-O bonds present on the alkyl chains or for aromatic ring cleavage. 

(32) 

In some cases though, which are quite common, the laccase cannot directly oxidize the 

substrate. This could be either due to their large size making it difficult for the substrate to 

penetrate into the enzyme’s active site or due to them possessing particularly high redox 

potential. This can be overcome by using something called ‘chemical mediators’. These act 

as intermediate substrates for the laccase whereby their oxidized radical forms have the 

ability to interact with such substrates. This is depicted in Figure 9.b (29) 

To summarize the overall outcome of the catalytic mechanism of the laccase, there occurs the 

reduction of one molecule of oxygen into two moles of water and the natural accompaniment 

of the oxidation of four substrate molecules producing four radicals. The reactive 

intermediates thus formed have the ability to produce dimers, oligomers and polymers. (29) 

2.5.5 Laccase from Pleurotus ostreatus 

White-rot fungi (mushroom family) produce enzymes called lignin peroxidases which 

possess excessive biodegradative properties. They essentially break down the lignin present 

in wood leaving only cellulose behind. (38) 
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Pleurotus ostreatus is a commonly found edible oyster mushroom. The name arises from the 

shape it takes. In Latin, Pleurotus refers to the sideways growth of the stem with respect to 

the cap while ostreatus (meaning oyster in English) refers to the shape of the cap. These 

mushrooms have a flavor similar to that of oysters and hence the name. (39)  

Pleurotus ostreatus is a member of the lignin-degrading microorganisms which produce 

laccases, manganese peroxidases, veratryl alcohol oxidases but that do not produce lignin 

peroxidases. (40) Laccase from white-rot fungi are multi-copper containing oxidases which 

have the ability to catalyze the oxidation of various aromatic amines and phenolic 

compounds while simultaneously reducing the oxygen molecule to water. (37) 

2.5.6 Isoenzymes 

In simple terms, isoenzymes, also called as isozymes, are enzymes which catalyze the same 

chemical reaction however they differ in the amino acid sequence. They possess different 

kinetic characteristics. Their existence allows the fine-tuning of metabolism in order to meet 

the needs for development. The isoenzymes are coded for by homologous genes that have 

diverged over time. (41) 

According to Morozova et al. Pleurotus ostreatus produces eight different laccase 

isoenzymes out of which, six of them have been isolated and characterized. The most 

abundant isoenzyme produced under all examined growth conditions is the phenol oxidase C 

(POXC) and has a molecular weight of around 59 kDa. Three other isoenzymes that are 

secreted by Pleurotus ostreatus are POXB1, POXA2, and POXB2 and they have similar 

molecular weights close to 67 kDa. POXA1b and POXA1w have molecular weights of 61 
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kDa while POXA3a and POXA3b are heterodimers comprised of two subunits of 61 kDa and 

16 or 18 kDa. (35) 

POXA1w is slightly different with respect to its metal content. The enzyme contains two zinc 

atoms per molecule, one iron atom per molecule and only one copper atom per molecule. On 

addition of copper sulfate (CuSO4) to the culture broth, a substantial increase in the laccase 

activity is observed along with increased POXA1b production. On the other hand, copper 

sulfate does not have any impact on POXA1w. In terms of the structural characteristics, 

POXA1b and POXA1w are quite similar except that POXA1b produces the classical laccase 

UV-visible light spectrum and also contains the four copper atoms per molecule 

characteristic of laccases. Stability wise, POXA1w and POXA1b are both more stable than 

POXAC and POXA2. (42) 

Three genes which encode laccase isoenzymes have been identified. They are poxc, pox1, 

and pox1b. (42) 

2.6 Analytical Methods 

2.6.1 Enzyme Unit 

 Usually it is difficult to estimate the amount of enzyme that is present. However, it is 

possible to determine the amount of the active enzyme in terms of ‘number of units’ of 

activity. One unit of the enzyme activity can be defined as the amount that catalyzes or 

converts one micromole of the substrate per minute, usually at 25°C and at a specific pH for 

the enzyme. (43) In the paper by Mansur et al. one unit of Pleurotus ostreatus activity is 

defined as the amount of enzyme that releases 1 µmol. min
-1

 of the oxidized product from 
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guaiacol or 2,2’-azino-bis-(3-ethylbenzthiazolinesulphonate) (ABTS) at pH 5.0 and 25°C. 

(44) 

2.6.2 Determination of Protein Concentration (Coupling Yield) 

In order to measure the effectiveness of the immobilization, one criterion that can be 

measured is the amount of enzyme or protein that is attached to the support. There are several 

methods available to help estimate the coupling yield, each of which has their own 

advantages and disadvantages. The method to be chosen ultimately depends on various 

factors such as speed of analysis, the accuracy required, sensitivity, solution composition 

containing the protein and the need for protein recovery. (45) 

Most of the methods that are used commonly use relative methods, with the results 

influenced by the amino acid composition in the protein being used. Ideally, the reference 

protein should be easily available and cheap. Most commonly used reference proteins are 

Bovine Serum Albumin (BSA) and immunoglobulin. (45) 

UV-Absorption: Aromatic amino acids are known to absorb UV-light between 260 nm and 

290 nm. Tyrosine and tryptophan absorb at 280 nm which help in the protein concentration 

determination. This method is simple, easy to perform, has high sensitivity and there is no 

destruction of the sample. The absorbance at 280 nm gives only an estimation of the protein 

concentration unless extinction coefficient for a pure protein has been determined accurately. 

(45, 46) 
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Biuret test: It is based on the complex type formed with peptide bonds and Cu
2+

 in alkaline 

solution. The copper ions get reduced to Cu
+
 which forms a blue-purple complex (has λmax = 

540 nm) with peptide bonds. This method is not too sensitive and there are chances that 

reducing/complex-forming agents interfere. In the absence of interference, the color yield is 

proportional to the concentration of peptide bonds present in the protein. Method is fairly 

accurate regardless of the protein mixture composition.  (45, 46) 

Lowry method: This method is dependent on the color developed from the Biuret reaction 

and the reduction of Folin-Ciocalteau reagent (arsenomolybdate reagent) by tyrosine and 

tryptophan that is present in the protein. An intense blue color is generated from both 

reactions. The method has high sensitivity (100-fold more than Biuret assay). However, the 

absorbance values depend on protein composition and the absorbance value may not be 

strictly proportional to the protein concentration. (45, 46) 

Bradford method: It is a direct measure to determine the amount of enzyme in solution. A 

Bio-Rad Protein Assay Kit II (containing Bovine Serum Albumin) is used to determine the 

protein concentration in the solution. (47) The assay is a dye-binding assay in which a dye 

color change is observed as a response to various protein concentrations. The absorbance 

maximum for Brilliant Blue G-250 dye in acidic medium shifts from 465 nm (reddish brown) 

to 595 nm (blue) when it binds to the protein. (48) The dye, which is negatively charged, 

binds to the protein molecule, which is positively charged, thereby producing the blue color. 

The shift occurs quite fast and depends on the protein concentration. (46) 
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2.6.3 Measuring Enzyme Activity 

The most important thing to measure after immobilizing the enzyme onto the support is the 

enzyme activity. The main purpose is to check how much of the enzyme is still active after 

immobilization. 

Enzyme assays are performed based on measuring the increase of the product or the decrease 

of the substrate and then relating these measurements to the amount of enzyme that is 

present. Many techniques have been used to carry out enzyme assays – spectroscopy, 

fluorescence, colorimetry, potentiometry, high-voltage electrophoresis and chromatography. 

(49) 

HPLC method: This chromatographic method has been employed for enzyme activity 

determination for diverse enzyme systems.  The main advantage of using this technique is 

that it is possible to measure the change in both substrate and product concentration 

concurrently. (49) 

Colorimetric method: Using this allows for an indirect determination of specific substrate 

concentrations, for example, proteins or carbohydrates and also estimating enzyme activity 

via color change. The advantage of this method is that the reactions can be performed inside 

the spectrophotometer itself. All measurements are carried in the visible spectrum of 

approximately 380 nm – 780 nm. The substrate conversion by the enzyme is stopped after a 

well-defined time period has elapsed and the kinetic measurements via the end point method 

are discussed. Artificial substrates are used for the enzymatic reaction wherein following 

cleavage by the enzyme, a dye chromophore is released resulting in a color change of the 
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solution which can then be detected photometrically with the help of a spectrophotometer. 

The enzyme activity is then determined using the absorbance value obtained and the 

incubation time of the enzyme reaction. (50) 

2.7 Enzyme Immobilization on Polymeric Supports 

While carrying out enzyme immobilization, multipoint attachment to the support prevents 

free conformation of the enzymes resulting in the activity of the enzyme being reduced to 

below 100%. (51) Also, achieving multiple attachments between the enzyme and the 

substrate is quite difficult as both of them are rigid structures.  

 

 

 

Figure 10. Effect of immobilization on enzyme stability (17) 
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While choosing the support material, it is important that the material properties and 

immobilization process is understood thoroughly. This could result in increased enzyme 

activity retention of the immobilized enzyme. Supports can be divided into two types based 

on their chemical composition: polymer supports and inorganic supports. The past few years 

has seen an increase in the research work carried out to use polymer based supports for 

immobilizing enzymes because of their extremely good mechanical properties and the ability 

to modify/alter them as per the requirements. The possibility of altering their surface 

chemistry is a bonus as the enzyme specific activity and stability can be improved. (51) 

There exists no universal support for all enzymes. In order to immobilize enzymes, some 

characteristics that should be common amongst materials considered for enzyme 

immobilization are- 

 Have high affinity for proteins 

 Have available reactive functional groups to bond with enzymes and also for any 

chemical modification that may be required  

 Must be hydrophilic  

 Have good mechanical stability and rigidity  

 Regenerability  

Based in which industry they are going to be used, they may need to be non-toxic, 

biocompatible, biodegradable and also economical and inexpensive (52) 
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A good interaction between the enzyme and its support leads to specific physic-chemical and 

kinetic properties that may influence the application and help in improving the immobilized 

enzyme system. (52) 

Chitin/Chitosan Supports: Chitin and chitosan are naturally found polyaminosaccharides. 

They are a major component of crustaceans, found in the exoskeletons of insects and cell 

wall of fungi where they provide strength and stability. They are insoluble in almost all 

solvents. Their structure is analogous to that of cellulose. (52) 

 

 

 

Figure 11.  Structure of cellulose, chitin and chitosan (52) 
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The chitosan linear polyglucosamine chain has active hydroxyl and amino groups which can 

be chemically modified. (52) Hence, they prove to be quite useful as supports for 

immobilizing enzymes.  

Cotton Supports: Cellulose is the most abundantly found natural polysaccharide in the world. 

Its use as a material for various applications has been on since centuries. Going green is the 

need and the use of natural materials like cellulose is the way forward.  (53) 

Cotton fibers possess high strength, with suitable mechanical properties along with being 

hydrophilic but insoluble in water and biocompatible. Surface modification of cotton fibers is 

investigated continuously in order to impart new functionalities to it depending on the 

application. Grafting of various vinyl monomers onto cellulose has been of interest lately for 

researchers in order to obtain different functional products. These graft copolymerization 

reactions are usually carried out by initiation using techniques based on gamma irradiation 

and chemical initiation. (53) Major advantages associated with surface grafting of polymer 

surfaces is that less effect is imposed to the bulk properties (mechanical strength, etc.) while 

providing more options of reactive chemical groups and structures for carrying out the 

enzyme immobilization. (54) 

Cotton fibers or in general fibrous materials have been considered as solid supports for 

immobilizing enzymes mainly due to their highly specific surfaces, porous structures, 

providing accessibility of active sites required for high reaction rates and conversion. (54) 
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Using continuous immobilized enzyme reactors have numerous advantages such as higher 

productivity, downtime minimization, reduced enzyme costs, reduced capital investment, etc. 

However, using immobilized enzymes for large-scale applications is quite rare because of the 

fact that either the enzyme is too expensive or the support material is expensive or difficult to 

use on an industrial scale.  A variety of fibrous materials as polyethylene terephthalate (PET) 

fibers, cotton fabrics, porous glass fibers, etc. have been used successfully as support 

materials for immobilizing enzymes. However, the main issue that arises with using fibrous 

support materials is the lack of active sites on the polymer. Work had been done using 

glutaraldehyde as non-specific cross-linking agent to fix enzyme onto the polymer matrix. 

However, it resulted in low immobilization efficiency and low final enzyme activity.   (47) 

Previously, work was done by Albayrak and Yang to immobilize Aspergillus oryzae-

galactosidase on cotton cloth with the help of p-toluenesulfonyl chloride (tosyl). They found 

that this chemical, which is cheaply available, could activate hydroxyl groups on the 

cellulose backbone of cotton fibers under mild conditions. Some major steps included 

mercerizing cotton, pyridine pre-treatment, tosyl activation of the cotton fibers after which 

the enzyme was coupled on to the fibers. The immobilization method yielded results with 

protein coupling efficiency of ~85% and final enzyme activity of ~55%. The following 

mechanism was proposed by them. (47) 
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Scheme 1. A proposed mechanism for immobilizing enzyme on cotton cloth by activation using tosyl chloride 

(47) 

 

 

2.8 Modifying the Surface of Polymeric Supports 

2.8.1 Poly-(acrylic acid) Graft Surface Modification 

In previous work done by Chen, Kang, et al. poly-(acrylic acid) (PAA) was grafted on 

polyaniline film and then invertase enzyme was immobilized onto it. This was used with the 

aim of making the amide groups, present on the enzyme, to react with the carboxyl groups, 

present on the grafted poly(acrylic acid). As the concentration of surface-grafted PAA chains 

increased, the amount of invertase immobilized increased. (55) 
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Scheme 2. Immobilization of invertase on polyaniline film (55) 

 

 

A method was developed by Tobiesen and Michielsen wherein poly-(acrylic acid) was 

grafted onto nylon 6, 6 fibers. (56) 

The main advantage associated with using polymers to modify surfaces of other polymers is 

the need for fewer graft sites. A small amount of grafted polymer chains can cover the entire 

polymer film surface using few graft sites. This can be achieved by creating free radicals on 

the substrate surface and use these free radicals to initiate polymerization of the surface 

polymer. They used 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 

as an amidization accelerator. The reaction time was short and the reaction conditions were 

mild – neutral pH and room temperature with excess EDC. (56) 
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Scheme 3. Amidization of carboxylic acid using EDC as coupling agent (56) 

 

 

Using EDC as a coupling agent had some disadvantages as low coupling yield, expense, 

amide groups being inactive in between pH 4-5. (57) 

Thompson and Michielsen, in order to find a replacement for EDC, used 4-(4, 6-dimethoxy-

1, 3, 5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) as the condensing agent. 

Analysis showed that the functional molecules were introduced into the PAA side chains via 

amide linkages. Results also showed that modification efficiencies using DMTMM were 

comparable with those obtained using EDC and in terms of material costs, using DMTMM 

appeared to be a better alternative to carbodiimide based condensing agents. (57) 
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Scheme 4. DMTMM synthesis of PAA-AmR (57) 

 

 

2.8.2 Measuring the Poly-(acrylic acid) Content on the Polymer Surface 

In order to measure the effectiveness of the poly-(acrylic acid) surface grafting on the fiber, 

we need to measure the surface concentration of the polymer on the support. Chen et al. 

measured the PAA concentration by a colorimetric method using Toluidine Blue O (TBO). It 

was estimated based on weight per unit weight or per unit surface area. TBO is a basic dye 

and is useful for staining procedures. (55) The TBO molecules combine with carboxyl groups 

of the PAA in alkaline solution (~pH 10.0) forming an electrostatically stable complex. This 

complex can be easily detached from the surface usually in acetic acid (~pH 2.0) or many 

other organic solvents. (58) 
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Scheme 5.Schematic diagram for the quantitative analysis of –COOH groups using Toluidine Blue O (58) 
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2.9 Continuous Immobilized Enzyme Reactor Systems 

2.9.1 Introduction 

In utilizing reactor systems for immobilized enzymes, two important key elements must be 

considered viz. design and operation. In a lot of cases, the enzyme reactor corresponds to 

only a small part of the entire process. (59) 

The reactors essentially consist of a single vessel or a series of vessels in which the desired 

conversion is carried out using the enzymes. Several factors need to be considered prior to 

choosing the reactor type for a particular process. Some of these factors are the cost 

associated with substrate(s), downstream processing, labor, overheads, process development 

along with costs of constructing and running the enzyme reactor. Other influential parameters 

are the form of the enzyme being used i.e. whether it is in free state or immobilized kinetics 

of the reaction, support type (membrane, fibrous or particulate), etc.  (60) 

2.9.2 Types of Reactors 

The reactors can be categorized into batch reactors, continuous stirred tank reactors, fixed-

bed reactors and fluidized-bed reactors. 

Batch Reactors: These are the simplest of them all. It is highly important that the 

immobilized enzyme be readily recovered for re-use after the completed reaction as the main 

disadvantage of such reactors is that they fail to make use of the long-life and stability of the 

immobilized enzymes. Such reactors are usually used is small scale applications as in the 

pharmaceutical industry where high value low volume products are desired. (59) 
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Fixed-bed Reactors: These are almost exclusively used in commercial scale operations. 

Associated with such reactors is high efficiency, ease of operability and simplicity. (59) 

Fluidized-bed Reactors: These reactors have advantages of low pressure drop and ability in 

handling fine particulate feeds. However, quite often, the velocity necessary for fluidization 

may cause residence time to be lowered thereby resulting in failure to achieve desired 

conversion. To solve this, recycling or using series of fluidized beds is recommended. (59) 

 

 

 

 

Figure 12. Enzyme reactor types (a) Stirred Tank Batch Reactor (b) Batch Membrane Reactor (c) Packed Bed 

Reactor (d) Continuous Flow Stirred Tank Reactor (e) Fluidized Bed Reactor (61) 
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2.9.3 Activity Loss of Immobilized Enzyme 

While trying to determine the system performance and economics, it is important to consider 

the fact that there could be enzyme activity loss during operation. Such activity loss could 

occur under different situations such as when the enzyme leaches out of the system, when the 

enzyme becomes inactive or in cases where the immobilized enzymes gets covered or coated 

and blocked from any contact with the substrate. Other issues are shearing which could lead 

to removal of the enzyme from their carriers. (59)  



46 
 

3. MATERIALS AND METHODS 

In this thesis, attempts were made to immobilize laccase from Pleurotus ostreatus within 

chitosan membranes on nylon fibers. The free laccase activity as well as the immobilized 

laccase activity was measured. Following this, the laccase was immobilized on cotton sliver 

via poly-(acrylic acid) grafts on the fiber surface.  The immobilized protein concentration on 

both, grafted cotton sliver as well as nylon fibers were determined and compared. The 

activity of the immobilized laccase on cotton sliver was measured spectrophotometrically. 

3.1 Chemicals and Reagents 

Laccase from Pleurotus ostreatus (mushroom) in powder form was purchased from Sigma 

Aldrich, U.S.A. It had a brownish color. The labelled activity of the laccase was >=4.0 U/mg 

where 1 U corresponds to the amount of enzyme which converts 1 μmol of pyrocatechol per 

minute at pH 4.5 and 25°C. The laccase powder was used as received without carrying out 

any further purification procedure and stored in a refrigerator at 4°C until needed. 

Combed cotton sliver and nylon fibers, which were used as substrates for enzyme 

immobilization and cheese cloth for filtration, were obtained from the College of Textiles, 

North Carolina State University. 50% w/w sodium hydroxide (NaOH) (18.93M) was 

provided by the pilot plant at the College of Textiles. The various concentrations of NaOH 

solutions for poly-(acrylic acid) surface graft concentration measurement were directly 

prepared from this stock solution. 

Chitosan flakes, acetone (ACS Reagent, ≥99.5%), 95% ethyl alcohol pure (HPLC grade), 

85% phosphoric acid (BioReagent), glacial acetic acid, 4-(4, 6-Dimethoxy-1, 3, 5-triazin-2-
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yl)-4-methyl morpholinium chloride or DMTMM, 2,2’-Azino-bis(3-ethylbenzothiazoline-6-

sulfonic acid) diammonium salt or ABTS,  Bio-Rad Protein Assay Kit (containing 2, 1.5, 1, 

0.75, 0.5, 0.25 & 0.125 mg/ml Bovine Serum Albumin solutions), Toluidine Blue O, Brilliant 

Blue G-250 and 450,000 g/mol poly-(acrylic acid) (PAA) were all purchased from Sigma 

Aldrich, U.S.A and used as received. Molecular grade tris base was purchased from Fisher 

Scientific. Sodium acetate trihydrate was obtained from VWR International LLC. 

Hydrochloric acid was purchased from EMD Millipore. 

The concentrations of the buffer solution components were obtained from the buffer 

calculator. (62) The tris buffer was prepared using the Henderson-Hasselbalch calculator for 

tris buffers. (63) 

Deionized water was used to prepare the solutions in all the experiments.  

3.2 Immobilizing Laccase on Nylon Fibers via Chitosan Membrane 

Laccase immobilization on nylon fibers was carried out as per the procedure given by Katuri 

et al. The laccase was immobilized in a chitosan membrane on nylon fibers. 750 mg (0.75 g) 

of chitosan flakes was dissolved in 150 ml deionized water to make a 0.5% w/v solution.  

The pH of the aqueous solution was adjusted to 5.0 using 1 M acetic acid. This suspension 

was kept overnight at room temperature to ensure complete dissolution of the chitosan flakes 

and formation of a homogenous solution. The solution was filtered through a cheese cloth 

while ensuring no bubble formation during the filtration. The filtrate obtained was then split 

into two parts - part A with 50 ml chitosan solution and part B with 100 ml chitosan solution. 

In part A, no laccase solution was added. The solution was directly cast onto 0.1 gm nylon 
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fibers. In part B, a 2 mg/ml laccase solution (prepared in sodium acetate buffer at pH 4.5) 

was added to the filtrate and mixed. This was cast on nylon fibers weighing 0.2 gm. 

The chitosan-laccase casted nylon fibers from parts A and B were then immersed in 

sufficient amount of acetone for 30 minutes. The solvent was evaporated at room temperature 

followed by subsequent removal of residual solvent via evaporation. This was carried out by 

purging the samples with nitrogen gas for 15 minutes.   (64) 

The final samples obtained were stored in air-tight containers at 4°C for use thereafter.   

3.3 Immobilizing laccase on poly-(acrylic acid) modified cotton sliver 

3.3.1 Preparation of Poly-(acrylic acid) Grafts on Cotton Sliver 

The first step to immobilize enzyme on cotton sliver is by modifying the surface of cotton. In 

this work, poly-(acrylic acid) (PAA) grafts were used to modify the surface of the cotton 

sliver. A 5.7% w/w solution of PAA was prepared using deionized water. 0.1 gm pieces of 

cotton sliver were immersed overnight in the above PAA solution. These pieces were double 

rinsed lightly with deionized water prior to curing in the stenter (Werner Mathis AG LTF 

#134489) at 200°C for 4 minutes to ensure efficient grafting. Following the heat treatment, 

the PAA grafted cotton slivers were immersed in deionized water and left overnight in order 

to remove any unattached PAA from the slivers. The samples were washed with excess 

deionized water and then dried in a vacuum oven at a temperature of 80°C for 30 minutes to 

remove any residual water that may be present. (6) 
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Control samples of cotton sliver were prepared. Instead of immersing the samples in 5.7 % 

w/w PAA, they were immersed in deionized water. The heat treatment conditions and the 

subsequent steps were followed as mentioned above. 

3.3.2 Immobilizing Enzyme on Cotton Sliver via Poly-(acrylic acid) Grafts 

In order to immobilize laccase onto the PAA modified cotton slivers, 5 pieces of the 0.1 gm 

slivers were placed in a 100 ml solution of tris buffer at pH 7.8 in an Erlenmeyer flask. 

Laccase solution with a concentration of 2 mg/ml was added into the flask and the absorption 

was allowed to proceed for 24 hours at 4°C in a shaker bath (PRECISION Reciprocal 

Shaking Bath). Following this, the 60 mg of DMTMM was added to the flask and the 

reaction was allowed to proceed for 1 hour at room temperature. Finally, the cotton sliver 

with immobilized enzyme was removed from the flask and washed with excess amount of 

deionized water. The samples were dried using paper towels prior to carrying out tests for 

measuring laccase activity and protein concentration. (6) 

The samples were stored in an air-tight container at 4°C. 

3.4 Analytical Methods 

3.4.1 Measuring Immobilized Protein Concentration 

Two methods have been described to measure the immobilized protein contents on solid 

supports – indirect and direct. The direct method involves coupling a tracer-labeled protein 

prior to determining the amount of radioactivity retained by the support after washings. Other 

direct methods include measuring the protein amount released during acid hydrolysis 

described by Fowell and Chase, etc. However, these are elaborate and time-consuming 
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methods. The indirect method involves measuring the difference in the amount of soluble 

protein in the coupling solution both before and after the coupling procedure. The methods 

developed by Lowry, Bradford, Smith come under this category indirect method. (65) 

In order to measure the amount of laccase (protein) immobilized on the support, the Bio-Rad 

protein assay kit II was used. The assay is based on the Bradford method, which is a simple 

and accurate method to determine the concentration of the solubilized protein. The dye 

reagent in acidic medium has reddish-brown color with an absorbance maximum at 465 nm. 

Once bound to the protein, the color of the dye-protein complex in solution changes from 

brown to blue. This blue solution has an absorbance maximum at 595 nm. (48) However, a 

problem arises in measuring the color change using the spectrophotometer when the dye 

couples with immobilized protein. The above technique works for proteins in solution but not 

for an immobilized protein system. Hence, a modified version of the Bradford dye-binding 

principle referred to as the ‘465 Bradford assay’ is applied. In this method, a small aliquot of 

the protein immobilized support is incubated with excess of the dye reagent and the decrease 

in the absorbance of the solution at 465 nm is measured. (65)  

To prepare the dye reagent for the protein concentration measurement, 25 mg Brilliant Blue 

G-250 was dissolved in 12.5 ml of 95% ethyl alcohol. Following this, 25 ml of 85% 

phosphoric acid was added to the above solution. This solution was then diluted to 250 ml 

using deionized water. The solution was filtered through Whatman #1 filter paper to remove 

any particulates that may be present. (66) 
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To construct a standard curve to help determine the unknown protein concentration using the 

Bio-Rad protein assay kit II, the various concentrated Bovine Serum Albumin (BSA) 

solutions as part of the kit purchased was used. 2, 1.5, 1.0, 0.75, 0.5, 0.25 and 0.125 mg/ml 

solutions were provided. To prepare the testing samples, twenty nine cuvettes were prepared. 

Twenty eight of these were used as samples and one was used as blank. The tubes were 

labelled from 1 to 7 with four duplicates for each BSA concentration used. In each of these 

cuvettes, 1 ml of dye solution and 20 μl BSA sample were injected. The blank contained 1 ml 

dye solution and 20 μl de-ionized water.  

The cuvettes containing the reaction mixture were then incubated at room temperature for 5 

minutes prior to measuring their absorbance. Absorbance measurements were taken at 465 

nm and 595 nm in the UV-Vis spectrophotometer. In order to determine free enzyme 

concentration in the solution, the standard curve prepared for absorbance at 595 nm was 

used.  

To determine the amount of protein coupled on to the cotton sliver support, the standard 

curve corresponding to 465 nm was used. 0.1 gm laccase immobilized samples were 

immersed in test tubes containing 5 ml of the dye solution. The reaction was allowed to 

proceed for 30 minutes at room temperature after which the sample was removed from the 

dye solution. The remaining solution was analyzed for its absorbance at 465 nm and the 

concentration calculated from the standard curve prepared. 

The same procedure was followed for the nylon fiber samples both with and without the 

immobilized laccase.  



52 
 

3.4.2 Measuring Poly-(acrylic acid) Content on Cotton Sliver Surface 

The amount of poly-(acrylic acid) grafted onto the surface of the cotton sliver, based on the 

number of carboxyl groups introduced, was determined colorimetrically using the Toluidine 

Blue O assay. (55) The amount grafted was determined from a standard curve constructed 

using different concentrations of Toluidine Blue O dye solution and their corresponding 

absorbancies.  

A 125 µM stock solution of Toluidine Blue O was prepared by dissolving 0.0076 g of the 

dye in 200 ml deionized water. The solution was adjusted to pH 10 using 1 M NaOH 

solution. This solution was labelled as C1. Serial dilutions were prepared using C1 in order to 

prepare the standard curve. Solutions with concentrations of 125 µM, 62.5 µM (C2), 31.25 

µM (C3), 15.63 µM (C4) and 7.81 µM (C5) were used to prepare the standard curve. C2 was 

prepared by taking 50 ml C1 and diluting to 100 ml using pH 10 NaOH solution. 25 ml of C1 

was diluted to 100 ml with pH 10 solution to make C3. 12.5 ml C1 was diluted with 87.5 ml 

pH 10 NaOH solution to prepare C4. 6.25 ml C1 was diluted to 100 ml with pH 10 solution 

to make C5. For each concentration, 4 duplicates with 1 ml dye solutions in cuvettes were 

prepared. The absorbancies were measured at 633 nm in the GENESYS 10VIS UV-Vis 

Spectrophotometer from Thermo Electron Corporation. The average of the four 

measurements was then used to prepare the standard curve of absorbance versus dye 

concentration. The blank contained deionized water. 

In order to measure the amount of poly-(acrylic acid) grafted onto the surface of the cotton 

sliver, the 0.1 gm samples of the grafted slivers were immersed in excess of the 31.25 µM 
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Toluidine Blue O dye solution and left for treatment for 6 hours at 37°C under constant 

agitation in the shaking bath. This time is allowed for the formation of ionic complexes 

between the carboxylic groups of the grafted poly-(acrylic acid) chains and the cationic dye. 

Following this, the samples were removed and washed thoroughly with excess pH 10 NaOH 

solution to remove from the samples, any unattached cationic dye molecules. The washed 

samples were then placed in 5 ml of 50% w/v acetic acid solution for 30 minutes at 37°C 

with constant stirring. This step allowed for the acid chain bound dye molecules to diffuse 

into the solution which colored the solution blue. The samples were then removed and the 

absorbancies of the solutions with 4 duplicates of 1 ml each were analyzed at 633 nm in the 

UV-Vis Spectrophotometer. 50% w/v acetic acid was used as the blank. (58) 

The same procedure as mentioned above was carried out for the control samples on which no 

poly-(acrylic acid) was attached. 

3.4.3 Measuring Laccase Activity 

There exists two methods to determine laccase activity – measuring the oxygen uptake in a 

closed system wherein oxygen is used as a co-factor, and the other is a photometric analysis 

of the formation of colored oxidation products. (67)  

In this study, the photometric analysis is carried out to measure laccase activity of the 

immobilized laccase on both; cotton sliver and as nylon fibers. Common substrates that are 

used in these colorimetric tests are phenol based compounds like guaiacol, 2, 6-

dimethoxyphenol and syringaldazine which form quinones and non-phenol based compounds 

like ABTS forming colored radical cation (ABTS
+.

) on being oxidized by laccase. (67) 
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It has been observed that the oxidation potential for ABTS is independent of pH in the pH 

range of 2-11. (67) Hence, it is suitable to use the colorimetric assay with the pH-

independent ABTS as a substrate to measure the activity of the immobilized laccase system. 

The laccase activity was determined spectrophotometrically by tracking the increase in 

absorbance of the reaction mixture at 420 nm at 25°C. Initial attempts at measuring the 

laccase activity involved preparing a reaction mixture consisting of 0.5 mM ABTS in 100 

mM sodium acetate buffer at pH 4.5. However, the absorbance values were well above 3 and 

the concentration was deemed too high. On using an ABTS concentration of 0.02 mM, the 

absorbance values of the reacted solution fell within the linear portion of the 

spectrophotometer calibration curve for the specific compound. 

Laccase activity (
μmol

min.ml
) =  

Absorbance∗cuvette volume (lt)∗1000000 (μmol)

ε (
lt

mol.cm
)∗ Δt(min)∗sample volume(ml)∗path length (cm)

  

Specific activity (
μmol

min.mg
) =  

Absorbance∗cuvette volume (lt)∗1000000 (μmol)

ε (
lt

mol.cm
)∗ Δt(min)∗path length (cm)∗sample volume(ml)∗protein (

mg

ml
)
  

Where, 

Absorbance – Absorbance in the linear region of the curve 

Cuvette volume – total volume considered for the assay 

ε – molar extinction coefficient (36000 M
-1

cm
-1

) 

Path length – usually 1 cm 

Sample volume – to express activity per unit volume of the sample. 
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Protein – concentration of protein to express activity in terms of activity per unit protein  

3.4.3.1 Measuring Free Laccase Activity 

In order to measure the free laccase activity, the reaction mixture consisted of 0.5 ml of 0.02 

mM 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt or ABTS in 1 

ml of 100 mM of sodium acetate buffer at pH 4.5. 20 μl of 2 mg/ml laccase solution was 

added. The increase in absorbance is due to the oxidation of ABTS under these reaction 

conditions. One unit is defined as the amount of enzyme which oxidizes 1 mM ABTS per 

minute. The laccase activity is measured in U/ml. 

3.4.3.2 Measuring Immobilized Laccase Activity 

To measure the immobilized laccase activity on both the cotton sliver and nylon fibers, 

samples were inserted into a vial containing 3 ml of 100 mM sodium acetate buffer and 1.5 

ml of 0.02 mM ABTS. After every 30 seconds, 0.5 ml aliquots of the solution were removed 

and the absorbance of the solution measured in the spectrophotometer. Several times were 

studied (> and < 5 minutes) in order to determine if the absorbance values fell in the linear 

portion of the calibration graph as the color generation was not  measured over the course of 

the reaction time but instead after discrete time intervals. The activity of the sample was 

calculated. 
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4. RESULTS AND DISCUSSION 

In the research carried out, laccase from Pleurotus ostreatus was immobilized on surface 

modified cotton sliver and its properties were compared with laccase immobilized on nylon. 

Various characterization methods were used to determine the amount of protein attached onto 

the substrates and to determine the immobilized laccase activity. 

4.1 Enzyme Immobilization on Substrates 

The process of immobilizing laccase onto nylon fibers was different from that of 

immobilizing laccase onto the surface of the cotton sliver. When immobilizing enzyme on 

nylon, chitosan was used to help entrap the laccase within a membrane. The membrane was 

formed as a result of adding acetone, which precipitated chitosan from the solution, thereby 

forming an outer shell. (68) This technique essentially corresponds to entrapment. 

The above method is in contrast to the method used to immobilize laccase on cotton sliver. 

Here, poly-(acrylic acid) grafts was used to help attach the enzyme onto the surface of cotton 

sliver. The laccase attached covalently (via chemical bonds) onto the carboxylic acid groups 

(–COOH) on the cotton sliver surface introduced via a heat treatment process.  

4.2 Poly-(acrylic acid) Content on Surface of Cotton Sliver 

A colorimetric assay based on Toluidine Blue O dye reagent was selected to determine the 

concentration of poly-(acrylic acid) grafted onto cotton sliver surface. Toluidine Blue O dye 

molecules in basic pH combine with carboxyl groups forming a stable electrostatic complex. 

This complex detaches from the surface in a solution of acetic acid. The absorbance of the 

solution was measured at 633 nm. 
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It was observed that the control samples, which did not have any attached polymer grafts, 

also took up dye via adsorption under the treatment conditions. Hence, the absorbance 

change at 633 nm was measured for the grafted cotton sliver as well as control samples. The 

absorbance of the control samples were subtracted from the grafted sliver to obtain the 

absorbance due to the attached poly-(acrylic acid). The polymer graft concentration was 

calculated from the standard curve constructed.   

 

 

 

Figure 13. Toluidine blue O standard curve to determine poly-(acrylic acid) content on cotton sliver surface. 
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Initial attempts at measuring the poly-(acrylic acid) content yielded varying results. 

Relatively large variations were observed in the attached graft concentrations when samples 

were immersed in the polymer solution for a brief period. Enough time was needed in order 

for the sliver to become saturated with the acid. This led to the decision to leave the samples 

overnight to obtain a more uniform concentration distribution of the acid on the sliver 

surface. 

 

 

Table 4. Data of poly-(acrylic acid) content on cotton sliver surface 

Sample Absorbance PAA Content (mol repeat units) 

1 0.287 1.379E-05 

2 0.274 1.317E-05 

3 0.288 1.382E-05 

4 0.278 1.335E-05 

5 0.281 1.352E-05 

      

Average 0.281 1.353E-05 

Standard Deviation 0.006 2.782E-07 

Margin of Error 0.005 2.438E-07 

Upper bound 0.287 1.378E-05 

Lower bound 0.276 1.329E-05 

Variance 3.348E-05 7.739E-14 

Covariance   1.610E-09 
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From the above table, we can see that the 95% confidence limit of the pol-(acrylic acid) 

concentration on cotton sliver surface is between 1.329 x 10
-5

 – 1.378 x 10
-5

 mol accessible –

COOH per 0.1 gram sliver. This data indicates that the amount of polymer grafted onto the 

surface of the cotton sliver is quite small. However, in comparison to the amount of laccase 

to be attached to the grafted polymer, there is excess of the carboxylic acid groups for the 

amine groups of the laccase. 

 

 

 

Figure 14. Uniformity of poly-(acrylic acid) concentration across samples. 
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determine the unknown concentration of free enzyme, the standard curve constructed at 595 

nm was used.  

 

 

Table 5. Concentration of BSA in Brilliant Blue G-250 dye reagent and its measurement at 595 nm. 

Concentration 

(mg/ml) 

Concentration 

(µg/ml) 
A 

0 0 0.508 

0.125 4 0.670 

0.25 8 0.947 

0.5 16.1 1.150 

0.75 24.2 1.199 

1 32.2 1.625 

1.5 48.4 1.997 

2 64.5 2.348 
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Figure 15. Protein concentration standard curve at 595 nm. 
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Table 6. Concentration of BSA in Brilliant Blue G-250 dye reagent and its measurement at 465 nm. 

Concentration 

(mg/ml) 

Concentration 

(µg/ml) 
A 

0 0 0.997 

0.125 4 0.939 

0.25 8 0.909 

0.5 16.1 0.815 

0.75 24.2 0.733 

1 32.2 0.643 

1.5 48.4 0.537 

2 64.5 0.485 

 

 

 

Figure 16. Protein concentration standard curve at 465 nm. 
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[Protein] = 117.16 – 121.95 x [Absorbance] 

The amount of protein attached to the substrate was determined by measuring the 

concentration of unreacted dye remaining in the solution after reacting with the protein. The 

absorbance of the solution was measured at its peak wavelength, which was at 465 nm. The 

standard curve is an inverse curve where the blank and the low standards have high 

absorbances and the high standards have low absorbances. As more dye complexes with the 

protein on the support, the absorbance of the remaining solution at 465 nm decreases.                   
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4.3.1 Immobilized Protein Concentration on Cotton Sliver 

From the following table, we can see that for every 0.1 gm cotton sliver sample, the average 

amount of protein immobilized is 0.141 mg. 

 

 

Table 7. Immobilized protein concentration on cotton sliver surface. 

Sample A Concentration (µg/ml) Amount (mg) 

1 0.719 147.390 0.147 

2 0.725 143.731 0.144 

3 0.728 141.902 0.142 

4 0.735 137.634 0.138 

5 0.740 134.585 0.135 

    
Average 0.729 

 
0.141 

Standard Deviation 0.008 
 

0.005 

Margin  of Error 0.007 
 

0.004 

Upper Bound 0.737 
 

0.145 

Lower Bound 0.722 
 

0.137 

Covariance 
  

-4.165E-05 

 

 

4.3.2 Immobilized Protein Concentration on Nylon Fibers 

Initial attempts at measuring the protein content on nylon fibers resulted in higher 

concentration values compared to the protein content on cotton sliver. This result was 

unusual based on the theory studied that covalently binding enzyme to support should yield 

relatively higher immobilized protein concentration compared to the entrapped method of 
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immobilization. Subsequently, it was found that there could be interference from the amine 

groups (-NH2) present in chitosan and nylon structures on the absorbancies of the solution. In 

this assay the dye forms complexes with the amine groups in the protein and cannot 

distinguish these amines from those in nylon and chitosan. 

In order to overcome this, separate measurements were carried out with nylon samples 

having immobilized laccase as well as nylon samples without immobilized laccase. The 

absorbancies were measured at 465 nm and the differences in the absorbancies of the two 

samples were used to determine the immobilized protein concentration. 

 

 

Table 8. Immobilized protein concentration on nylon fiber. 

Sample ΔA Concentration (µg/ml) Amount (mg) 

1 0.813 90.073 0.090 

2 0.832 78.488 0.078 

3 0.809 92.512 0.093 

4 0.826 82.147 0.082 

5 0.839 74.220 0.074 

        

Average 0.824   0.083 

Standard Deviation 0.013   0.008 

Margin  of Error 0.011   0.007 

Upper Bound 0.835   0.090 

Lower Bond 0.813   0.077 

Covariance     -9.738E-05 

 



66 
 

The samples with enzyme immobilized on them showed lower absorbancies than the ones 

without the enzymes. This can be attributed to the presence of greater number of amine 

groups in the former resulting in a greater decrease in absorbance of the solution at 465 nm 

as per the 465 Bradford Assay. 

From the table above, we can see that per 0.1 gm of nylon fibers, 0.083 mg protein was 

immobilized by the entrapment technique. 

4.4 Laccase Activity 

Free laccase, in general, has higher activity than that of laccase immobilized on any support. 

The free enzyme activity measured by using this assay was found to be 1.27 U/mg.  

Laccase activity was measured for samples prepared by both immobilization techniques. 

Laccase oxidizes ABTS, a green-colored molecule to the cation radical ABTS
+
, a dark green-

colored molecule). The color change was observed and the change in absorbance determined 

at 420 nm.  

 

 

Table 9. Uniformity of laccase activity across immobilized cotton sliver samples. 

Cotton 

Sliver 

Sample 1 2 3 4 5 Average 

Absorbance 0.156 0.169 0.144 0.150 0.147 0.153 

Activity 0.079 0.086 0.073 0.076 0.074 0.078 

 

The average specific activity of laccase immobilized on cotton sliver was found to be 0.078 

U/mg. 
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Table 10.  Uniformity of laccase activity across immobilized nylon fiber samples. 

Nylon 

Fibers 

Sample 1 2 3 4 5 Average 

Absorbance 0.075 0.060 0.078 0.063 0.069 0.069 

Activity 0.065 0.052 0.067 0.054 0.059 0.059 

 

 

The specific activity of laccase immobilized on nylon fibers was found to be 0.059 U/mg.  

The higher specific activity obtained for the cotton sliver samples in comparison to nylon 

fibers can be attributed to the fact that there is higher amount of protein attached to the 

former. 

The immobilized enzyme activities were compared with the measured free enzyme activity. 

For the enzyme immobilized on cotton sliver, the activity was found to be approximately 

~6.1 % of the free enzyme activity while for the enzyme immobilized on nylon fibers, the 

activity obtained was about 4.6% of the free enzyme activity.   
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5. CONCLUSION 

From the research carried out and reported in this thesis, we were able to attach laccase from 

Pleurotus ostreatus onto nylon fibers via the entrapment technique of immobilization within 

a chitosan membrane. Initial attempts at measuring the immobilized protein concentration 

resulted in unusually high values of protein content. It was found that the amine (-NH2) 

groups present in the nylon and chitosan structures could interfere as the amine groups are 

involved in the formation of the electrostatic complex between the protein and dye (Brilliant 

Blue G-250) used in the colorimetric assay. Hence, the assay was conducted for both, nylon 

fibers with and without immobilized laccase. While carrying out the test, absorbance values 

for the samples with enzyme showed lesser values than those without enzyme. This was 

attributed to the greater number of amine groups trying to form complex with the dye. The 

results showed a more reasonable amount.  

A more convenient method using a friendlier support material (cotton sliver) was used to 

carry out covalent immobilization of laccase. This method of immobilizing enzyme on cotton 

was much simpler and involved less harsh chemicals as compared to previously reported 

work on immobilizing enzymes on tosylated cotton. Poly-(acrylic acid) grafts were attached 

on the surface of the cotton sliver (support) by just immersing the samples overnight in an 

aqueous solution of the polymer. A heat treatment was then carried out to achieve efficient 

attachment. Grafted PAA content was measured for the samples. Immobilized protein 

concentration or coupling yield was calculated to determine the effectiveness of the 

immobilization method.  
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Higher coupling yield was obtained for the laccase covalently immobilized on cotton sliver 

compared to laccase immobilized by entrapment on nylon fibers within chitosan membranes 

for the same amount of protein added for immobilization. On comparing the immobilized 

laccase activity, it was found that the value was higher for laccase on cotton sliver than for 

laccase on nylon fibers. This could be attributed to the fact that higher protein was 

immobilized on cotton sliver due to a more efficient attachment technique. 

Overall, it can be concluded that the covalent immobilization is much better than the 

entrapment technique. Also, a safer technique was utilized to immobilize laccase on cotton, 

which has great potential in industrial application.  
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6. RECOMMENDATION FOR FUTURE WORK 

In order to make full use of the potential of the systems in the treatment of textile dye 

effluents, the following further work is suggested: 

1) Carry out test batches of decolorization of dye solutions using a semi-continuous or 

continuous reactor system and measure the extent of decolorization. 

2) Carry out experiments to check for reusability of the samples in terms of the 

immobilized laccase activity. 
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