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Enzyme technology stands for an important keystone of industrial 

biotechnology since this technology facilitates commercial production of various 

enzymes with varied applications in food, textile, detergents, medicine and paper 

industry. The use of many more enzymes is restricted due to their cost and could 

not be economical if not reused. The immobilization techniques have been 

developed which leads to the physical confinement of the enzyme onto a solid 

material and provide retention of its catalytic activities. This makes the enzyme to 

use repeatedly and improve the industrial profit by creating the whole process 

economically feasible. Several inorganic and organic materials have been assessed 

as efficient carrier for enzyme immobilization. The magnetite particles have gained 

more attention as enzyme carrier due to the presence of hydroxyl groups on their 

surfaces that enable their functionalization and interaction with the enzyme. Their 

magnetic properties promote facile separation from the reaction system which 

allows the rapid termination of the enzymatic reaction and the recovery for their 

repeated uses. The biopolymers possess distinctive properties such as 

biocompatibility, non-toxicity, biodegradability and high affinity towards protein 

those make them suitable for enzyme immobilization. Chitosan can be regarded as 

the most commonly used biopolymer as carrier for enzyme immobilization. The 

reactive amino and hydroxyl groups on chitosan enable direct interaction with the 

enzyme and facilitate their surface modification. These can be applied in various 

forms and sizes for enzyme immobilization and also promote the adsorption and 

covalent methods.  

 In our study we have used magnetic chitosan as base carrier for α-amylase 

immobilization. The magnetic property of the carrier made its simple recovery and 

it was very easy to handle the enzymatic reaction. The surface modification of 

magnetic chitosan was carried out using cross-linking agents, synthetic polymers, 

inorganic layered solids and PAMAM dendrimers.     



The thesis is divided into eight chapters, 

 Chapter 1 presents an introduction to industrial biocatalysis and a literature 

review on enzymes on industrial applications. A brief note on importance of 

enzyme and need for enzyme immobilization are also outlined. The significance of 

enzyme and carrier selected for our work are mentioned. The scope and objectives 

of the current study are also emphasized at the end of this chapter. 

 Chapter 2 selects magnetic chitosan as base enzyme carrier from chitosan-

metal oxide composites such as CSM, CSZ and CST composites. Magnetic 

chitosan was modified with cross-linking agents such as gluteraldehyde, glyoxal 

and epichlorohydrin and performed as α-amylase carriers. Experimental methods 

for physico-chemical techniques and biochemical characterization are also depicted 

in this chapter. 

 Chapter 3 to chapter 5 describes the surface modification of magnetic 

chitosan with synthetic polymers, inorganic layered solids and dendritic polymers 

respectively. Immobilization studies of α-amylase on these modified forms have 

been depicted. 

 Chapter 6 deals with the thermal deactivation study of free and all 

immobilized enzymes. Kinetic and thermodynamic parameters for thermal 

deactivation of free and immobilized enzymes were also evaluated.   

 Chapter 7 illustrates the washing performance of α-amylase immobilized 

magnetic chitosan in laundry detergents. The performance of immobilized enzyme 

in enzymatic desizing was also described in this chapter. 

 Chapter 8 presents the summary and conclusion of the present work. This 

also comprised of future outlook of the work done. 
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1 

 

1.1 Industrial biocatalysis 

The biocatalysis plays an essential role in industrial technologies and 

environmentally comfortable characteristics of biocatalysts make the 

chemical processes greener. Biocatalysis stands for both green and 

sustainable technology; since the biological catalysts are biodegradable, 

non-toxic, non-hazardous and they implemented under mild experimental 

conditions, the processes have become environmentally more attractive and 

cost-effective [1]. The first modern biocatalysis was developed by Louis 

Pasteur in 1858, presented the resolution of racemic tartaric acid by various 

microorganisms and thereafter Emil Fischer introduced the lock and key 

model to enzymatic catalysis [2]. The first enzyme for industrial purpose 

was developed by Christian Hansen in 1874 which has been extracted from 

the dried calves‟ stomachs using saline solution. Wilhelm Kuhne invented 

the term „enzyme‟ in 1878 derived from Latin word, which mean „in yeast‟ 

and in 1897 Eduard Buchner has discovered the enzyme, „zymase‟ which 

caused the fermentation of sucrose. Trypsin, the first commercial enzyme 

was prepared by Rohm in 1914, which was isolated from animals and used 
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in the detergents for the degradation of protein. The Bacillus protease was 

first commercialized in 1959 for detergent manufacturing. The starch 

industry has utilized alpha amylases and glucoamylases for the starch 

hydrolysis since they have provided 95 % yield to glucose.  

The technical enzymes have been used in other industries like 

detergents, paper, textile, leather, fuel and pharmaceuticals. The 

introduction of enzymes on various industrial applications provided 

financial and ecological benefits as they are cost effective and environment 

friendly. Since the enzymatic reactions are carried out under mild reaction 

conditions, the processes can be easily controlled and the negative 

influences on environment are minimized. Because of the high specificity of 

enzymes, the reaction can be taken place with decrease of by-products and 

thereby reduced the waste disposal problems. The enzymes have certain 

affinity towards the substrate like complex molecules and they exhibited 

catalysis reactions with unique enantio and regio selectivities. These 

peculiarities are essential for myriad industrial applications such as food and 

pharmaceuticals where high reaction selectivities were required towards the 

complex substrates [3]. The isomerization of D-glucose leads to the 

formation of D-fructose by the catalytic reaction of xylose isomerase which 

included the selective catalysis [4]. The chemical industry also necessitated 

the selective catalysis of enzyme for the synthesis of polymers and chemical 

materials [5]. The phenolic resins were synthesized by the catalysis of 

peroxidases and the hydration of acrylonitrile to acrylamide was catalyzed 

by nitrile hydratase [6, 7]. This high selectivity of enzyme catalysis 

imparted effective reactions with little by-products and thus making this 

type of catalysis more advantageous than standard chemical catalysis. The 

biocatalysts such as hydrolases, oxidases, reductases and transferases are 

mainly used for the synthesis of organic compounds [8, 9]. The important 
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enzymes applied in the textile industry are cellulases, α-amylases, lipases, 

pectate lyases, laccases and peroxidases [10]. The principal hydrolases like 

proteases, amylases, cellulases and lipases are widely employed in detergent 

industry from Bacillus subtilis species and recently psychrophilic enzymes 

are arrived in this field which can operate at low temperature and impart 

economic and environmental benefits by attaining energy savings [11, 12]. 

The role of proteases in leather industry was widely reported which 

involved in skin processing, protein removal from collagen and also in 

replacing the toxic chemicals [13]. In paper industry, the important enzymes 

used are lipases, laccases, cellulases and xylanases [14]. Cellulases and 

hemicellulases have achieved increased attention in the production of 

biofuels which involved in the conversion of lignocelluloses [15, 16]. 

Although the use of enzymes in industrial applications was getting more 

attention, their isolation from the solution has become very inconvenient since 

they are used in soluble forms. The stability of the enzymes have also been 

faced major challenges in their industrial usages as they could not much 

tolerated in the biochemical reaction conditions. These facts have caused their 

recovery from the reaction systems to become very difficult. The various 

enzyme immobilization techniques could diminish these problems as 

immobilization can remarkably augment the enzyme stability. The insolubility 

of the immobilized forms can also make their recovery easy. The immobilized 

enzymes on nanomaterials can impart effective industrial bioprocesses and 

leads to the development of selective biosensors [17-19]. 

1.1.1 Enzymes, The green catalysts 

Enzymes are macromolecular biological catalysts that accelerate the 

biochemical reaction rate in living organisms and also catalyze wide variety 

of chemical reactions by lowering the activation energy without affecting 
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the reaction products [20]. The enzymes are treated as green catalysts since 

they are involved in organic chemical transformation and acquired reduced 

energy cost as well as increased safety. Commonly they are biodegradable 

in nature and the products formed as a result of biocatalytic reaction can be 

easily purified due to the decreased waste products. They exhibit enhanced 

catalytic efficiency and reaction specificity even at mild conditions of pH 

and temperature with the same reaction rates as that attained by chemical 

catalysts. Enzymes are proteinaceous in nature and formed by the linkage of 

amino acid chains through peptide bonds. Their catalytic function depends 

on the structure of protein and the activity relates to the structural integrity 

of the protein conformation. The catalytic reaction takes place only at the 

active site of the enzyme and makes it specific for single reaction [21, 22]. 

1.1.2 Chemical nature of enzyme 

Enzymes are high molecular weight compounds that ranging from 

10,000 to 20,00,000 and are composed by the joining  of amino acid chains 

together via peptide bonds.  

 

Figure 1.1  General protein structure- Joining of two amino acids through a 

peptide bond 

 

The enzymes can be precipitated and denatured by solvents, salts and 

certain reagents. They exhibit catalytic activity in the presence of other 

compounds such as cofactors. 

 

R C

H

NH2

C NH

O

C R'

H

COOH

Peptide bond

R C

H

COOH

NH2 R' C

H

COOH

NH2+

Amino acids



Industrial Biocatalysis: A tactical green technology 

5 

The cofactor can be comprised of, 

Coenzyme  -  This stands for a non-protein organic substance 

that weakly attached to the protein part. 

Prosthetic group  -  This can be an organic substance that strongly 

attached to the protein part. 

Metal ion activator  -  This consist of Fe
2+

, Fe
3+

, Cu
2+

, Zn
2+

, Mn
2+

, 

Ca
2+

, Mg
2+

, Mo
3+

, Co
2+

 and K
+
 

The protein part of the enzyme is referred to as apoenzyme and the 

entire active complex can be represented as apoenzyme plus cofactor which 

is mentioned as holoenzyme. 

 

Figure 1.2 Representation of holoenzyme 

1.1.3 Structure of enzyme 

The enzymes that based on the linkages of amino acid chains are 

globular proteins in which one or more polypeptide chains are folded to 

obtain three dimensional structures with definite conformational 

characteristic to the enzyme. This structure incorporates with small area at 

which the substrate actually binds with it, known as active site. This active 

site may consist of about less than 10 of constituent units of amino acids. 

Enzyme structure can be classified in to four levels depending on the 

arrangement of amino acids. 
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1.1.3.1 Primary structure 

The sequence of amino acids of the peptide chains is the primary 

structure of enzyme. In this structure the amino acid chains are linked through –

CO–NH– bonds; amino group (–NH2) of one amino acid linked with carboxyl 

group (–COOH) of another by the liberation of water molecules. 

1.1.3.2 Secondary structure 

The secondary structure of enzyme arises as a result of interaction of 

amino acids in the same chain at which they are closely situated. Secondary 

structures are of two types,  

 α- helix 

It is a helical structure coiled around an axis and is right handed in 

nature. Here the intermolecular H-bonds held within the same strand 

that exist between C=O and N–H groups of each peptide bonds. 

 β-pleated sheet 

In this structure intermolecular H-bonding exists between two or 

more strands. The C=O group of peptide bond in one strand may 

hydrogen bonds with N–H group of peptide bond in another strand. 

1.1.3.3 Tertiary structure 

The tertiary structure can attain by the array of amino acid chains in 

the three dimensional space. Here the arrangement is such that in order to 

achieve low energy and hence maximum stability. The various interactive 

forces involved in this case are H-bonds, hydrophobic interaction, ionic 

interaction, polar-polar interaction, van der Waals interaction and disulfide 

bonds. The hydrophobic interactions are commonly generated from the 

alkyl groups of alanine, leucine, isoleucine and valine. The protein surface 

exhibit hydrophilic nature due to the presence of acidic or basic amino acid 
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chains and the disulfide linkages provide maximum stability to the tertiary 

structure through covalent binding on different parts of protein chain. The 

positive and negative charged sites on amino acid chains allow ionic 

interactive forces which also stabilize the tertiary structure. 

1.1.3.4 Quaternary structure 

In quaternary structure, the interactive forces exist between more 

than one peptide chains and the various interactions that stabilizing the 

overall complex are H-bonding, disulfide bridges and salt bridges. This 

structure describes the interactions of different protein subunits and their 

arrangement to form larger protein aggregates.  

  

(a)                        (b) 

 

(c)                        (d) 

Figure 1.3  Structure of protein (a) primary structure (b) secondary structure 

(c) tertiary structure and (d) quaternary structure 
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1.1.4 Types of enzymes 

The enzymes are classified into six major types on the basis of 

catalytic reaction and these were approved by the nomenclature committee 

of the International Union of Biochemistry and Molecular Biology 

(IUBMB). An important numerical classification stratagem for enzymes is 

the Enzyme Commission Number (EC number), which do not describe 

about the enzyme, but specify the enzyme catalyzed reaction. The same EC 

number can be attained by different enzymes for the same catalyzed 

reaction. This represented as code number which consist of four constituent 

elements prefixed by EC and are separated by points. The first element 

assign to enzyme class; the second and third represent the general and 

specific groups to which the enzyme acts respectively. The fourth element 

denotes the specific substrate at which the enzyme acts. 

The six types of enzymes are, 

Oxidoreductases : Catalyze different oxidation-reduction reactions at 

which the electron transfer occurs. The common 

names used are dehydrogenase, reductase and 

oxidase. 

Transferases : Catalyze the transfer of groups such as acetyl, 

methyl and phosphate. The common names used to 

represent are acetyl transferase, protein kinase, 

methylase and polymerase. 

Hydrolases :  Catalyze the hydrolysis reaction which includes the 

transfer of functional groups to water and so can be 

grouped under transferases. 
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Lyases :  Catalyze the reactions which involve the cleavage of 

C–C, C–O, C–N and C–S bonds. Here the addition 

of functional groups caused to cleave the double 

bonds or the elimination of functional groups leads 

to the formation of double bonds. This type has the 

common names such as aldolase and decarboxylase. 

Isomerases :  These catalyze the reactions in which the atomic 

rearrangements are taken place within a molecule. 

This results in the formation of isomers due to the 

transfer of functional groups. An intramolecular 

oxidoreduction may also be related with this type 

enzyme. 

Ligases :  This type of enzyme catalyzes the reaction where the 

two substrates taken are ligated and the reaction 

involves the joining of two molecules. These include 

DNA ligase, RNA ligase and peptide synthase. 

1.1.5 Activity of enzyme 

Enzyme activity is a measure of the capacity of an enzyme to 

catalyze a specific reaction. This catalytic effect can be expressed as units 

per mg of enzyme (specific activity) or in terms of substrate molecules 

transformed per minute per enzyme molecule (molecular activity). This can 

be measured either on the basis of decrease of substrate concentration 

during the time period or increase of product concentration after the time 

period. Since most of the enzymes are proteins, the factors that distort the 

protein structure such as temperature and pH can affect the activity of 

enzyme. The factors that affect the catalysts such as reactant (substrate) 
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concentration and catalyst (enzyme) concentration are also control the 

enzyme activity.  

The enzymes are highly sensitive to thermal changes due to its 

protein nature and they show activity within a limited temperature ranges. 

Each enzyme has exhibited maximum activity at certain temperature, called 

optimum temperature and over this temperature the enzyme activity 

decreased to lower values due to the conformational changes in the enzyme 

structure. At extreme high temperatures, the enzyme lost it activity 

completely and become denatured. All enzymes are proteinaceous in nature 

and consist of acidic group such as –COOH and basic group such as –NH2. 

These groups provide certain charges to the enzyme structure and are 

affected by the changes of pH value. Every enzyme shows maximum 

activity at a particular pH called optimum pH and at above and below this 

optimum value the enzyme activity decreases until it loses its complete 

activity. The enzymes tend to denature at the most extreme pH values due to 

the unfavorable charge distribution on the enzyme structure. The 

concentrations of enzyme and substrate that are involved in the enzymatic 

reaction affect the activity of enzyme. As the enzyme concentration 

increases, the activity of enzyme also tends to increases with respect to the 

availability of substrate molecules. After all the substrate molecules are 

bound with the enzyme active site, the further reaction rate decreases even 

the concentration of enzyme increases and this could be due to the lack of 

substrate molecules for the catalytic reaction. The substrate concentration 

also affects the rate reaction and the rate of the reaction increases to a 

particular point as the substrate concentration increases. Once all the active 

sites of enzymes are saturated with the substrate molecules, there is no 

further increase in reaction rate even the substrate concentration increased to 
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higher region and this could be due to the unavailability of enzyme active 

site in order to bind with the substrate molecules. The effect of activators 

takes an important role in maintaining the activity of enzyme. The cations 

like Zn
2+

, Mg
2+

, Ca
2+

, Mn
2+

, Cu
2+

, Co
2+

, Na
+
, K

+
 etc and anions like Cl

-
 

facilitate the enzyme to acquire optimum activity. 

1.1.6 Specificity of enzyme 

All enzymatic reactions are very specific and this specificity depends on 

the shape of active site of the enzyme as well as that of substrate. The 

arrangement of atoms in the active site of enzyme determines the specificity of 

enzyme binding. The active site of the enzyme consists of amino acid residues, 

called the catalytic groups which directly involved in the enzymatic reaction via 

transition state formation. The enzyme specificity towards a chemical reaction 

is influenced by the orientation of active site on the basis of atomic 

configuration. Enzymes have shown different types of specificity.  

(i)  Absolute specificity: Enzyme specific to one substrate and catalyze 

only one reaction.  

 eg: maltase only acts on maltose, sucrase only acts on sucrose. 

(ii)  Group specificity: The enzyme exhibit specificity towards structure 

as well as chemical groups. They catalyze same type of reaction for 

similar substrates and act on specific functional groups such as 

methyl, amino and phosphate groups. 

 eg: hexokinases transfer phosphates to hexoses. 

(iii)  Linkage specificity: The enzyme specific to substrates with similar 

structures and similar bonds. They catalyze on particular chemical 

bond and this property of enzyme is also known as bond specificity. 
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eg:  Amylase hydrolyze α-1,4-glycosidic linkages of starch and glycogen, 

lipase hydrolyze ester bond between glycerol and fatty acid. 

(iv)  Stereochemical specificity: In this case the enzyme is specific to 

substrate and also to stereo or optical configuration. 

 eg: L-amino acid oxidase only acts on L-amino acid, starch can be 

digested with α-glycosidase but cellulose required β-glycosidase. 

(v)  Dual specificity: Here the enzyme exhibited same type of reaction 

for the two substrates and also acts on same substrate with two 

types of reactions.  

 eg: Xanthine oxidase acts on hypoxanthine and xanthine for the same 

type of reaction such as oxidation, iso-citrate dehydrogenase used for 

two types of reactions such as oxidation and decarboxylation.  

1.1.7 Enzyme action 

Like all chemical catalysts, enzymes also enhance the reaction rates 

without undergoing any chemical modifications. The enzymatic catalysis 

occurs commonly in the restricted temperature range and the enzyme exhibit 

appreciable activity at optimal pH range. The three dimensional structure of 

enzyme takes an important role in determining the effectiveness of enzyme 

catalysis. The changes in temperature and pH may cause the reduction in the 

conformational integrity of the enzyme structure which in turn leads to the 

loss of enzyme activity and denaturation of enzyme. 

During the enzymatic catalysis, the substrate molecules are attracted 

towards the active site of the enzyme and their combination leads to the 

formation of enzyme-substrate complex. The chemical bonds are not 

involved in this complex formation, but associated with the electrostatic and 
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hydrophobic forces. After the formation of enzyme-substrate complex, the 

enzyme facilitates the catalytic reaction in which the products formed are 

liberated from the surface of enzyme. 

The interactions between enzyme-substrate complexes are described 

by several theories. The lock and key model, proposed by Emil Fischer in 

1890 explain the binding between the enzyme and substrate molecules. Here 

the shape of the enzyme‟s active site is such that which is complementary to 

that of shape of substrate and so the substrate can fit into the active site of 

enzyme just like a key into a lock. Then the enzyme catalyzes a specific 

chemical reaction, release the products formed and become free for further 

reaction [23]. Koshland put forward another theory, induced fit model in 

order to describe the specificity of enzyme. Based on this theory, when 

substrate attracted towards the enzyme, it induces certain conformational 

changes in the active site of the enzyme. As a result of this the amino acid 

residues at the active site of the enzyme acquired favorable alignment in 

order to promote catalytic reaction. Hence the interaction between the 

flexible enzyme active site and substrate leads to the formation of E-S 

complex. As the enzyme molecule is not stable at this active conformation, 

it tends to return to its original form after the formation of products. This 

theory explains the role of substrate in determining the occurrence of 

catalytic reaction. As the enzyme structure is flexible, the substrate controls 

its ultimate shape. If the enzyme structure is too distorted, the substrate 

molecules cannot bind with the active site of the enzyme and this hinders 

the catalytic reaction. Also the substrate molecules with very small size 

cannot induce suitable alignment to the enzyme active site and this also 

prevents the enzymatic reaction [24]. The occurrence of enzymatic reaction 

is also explained by the transition state theory. This theory described that in 
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transition state the enzyme bind more strongly with the substrate than that in 

the ground state. At the transition state the enzyme acquire decreased 

activation energy as it distort the shape of active site and hence required less 

energy in order to break the bond at the beginning of the reaction. The 

enzyme thus stabilizes the transition state by lowering its activation energy. 

The reaction rate is proportional to the amount of reactants presented in the 

transition state complex. Linus pauling explained the catalytic action of 

enzyme due to the tight binding in the transition state species. Wolfenden 

and coworkers rationalized that the rate of the enzymatic reaction is 

proportional to the affinity of the enzyme for the development of transition 

state species [25].   

1.1.8 Enzyme kinetics 

This reveals the rate of enzyme catalyzed reactions and correlates the 

effect of different experimental conditions on reaction rate. The kinetic 

studies provide the basic mechanism for the enzymatic reaction and the 

other parameters that distinguish the properties of the enzyme. Brown 

developed the complex formation of enzyme with its substrate and then the 

complex split in to the products by regenerating the enzyme. The 

mechanism of enzyme-substrate reaction can be demonstrated as  

1

1

(1.1)
K

K
E S ES



   

2 (1.2)
K

ES P E   

The kinetics of single substrate-enzyme catalyzed reaction 

commonly referred to as Michaelis-Menten model of enzyme kinetics or 

saturation kinetics. This model describe the rate of enzymatic reaction 
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which relate the reaction rate or rate of product formation to the substrate 

concentration and the formula is represented as, 

max[ ][ ]
(1.3)

[ ]m

V Sd P
v

dt K S
 


 

This is the Michaelis-Menten equation, where Vmax is the maximum 

rate attained by the enzyme system at saturate substrate concentration and 

Km represents the substrate concentration at which the rate of reaction reach 

half of Vmax. The Km measures the affinity of enzyme towards the substrate 

molecules and higher the Km value gives the lower affinity of enzyme for 

substrate and vice versa. This value gives the binding capacity of substrate 

molecules in to the enzyme active site. The catalytic reaction with lower Km 

value reveals tight binding of substrate to the enzyme active site and the 

higher value corresponds to its loose binding. Km value also determines the 

substrate concentration when the rate of the reaction is half of Vmax.  

 

Figure 1.4 Graphical representation of determination of kinetic parameters 

At low substrate concentration the reaction rate changes linearly and 

follows the first order kinetics. Hence, 

0

[ ]
[ ] (1.4)cat

m

S
V K E

K
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At higher substrate concentration the reaction rate follows zero order 

and reaches the maximum rate, 

max 0[ ] (1.5)catV K E  

Where [E]0 represents the initial concentration of enzyme and Kcat is the turn 

over number. 

The increase of substrate concentration provides the increase of 

reaction rate at which the enzyme and substrate molecules encounter to each 

other. At high substrate concentrations, the enzyme active sites are almost 

fully occupied by the substrate molecules, leads to the saturation state and 

the reaction rate tends to increase to maximum range. As the Km reveals the 

information on enzyme affinity, the Vmax value provides the measurement of 

catalytic efficiency of enzyme towards the substrate. The Kcat value of an 

enzymatic reaction represents the maximum number of substrate molecules 

that converted into product at the active site of a single enzyme molecule 

per unit time. The enzyme with higher Kcat value indicates that it involved in 

the rapid catalytic reaction. The term Kcat/Km gives the catalytic efficiency 

which measures the effectiveness of enzyme. This is frequently referred to 

as specificity constant, which compare the rates of enzyme action on 

competing and alternating substrates. The Kcat/Km values for the two 

enzymes or for the same enzyme towards different substrates can be 

compared in order to measure the enzyme effectiveness. The higher ranges 

for catalytic efficiency lies between 10
8
 and 10

9
 S

-1
M

-1
 and the enzymes 

having these ranges considered to be gained kinetic perfection and 

dependent only on the concentration of substrate. 

By using Michaelis Menten Kinetic equation, the kinetic parameters 

Km and Vmax can be determined from different plots such as Lineweaver-

Burk plot, Hanes-Woolf plot and Eadie-Hofstee plot.  
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The reciprocal of Michaelis Menten equation gives the straight line 

equation relating 1/V0 and 1/[S], which is Lineweaver-Burk plot. This plot 

used to determine the kinetic parameters precisely and also help for the 

analysis of inhibited and multi substrate enzymatic reactions. 

0 max max

1 1 1
(1.6)

[ ]

mK

V V S V
   

Here Km/Vmax and 1/Vmax stand for slope and intercept of the straight 

line respectively. 

Another graphical representation of enzyme kinetics is the Hanes-

Woolf plot which is the straight line rearrangement of Michaelis Menten 

equation. Here the proportion of initial concentration of substrate to reaction 

velocity, [S]/V was plotted against [S]. This plot used for the determination 

of kinetic parameters, but it is replaced by non-linear regression methods. At 

higher range substrate concentrations, the errors in [S]/V impart which is 

close agreement with that of errors in V and this make it remains very 

useful. One of the drawbacks of this approach is that in which both ordinate 

and abscissa do not represent the independent variables, but they are 

dependent on the concentration of substrate.  

max max

[ ] [ ]
(1.7)mKS S

V V V
   

The plot of [S]/V against [S] yield a straight line with slope of 1/Vmax 

and intercept of Km/Vmax. 

Eadie-Hofstee plot is the representation for enzyme kinetics which is 

obtained from another linearized Michaelis Menten equation. Here the rate 

of reaction is plotted against the ratio between rate and concentration of 
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substrate. This approach is superseded by non-linear regression method and 

is stronger against error susceptible data than Lineweaver-Burk plot. Like 

Hanes-Woolf plot, this approach also does not constitute with the 

independent ordinate and abscissa and both are rate dependent. 

0
0 max (1.8)

[ ]

mV K
V V

S
   

The plot of V0 against V0/[S] give a straight line with negative slope 

of -Km and positive intercept of Vmax. 

 

(i)                                                           (ii) 

 

(iii) 

Figure 1.5 Linear representations of Michaelis Menten equation (i) 

Lineweaver-Burk plot (ii) Hanes-Woolf plot and (iii) Eadie-

Hofstee plot. 
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1.2 Immobilization of enzyme 

The concept of immobilization of enzyme has been established about 

for over hundred years. Immobilized enzyme is an enzyme system which 

can be used continuously and repeatedly by maintaining its catalytic activity 

since the enzyme is physically attached to inert and insoluble solid material. 

The use of immobilized enzymes has gained much attention in the field of 

medical and industrial sectors. The enzymes in its immobilized state provide 

easy separation of products, reusability, appropriate handling and higher 

physical and chemical stability. The immobilized enzymes with these 

properties make their application more economically viable, supply effort 

less process control, suitable for different types of reactors and also for 

industrial processes [26, 27]. They have also greatly influenced in the 

technical performances of industrial processes and thus improved the 

productivity and economic efficiency. Chibata and coworkers reported the 

first industrial use of immobilized enzyme in 1966 by the development of 

immobilized Aspergillus oryzae aminoacylase for the resolution of synthetic 

D-L amino acids [28]. The immobilized enzymes have been utilized for 

industrial applications such as production of amino acids, pharmaceuticals 

and sugars [29]. They require enhanced selectivity and specificity towards 

the catalytic reaction for the long term reuse in industrial processes. 

All immobilized enzymes consist of two important functions; non-

catalytic functions and catalytic functions. The former assist the enzyme 

separation from the reaction mixture and promote the reuse capability of 

immobilized enzyme. The later provide the chances to convert substrate 

molecules into products during the time period. The non-catalytic function 

correlate with the physical properties of immobilized enzymes, while the 

catalytic function associated with the biological activities of enzymes like 
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activity, substrate specificity etc. Hence the immobilized enzyme system 

should be developed with optimum non catalytic function and high catalytic 

function in order to confirm reuse and purification of enzyme. The catalytic 

function depends on the catalytic reaction and the substrate involved in it, 

which leads to the product formation with reduced side reactions. While the 

non-catalytic functions depends on the reaction medium and also on the 

method of product purification. Hence the carrier and immobilization 

method are well chosen based on the industrial requirements. 

 However, the immobilization may cause the loss of enzyme activity 

due to the denaturation of its three dimensional structure. The multiple 

interactions of the enzyme with carrier can cause some distortions in its 

structure that leads to the secondary structural changes in enzyme. Thus the 

protein lost its α-helical structure, but gained β-sheet structure and so it 

showed some alterations in its catalytic properties [30-33].  

1.2.1 Properties of immobilized enzyme 

The properties of immobilized enzymes depend on the nature of 

carrier to which the enzyme attached and also on the binding forces between 

them. The interactions of enzyme on carrier make certain changes in the 

three dimensional conformation of the protein structure and cause some 

alterations in the properties of immobilized enzyme with respect to its 

catalytic activity. The immobilization can increase the operational stability 

of the enzyme since it causes the controlled diffusional limitations. The 

stability also increased as a result of multiple interactions between the 

enzyme and carrier since this provides more rigidity to the enzyme structure.  

The stability of the immobilized enzyme depends on the pH and 

temperature of the reaction medium. For immobilized enzyme, the enzyme-
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substrate reaction at the microenvironment is different from that taken place 

in the bulk solution environment due to the unfavorable charge distributions 

and this leads to the conformational changes in the three dimensional 

structure of enzyme and thus causes changes in immobilized enzyme 

properties. The immobilization provides more rigidity to the enzyme 

structure and protects it from temperature effects and thus attains enhanced 

heat resistance towards the thermal denaturation of enzyme structure.  

The immobilized enzyme exhibit reduced enzyme activity when 

compared to free enzyme as the system cannot access the substrate 

molecules during the catalytic reaction since the distortions in the active site 

of the enzyme arise due to the enzyme immobilization [34, 35]. The stability 

and kinetic properties of the enzyme may vary due to the modifications in 

the microenvironment of the enzyme as a result of immobilization. This 

may be due to the changes in the intrinsic activity of the immobilized 

enzyme. During the enzymatic reaction, the immobilized enzyme interacts 

with the substrate in a different manner at its microenvironment compared 

to that at bulk solution. When the immobilized enzyme acts on 

macromolecular substrate, there exists a limited accessibility of substrate to 

the active site of the enzyme. Only the surface groups on substrate are 

accessible for the catalytic action and this impart reduced immobilized 

enzyme activity. The steric hindrance of large substrate molecules with the 

active site of the enzyme can also obstruct the enzymatic reaction. Thus the 

stability of immobilized enzyme plays an important role for maintaining its 

catalytic activity. There are several studies are reported in which the 

immobilized enzyme attained more stability due to the multipoint covalent 

attachment between the enzyme and the carrier [36]. Different methods are 

developed that correlate the number of covalent bonds between enzyme and 

carrier with the stabilization of immobilized enzyme system [37, 38].   
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1.2.2 Immobilization methods 

The functional groups present on the enzyme and carrier and the 

bonds involved between them decide the type of immobilization methods. 

The methods used for the industrial applications should be simple, easy 

handling and cost effective. The nature of enzyme-carrier binding 

determines the stability of the immobilized enzyme and the conformational 

integrity of the active site of the immobilized enzyme and hence influences 

its catalytic activity.  

1.2.2.1 Adsorption 

This is the simple immobilization method in which the enzyme 

bound with the carrier through the weak interactive forces such as van der 

Waals forces, hydrophobic interactions and hydrogen bonding etc. Here the 

immobilization is taken place directly with the carrier and does   not require 

any pre-activation. The high enzyme adsorption is possible with the carrier 

having high surface area. The carriers with porous structure exhibit high 

surface area due to the availability of inner core of the material and can be 

showed enhanced enzyme loading. Since the enzyme interactions with the 

carrier are very weak, it does not alter the native conformation of the 

enzyme active site and so the enzyme maintains its activity. However, even 

the small changes in pH and temperature of reaction medium can simply 

detach the adsorbed enzymes [39]. This makes reduction in their catalytic 

activities and diminishes their usage in industrial sectors.  

This type of immobilization technique is widely used in chemical 

and pharmaceutical industries and has been extensively employed for the 

production of enzymatic biosensors [40-42]. Even though this method 

provides simplicity and cost effectiveness, it results in materials and time 
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consuming for their practical applications. The further non-specific 

adsorption of enzyme may affect the properties of immobilized enzyme 

since the reaction rate depends on the mobility of enzyme and substrate 

molecules. The multilayer adsorption does not impart any homogeneity to 

the bound enzyme onto the carrier surface which prevents the substrate 

affinity towards the active site of the enzyme and reduces the catalytic 

activity. The adsorption via electrostatic binding of enzyme with the support 

depends on pH of reaction medium and isoelectric point of enzyme and 

carrier. The enzyme surfaces bear positively or negatively charged species 

depending on the pH of the medium and can interact with the oppositely 

charged carrier surface though ionic and polar interactions [43].  

1.2.2.2 Entrapment 

Here the enzyme entrapped within a polymer or gel matrix which is a 

permeable membrane that allow the passage of substrate and product 

molecules but not that of enzyme molecules. There is no chemical 

interaction between the enzyme and entrapping polymer, but this type of 

immobilization method restricts the enzyme diffusion and thus furnishes 

enhanced enzyme stability due to the reduction in enzyme leaching and 

denaturation. The main drawback of this method is the limitations in mass 

transfer. When the thickness of the polymer matrix is increased as a result of 

extensive polymerization, the substrate molecules cannot pass into the 

permeable matrix in order to react with the active site of the enzyme and this 

decreases the catalytic activity. The low enzyme loading by this method 

may be due to the leaching of entrapped enzymes through the large pore 

sized polymer matrix. The conformational distortions of enzyme structure 

cannot be taken place since there are no strong binding forces between the 
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enzyme and carrier. However the changes in pH and temperature may leads 

to certain enzyme deactivation. 

1.2.2.3 Covalent attachment 

The enzyme directly attached to the reactive functional groups of 

carrier such as hydroxyl, carboxyl, amino and amido groups through covalent 

bonds or by a spacer arm through the reactions like  diazotization, Schiff base 

and imine bond formation [44]. The covalent immobilization leads to the 

formation of stable immobilized enzyme system that prevents the enzyme 

leaching and also provides high rigidity to the enzyme structure. The changes 

in structural conformation as a result of this immobilization results in the 

deformation of active site of the enzyme which tend to hinder the catalytic 

reaction and hence cause the loss of enzyme activity. The important amino 

acid residues of enzyme structure that involved in the covalent 

immobilization are cysteine, serine and threonine [45, 46]. The non-essential 

amino acids involved in this method causes lesser conformational changes 

and provides higher resistance towards heat and denaturants.  

In case of inert carriers, they require pre-activation before involved in 

the covalent binding of enzyme. The covalent attachment through spacer arm 

provides increased mobility to the enzyme and so the enzyme retains its 

flexible conformation in order to retain the high catalytic activity. 

Carbodiimide performs as activating agent for carboxyl functional groups of 

carrier in order to bind with amino groups of enzyme. The N-hydroxy 

succinamide incorporated with carbodiimide also used for covalent 

immobilization to get improved immobilization efficiency. The amino groups 

of carrier can also be activated with carbodiimide for the covalent binding of 

enzyme through carboxyl functional groups. Another activating agent, 
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gluteraldehyde undergo Schiff base reaction in which each aldehyde group 

react with amino groups of carrier and enzyme through covalent binding. 

1.2.2.4 Cross-linking 

This is the irreversible method in which enzyme molecules are cross-

linked with each other through bi- or multi functional reagents via covalent 

binding. The commonly used cross-linking agents are gluteraldehyde, 

glyoxal, hexamethylene diisocyanate, diazobenzidine etc. The amino acid 

residues such as lysine, cysteine, tyrosine, histidine are used for enzyme 

cross-linking under mild reaction conditions. Here the cross-linking agents 

generate bridges between the enzyme molecules just like back bone to carry 

the enzyme molecules. The enzyme leaching can be reduced much by this 

method due to the strong chemical bonds between the enzyme molecules. 

The main disadvantage of this method is the enzyme denaturation by poly 

functional cross-linking agents. 

1.2.3 Selection of enzyme carrier 

Selecting a carrier material is one of the crucial steps in enzyme 

immobilization process since it is not easy to predict which will be the 

suitable carrier for a specific enzyme. The essential conditions needed for 

the material in order to meet the characteristic properties of an enzyme 

carrier are their insolubility in water, chemical and mechanical stability, 

high binding capacity towards the enzyme, easy availability and low cost. 

The physical properties of the materials like mechanical strength, particle 

size and swelling and compression behavior determine the efficiency of 

immobilized enzyme and the kind of reactor required to use.  

The surface area of the materials and the functional groups presented 

on them play an important role in determining their enzyme binding capacity 
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and hydrophilic property decide the activity of immobilized enzyme. The 

activity also controlled by the mass transfer and diffusional properties of the 

system. The porous materials offer high enzyme loading due to their high 

surface area and create more protected environment for the immobilized 

enzyme. For these types of materials the adsorption capacity can be optimized 

since they have exhibited controlled pore distribution. The nanomaterials due 

to their high surface area exhibit mass transfer resistance and improved 

enzyme loading and thus act as an effective enzyme carrier [47, 48]. 

 The carriers can be conveniently classified as inorganic materials, 

hydrophilic biopolymers and lipophilic synthetic organic polymers. The 

inorganic materials are suitable because of their favorable adsorption 

capacity, high chemical and mechanical stability. Also their hydrophilic 

nature due to the presence of surface hydroxyl groups provide enhanced 

immobilization capacity due to the stable enzyme-carrier interactions.  

The biocompatibility, biodegradability, non-toxicity and enzyme 

affinity make the biopolymers as ideal enzyme carriers. The immobilized 

enzymes on biopolymers retain enhanced catalytic activity since their 

biocompatible nature reduces the negative effects of structure and properties 

of enzyme. The plenty of functional groups present on them facilitate direct 

interaction with enzyme and also promote their surface modification. This 

makes their excessive use in adsorption and covalent enzyme immobilization. 

But their gel formation ability and the susceptibility to generate different 

geometrical configuration also lead them towards the enzyme 

immobilizations by entrapment and encapsulation. 

The synthetic polymers serve as the effective enzyme carriers since 

the polymer layer protects the active site of the enzyme from the negative 
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effects of experimental conditions and the reagents used. Here the 

monomers can be selected based on the demand of enzyme since the 

properties and chemical structure of the polymer depend on the nature and 

amount of monomers used [49]. The stability, porous behavior and 

mechanical strength of the polymer depend on the selected monomers. The 

functional groups present on the polymers control its effectiveness for 

enzyme binding as well as its surface modification and thus determine the 

method of immobilization [50]. The different polymer materials used as the 

enzyme carrier can improve the thermal stability, storage stability and 

reusability of the immobilized enzyme. The length of the spacer arms used 

in case of polymeric carrier for enzyme immobilization should be controlled 

as the shorter ones decrease the enzyme leaching and enhance the thermal 

stability and the longer ones provide conformational flexibility to the 

immobilized enzyme [51]. 

1.3 Chitosan as carrier for enzyme immobilization 

Chitosan is a biodegradable and biocompatible poly saccharide, poly 

[β-(1-4)-linked-2-amino-2-deoxy-D-glucose, the deacetylated form of chitin 

which exists in exoskeletons of insects and crustaceans. The various forms 

of chitosan like films, gels, powders, sponges and micro, macro and nano 

particles can be produced by controlling the molecular weight and 

deacetylation degree of chitosan [52, 53]. Chitosan has gained more 

attention in various applications due to its distinctive physico-chemical and 

biological properties [54]. It has become an ideal enzyme carrier due to its 

properties such as biodegradability, biocompatibility, hydrophilicity and 

high protein affinity. It is widely used for enzyme immobilization since they 

are non-toxic, inert, and inexpensive and has high mechanical strength [55, 

56]. The natural origin and biocompatibility reduces its negative impact on 
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the structure and properties of enzyme and promote the immobilized 

enzyme to retain high catalytic activities. The presence of reactive 

functional groups such as hydroxyl and amino groups allow direct 

interaction with the enzyme and enable its surface modification under mild 

experimental conditions by hindering the hydrolysis of glycosidic linkages. 

The presence of amino and hydroxyl groups and the polycationic nature of 

chitosan make it suitable for effective enzyme immobilization. Since the 

pKa of chitosan is about 6.5, at lower pH (<pKa) most of the amino groups 

are protonated and at higher pH (>pKa) the amino groups are deprotonated. 

The immobilization of enzyme on chitosan depends on the isoelectric point 

of enzyme and the pKa of chitosan which determines the strength of 

electrostatic interaction between them.  
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Figure 1.6 Structure of chitin and chitosan 

The chitosan with different particle sizes were used as enzyme 

carriers and the chitosan nanoparticles attain higher enzyme binding due to 

its increased surface area. The enzyme immobilized on chitosan 

nanoparticles exhibited higher efficiency than that on chitosan 

microparticles [57, 58]. The particle size determines the enzyme binding 

sites and the reaction sites for substrate molecules. Also the chitosan 
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nanoparticles with increased diffusion and mobility can influence the 

catalytic activity of immobilized enzyme. 

The porous nature of chitosan has great influence on immobilization of 

enzyme and if the chitosan material is highly porous, the pore size and pore 

size distribution determine the immobilized enzyme properties. The structure 

with small pore size leads to the diffusion limitation which can cause the 

rearrangement of enzyme structure and this conformational change of enzyme 

structure results in loss of its activity. Chitosan with very large pore sizes can 

cause the enzyme aggregation which also leads to the loss of immobilized 

enzyme activity. Hence for porous chitosan, the pores should be optimized in 

order to achieve maximum immobilized enzyme activity.  

The chitosan with free amino and hydroxyl groups has great tendency 

for cross-linking and its cationic nature promote the ionic cross-linking with 

multivalent anions. The enzyme can be covalently immobilized onto chitosan 

via cross-linking agents such as gluteraldehyde. One aldehyde group of 

gluteraldehyde form Schiff base with amino group of chitosan and the other 

end aldehyde group covalently bound with the amino group of enzyme. The 

chitosan with reactive amino and hydroxyl groups make them good enzyme 

carrier and can offer better immobilization efficiency. As chitosan is 

mucoadhesive in nature, the residual time at the adsorption site can be 

increased which leads to the enhancement in enzyme immobilization [53]. 
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Figure 1.7 Cross-linking of chitosan with gluteraldehyde 

The reactive functional groups of chitosan is used to stabilize the 

metal oxide particles since they aggregate in solution by dipole-dipole 

interaction and the chitosan-metal oxide composite can be used as efficient 

carrier due to its biocompatible and hydrophilic properties. The introduction 

of metal oxide provides enough rigidity to the chitosan matrix and the 

enzyme immobilized on this carrier can achieve enhanced thermal stability 

and reusability [59, 60]. The composites of chitosan with conducting 

polymers like polyaniline and polypyrrole can perform as good enzyme 

carrier due to the combined properties of better processability of chitosan 
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matrix and electrical conductivity of the polymer. The mechanical and 

thermal stability of synthetic polymers can be enhanced by incorporating 

with the chitosan biopolymer which can give improved stability to the 

enzyme upon immobilization. The combination of chitosan with other 

polymers makes it biocompatible and this provides more activity to the 

immobilized enzyme system by attaining specific microenvironment. The 

clay materials can offer enhanced thermal stability to the chitosan matrix 

due to its high insulation property by providing mass transfer barrier against 

the thermal decomposition of chitosan. The mechanical properties can be 

improved by the electrostatic interaction between amino and hydroxyl 

groups of chitosan and clay surface.  

1.4 α-amylase for enzyme immobilization 

α-amylase (1,4-α-D-glucan glucanohydrolase ), an endo type enzyme 

that catalyze the hydrolysis of internal α-1,4-glycosidic linkages in 

carbohydrates yielding low molecular weight products such as glucose, 

maltose and maltotriose units with retention of α-anomeric configuration. 

They can be obtained from plants, microorganisms and animals. These are 

calcium metallo enzymes and require Ca
2+

 ions in order to acquire activity, 

stability and structural integrity. α-amylase is one of the most important 

industrial enzyme since its hydrolyzed products are widely implemented in 

food, pharmaceutical, textile, detergent and paper industries. In starch 

liquefaction process, the use of α-amylase promotes the starch hydrolysis 

which convert starch into glucose and fructose syrups. They are used for the 

production of modified starches in the paper industry, replacement of malt 

in the brewing industry, improvement in dough quality in baking industry, 

desizing  in textile industry and also used as additives in detergents [61].  
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1.5 Scope and objectives of the current study 

Immobilization of enzymes refers to the technique of anchoring the 

enzymes in or on an inert support for their stability and functional reuse. By 

employing this technique, the enzymes are made more efficient and cost-

effective for their industrial purposes. The study is in accordance to 

maximize the advantages of α-amylase catalysis by using a carrier with low 

synthesis cost and high binding capacity. 

The main objectives of the study are, 

 To synthesize chitosan-metal oxide composites such as chitosan-

Fe3O4, chitosan-TiO2 and chitosan- ZnO. 

 To modify the selected magnetic chitosan carrier by the cross-

linking agents, gluteraldehyde, glyoxal and epichlorohydrin in order 

to compare efficiency and feasibility of enzyme immobilization 

methods. 

 To synthesize the modified magnetic chitosan with synthetic 

polymers, inorganic layered solids and PAMAM dendrimers. 

 To immobilize α-amylase on all modified forms of magnetic 

chitosan. 

 To optimize the immobilization parameters and to estimate the 

immobilization efficiency in terms of immobilization yield and 

activity yield. 

 To study the effect of reaction pH and temperature on immobilized 

α-amylase activity. 

 To evaluate the activation energies for immobilized enzymes and to 

study their thermal stability. 
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 To study the storage stability and reusability of immobilized 

enzymes. 

 To determine the kinetic parameters, turn over number and catalytic 

efficiency of immobilized enzyme systems. 

 To estimate the kinetic and thermodynamic parameters for thermal 

deactivation of immobilized enzymes. 

 To analyze the performance of α-amylase immobilized magnetic 

chitosan in laundry detergents and in desizing of cotton cloth. 
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2.1 Introduction 

An important biopolymer, chitosan derived from chitin under strong 

alkaline medium and at elevated temperature was observed as an adequate 

immobilization carrier due to certain properties such as biocompatibility, 

biodegradability, non-toxicity and hydrophilicity [1, 2]. Due to its affordability, 

it is possible for the large scale production of cheap carriers in the field of 

enzyme immobilization. The reactive functional groups presented on 

chitosan such as amino and hydroxyl groups can be chemically modified 

with some cross-linking agents and enable the coupling of enzyme [3]. This 

cross-linking of chitosan molecules prevent the direct contact with the 

enzyme molecules and allow the substrate molecules to reach easily at the 

catalytic site. Thus chitosan is commonly used as efficient carrier for 

enzyme immobilization [4-6]. 

The amino group in chitosan has pKa of ~ 6.5 which leads to its 

dissolution in acidic solution, but promote the immobilization of enzyme 
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having isoelectric point less than 6.5. Immobilizations of amylase and 

cellulase have successfully reported on chitosan due to the fact that 

optimum pH of the corresponding enzymes were found to be at 5.5 and 5 [7, 

8]. The chitosan can be used as enzyme carrier in its variety forms. Dong et 

al. observed that immobilized glucose oxidases on chitosan membrane 

exhibited excellent stability and reusability [9]. Chitosan-gel matrix was 

found to be an effective carrier for entrapment of biomolecules and resulted 

in good entrapment efficiencies. Ghanem et al. compared the entrapment of 

lysine, bovine serum albumin and β-galactosidase in gel beads of chitosan 

prepared by complexation with tripolyphosphate [10]. They observed the 

controlled release of bioactive compounds and found that gel chitosan beads 

as potential matrix for immobilization. The chitosan beads have been used 

as an efficient carrier in many immobilization studies [11-14]. The 

immobilization of catalase on gluteraldehyde activated chitosan films was 

shown by Cetinus et al. and also they have mentioned that the immobilized 

enzyme can be utilized for practical applications.   

Several methods such as precipitation, ionotropic gelation, spray 

drying, emulsion droplet coalescence and reverse micellar method were 

adopted for the production of different sized chitosan particles [15-17]. 

Enzyme immobilization onto microparticles attained high immobilization 

efficiency due to their high surface area and accessibility of various fixed 

active sites for enzyme molecules [18, 19]. The reports showed that the 

obstructions in the internal diffusions get diminished by the small sized 

carrier particles. Shentu et al. reported the adsorption of catalase on cibacron 

blue F3GA-chitosan microspheres. This study revealed the high adsorption 

capacity of catalase and this could be possible by the carrier without 

generating any denaturation [20]. Recently many studies are there for the 



Experimental techniques, selection of magnetic chitosan as enzyme carrier and effect of ….. 

45 

development of macroporous chitosan membranes with high mechanical 

strength, increased chemical stability and controlled pore size [21-23]. Wen-

Yi Yang et al. developed a new carrier such as silica gel supported 

macroporous chitosan membrane for enzyme immobilization [24]. The high 

stability and activity of immobilized β-galactosidase on chitosan 

nanoparticles were distinguished by Brio et al. and they argued that the 

highest surface area of the chitosan nanoparticles provided possibilities for 

better distribution of enzyme onto it when compared to that of chitosan 

micro and macro particles.  

The introduction of inorganic nano materials to chitosan offers good 

mechanical and surface chemical properties and the chitosan-metal oxide 

composites stand for potent carrier for enzyme immobilization because of 

their biocompatibility, non toxicity and hydrophilic properties [25, 26] and 

these have applications in efficacious biosensor fabrication [27]. A novel 

amperometric triglyceride biosensor was constructed by Jagriti Narang and 

coworkers by the covalent co-immobilization of glycerol kinase, lipase and 

glycerol-3-phosphate oxidase onto the chitosan-ZnO composite film 

deposited on Pt electrode surface. Raju Khan et al. developed a novel 

chitosan-TiO2 bioactive electrode and detected that the immobilization of 

horseradish peroxidase on chitosan-TiO2 has shown improved charge 

transfer resistance [28]. Min-Yun Chang et al. investigated the stability and 

activity of immobilized acid phosphatase onto chitosan-ZrO2 composite 

beads [29]. Deveci et al. compared the performance of immobilized lipase 

on chitosan-TiO2 composite beads by adsorption and covalent binding 

methods [30]. Immobilization of pullulanase on chitosan-Fe3O4 has been 

reported and considered the magnetic chitosan as an effective carrier for 

enzyme immobilization due to its magnetic property which leads to easy 
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separation of immobilized enzyme from the reaction system by applying an 

external magnetic field [31]. Several studies have been reported on which 

the enzyme immobilization onto magnetic chitosan [32-36]. 

The chitosan coated magnetite particles attained structural 

stabilization via cross-linking and the most common cross-linkers for 

chitosan are gluteraldehyde and epichlorohydrin [37]. In case of the cross-

linkers that end with dialdehyde functional groups, that promote the 

formation of Schiff base with amino functional groups of chitosan and 

caused the cross-linking of chitosan chains. The free aldehyde groups on 

cross-linked form also prompted the formation of Schiff base with –NH2 

groups of enzyme molecules and leads to the covalent enzyme 

immobilization [38]. Although for epichlorohydrin, the chitosan chains are 

linked through its –OH functional groups [39] and so the –NH2 groups are 

available for enzyme adsorption. The covalent immobilization of β-D-

galactosidase onto magnetic chitosan nanoparticles by gluteraldehyde 

linkage was studied by Chenliang Pan et al. and they observed the high 

immobilization yield, activity and stability of immobilized enzyme [40]. 

Gambetta et al. evaluated the effect of cross-linking agents such 

asglutaraldehyde, epichlorohydrin and glycidol on lipase immobilization 

onto chitosan and agarose [41]. 

The current chapter explains the details of various physico-chemical 

techniques used in the characterization of composites and the experimental 

methods adopted in the enzyme immobilization study. It discusses the α-

amylase immobilization on chitosan-metal oxide composites such as 

chitosan-Fe3O4, chitosan-ZnO and chitosan-TiO2. This chapter selects 

magnetic chitosan as base support for the study due to its magnetic property 

and easy recovery of immobilized enzyme from reaction systems. The effect 
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of cross-linking agents on magnetic chitosan in α-amylase immobilization is 

also incorporated with this chapter. 

2.2 Materials and Methods 

2.2.1 Materials 

Diastase -amylase (1, 4 α-D-glucanglucanohydrolase, EC 3.2.1.1) 

was obtained from Himedia Laboratories Pvt. Ltd, Mumbai. Bovine serum 

albumin and Folin & Ciocalteu’s Phenol reagent were got from Sisco 

Research Laboratories Pvt. Ltd. Mumbai. Maltose, sodium potassium 

tartrate and copper sulphate were bought from Sigma Aldrich. Ferric 

chloride, sodium sulphite, zinc nitrate, sodium hydroxide, titanium 

tetraisopropoxide, soluble starch (potato) and dinitrosalicylic acid were 

procured from S.d. Fine Chemicals Ltd, Mumbai. Chitosan was purchased 

from Meron marine chemicals, Cochin. Gluteraldehyde, glyoxal and 

epichlorihydrin were acquired from LOBA CHEMIE Pvt. Ltd. Mumbai. 

2.2.2 Physico-chemical characterization 

2.2.2.1 FT-IR spectroscopy 

The infrared spectra of synthesized composites were recorded on 

JASCO FT/IR-4100 in the frequency region 4000-400 cm
-1 

by KBr pellet 

method. This technique is based on the fact that the molecular absorptions 

which occurred at resonance frequencies characteristics to their structure. IR 

spectra give important data for the composite formation and also provide the 

information that confirms the composite modification. The shift in the 

characteristic peaks of chitosan and the arrival of new vibrational bands are 

responsible for the modification of magnetic chitosan. 
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2.2.2.2 X-ray powder diffraction spectra 

XRD analysis was performed with Bruker AXS D8 Advance X-ray 

Powder Diffractometer. The powder XRD gives the diffraction pattern 

which is derived from powder of the material in preference to individual 

crystal. It also reveals the diffraction pattern of crystalline solid which need 

not to be representing the whole material. Here the intensity of the 

diffraction pattern plotted against the angle of the detector, 2θ. The 

diffraction pattern of the sample discloses its purity and also determines the 

lattice parameters of the crystal structure. For modified CSM composites, 

the diffraction pattern determines their crystalline nature and confirms that 

whether the crystallinity of chitosan and magnetite changed or not after the 

modification.  

The average size of particles can be determined by Debye–Scherrer 

formula (equation 2.1) which relates the particle size to peak broadening. 

/ cos (2.1)d k    

Where, 

d is the particle size, 

k is the Debye–Scherrer constant (0.89), 

λ is the X-ray wavelength (0.15406nm), 

θ is the Bragg angle and 

β is the full width at half maximum. 

2.2.2.3 Thermo-gravimetric analysis 

 TG-DTG analysis of composites was performed on Perkin Elmer 

Pyris Diamond TG analyzer under nitrogen atmosphere in the temperature 
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range of 40-730 °C and at a heating rate of 20 °C min
-1

. Here the mass of 

the sample is determined continuously with respect to the change of 

temperature at constant rate. The TGA curve gives the information about the 

weight loss % for the corresponding thermal decomposition reaction, while 

the DTG curve determines the inflection points at which the thermal 

degradation has taken place. This technique measures the stability of the 

sample. The material that thermally stable shows little mass loss and the 

TGA curve appears with no slope at that temperature region. The thermal 

stability of polymers can be clearly evaluated from the TGA analysis and 

the stable polymers can withstand at the temperature of 300 °C in air and 

500 °C in nitrogen atmosphere without causing any structural changes. In 

case of magnetic chitosan the weight loss % corresponding to chitosan 

decomposition can be reduced by the composite modification. 

2.2.2.4 Surface area analysis 

Surface areas of composites were determined by using surface area 

analyzer (TriStar II 3020 V1.04) and plotted the nitrogen adsorption isotherms 

at liquid nitrogen temperature. Brunauer–Emmett–Teller (BET) theory 

explains the measurement of specific surface area of the materials and is 

based on the physical adsorption of gas molecules on the surfaces of the solid 

material. This theory applies to describe the multilayer adsorption and the 

most frequently used probing gas is the nitrogen that does not undergo any 

chemical reaction with the material surfaces. The specific surface area of the 

sample was analyzed by this method at 77 K of N2 gas including the pore 

distribution and this gives the dissolution rate which is proportional to the 

specific surface area. This study stands for an essential characterization for 

enzyme carrier as its specific surface area determines the binding capacity of 

enzyme and also decides its catalytic activity.      
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2.2.2.5 Scanning electron microscopy 

Surface morphologies of the composites are obtained by using the 

JEOL Model JSM–6390LV scanning electron microscope. This is the 

principal magnification tool in which the images of the sample are produced 

by utilizing the focused beam of electrons. Here the high energy electrons 

interact with the atoms of the solid sample in order to generate various 

signals which provide the information about surface morphology, crystalline 

structure and chemical composition of the sample. The electron beam 

scanned the sample surface in a raster pattern and as a result of this 

interaction the energetic electrons are liberated from the surfaces of sample. 

These scattered electrons such as secondary, backscattered electrons and X-

rays are attracted by various detectors. The backscatter electrons impart 

compositional data of element or compound and also provide morphological 

information. The diffracted backscatter electrons reveal crystalline structure 

and orientation of minerals. The X-rays from the surface of sample give 

valuable information about elements and minerals. 

2.2.2.6 Vibrating sample magnetometry 

VSM analysis for composites was performed on Lake Shore 7410 

vibrating sample magnetometer. It measures the magnetic properties of 

sample material which is placed in an external magnetic field by 

transforming the dipole moment of the sample into AC electrical signal and 

the theory is based on Faraday’s Law of Induction. The hysteresis loop 

exhibits the magnetization of a ferromagnetic material. Here the material 

after attaining the saturation magnetization dropped to zero and then retain 

its initial magnetization. The obtained saturation magnetization (Ms) values 

explain the magnetic characteristics of the composites. In case of modified 
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magnetic chitosan, the presence of non-magnetic material will reduce its 

magnetic property to a little.  

2.2.2.7 CHN analysis 

The elemental analysis on C, H and N was conducted by using the 

elemental analyzer, Elementar Vario EL III. It measures the elemental 

content in the sample with accuracy and precision. This characterization is 

essential for the determination of elemental composition in the composites 

in order to prove its modification. 

2.2.3 Experimental methods in α-amylase immobilization 

2.2.3.1 Synthesis of immobilized α-amylase 

Two different types of methods were adopted for the synthesis of 

immobilized enzymes such as adsorption method and covalent method. 

In adsorption method, about 0.05 g composite was mixed with definite 

volume of enzyme in desired buffer and then the reaction system was 

incubated in a shaking water bath at room temperature for 2 h. After the time 

period, the immobilized enzyme formed was filtered and washed many times 

with the same buffer for the removal of unbound enzyme. It was then dried in 

air and stored at 4 °C for further studies. The collected supernatant and 

washings were used to estimate the unbound enzyme by Lowry’s method. 

For covalent immobilization of enzyme, the support was initially 

activated with the cross-linking agents such as gluteraldehyde and glyoxal. 

About 1 mL of cross-linking agent was added into 1 g support in basic 

medium and the mixture was incubated for 3 h at room temperature under 

continuous stirring. After that the cross-linked support was filtered, the 

excess of cross-linking agent was washed out by several washings and dried 
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in air. This activated support, about 0.05 g was then shaken with the enzyme 

solution in buffer for 2 h at room temperature. Then the same procedure was 

followed as in the case of above method.  

2.2.3.2 Total protein assay 

The amount of enzyme immobilized on the support was analyzed by 

measuring the protein content in the solution before and after the 

immobilization. This was carried out by applying the Lowry’s method [42] 

using Folin & Ciocaltaue’s reagent and measuring the absorption at 660 nm 

in a Thermo Scientific Evolution 201 UV-Visible spectrophotometer. The 

amount of immobilized enzyme was determined by calculating the 

difference between the initial amount of protein taken for the 

immobilization process and the amount of protein presented in the filtrate 

after the immobilization process. 

The immobilization yield was calculated by equation 2.2 

1 2
% 100 (2.2)

1

C C
IY X

C


  

Where C1 represents the concentration of initial amount of protein taken for 

immobilization and C2 represents the amount of protein presented in the 

filtrate after immobilization. 

The activity yield (AY %) was determined by measuring the activity 

of initial amount of enzyme and the activity of enzyme after immobilization. 

( %) (2.3)
Activity of immobilized enzyme

Activity Yield AY
Activity of free enzyme

  

Then immobilization efficiency (IE %) can be evaluated by the 

equation 2.4 
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% 100 (2.4)
AY

IE X
IY

  

2.2.3.3 Optimization of immobilization conditions 

The immobilization conditions such as pH of the immobilization 

medium, incubation time and the amount of enzyme were optimized in 

order to get maximum immobilization for enzyme. The pH of the 

immobilization medium was optimized by varying from 4 to 9 using 

different buffers, such as acetate buffer (4-5.5), phosphate buffer (6-8) and 

glycine buffer (8.5-9). The incubation time was varied in the period of 30-

300 min. and the enzyme concentration for immobilization was studied by 

its variation from 2 to 20 mg enzyme g
-1

 support. 

2.2.3.4 α-amylase activity assay 

The activities of free and immobilized enzymes were studied by 

DNS method in which 1 % of starch solution was selected as substrate for 

the enzymatic reaction [43]. A known amount of free and immobilized 

enzymes in desired buffer was mixed with 1mL starch solution in separate 

test tubes. Then the reaction tubes were incubated in a water bath shaker at 

30 °C for 15 min. under constant stirring. The reaction was stopped by 

adding 1 mL DNS reagent and the tubes were placed in the boiling water 

bath for 5 min. The reaction tubes were allowed to cool to room 

temperature, diluted with 10 mL distilled water and then the absorbance was 

measured spectrophotometrically at 540 nm. The amount of reducing sugar 

formed was determined by using standard maltose curve. One unit of α-

amylase activity (EU) constitute the amount of enzyme needed to liberate 1 

μmol maltose per minute under the assay conditions. 
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2.2.4 Biochemical characterization of free and immobilized enzyme 

2.2.4.1 Effect of pH on enzyme activity 

The influence of reaction pH on activities of free and immobilized 

enzymes was investigated in the range of pH 4-9. For this study a known 

amount of free and immobilized enzymes in desired buffer was separately 

mixed with 1 mL starch substrate solution (1 %) and the reaction systems 

were incubated for 15 min. of continuous stirring at 30 ºC. The enzymatic 

reaction was repeated for varying pH and the different buffers used are 

acetate buffer (pH 4-5.5), phosphate buffer (pH 6-8) and glycine buffer (pH 

8.5-9). 

2.2.4.2 Effect of temperature on enzyme activity 

The effect of temperature on activities of free and immobilized enzymes 

was investigated between 30 ºC and 70 ºC. The study was conducted by 

incubating the reaction systems in which the individual solutions of free and 

immobilized enzymes in buffer with optimum pH were mixed with 1 % of 

starch substrate solution for 15 min. at varying temperatures. 

2.2.4.3 Thermal stability study 

Thermal stability study was conducted in which the free and 

immobilized enzymes were pre-incubated at the temperatures range 30-70 ºC 

for 1 h in the absence of starch substrate. After that the enzymatic reaction was 

carried out with the addition of 1 % starch solution at optimum temperature. 

Thermal inactivation studies were carried out by pre-incubating the free and 

immobilized enzymes up to 120 min. at their optimum pH and temperatures in 

the absence of substrate. After each time period, the catalytic reaction was 

performed and their corresponding activities were measured.   
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2.2.4.4 Measurement of kinetic parameters 

The kinetic parameters, Km and Vmax were determined by evaluating 

the rates of enzymatic reactions at varied concentrations of substrate in the 

range of 0.2 to 1.0 mg mL
-1

. These parameters were calculated from the 

Lineweaver - Burk plot of 1/V0 versus 1/[S0], where the y-intercept gives the 

values for inverse of Vmax and the x-intercept of the plot gives −1/km. These 

values were also obtained from Hanes-Woolf plot of [S0] versus [S0]/ V0. 

2.2.4.5 Storage stability study 

The storage stability of free and immobilized enzymes was investigated 

by measuring their activities at regular intervals of time. In this study the 

enzymes have been stored at 4 °C in buffer at optimum pH for six months of 

period. After each definite periods of their storage, enzymatic reaction was 

carried out with starch substrate solution at optimum temperature and their 

respective activities were measured in terms of relative activity. 

2.2.4.6 Reusability study 

The reusability of immobilized enzymes was studied by conducting 10 

cycles of repeated batch experiments. Here at the end of each enzymatic 

reaction, the immobilized enzyme was separated, washed with the same buffer 

and then new catalytic reaction was carried out with fresh substrate solution. 

The reaction was repeated up to 10 cycles of experiments in the same manner 

and the residual activities of immobilized enzymes were determined. 
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2.3 Chitosan-metal oxide composites as α-amylase carriers 

2.3.1 Synthesis of chitosan-Fe3O4 (CSM) composite 

The reduction precipitation process was adopted for the synthesis of 

chitosan-Fe3O4 (CSM) composite, in which the magnetite particles were 

precipitated by the partial reduction of Fe
3+

 ions [44]. Here FeCl3 solution (70 

mL, 0.13 mol L
-1

 in HCl) was added in to chitosan solution (50 mL, 2 % in 

HCl) under constant stirring for 1 h. The yellow colored colloidal solution 

obtained was mixed with Na2SO3 solution (30 mL, 0.1 mol L
-1

) and stirring 

was continued until the yellow color again reached to the resultant solution. 

After that the solution rapidly poured in to ammonia solution (40 mL, 12 % 

(v/v)) and the solution again stirred vigorously. Then a black precipitated 

suspension was obtained instantly and the precipitate formed was separated 

by applying an external magnetic field. The collected precipitate was washed 

with distilled water for several times and dried at 60 °C in a vacuum oven. 

The formation of chitosan-Fe3O4 composite is depicted in the scheme 2.1. 

 

Scheme 2.1 Synthesis of chitosan-Fe3O4 composite 
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2.3.2 Synthesis of chitosan-ZnO (CSZ) composite 

At first ZnO particles were synthesized by wet chemical method and 

for this ethanolic solution of NaOH (100 mL, 0.9 M) was put drop by drop 

in to ethanolic solution of Zn(NO3)2 (100 mL, 0.5 M) under continuous 

stirring. The resultant solution was kept overnight and there after the 

precipitate formed were washed with distilled water and ethanol in order to 

eliminate the by-products, then dried in air oven at 60 °C [45]. 

The chitosan-ZnO (CSZ) composite was synthesized by dissolving 

1g ZnO powder in acetic acid (100 mL, 1 %) to form Zn
2+

 ions. Then about 

1g chitosan powder was mixed in to it under magnetic stirring. The solution 

was kept at pH 10 by the addition of 1M NaOH and then it was incubated in 

a water bath at 80 °C for 3 h. The precipitate formed was filtered by 

washing several times with distilled water and after that it was dried in a 

vacuum oven at 50 °C for 1 h [46].  

The reaction can be illustrated as shown in the scheme 2.2 
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2.3.3 Synthesis of chitosan-TiO2 (CST) composite 

The synthesis of TiO2 was carried out through sol-gel method, with 

slight modification in the already reported work [47]. Here the precursor 

was used as titanium tetraisopropoxide, which was dissolved in methanol 

maintaining the molar ratio of titanium tetraisopropoxide to methanolis 1:3. 

The solution was diluted with distilled water by keeping the molar ratio of 

titanium tetraisopropoxide to distilled water is 1:4 and the hydrolysis during 

the reaction can be prevented by the addition of H2SO4. The resultant 

solution was kept under magnetic stirring for 40 min. at room temperature. 

After the time period the gel formed was dried at 50 °C for 1.5 h in order to 

remove water and organic residues presented. Then calcination was 

performed at 400 °C for 2 h for the formation of TiO2 particles. 

For the synthesis of chitosan-TiO2 composite, about 1 g of TiO2 

powder was mixed with chitosan solution (1 % in 1 % (v/v) acetic acid) 

under sonication. After obtaining a clear sol, NaOH solution (1 M) was 

added drop by drop in to it until pH of the solution reached 10. The 

precipitated solution was then undergone 80 °C of heating for 5 h and then 

the precipitate was collected by washing several times with distilled water. 

The obtained composite was dried at 60 °C in a vacuum oven.  

The composite formation can be depicted as shown in the scheme 2.3 
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Scheme 2.3 Synthesis of chitosan-TiO2 composite 

2.3.4 Physico-chemical characterization 

2.3.4.1FT-IR spectroscopy 

The IR spectra of chitosan-metal oxide composites are depicted in 

the figure 2.1 in which the vibrational frequencies were compared with that 

of chitosan (CS). The peak assignments for the respective characterization 

are presented in the table 2.1. 

The IR spectrum of chitosan showed that the absorption band at 3429 

cm
-1

 corresponded to combined vibrational frequencies of hydroxyl and amino 

functional groups. The peak at 1644 cm
-1

 was related to C=O stretching 

vibrations of amide and 1540 cm
-1

 to –NH2 bending vibrations. The peak at 

1074 cm
-1

 represented the C–O stretching vibrations of primary alcoholic 

groups in chitosan and the vibrations at 2951 cm
-1

 and 2865 cm
-1

 assigned to 

asymmetric stretching vibrations of –CH3 and –CH2 groups respectively [48]. 

 For all chitosan-metal oxide composites, the vibrations mentioned 

above are slightly shifted to lower frequencies, indicated that the 
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complexation of chitosan with metal oxide has taken place through the amino 

and hydroxyl functional groups presented in it. In case of CSM composite, an 

additional peak at 577 cm
-1

 was ascribed to Fe–O bond vibrations in 

magnetite and this peak appeared as a result of electrostatic interaction 

between positively charged chitosan and surface negatively charged 

magnetite. This revealed that there was no chemical bonding between 

chitosan and metal oxide, only the metal oxide was coated by chitosan. This 

composite has shown other vibrations corresponding to chitosan, but are 

decreased to lower frequencies and this vibrational change assigned that 

amino and hydroxyl groups on chitosan incorporated in the complexation 

with magnetite [49-51]. The infra red spectrum of CSZ exhibited a new peak 

at the range of 570 cm
-1

 indicated the stretching vibrations of O–Zn groups. 

The other peaks showed by this composite that characteristics to chitosan 

were located in lower frequencies [52]. In case of CST composite, the 

absorption band at 520 cm
-1

 ascribed to Ti–O bond vibrations in TiO2 [30]. 

The high intensity of vibration at 1585 cm
-1

 attributed to the interaction of 

Ti
4+

 in the metal oxide with amino groups of chitosan [53].  

 

Figure: 2.1 IR Spectra of CS, CSM, CSZ and CST composites 
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Table 2.1 Peak assignments for chitosan and chitosan-metal oxide composites 

Peak assignment (cm
-1

) CS CSM CSZ CST 

Combined –NH2, –OH stretching 3429 3310 3419 3400 

C=O stretching of amide 1644 1614 1610 1620 

NH2 bending 1540 1514 1515 1585 

C–O stretching 1074 1056 1050 1060 

CH3 asymmetric stretching 2931 2930 2925 2917 

CH2 asymmetric stretching 2863 2865 2860 2870 

Fe–O /Zn–O/Ti–O bond vibration - 577 570 520 

 

2.3.4.2 X-ray powder diffraction spectra 

The XRD spectra of chitosan-metal oxide composites are depicted in 

the figure 2.2 and all the spectra have shown the distinctive peaks of 

chitosan at about 5.5º and 20º, but these peaks were found to be less intense. 

The strong inter and intra molecular hydrogen bonding existed in the 

chitosan molecule due to the presence of amino and hydroxyl groups 

provided crystalline structure to it. The diminished intensity of the 

characteristic peaks of chitosan in the composites indicated that chitosan 

was successfully modified by the metal oxides. CSM has shown other sharp 

peaks at 2θ = 29.9°, 35.6°, 43.1°, 53.5°, 57.2°, and 62.7° which were 

assigned to (220), (311), (400), (422), (511) and (440) planes of face 

centered cubic Fe3O4 respectively (JCPDS File No: 75-0033) and revealed 

its cubic spinel structure [54]. In case of CSZ composite, the peaks at 31.7°, 

34.36°, 36.2°, 56.59°, 62.7° and 67.90° were represented the (1 0 0), (0 0 2), 

(1 0 1), (1 1 0), (1 03), and (1 1 2) hexagonal planes of ZnO indicated the 

wurtzite structure of ZnO (JCPDS card 36-1451). The diffraction peaks of 

CST at 26.9°, 36.5°, 39°, 44°, 54° and 55.5° were good agreement with 

anatase structure of titanium (JCPDS 21-1272) [55].  
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The average crystalline sizes were evaluated by using Debye–

Scherrer equation which was 30 nm for CSM, 25.8 nm for CSZ and 28 nm 

for CST composites. 

 

(i)                                            (ii) 

 

(iii) 

Figure: 2.2 XRD spectra of (i) CSM (ii) CSZ and (iii) CST composites 
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2.3.4.3 Thermo-gravimetric analysis 

The TGA curve of CSM composite was constituted by three major 

weight losses in which first stage of weight loss about 8 % was attributed to 

the evaporation of physically adsorbed water. The second and third stages of 

main weight losses which were taken place at 200 °C – 400 °C and 600 °C – 

730 °C can be due to the degradation of primary chains of chitosan and 

breakdown of cross-linking of chitosan with magnetite. Here we observed 

that the decomposition of CSM composite was occurred at higher 

temperatures revealed its higher thermal stability. The cross-linking of 

magnetite with chitosan and the conformational changes of chitosan 

increased its thermal stability. The similar thermogram was also reported by 

Wei Li et al in which magnetic chitosan nanoparticles were synthesized by a 

one step modified process [56]. In case of CSZ and CST composites, the 

first stage of weight loss below 200 °C might be due to the loss of adsorbed 

water and the major weight loss existed between 200 °C and 500 °C could 

be caused by decomposition of biopolymer and loss of hydroxyl groups 

presented in metal oxide. After 500 °C there was no remarkable weight 

losses were observed. The thermogram showed that at 700 °C, the 

composites exhibited 45 %, 55 % and 50 % of total weight percentage for 

CSM, CSZ and CST composites. The interaction between chitosan and 

metal oxide contributed high thermal stability to the composites. 
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(i)                                                     (ii) 

 

(iii) 

Figure: 2.3 TGA-DTG curves of (i) CSM (ii) CSZ and (iii) CST composites 

2.3.4.4 Transmission electron microscopy 

The transmission electron microscope images of chitosan-metal 

oxide composites were shown in the figure 2.4. Here we noticed that in 

chitosan matrix, the metal oxide particles were almost evenly embedded into 

it. Due to the incorporation with the polymer matrix the metal oxides in the 

composites were not agglomerated. The average sizes of 30 nm, 20 nm and 

25 nm were obtained for CSM, CSZ and CST composites respectively and 

these values were in close agreement with that acquired from XRD analysis. 
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  (i)        (ii)          (iii) 

Figure: 2.4 TEM images of (i) CSM, (ii) CSZ and (iii) CST composites 

2.3.4.5 Surface area analysis 

The BET surface areas of chitosan-metal oxide composites were 

presented in the table 2.2. Among the composites it was found that CSZ 

composite acquired higher surface area of 2.4 m
2 

g
-1

 and this provide good 

sorption ability to it. The decrease of surface area for CSM and CST 

composites when compared to CSZ may arise from the agglomeration of the 

metal oxides in the polymer matrix. 

Table 2.2 Surface areas of chitosan-metal oxide composites 

Composite Surface area (m
2
 g

-1
) 

CSM 1.99 

CSZ 2.4 

CST 1.22 

 

2.3.4.6 Vibrating sample magnetometry 

The magnetic property of CSM composite was analyzed by vibrating 

sample magnetometer at room temperature. The magnetization curve for 

CSM composite was shown in the figure 2.5 and compared with that of 

magnetite which was given in the inset. Like magnetite the hysteresis loop 

obtained for CSM composite was indicated its super paramagnetic property 
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which confirmed the existence of single domain magnetic particles. The 

saturation magnetization (Ms) values were evaluated and it was 36.67 emu 

g
-1

 for magnetite and 11.04 emu g
-1

 for CSM composite. The occurrence of 

polymer layer on the surface of magnetite particles caused the decrease of 

uniformity as a result of quenching of surface moments and this leads to the 

reduction in magnetic properties. Even though, CSM composite acquired the 

magnetic property which was enough for its separation by external magnetic 

field. The decrease in Ms value of magnetic chitosan was observed in many 

reports [57]. 

 

Figure: 2.5 Magnetization curve of CSM composite 

2.3.5 Immobilization of α-amylase on chitosan-metal oxide 

composites 

2.3.5.1 Optimization of α-amylase immobilization conditions 

The immobilization of enzyme depends on various conditions at 

which the process has been taken place. During the immobilization process 

the microenvironment of the enzyme get altered due to the various 
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interactions of carrier with the enzyme. The conditions such as pH of the 

medium, incubation time and enzyme concentration have great influence on 

enzyme immobilization and so these conditions should be properly 

optimized in order to get maximum immobilization efficiency. The 

optimum immobilization pH depends on pKa of amino acid residues 

presented at the active site of the enzyme. The optimum pH of enzyme as a 

result of immobilization can be changed due to the physical and chemical 

properties of carrier and in addition to the immobilization methods. The 

incubation time also stands as an inevitable factor for determining 

immobilization efficiency. The high enzyme concentration leads to the 

obstruction of movement of substrate molecule to the active site of the 

immobilized enzyme and hence the enzyme concentration used in 

immobilization process should be controlled.  

The optimization has been done by keeping the immobilization 

conditions constant except the variable under study. The immobilization 

conditions such as pH of the medium, incubation time and enzyme 

concentration were optimized in order to attain maximum enzyme activity 

and efficiency. 

2.3.5.1.1 Effect of immobilization pH on α-amylase activity 

The effect of immobilization pH on α-amylase activity was 

investigated by varying the pH ranges between 5 and 9; and the 

immobilization process was performed for 2 h at room temperature. The 

observations are illustrated in the figure 2.6 and showed that the maximum 

activity acquired by the enzyme was at pH 6 when immobilized on all the 

three composites CSM, CSZ and CST.    
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Figure: 2.6 Effect of immobilization pH on the relative activity of α-

amylase 

At optimum pH 6 there must be significant electrostatic interaction 

between the support and enzyme. The strength of interaction was 

determined by the isoelectric point of enzyme and carrier. The isoelectric 

point of metal oxides is ~ 6-7 for Fe3O4 and TiO2, ~ 9 for ZnO and that of α-

amylase is around 4.6. The pKa of chitosan is ~ 6.5 [58] and this value in 

addition with isoelectric point of metal oxides controls that of whole 

support. At pH 6, the α-amylase acquires net negative charge and each 

support may possess net positive charge. This promotes the strong 

electrostatic interaction between enzyme and support and leads to the high 

enzyme activity. The decreased enzyme activity above and below this pH 

indicated the poor enzyme adsorption which could be due to the unfavorable 

charges on the surfaces of enzyme and support. When the two surfaces 

maintained similar charges, the electrostatic repulsion existed between them 

and leads to lower enzyme activity [59].  

Normally the surface of the enzyme was not evenly distributed the 

charges on to it. In spite of the fact that if the net charge on enzyme surface 
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is negative, the positively charged region on the enzyme surface may 

stimulate the electrostatic attraction towards the support which was 

negatively charged. That is why the enzyme still acquired lower activity 

even when the enzyme and support maintained similar charges on their 

surfaces and there existed electrostatic repulsive forces. 

2.3.5.1.2 Effect of incubation time on α-amylase activity 

The variations of enzyme activity on incubation time were studied by 

conducting the enzyme immobilization process on the composites for 30-

150 min. of incubation at optimum pH and the results are shown in the 

figure 2.7. For CSM composite, the maximum enzyme activity was obtained 

at 120 min. of incubation and both CSZ and CST composites exhibited 

optimum incubation time of 90 min. The decrease of activity over this 

optimum incubation time could be due to the multilayer adsorption of 

enzyme which leads to the obstruction in the active site of the enzyme. The 

multilayer adsorption of enzyme also created the repulsive interaction with 

the already adsorbed enzyme layer which results in enzyme leakage from 

the support. So further adsorption was not taken place with increase of 

incubation time and hence no more enhancements in enzyme activity were 

also observed. Similar observation was reported by Zusfahair et al. when 

Bacillus thuringiensis HCB6 amylase was immobilized on chitosan 

beads[60]. The increased contact time of enzyme with the support changed 

the configuration of immobilized enzyme and hence caused the denaturation 

of enzyme structure.  
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Figure: 2.7Effect of contact time on immobilized α-amylase activity 

2.3.5.1.3 Effect of initial amount of protein on protein loading on to 

composites 

The effect of initial protein amount on protein loading on to chitosan-

metal oxide composites was investigated and the results are depicted in the 

figure 2.8. As the initial protein used for the immobilization process was 

increased, the loaded protein on to the support was also found to be 

increased and reached the maximum intake of enzyme at particular initial 

enzyme concentration. Here we noticed that for all composites, after the 

optimum intake the enzymes desorption has taken place from the support 

surface which could be due to the weak interactive forces between the 

enzyme and carrier.  

The maximum protein loading acquired by CSM composite was 7.2 

mg g
-1

 support at initial amount of 12.6 mg enzyme. The CSZ and CST 

composites were attained the optimum protein loading of 10.8 and 8.2 mg g
-1

 

support respectively at 14.2 mg and 12.6 mg of initial protein. The 

immobilization yield of α-amylase on composites was calculated as 57.14 % 
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for CSM, 76.05 % for CSZ and 65.08 % for CST composites (table 2.3). 

The highest IY % for CSZ composite might be due to its increased surface 

area compared to others which was obtained by BET surface area analysis. 

This was also confirmed by TEM images which provided smallest particle 

size to CSZ composite and hence imparted increased surface area to it. 

 

Figure: 2.8 Effect of initial protein amount on protein loading on to 

chitosan-metal oxide composites 

2.3.5.1.4 Effect of initial protein amount on immobilized enzyme activity 

The change of immobilized enzyme activity with respect to amount 

of initial protein was plotted in the figure 2.9. The increase of initial enzyme 

concentration leads to the enhancement in activity of α-amylase to some 

extent, but after attaining a saturation point the enzyme activity found to be 

decreased.  
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Figure: 2.9 Effect of initial protein amount on immobilized enzyme activity 

The maximum activity of α-amylase on composites was 10.28 EU for 

CSM, 13.7 EU for CSZ and 11.28 EU for CST at initial protein of 12.6 mg, 

14.2 mg and 12.6 mg respectively. As the enzyme concentration further 

increased after these saturation points, the accessibility of substrate 

molecules towards the enzyme active site may be prohibited as a result of 

the steric hindrance existed between the enzyme-substrate molecules. Hence 

the chances for enzymatic reaction were diminished which resulted in 

reduction of enzyme activity. The activity yield for each immobilized 

enzymes were calculated and presented in the table 2.3 which showed that 

CSM, CSZ and CST composites were attained the AY (%) of 43.76 %, 

52.57 % and 54.86 % respectively. 

The immobilization efficiency of α-amylase on composites were 

evaluated as 76.58 %, 69.12 % and 84.30 %, which showed that CST 

acquired highest IE % and this could be due to the high affinity of its 

immobilized form towards the starch substrate molecules. 
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Table 2.3  Immobilization efficiency of α-amylase on chitosan-metal oxide 

composites 

Support 

Initial 

protein 

(mg) 

Immobilized 

protein mg/g 

support 

IY 

(%) 

Initial 

activity 

(EU) 

Immobilized 

enzyme activity 

(EU) 

AY 

(%) 

IE 

(%) 

CSM 12.6 7.2 57.14 23.49 10.28 43.76 76.58 

CSZ 

CST 

14.2 

12.6 

10.8 

8.2 

76.05 

65.08 

26.06 

20.56 

13.7 

11.28 

52.57 

54.86 

69.12 

84.30 

 

2.3.5.2 Effect of pH on α-amylase activity 

The effect of pH on α-amylase activity was studied by conducting the 

enzymatic reactions with free and immobilized enzymes under varied 

reaction pH in the range of 5-9 and then activity was measured for the 

respective reactions. The figure 2.10 showed the variations of relative 

activity of free and immobilized enzymes with respect to the reaction pH. 

Here the optimum activity for each enzyme was taken as 100 % and the 

other activities were evaluated relative to this optimum activity.  

The free enzyme was exhibited maximum activity at pH 5-5.5, 

whereas the optimum pH for CSME was at pH 7 and for both CSZE and 

CSTE, it was at pH 6. Here we noticed that for all immobilized enzymes the 

optimum pH shifted to alkaline region and they have shown very broad pH 

profile compared to free enzyme. The increased positive charge on the 

surface of the support due to the presence of amino groups leads to the 

decrease of H
+
 ions concentration at the microenvironment of the 

immobilized enzyme and this caused immobilized enzyme region more 

alkaline than that of external solution. The shift of optimum pH towards 

alkaline region was also reported by Egwim et al. in case of immobilized 

lipase on chitosan beads [61]. 
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Figure: 2.10 Effect of pH on the relative activity of free and immobilized 

α-amylase on chitosan-metal oxide composites 

 

2.3.5.3 Effect of temperature on α-amylase activity 

The temperature variation on enzyme activity was investigated by 

changing the temperature of enzyme catalysis reaction at the range of 30-60 ºC. 

The results are depicted in the figure 2.11 and it was found that the free 

enzyme has shown maximum activity at 50 ºC, while for all immobilized 

enzymes it get shifted to 35 ºC.  

The shift of optimum temperature to lower region might be due to 

the conformational changes of enzyme structure as a result of 

immobilization. This could be due to the fact that the immobilization 

affected the three dimensional structure of enzyme, imparted restriction in 

the movement of enzyme and these leads to the changes in substrate affinity 

towards enzyme active site. The shift of temperature optimum around 10-15 ºC 

to lower region was reported by Ashly et al. for the immobilization of α-

amylase on polyanilines [62]. All the immobilized enzymes have exhibited 
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increased activity at higher temperatures. The immobilization provided 

increased temperature characteristics to the enzyme structure and reduced 

the diffusional limitations of substrate molecules at higher temperatures. 

This contributed improved activity to the immobilized enzymes at higher 

temperatures. The increased temperature stability of enzyme was also 

reported when β-glucosidase immobilized on chitosan beads [63]. The 

immobilization provided rigidity to the enzyme structure and the carrier 

protected this conformational integrity at higher temperatures at which the 

denaturation of enzyme has been taken place.   

 

Figure: 2.11 Effect of temperature on the relative activity of free and 

immobilized α-amylase on chitosan-metal oxide composites 

2.3.5.4 Activation energy 

The activation energy (Ea) for the enzymatic reaction was evaluated 

from the slope of Arrhenius plot of log (relative activity %) vs 1/T.  The 

figure 2.12 showed the Arrhenius plots of free and immobilized enzymes 

and the calculated activation energies are presented in the table 2.4.  
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Figure: 2.12:  Arrhenius plots to calculate the activation energy (Ea) of 

free and immobilized α-amylase on chitosan-metal oxide 

composites 

 

The Ea of free enzyme was calculated as 11.75 KJ mol
-1

 and the 

values 28.23 KJ mol
-1

, 23.77 KJ mol
-1

 and 25.46 KJ mol
-1

 were represented 

that of CSME, CSZE and CSTE respectively. Here the immobilized 

enzymes have attained higher Ea values than that of free enzyme. This 

might be due to the fact that since the immobilization affected the three 

dimensional structure of enzyme, the time required for the contact of 

enzyme with the substrate molecule has been extended which resulted in 

reduction in the catalytic activity. Higher Ea values for α-amylase were 

reported when immobilized on chitin and polyacrylamide [64]. 
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Table 2.4  Activation energy of free and immobilized α-amylase on 

chitosan-metal oxide composites 

Immobilized enzyme 
Activation energy 

(KJ mol
-1

) 

FE  11.75  

CSME  28.23  

CSZE  23.77  

CSTE  25.43  
 

2.3.5.5 Thermal stability of the free and immobilized enzymes 

Thermal stability of free and immobilized α-amylase was examined 

in which they have undergone 1h pre-incubation by varying the temperature 

from 30 ºC to 70 ºC in the absence of substrate. After that enzymatic 

reaction was carried out at optimum temperature and the activities were 

determined for the corresponding incubating temperatures. The results are 

illustrated in the figure 2.13 and observed that all immobilized enzymes 

have shown enhanced heat resistance compared to free enzyme. 

After the pre-incubation at 30 ºC, the free and immobilized enzymes 

have shown maximum activity which was taken as 100 % and the activities 

at other temperatures were calculated relative to this value. After 50 ºC of 

pre-incubation the free enzyme was retained only 36 % of activity, whereas 

the immobilized enzymes retained about 80-85 % of activity. Even the 

temperature increased to higher ranges, the immobilized enzymes were 

undergone slow thermal inactivation. At 70 ºC, the activity attained by the 

free enzyme was only 10 %, while for immobilized enzymes the activities 

were kept in the range of 65-72 %. These results indicated that the thermal 

denaturation of enzyme can be prevented to some extend by immobilization. 

Since the enzyme immobilization provided rigidity to the enzyme structure 

and hence leads to the reduced conformational flexibility, the possibility of 
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protein unfolding gets restricted at higher temperatures and so the rate of 

thermal denaturation of enzyme tends to be decreased.  

 

Figure: 2.13 Thermal stability of free and immobilized α-amylase on 

chitosan-metal oxide composites 
 

The stability of free and immobilized enzymes was also investigated 

on the basis of pre-incubation time and the study as performed up to 120 

min. of pre-incubation. Here at the end of the study the immobilized 

enzymes maintained more than 90 % of activity, indicated their slow 

thermal denaturation. This could be due to the immobilization of enzyme 

which protected the three dimensional structure of enzyme from thermal 

denaturation at high temperatures. The high thermal stability of α-amylase 

was reported by Yandri et al. when immobilized with calcium alginate [65]. 

The enzyme in the immobile matrix was able to prevent the protein 

unfolding since it has been protected itself from the temperature effect. 

Chang et al. observed that the thermal stability of immobilized α-amylase 

has improved as it protected the three dimensional structure of enzyme and 

decreased the conformational changes in enzyme structure [66]. 
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Figure: 2.14  Variation of pre-incubation time on activity of free and 

immobilized α-amylase on chitosan-metal oxide composites 

2.3.5.6 Determination of kinetic parameters 

The effect of immobilization of α-amylase on kinetic parameters was 

evaluated by determining the starch hydrolysis activities of free and 

immobilized enzymes at optimum temperature and pH for different 

concentrations of starch ranging between 0.2-1.0 mg mL
-1

. The kinetic 

parameters Km and Vmax can be calculated from Lineweaver-Burk and Hanes-

Woolf plots. The figure 2.15 (a) showed the Lineweaver-Burk and Hanes-

Woolf plots of free enzyme and the figure 2.15 (b) is represented that of 

immobilized enzymes. The kinetic parameters (Km and Vmax), turnover number 

(Kcat) and catalytic efficiency (Kcat/Km) calculated are presented in the table 2.5. 

 

 (i)  (ii) 

Figure: 2.15(a) (i) Lineweaver-Burk plot for free enzyme and (ii) 

Hanes-Woolf plot for free enzyme. 
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 (i)  (ii) 

 

 (iii)  (iv) 

 

 (v)  (vi) 

Figure: 2.15 (b) Lineweaver-Burk plots for (i) CSME (ii) CSZE (iii) 

CSTE and Hanes-Woolf plots for (iv) CSME (v) CSZE 

(vi) CSTE 
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Table 2.5  Kinetic parameters for free and immobilized α-amylase on 

chitosan-metal oxide composites 
 

Immobilized 

enzyme 

Km 

(mg mL
-1

) 

Vmax 

(μmol  mg
-1

 min
-1

) 

Kcat 

(min
-1

) 

Kcat/Km 

(mLmg
-1

min
-1

) 

Free enzyme 0.45± 0.02 34.48±0.05 1910.19 4244.87 

CSME 0.65± 0.04 16.39± 0.01 908.00 1396.92 

CSZE 0.5±0.04 23.81± 0.02 1319.07 2638.14 

CSTE 0.58± 0.03 24.39± 0.04 1351.21 2329.67 

The free enzyme exhibited Km value of 0.45± 0.02 mg mL
-1

 and that 

for immobilized enzymes were 0.65± 0.04 mg mL
-1

, 0.5±0.04 mg mL
-1

 and 

0.58± 0.03 mg mL
-1

. For all immobilized enzymes the Km values are found 

to be increased when compared to free enzyme. As the Km value denoted the 

affinity of enzyme towards the substrate molecule, the immobilized 

enzymes with higher values represented their lower affinity. This might be 

arising from the reduced accessibility of the substrate molecule towards the 

active site of the enzyme, since the immobilization has caused some 

conformational changes in the active site. Similar trend was obtained in 

many literatures [67-69]. The Vmax explains capability of enzyme towards 

catalytic activity and the value for free enzyme was calculated as 

34.48±0.05 μmol mg
-1

 min
-1

. All the immobilized enzymes have attained 

lower Vmax values than that of free enzyme and the values were 16.39± 0.01, 

23.81± 0.02 and 24.39±0.04 μmol mg
-1

 min
-1

 for CSME, CSZE and CSTE 

respectively. The diffusional limitations of the substrate molecule to active 

site of the enzyme due to immobilization provided lower enzyme activity 

and hence lower Vmax values to immobilized enzymes. The decrease of Vmax 

values for α-amylase was widely reported in many literatures [70-72]. 

The free enzyme attained Kcat value of 1910.19 min
-1

 and it was found 

that the immobilized enzymes CSME, CSZE and CSTE were showed 52.46 

%, 30.94 % and 29.26 % lower than that of free enzyme. These results 
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indicated that the immobilized enzymes required 66.09, 45.49 and 44.40 

milliseconds in order to convert one substrate molecule into product while 

that for free enzyme it was only 31.41 milliseconds.  The Kcat/Km values were 

calculated as 4244.87, 1396.92, 2638.14 and 2329.67ml mg
-1 

min
-1

 for free 

enzyme, CSME, CSZE and CSTE respectively and this showed the lower 

catalytic efficiency of immobilized enzymes compared to free enzyme. 

2.3.5.7 Storage stability of Immobilized α-amylase 

 It is very important to investigate that how long the enzyme stability 

existed during the storage period and this determines its applicability in 

industrial zones. For this study, all immobilized enzymes were kept in 

desired buffer at 4 ºC and their activities were analyzed at regular intervals 

up to six months of storage period. 

 After six months of storage the immobilized enzymes retained the 

activities of 50 % for CSME, 60 % for CSZE and 64.5 % for CSTE and this 

reduction in activity could be as a result of natural loss in enzyme activity 

during the storage. This tendency was accompanied with the changes in 

structural conformations of enzyme active site during the long period of 

storage. Here all the immobilized enzymes have attained higher stability 

than that of free enzyme on storage in which the free enzyme lost its entire 

activity within seven days (not shown in figure). Since the conformational 

changes of enzyme can be minimized as a result of immobilization, the loss 

in activity throughout the storage period can be controlled much more in 

case of immobilized enzyme systems. The enhanced storage stability was 

observed by Chia-Hung et al. for immobilized lipase on chitosan coated 

magnetite nanoparticles [32]. Bayramoglu et al. also reported the improved 

stability of immobilized α-amylase onto reactive porous membranes in 
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which they achieved about 71 % of initial activity during 2 months of 

storage [73]. 

 

Figure:2.16 Storage stability of immobilized α-amylase on chitosan-metal 

oxide composites 
 

2.3.5.8 Reusability 

 The repeated use of immobilized enzymes has significant role in 

predicting its cost effective applicability in industrial levels. We have 

investigated the reusability of immobilized enzymes for 10 cycles of 

repeated uses and the relative activities were determined at optimum 

conditions.  The figure 2.17 showed the variation of relative activities of 

immobilized enzymes on reuses up to 10 cycles in which the relative 

activity of first cycle was assigned to 100 % and the remaining activities 

were expressed relative to this value.  

After 10 cycles of uses the relative activities of immobilized 

enzymes were calculated as 50 %, 60 % and 65 % for CSME, CSZE and 

CSTE. The activities of immobilized enzymes were found to be decreased 
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on repeated uses which could be due to desorption of enzyme from the 

carrier surface. The reuses of immobilized enzyme caused the weakening of 

enzyme binding with the support and hence this leads to the loss in activity. 

Also the frequent encountering of substrate molecules to the active site of 

the immobilized enzyme distorted its conformational integrity which caused 

the reduction in their activities. Mahshid Defaeiet al. noticed the high 

preserved activity of α-amylase even after ten cycles of repeated uses when 

immobilized on naringin functionalized magnetic nanoparticles [74]. The 

similar observations were also found in many reports where α-amylase was 

immobilized on various supports [75, 76]. 

 

Figure: 2.17 Reusability of immobilized α-amylase on chitosan-metal oxide 

composites 

Among the chitosan-metal oxide composites, the CSM has expected 

to be great significance on enzyme immobilization due to its magnetic 

property and it can be recovered very easily from the reaction system by 

applying an external magnetic field. Due to this property it is more 

comfortable to handle when compared with CSZ and CST composites. The 

immobilized α-amylase on CSM can be reused several times after the easy 
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recovery from the reaction mixture and this provided much benefit in 

industrial applications. This immobilized enzyme could be retaining more 

stability without causing much leaching of enzyme from the carrier. Hence 

we have selected CSM as the base support for the study and decided to 

modify this composite in order to improve its efficiency as enzyme carrier. 

The further studies show modifications of CSM composite and its role as 

enzyme carrier.  

 

Figure: 2.18  Demonstration of magnetic separation of immobilized α-

amylase on CSM composite 
 

2.4 Effect of cross-linking agents on magnetic chitosan in 

enzyme immobilization 

2.4.1 Cross-linking of magnetic chitosan 

The magnetic chitosan was chemically modified by the cross-linking 

agents and the reaction was taken place in alkaline medium under continual 

stirring of 2 h. After the time period, the composite was magnetically 

separated and the excess of cross-linking agents were eliminated by washing 
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several times with distilled water until the neutral pH attained. The washing 

was subsequently performed with ethanol, acetone and then dried in air. 

Three types of modified forms were prepared; the cross-linking agents used 

were glyoxal, gluteraldehyde and epichlorohydrin and the modified 

composites were denoted as CSM-GLY, CSM-GLA and CSM-ECH 

correspondingly.  

2.4.2Physico-chemical characterization 

2.4.2.1 Infrared spectra of cross-linked magnetic chitosan 

The IR spectra of modified forms CSM-GLY, CSM-GLA and CSM-

ECH were compared with that of CSM composite. The absorption band of 

CSM at 3310 cm
−1 

corresponding to the combined amino, hydroxyl 

stretching vibrations was shifted to higher vibrational frequencies in case of 

modified forms  and the respective vibrations were at 3492 cm
−1

, 3495 cm
−1

 

and 3500 cm
−1

. These absorption peaks were with lower intensity than that 

of CSM indicated the occurrence of cross-linked reaction between CSM and 

the cross-linking agents. The cross-linked forms have shown distinct 

changes in the primary amine absorption bands. For CSM-GLY and CSM-

GLA the peak corresponding to –NH2 bending was disappeared due to the 

loss of free amino groups, while they have exhibited a new peak in the range 

of 1640 cm
-1

-1660 cm
-1 

which was attributed to an imine bond (N=C) and 

confirmed the reaction of primary amino groups of CSM with dialdehyde 

cross-linking agents. These composites have not shown the absorption band 

corresponding to free aldehyde groups near 1720 cm
-1

 which again 

confirmed the cross-linking. The CSM-ECH has shown the absorption peak 

at 1260 cm
-1

, which was assigned to the C–O–C stretching vibrations, 

indicated the cross-linking of epichlorohydrin with CSM. All the composites 
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have shown the absorptions in the ranges of 2920 cm
-1

-2960 cm
-1

 attributed 

to the –CH3 asymmetric stretching and 2850 cm
-1

-2870 cm
-1 

to the –CH2 

symmetric stretching vibrations. They have shown strong absorption peak in 

the range of 570 cm
-1

-577 cm
-1

 ascribed to the Fe–O bond vibration of 

Fe3O4 presented in it. 

 

Figure: 2.19 IR Spectra of CSM, CSM-GLA, CSM-GLY and CSM-ECH 

 

Table 2.6  Peak assignments for magnetic chitosan and its cross-linked 

forms 
 

Peak assignment(cm-1) CSM  CSM-GLY  CSM-GLA  CSM-ECH  

Combined –NH2 –OH stretching    3310      3492 3495  3500  

NH2 bending   1514  -  -  1520 

N=C stretching -  1644  1658  - 

C–O–C stretching -  -  -  1260 

CH3 asymmetric stretching    2930        2920  2936  2955  

CH2 asymmetric stretching  2865        2859  2852  2862  

Fe–O bond vibration      577         570  572  575  
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2.4.2.2 Scanning electron microscopy 

The surface morphologies of the cross-linked composites were 

explained on the basis of the SEM image of magnetic chitosan and are 

presented in the figure 2.20. All the modified forms have shown rough and 

aggregated surfaces compared to CSM and this could be due to the insufficient 

cross-linking or the imperfect grafting of cross-linking groups on magnetic 

chitosan. These observations have denoted that the cross-linking was performed 

on the surfaces of magnetic chitosan. The cross-linked forms have revealed that 

all the particles were looser and caused to the increase of size. 

 

Figure: 2.20 SEM images of CSM, CSM-GLY, CSM-GLA and CSM-ECH 

2.4.2.3 Surface area analysis 

The BET surface areas of magnetic chitosan and its modified forms 

by cross-linking agents are shown in the table 2.7. They have exhibited the 

surface areas of 1.99 m
2
 g

-1
, 1.6 m

2
 g

-1
, 1.54 m

2
 g

-1
 and 1.45 m

2
 g

-1
 for CSM, 

CSM-GLY, CSM-GLA and CSM-ECH respectively. The SEM images of 
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modified forms confirmed that the cross-linking of magnetic chitosan 

resulted in the formation of aggregated surfaces and the particles became 

looser than that of CSM composite. This leads to the decrease in the surface 

areas of modified forms of magnetic chitosan. 

Table 2.7 Surface areas of CSM, CSM-GLY, CSM-GLA and CSM-ECH 

Composite Surface area (m
2
 g

-1
) 

CSM 1.99 

CSM-GLY 1.6 

CSM-GLA 1.54 

CSM-ECH 1.72 
 

2.4.2.4 Vibrating sample magnetometry 

The magnetic properties of the modified forms of magnetic chitosan 

were investigated by VSM analysis and their hysteresis loops were compared 

with that of magnetic chitosan. Figure 2.21 showed the hysteresis loops of 

composites and table 2.8 presented their magnetization saturation values. 

 
Figure: 2.21  Magnetization curves of CSM, CSM-GLY, CSM-GLA and 

CSM-ECH 
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All the composites have exhibited the S-like curves that cross the zero 

point indicated their super paramagnetic behavior. The calculated Ms values 

were 20.78 emu g
-1

, 14.33 emu g
-1

, 16.63 emu g
-1 

and 13.41 emu g
-1

 for CSM, 

CSM-GLY, CSM-GLA and CSM-ECH respectively. This indicated that the 

cross-linking was successfully taken place onto the surface of magnetic 

chitosan since the Ms values of modified forms were lower than that of 

magnetic chtiosan. However, these composites could response to a magnetic 

field and can be easily separated from the reaction system by applying an 

external magnetic field. 

Table 2.8 Ms values of magnetic chitosan and its cross-linked forms 

Composite 
Magnetization 

(emu g
-1

)) 

CSM  20.78 

CSM-GLY  14.33 

CSM-GLA  16.63 

CSM-ECH  13.41 
 

2.4.3 Immobilization of α-amylase on cross-linked magnetic 

chitosan 

2.4.3.1 Optimization of α-amylase immobilization conditions 

Immobilization of α-amylase on cross-linked magnetic chitosan was 

performed with good yield by optimizing the immobilization conditions. The 

immobilization pH, incubation time and enzyme concentration were optimized. 

2.4.3.1.1 Effect of immobilization pH on α-amylase activity 

The effect of pH on immobilization of α-amylase on cross-linked 

magnetic chitosan was investigated and the enzyme activities corresponding to 

different pH values were measured. Figure 2.22 showed that CSM exhibited 

maximum activity at pH 6, CSM-GLA attained the optimum pH of 5 and for 

CSM-GLY and CSM-ECH the maximum relative activity was obtained at pH 

5.5. 
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For CSM-GLY and CSM-GLA, the bifunctional agents cross-linked with 

the support promote covalent binding with the amino groups of enzyme. This 

strong covalent interaction between enzyme and support provide conformational 

changes in enzyme structure by affecting the intra molecular forces existed in it. 

The covalently immobilized enzymes have shown optimum activity at which the 

enzyme structure attained more active conformation.  But for CSM and CSM-

ECH the surface amino groups electrostatically interact with the enzyme based 

on the isoelectric point of support and enzyme. Since the isoelectric point of α-

amylase was 4.6, it attained a net positive charge and a net negative charge below 

and above this value respectively. The support gets charged in buffer which 

depends on the isoelectric point of Fe3O4 (6-7) and pKa of chitosan (~ 6.5). 

Based on these facts at optimum pH of adsorbed enzymes there existed a strong 

electrostatic interaction between the enzyme and support. The reduction in the 

enzyme activity over the optimum value might be due to the unfavorable charge 

distribution at which the similar charges acquired by support and enzyme.  

 

Figure: 2.22  Effect of immobilization pH on the relative activity of 

immobilized α-amylase on magnetic chitosan and its cross-

linked forms 
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2.4.3.1.2 Effect of incubation time on activity of α-amylase  

The incubation time needed to get maximum α-amylase activity was 

estimated by conducting the immobilization process on cross-linked 

magnetic chitosan for 30-180 min. of incubation and the results are depicted 

in the figure 2.23.  

For CSM, CSM-GLY and CSM-GLA the maximum enzyme activity 

was obtained at 120 min. of incubation, but for CSM-ECH the optimum 

incubation time was at 90 min. Beyond these optimum values the activity of 

the enzyme was found to be decreased for all the composites and this could 

be due to the lower accessibility of the active site of the enzyme towards the 

substrate molecules. The excess addition of enzyme onto the carrier surface 

leads to the changes in the configuration of the immobilized enzyme, leads 

to the deformation of the enzyme active site and hence resulted into the loss 

of its activity. Zusfahair et al. observed the same trend in the variation of 

incubation time in case of immobilization of Bacillus thuringiensis HCB6 

amylase onto chitosan beads [77]. 

 

Figure: 2.23 Effect of incubation time on immobilized α-amylase activity 
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2.4.3.1.3 Effect of initial amount of protein on protein loading on to 

composites 

The amount of initial protein used in the immobilization process was 

varied in order to get the maximum protein loading onto the carrier surfaces. 

The optimum protein loading acquired by the composites were 7.2, 5.8, 4.8 

and 6.48 mg g
-1

 support for CSM, CSM-GLY, CSM-GLA and CSM-ECH 

respectively at corresponding initial protein amount of 12.6 mg, 11.2 mg, 

10.4 mg and 10.8 mg. The immobilization yield was calculated and here we 

observed that the high values were obtained with CSM and CSM-ECH. 

Since gluteraldehyde and glyoxal cross-linking agents covalently bounded 

with the support surface, these dialdehyde ends provided binding sites for 

enzyme. CSM-GLY and CSM-GLA have exhibited lower immobilization 

yield compared to others which could be due to the lesser number of 

activated dialdehyde groups on the carrier surface. The adsorption method 

provided better protein loading even at the increased initial enzyme 

concentration compared to the covalently immobilized enzyme. 

 

Figure: 2.24 Effect of initial protein amount on protein loading onto 

composites  
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2.4.3.1.4 Effect of initial protein amount on immobilized enzyme activity  

The figure 2.25 plotted the variation of immobilized enzyme activity 

on magnetic chitosan composites with respect to initial amount of enzyme. 

The α-amylase activity for CSM, CSM-GLY, CSM-GLA and CSM-ECH 

were found to be as 10.28 EU, 10.15 EU, 7.8 EU and 9.14 EU respectively 

at initial protein of 12.6 mg, 11.2 mg, 10.4 mg and 10.8 mg. The activity for 

initial protein was determined and then calculated the activity yield (%).  

The covalently immobilized enzymes have shown lower enzyme 

activity of 42.33 % for CSM-GLY and 36.53 % for CSM-GLA and the loss 

of activity might be as a result of the conformational changes in the active 

site of enzyme. The covalent immobilization of enzyme with the carrier 

leads to the enhanced structural deformation of enzyme due to its strong 

binding. The enzyme on CSM and CSM-ECH have exhibited high activity 

yield of 43.76 % and 46.16 %, since the interactive forces between the 

enzyme and carriers were only the weak electrostatic interactions which 

imparted only slight conformational changes in the enzyme structure.  

The immobilization efficiency (%) of α-amylase on CSM and cross-

linked CSM composites was evaluated from immobilization yield and activity 

yield and are presented in the table 2.9. The calculated immobilization 

efficiencies were 76.58 %, 81.75 %, 79.15 % and 76.93 % for CSM, CSM-

GLY, CSM-GLA and CSM-ECH respectively. The lower values attained by 

the adsorbed enzymes might be due to the enzyme leaching from the carrier 

surfaces due to the weak interactive forces between them. 
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Figure: 2.25  Effect of initial protein concentration on immobilized 

enzyme activity 

 

Table 2.9  Immobilization efficiency of α-amylase on CSM and cross-

linked CSM composites 

 

Support 

Initial 

protein 

(mg) 

Immobilized 

protein 

mg/g 

support 

IY 

(%) 

Initial 

activity 

(EU) 

Immobilized 

enzyme 

activity  

(EU) 

AY 

(%) 

IE 

(%) 

CSM 12.6 7.2 57.14 23.49 10.28 43.76 76.58 

CSM-GLY  

CSM-GLA  

11.2 

10.4 

5.8 

4.8 

51.78 

46.15 

23.98 

21.35 

10.15 

7.8 

42.33 

36.53 

81.75 

79.15 

CSM-ECH  10.8 6.48 60.00 19.8 9.14 46.16 76.93 

2.4.3.2 Effect of pH on α-amylase activity 

The change of reaction pH in the enzymatic catalysis leads to the 

conformational changes in enzyme structure and so this hinders the attack of 

substrate molecules towards the active site of enzyme [78]. The figure 2.26 

showed the variation of relative activities with respect to pH of reaction 

medium in the range of 4-9 and it was observed that all immobilized enzymes 

have shown wide pH profile compared to free enzyme. The optimum pH of 

adsorbed enzymes and covalently immobilized enzymes has shifted to higher 
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pH; CSME and CSM-ECHE have exhibited their maximum activity at pH 7, 

while for CSM-GLYE and CSM-GLAE the optimum pH was at 6.  

For adsorbed enzymes the shift of optimum pH was determined by 

the H
+
 ion concentration in the bulk and microenvironment of the 

immobilized enzyme system. The positively charged amino groups in the 

support caused the decrease of concentration of hydronium ions in the 

microenvironment of the immobilized enzyme and hence the pH shifted to 

alkaline region. The covalently immobilized enzymes were maintained their 

activity in a wider pH ranges than adsorbed and free enzymes due to the 

strong interaction between the enzyme and the cross-linked support. The 

bifunctional agents on the support formed strong covalent bond with amino 

lysine groups of enzyme and provided intense rigidity to the enzyme 

structure. The shift of optimum pH towards alkaline region was reported by 

Om Prakash et al. when α-amylase was immobilized on agarose and agar 

matrices [79]. Similar trend was observed in case of immobilized α-amylase 

on amberlite MB 150 and chitosan beads [80]. 

 

Figure: 2.26 Effect of pH on the relative activity of free and 

immobilized α-amylase on magnetic chitosan and its cross-

linked forms 
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2.4.3.3 Effect of temperature on α-amylase activity 

The temperature influence on enzyme activity was studied and the 

figure 2.27 showed that all immobilized enzymes have shown maximum 

activity at lower temperature ranges when compared with free enzyme. As 

the free enzyme has shown optimum temperature at 50 ºC, for CSME and 

CSM-ECHE it get shifted to 35 ºC and for CSM-GLYE and CSM-GLAE 

the shift was about 10 ºC and 5 ºC decrease in optimum temperature. The 

reduction in optimum temperature of immobilized enzymes might be due to 

their conformational changes of enzyme structure which resulted in less 

amount of activation energy for the enzyme catalytic reaction. The 

covalently immobilized enzymes have shown better activity in the wide 

temperature ranges than adsorbed ones since the immobilized enzyme have 

attained more rigidity by covalent method and thus prevented the protein 

unfolding and denaturation at higher temperature ranges [81]. The shift in 

temperature optimum was observed in case of α-amylase immobilization 

onto the acidic and base form of polyaniline [62]. The similar trend was 

reported by Chang et al. for the immobilization of α-amylase on chitosan-

clay composite. Here the immobilized enzyme on support protected the 

tertiary structure of enzyme which leads to the reduction in its 

conformational flexibility and hence attained higher stability [82].    
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Figure: 2.27 Effect of temperature on the relative activity of free and 

immobilized α-amylase on magnetic chitosan and its cross-

linked forms 
 

2.4.3.4 Activation energy 

The figure 2.28 showed the Arrhenius plots of free and immobilized 

enzymes from which the activation energy can be evaluated. The calculated 

Ea values are presented in the table 2.10 and it was found that all 

immobilized enzymes have attained higher Ea values when compared to free 

enzyme. The values for CSME, CSM-GLYE, CSM-GLAE and CSM-ECHE 

were calculated as 28.23 KJ mol
-1

, 16.382 KJ mol
-1

, 18.13 KJ mol
-1

 and 

22.81 KJ mol
-1

 respectively. Here we observed that the covalently 

immobilized enzymes have shown lesser Ea values than that of adsorbed 

enzyme systems and this indicated that only shorter period of time was 

required for the attack of substrate molecule to the active site of respective 

immobilized enzyme. The covalent binding of enzyme molecules with 

support provided more rigidity to the enzyme structure and hence the 

denaturing effect by temperature has become negligible on these 

immobilized enzymes [83]. The lowering of Ea values of enzyme by 
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covalent immobilization resulted in higher catalytic efficiency than by 

adsorption method. Dorra Driss et al. reported that Penicilliumoccitanis 

Pol6 xylanase on covalent immobilization with nickel-chelate Eupergit C 

has attained higher catalytic efficiency by lowering the Ea values from 17.8 

8 kJ mol
-1 

to 8.8 kJ mol
-1 

[84]. 

 

Figure: 2.28 Arrhenius plot to calculate the activation energy (Ea) for free 

and immobilized α-Amylase 

 

Table 2.10 Activation energy of free and immobilized α-amylase  

Immobilized 

enzyme 

Activation energy 

(KJ mol
-1

) 

FE 11.75 

CSME 28.23 

CSM-GLYE 16.82 

CSM-GLAE 18.13 

CSM-ECHE 22.81 

 

2.4.3.5 Thermal stability of the free and immobilized enzymes 

The thermal stability study was conducted for free and immobilized 

enzymes at the temperatures ranging 30-70 °C after 60 min. of pre-
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incubation. The results are illustrated in the figure 2.29 and it showed the 

high stability of immobilized enzymes that retained better enzyme activity 

even at higher temperatures than that of free enzyme. The study at 70 ⁰C 

showed that the free enzyme retained only 10 % of activity, whereas the 

immobilize enzymes acquired about 50 % of initial activity for adsorbed 

enzymes and around 75 % of activity for covalently immobilized enzymes. 

The higher activity and stability of these immobilized enzymes could be as a 

result of their increased rigidity and hence they protected from thermal 

denaturation at higher temperatures. The restricted interactions with the 

substrate molecules that resulted from the reduced conformational flexibility 

of covalently immobilized enzyme also have a major role for acquiring an 

increased enzyme activity. The high stability of amylase was reported by 

Nwagu et al. when immobilized on polyglutaraldehyde activated chitosan 

beads by multi point covalent binding [85]. 

 

Figure: 2.29  Thermal stability of free and immobilized α-amylase on 

magnetic chitosan and its cross-linked forms 

The effect of pre-incubation time on enzyme activity was studied at 

optimum conditions and results are plotted in the figure 2.30. The 
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immobilized enzymes exhibited slow rate of thermal inactivation, but free 

enzyme has shown sudden drop in activity with increase of incubation time 

and lost 90 % of activity after 120 min. of pre-incubation. CSME and CSM-

ECHE retained above 60 % of activity, while CSM-GLYE and CSM-GLAE 

attained about 90 % of activity after the end period of study. The thermal 

inactivation curves for covalently immobilized enzymes were very stable on 

comparison with free and adsorbed enzymes. The slow rate of inactivation 

might be due to the strong covalent attachment with the enzyme molecules 

on the support and this imparted very stable microenvironment to the 

immobilized enzyme systems by providing stabilizing forces and rigidity to 

it. The enhancement in thermal stability of α-amylase was also observed 

when it was immobilized on silica coated magnetite nanoparticles [86] and 

poly (2-hydroxyethyl methacrylate) [87] by covalent method. 

 

Figure: 2.30  Variation of pre-incubation time on activity of free and 

immobilized α-amylase on magnetic chitosan and its cross-

linked forms 
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2.4.3.6 Determination of kinetic parameters 

The kinetic parameters, Km and Vmax were determined from 

Lineweaver-Burk and Hanes-Woolf plots which were shown in the figure 

2.31 and the table 2.11 presented the calculated kinetic parameters, turnover 

number (Kcat) and catalytic efficiency (Kcat/Km) of free and immobilized 

enzymes. The immobilized α-amylases have shown higher Km values and 

lower Vmax values when compared with free enzyme. The Km values for 

immobilized enzymes were 0.525± 0.04 mg mL
-1

, 0.57±0.06 mg mL
-1

and 

1.03±0.03 mg mL
-1

 for CSM-GLYE, CSM-GLAE and CSM-ECHE 

respectively and their corresponding Vmax values were 25±0.06 μmol mg
-1

 

min
-1

, 19.6±0.02 μmol mg
-1

 min
-1

, 15.38±0.05 μmol mg
-
min

-1
. The 

increased Km values of immobilized enzymes indicated their lower affinity 

towards the substrate molecules which could be due to their structural 

conformations as a result of immobilization. The extent of structural 

conformations was greatly influenced on the method of immobilization. The 

excess adsorption of enzymes on to the support leads to the increased 

conformational changes in to the enzyme structure and thus caused lower 

accessibility of substrate molecules towards the active site of the enzyme. 

The immobilized enzymes have shown lower Vmax values and this decrease 

was found to be more with adsorbed enzyme. This lower Vmax value could 

be due to the mass transfer limitations as a result of loss of substrate 

molecules due to its lower accessibility and the blockage of enzyme active 

site by the overloading of enzyme. Similar observation was reported by 

Tavano et al. for the amylase immobilization using gluteraldehyde-agarose 

support [88]. 
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 (i) (iv)  

 

 (ii) (v) 

 

 (iii) (vi) 

Figure: 2.31  Lineweaver-Burk plots for (i) CSM-GLYE (ii) CSM-GLAE 

(iii) CSM-ECHE andHanes-Woolf plots for (iv) CSM-

GLYE (v) CSM-GLAE (vi) CSM-ECHE 

 

The Kcat values of immobilized enzymes CSM-GLYE, CSM-GLAE 

and CSM-ECHE were 27.49 %, 43.15 % and 55.39 % lesser than that of 

free enzyme. The turn over number disclosed the time needed for the 
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conversion of one substrate molecule in to product which was 43.33, 55.28 

and 70.42 milliseconds for CSM-GLYE, CSM-GLAE and CSM-ECHE 

respectively. Their catalytic efficiencies (Kcat/Km) were found to be 37.85 

%, 55.12 % and 80.51 % lower than that of free enzyme.  

Table 2.11  Kinetic parameters for free and immobilized α-amylase on 

cross-linked composites 

Immobilized 

enzyme 

Km 

(mg mL
-1

) 

Vmax 

(μmol  mg
-1

 min
-1

) 

Kcat 

(min
-1

) 

Kcat/Km 

(mLmg
-1

min
-1

) 

Free enzyme 0.45± 0.02 34.48±0.05 1910.19 4244.87 

CSM-GLYE  0.525± 0.04 25± 0.06 1385 2638.09 

CSM-GLAE  0.57±0.06 19.6± 0.02 1085.84 1904.98 

CSM- ECHE  1.03±0.03 15.38± 0.05 852.05 827.23 

 

2.4.3.7 Storage stability of Immobilized α-amylase 

The storage stability of immobilized enzymes was investigated for 90 

days of storage and the observations are illustrated in the figure 2.32. Here 

we observed that covalently immobilized enzymes were retained more 

activity than that of adsorbed enzymes. After 90 days of storage CSM-

GLYE and CSM-GLAE gained 65 % and 60 % of their initial activities 

respectively, whereas CSME and CSM-ECHE retained only about 40 % and 

45 %. The covalent attachment between the enzyme and aldehyde groups on 

activated composites imparted higher conformational stability to the 

immobilized enzyme systems since it caused higher rigidity to the enzyme 

structure. Arpana Kumari et al. reported the improved storage stability of 

covalently immobilized α-amylase on chitosan and amberlite MB150 beads 

in which they retained 40 % and 55 % of initial activity after 100 days of 

storage [89]. 
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Figure: 2.32  Storage stability of immobilized α-amylase on magnetic 

chitosan and its cross-linked forms 
 

2.4.3.8 Reusability 

The reusability of immobilized enzymes was examined by ten 

repetitive batch reactions in which they have washed with desired buffer 

after the completion of each cycle and measured the enzyme activity for 

corresponding catalytic reaction. The figure 2.33 showed the relative 

activities of immobilized enzymes on repeated uses. 

 

Figure: 2.33  Reusability of immobilized α-amylase on magnetic chitosan 

and its cross- linked forms  
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CSM-GLYE and CSM-GLAE retained more than 80 % of activity 

after five runs and they have acquired about 49 % and 53 % of activity after 

ten runs. But CSME and CSM-ECHE retained only 38 % and 40 % of their 

initial activity after ten cycles of uses. The decrease in enzyme activity 

could be due to the enzyme loss that has occurred by enzyme denaturaion or 

by enzyme leaching caused by weakening of bonds between enzyme and 

support. The recurrent encountering of substrate molecules towards the 

active site of the enzyme also caused loss of enzyme activity due to the 

distortion of enzyme conformation. For covalently immobilized enzymes, 

the strong bond between enzyme and bifunctional agents in support provide 

enough rigidity to the enzyme structure through intermolecular forces and 

thus minimized the enzyme loss due to the leakage or denaturation [90]. 

Shukla et al. observed that the immobilized amylase on nylon by covalent 

method could be reused with 50 % of activity after ten cycles of enzymatic 

reactions [91].  

2.5 Conclusion 

The details of various physico-chemical characterizations and 

experimental methods implemented in the study were described in this 

chapter. Chitosan-metal oxide composites CSM, CSZ and CST were 

synthesized, characterized and successfully subjected to α-amylase 

immobilization. The enzyme loading capacity of CSZ composite was found 

to be more than that of other composites which is attributed to its higher 

surface area. Due to the magnetic property, the CSM has been considered as 

the best support which resulted in high speed and gentle separation in the 

presence of an external magnetic field. The CSM was chemically modified 

by three types of cross-linking agents; CSM-GLY and CSM-GLA provided 

covalent immobilization of -amylase and CSM-ECH leads to the 



Experimental techniques, selection of magnetic chitosan as enzyme carrier and effect of ….. 

107 

adsorption immobilization. The kinetic studies showed that the catalytic 

efficiencies of the covalently immobilized enzymes were much close to the 

free enzyme. The excellent immobilization efficiency, thermal stability, 

storage stability and reusability of the covalently immobilized enzyme 

systems make good candidates for industrial applications. 
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3.1 Introduction 

Synthetic polymers have been firstly recognized as attractive carriers 

for biologically active materials by Isliker and coworkers in 1950’s, and 

were extended to the field of enzyme immobilization over the period of next 

decades. Monomers that form the polymeric chain can be selected based on 

the nature of enzyme and the immobilization process. The nature and 

quantity of the monomers determine the chemical structure and properties of 

the polymer. The functional groups present on the polymer structure 

promote the enzyme binding [1, 2] and have important role in deciding the 

method by which the immobilization process has been occurred. These 

functional groups also influence the hydrophilic or hydrophobic interactions 

of support with the enzyme [3]. The polymeric supports also determine the 

length of enzyme-support spacer; the longer spacer maintain increased 

conformational flexibility to the enzyme and the shorter to prevent the 

thermal inactivation of enzyme molecules which causes the reduction in 

enzyme leaching [4]. The polymer materials as effective enzyme carrier can 
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improve the stability of immobilized enzyme by protecting the active site of 

the enzyme from the adverse effect of experimental conditions and reaction 

system [5].  

The conducting polymers have gained much attention in the field of 

enzyme immobilization because of their environmental stability and 

promising electrochemical properties [6].  The polymeric support materials 

such as polyaniline (PANI) and polypyrrole (PPY) have been widely used 

for enzyme immobilization as they provide suitable environment for 

immobilization of enzymes. 

PANI has become very attractive due to its simple method of 

synthesis, low-cost, biocompatibility, environmental stability, higher 

temperature and pH stability, stable chemical properties and favorable 

electrical and optical properties [7-9]. Many enzymes such as amylase, 

glucoamylase, urease, horseradish peroxidase, and glucose oxidase have been 

successfully immobilized on PANI [10-13]. In many literatures, it is reported 

that PANI has been incorporated into flexible matrices in order to overcome 

its limitations in solubility and mechanical properties. Tiwari et al. reported 

that chitosan along with PANI turned to be an efficient carrier for 

immobilization of creatine amidinohydrolase by covalent method [14]. Here 

the composite achieved the combining properties of good processability of the 

matrix and the electrical conductivity of the conducting polymer. PPY 

performs as an efficient carrier due to high electrical conductivity, 

biocompatibility and its facile synthesis at low cost compared to other 

polymers [15, 16]. The poor mechanical and thermal stability are the major 

drawbacks of PPY in the field of enzyme immobilization and these can be 
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overcome by its composites. Many reports are available regarding the 

nanocomposites of PPY and their application in the field of biosensors. The 

enzymes cytochrome c, glucose oxidase and polyphenol oxidase were 

successfully immobilized on gold polypyrrole (Au–PPY) nanocomposite 

[17]. The electrically conductive nanocomposite polypyrrole–titanium (IV) 

phosphate (PPY–TiP) by facile in situ chemical oxidative polymerization was 

immobilized on yeast alcohol dehydrogenase [18]. Yi Fang et al. have 

developed polypyrrole-chitosan nanocomposite by combining the 

conductivity of polypyrrole and biocompatibility of chitosan for 

immobilization of glucose oxidase and constructed a novel glucose biosensor 

[19]. 

Another important movement for the utilization of polymers in the 

enzyme immobilization field is the arrival of copolymers from the suitable 

monomers and comonomers. Many copolymers are produced typically on 

the basis of acrylic and methacrylic acid derivatives. The grafted 

copolymers were effectively used as the carriers for enzyme immobilization. 

They provide various functionalities corresponding to the main chain and 

also to the introduced grafted chains [20]. The grafted copolymerization 

offers increased number of reactive groups which can be controlled and 

hence the microenvironment of the enzyme can also be changed. The 

enzyme immobilization by graft copolymerization onto polysaccharides was 

reported by D'Angiuro et al. where the enzyme was bound to the support by 

keeping the ratio of one enzymatic macromolecule for one polysaccharide 

macromolecule and thus imparting the immobilized enzyme system with 

good kinetic properties [21]. 
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Polyacrylonitriles (PAN) are excellent candidates for enzyme 

immobilization due to their mechanical and chemical stability [22, 23]. 

Introducing functional groups into the PAN backbone facilitate the enzyme 

immobilization process since its chemical inertness and hydrophobicity have 

been reduced as a result of functionalization. Xiao-yan et al. has reported the 

modified form of PAN membrane grafted with acrylamide and its use in 

enzyme immobilization of cellulase [24, 25]. The incorporation of PAN with 

a natural polymer makes it biocompatible which is very essential for enzyme 

immobilization since this property favor more activity to the enzyme by 

providing specific microenvironment [26]. PAN membrane was treated with 

biocompatible chitosan for the effective immobilization of 

acetylcholinesterase [27]. Polymethyl methacrylate (PMMA) can be 

considered as suitable enzyme carrier with appropriate mechanical strength 

and PMMA grafted chitosan copolymer as new polymeric support with good 

mechanical and biocompatibility properties [28]. Abd El-Ghaffar et al. 

observed the continuous catalytic reaction of α-chymotripsin immobilized on 

to chitosan grafted PMMA without loss of its activity [29].  

The present chapter deals with the surface modification of magnetic 

chitosan with the synthetic polymers, polyaniline and polypyrrole. This also 

comprises the graft copolymerization of magnetic chitosan with methyl 

methacrylate and acrylonitrile. α-amylase was immobilized on all the 

modified forms of magnetic chitosan and the efficiencies of enzyme carriers 

were compared with each other. 
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3.2 Materials Used 

Aniline, pyrrole, methyl methacrylate, acrylonitrile and ceric ammonium 

nitrate were purchased from Sigma Aldrich. Ammonium per sulphate, sodium 

hydroxide and ferric chloride were obtained from S.d. Fine Chemicals Ltd. The 

materials used for synthesis of magnetic chitosan and the chemicals for protein 

estimation and activity assay are presented in the chapter 2. 

3.3 Magnetic chitosan-synthetic polymer composites as α-

amylase carriers 

3.3.1 Synthesis of magnetic chitosan-polyaniline (CSM-PANI) 

composite 

The synthesis of CSM-PANI involves two steps. The first step 

consists of synthesis of magnetic chitosan suspension as described in the 

earlier chapter. The second step involves the addition of APS oxidant (0.25 

M in 50 mL of 1.0 M HCl) into aniline solution (0.9 mL in 80 mL of 1.0 M 

HCl). The reaction vessel was kept in an ice bath for 5 h under magnetic 

stirring. The solution changed from colorless to dark green and the 

precipitate was washed three times with distilled water, in which magnetic 

chitosan suspension was mixed together in a single beaker. After that the 

solution stirred vigorously for 30 min. and then kept for 24 h without any 

disturbance. The product was filtered and washed with distilled water until 

the filtrate became colorless, then washed with ethanol and dried in vacuum 

oven at 80 °C for 12 h. 
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The reaction can be depicted as shown in the scheme 3.1. 

 

Scheme 3.1 Composite formation of magnetic chitosan with polyaniline 

3.3.2 Synthesis of magnetic chitosan-polypyrrole (CSM-PPY) 

composite 

The modified magnetic chitosan by polypyrrole (CSM-PPY) was 

synthesized in accordance with the already reported procedure with slight 

modification [30]. About 0.5 mL pyrrole was added into the chitosan 

solution (1 g in 100 mL of 2 % acetic acid) and the resulting solution was 

stirred for 45 min. Then 2.82 g anhydrous FeCl3 was added to the solution 

in an ice bath, keeping FeCl3/pyrrole ratio, 2.45:1. The mixture was stirred 

overnight and then sodium hydroxide solution was added slowly to the 

resulting solution. The obtained composite was washed with distilled water 

several times, followed by ethanol and collected by centrifugation and it was 

dried in an oven at 50 ºC for 2 days. 
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The reaction can be depicted as shown in the scheme 3.2. 
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Scheme 3.2 Composite formation of magnetic chitosan with polypyrrole 

3.3.3 Physico-chemical characterization  

3.3.3.1 Infrared spectra  

The IR spectra recorded for modified forms of magnetic chitosan 

with synthetic polymers are shown in the figure 3.1 and their peak 

assignments are given in the table 3.1. In case of CSM-PANI composite, the 

broad peak observed at 3435 cm
-1

 indicates the combined N–H stretching 
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vibration of PANI and O–H stretching vibration of chitosan. The absorption 

band at 1078 cm
-1 

is ascribed to the C–O stretching vibration of primary 

alcoholic group of chitosan and the peak at 610 cm
-1 

to the deformation of 

benzene ring of polyaniline. The peak at 1472 cm
-1

 and 1571 cm
-1

 

corresponds to the C=C and C=N stretching vibrations of benzenoid and 

quinoid rings. This results  showed that the polyaniline is in emeraldine salt 

form [31, 32]. There was C–N stretching vibration for aromatic secondary 

amines at 1260 cm
-1

 and the peak at 1121cm
-1 

was assigned to the C–H in 

plane bending vibration. All the peaks corresponding to polyaniline 

confirmed the high degree of delocalization of electrons and good electrical 

conductivity of the composite [33, 34]. 

For CSM-PPY, the broad peak at 3430 cm
-1

corresponds to the 

combined N–H stretching vibration of PPY and O–H stretching vibration of 

chitosan. The absorption peaks at 1546 cm
-1 

and 1628 cm
-1

 were assigned to 

C=C stretching of benzenoid and quinoid rings of poypyrrole respectively 

and the peak at 1315 cm
-1

 to C–N stretching vibration of the ring. The peak 

at 1166 cm
-1 

indicated the C–H plane deformation and 780 cm
-1 

for C–H out 

of plane ring deformation. All these vibrations evidence towards the 

conductivity of the composite and the results are good agreement with the 

previous reports [35, 36]. 

The main chitosan peaks (3429 cm
-1

, 1074 cm
-1

) shifted to higher 

frequencies in case of both of the composites, for instance due to the 

effective interaction between chitosan and polymers. Similar observations 

are reported in many studies [37, 38].  

For both of the polymer composites, the existence of Fe–O bond 

which could be occurred in the range 500-600 cm
-1

; for CSM-PANI it was 



Modified forms of magnetic chitosan by synthetic polymers as α-amylase carriers 

131 

found to be at 577 cm
-1

 and that appeared at 570 for CSM-PPY. The peak 

corresponding to Fe–O bond vibration of pure magnetite (580 cm
-1

-584 cm
-1

) 

was shifted to lower vibrational frequencies, which might be as a result of 

electrostatic interaction between the negatively charged magnetite surface and 

the positively protonated amino groups of chitosan and the polymers [39, 40].  

 

 (i) (ii) 

Figure: 3.1 IR Spectra of (i) CSM-PANI and (ii) CSM-PPY 

Table 3.1 Peak assignments for polymers modified magnetic chitosan 

Peak assignment (cm
-1

) CSM-PANI CSM-PPY 

N–H and O–H stretching vibration  3435 3430 

C=C stretching vibration of benzenoid ring  1472 1546 

C=C stretching vibration of quinoid ring - 1628 

C=N stretching vibration of quinoid ring  1571 - 

C-N stretching vibration of secondary aromatic amines  1260 1315 

C-H in plane bending vibration  1121 1166 

C-H out of plane ring deformation 510 780 

C-O stretching vibration of alcoholic group  1078 1074 

Fe-O bond vibration  577 570 

3.3.3.2 X-ray powder diffraction spectra  

In the case of CSM-PANI the diffraction peak corresponding to 

PANI at 25º indicates some degree of crystallinity in its emeraldine salt 
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form [41, 42]. The other diffraction peaks at 2θ = 29.9°, 35°, 43.1°, 53.5°, 

57.2° and 63°, corresponding to (220), (311), (400), (422), (511), and (440) 

of the crystalline Fe3O4 phase are also observed in the spectra.  

There is a broad peak at 24º for CSM-PPY composite indicates the 

amorphous form of PPY. The other diffraction peaks observed at  2θ = 30°, 

35°, 43°, 54°, 57° and 63° can be indexed with crystallographic planes to 

(220), (311), (400), (422), (511), and (440) respectively which are related to 

crystalline Fe3O4 phase. 

The diffraction peak for chitosan at 2θ=20⁰ has become very weak 

and broad which indicates the reduction in its crystallinity. This confirms 

the interaction of chitosan with polymer through the plenty of functional 

groups present on them during the composite formation [43, 44]. 

The average particle size of the composites was evaluated using the 

Debye–Scherrer equation. The particle size of CSM-PANI composite was 

found to be 39.44 nm and that of CSM-PPY composite was about 36.48 nm.  

 

 (i)  (ii) 

Figure: 3.2 XRD spectra of (i) CSM-PANI and (ii) CSM-PPY 
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3.3.3.3 Thermal analysis 

Both of the composites exhibited three step weight losses. In case of 

CSM-PANI, the first stage of weight loss, found to be below 150 ⁰C, 

attributed to the loss of physically adsorbed water from the polymer 

structure. The second weight loss was observed in the range of 200-350 ⁰C 

might be due to the degradation of chitosan and the third major weight loss 

between 620-700 ⁰C assigned to the decomposition of PANI main chain. 

The composite exhibited about 60 % of weight loss at 700 ⁰C, was 

attributed to the high thermal stability of magnetic chitosan due to its 

modification by polyaniline. Similar trend is reported by Ayse et al. for 

chitosan/polyaniline composite which showed better final degradation 

temperature than chitosan itself [45]. 

 In case of CSM-PPY, the loss of moisture can be observed in the 

range of 40-150 ⁰C and the second major weight loss between 200 ºC to 350 

ºC represents the degradation of chitosan. The rapid weight loss from 600 ºC 

to 700 ºC attributed to the decomposition of PPY backbone and this confirms 

the composite formation of magnetic chitosan with polypyrrole [46]. 

 The results showed that the synthesized composites have exhibited 

better thermal stabilities compared to magnetic chitosan and the TGA-DTG 

curves of both composites are given in the figure 3.3. 
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 (i)  (ii) 

Figure: 3.3 TGA-DTG curves of (i) CSM-PANI and (ii) CSM-PPY 

3.3.3.4 Scanning electron microscopy 

The surface morphologies of the composites were analyzed by SEM 

micrographs and they are depicted in the figure 3.4. 

The SEM image of CSM-PANI composite displayed plate-like 

structure which indicated that theaniliniumions were adsorbed on the 

surface of dispersed CSM particles and then undergone oxidative 

polymerization in a highly acidic condition. The delocalization of charge 

between the alternative benzenoid rings and imino groups with flat 

configuration was possible in order to attain the stability and the system 

having internal chain ordering with plate-like structure. This plate-like 

morphology has some influence on electrical conductivity and 

electrochemical properties [47].  

For SEM image of CSM-PPY, the composite has exhibited in 

spherical shape. The formation of coarse particles with spherical shape as a 

result of polymerization of pyrrole was also reported by Bhaumik et al. in 

which the reaction has taken place with anhydrous FeCl3 in acidic medium 

[48]. 
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Figure: 3.4 SEM images of CSM-PANI and CSM-PPY 

3.3.3.5 Surface area analysis 

The surface area obtained for CSM-PANI and CSM-PPY are 7.76 m
2 

g
-1 

and 19.36 m
2 

g
-1 

respectively. Both of the composites have shown higher 

surface area compared to magnetic chitosan. The decrease of surface area of 

CSM-PANI could be due to the presence of agglomerated polymer particles 

incorporated with the magnetic chitosan. 

3.3.3.6 Vibrating sample magnetometry 

The magnetization curves obtained for both composites are presented 

in the figure 3.5. The magnetic saturation values calculatedwas 11.51 emu g
-

1
 for CSM-PANI and 16.77 emu g

-1
 for CSM-PPY. These composites have 

shown decreased Ms values when compared to magnetic chitosan that may 

be due to the existence of non magnetic polymer layer coating [49].  

Among these composites, CSM-PPY exhibited more Ms value than 

CSM-PANI. The high Ms value can be originated from the larger loading of 

magnetite particles which make the composite to be a promising adsorbent 

for enzymes as the immobilized systems can be easily separated by applying 

an external magnetic field. 

 



Chapter 3 

136 

 

 (i)  (ii)  

Figure: 3.5 Magnetization curves of (i) CSM-PANI and (ii) CSM-PPY 

3.3.3.7 CHN analysis 

The CHN analysis has provided the carbon, hydrogen and nitrogen 

contents of CSM, CSM-PANI and CSM-PPY composites and the data are 

given in the table 3.2. The percentage compositions for C, N and H are 

found to be higher for polymer composites compared to CSM confirmed its 

surface modification.  

Table 3.2 CHN analytical data of CSM, CSM-PANI and CSM-PPY 

composite N (%) C (%) H (%) 

CSM 2.33 11.28 2.25 

CSM-PANI 5.84 31.64 4.94 

CSM-PPY 5.64 24.22 3.75 

3.3.3.8 Energy dispersive X-ray analysis 

Elemental data of the modified composites gained from this analysis are 

compared with that of CSM composite and are presented in the table 3.3. The 

corresponding EDX spectra are shown in the figure 3.6. The increased amount 

of C and N, decreased amount of O and Fe in CSM-PANI and CSM-PPY stand 

for the clear evidences for the modification of CSM composite. 
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Table 3.3 Elemental data of (i) CSM, (ii) CSM-PANI and (iii) CSM-PPY 
 

Element Weight % Atomic % 

O 42.23 41.93 

C 24.04 31.79 

N 19.64 22.27 

Fe 14.09 4.01 
 

 

Element Weight % Atomic % 

O 42.23 41.93 

C 24.04 31.79 

N 19.64 22.27 

Fe 14.09 4.01 
 

(i) (ii) 
 

Element Weight % Atomic % 

O 38.67 36.50 

C 28.06 37.15 

N 21.26 22.35 

Fe 10.15 2.85 
 

(iii) 

 

 
 (i)  (ii) 

 

(iii) 

Figure: 3.6 EDX spectra of (i) CSM, (ii) CSM-PANI and (iii) CSM-PPY 
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3.3.4  Immobilization of α-amylase on magnetic chitosan-synthetic 

polymer composites 

3.3.4.1 Optimization of α-amylase immobilization conditions 

The influence of various immobilization conditions such as pH of the 

medium, incubation time and enzyme concentration on enzyme activity was 

determined to get the optimum results. 

3.3.4.1.1 Effect of immobilization pH on α-amylase activity 

The variation of immobilization pH in the range of 4-9 on relative 

activity is given in the figure 3.7. The figure showed that CSM-PANI 

composite exhibited maximum activity at pH 7 and for CSM-PPY it was at 

pH 6. The decreased activity above and below the optimum values may be 

due to the unfavorable charge distribution on enzyme and the supports, that 

result in the conformational changes in the enzyme structure.  

 

Figure: 3.72 Effect of immobilization pH on the relative activity of α-amylase 

The isoelectric points of polyaniline (Ip ~7.6) and polypyrrole (Ip 

~7) have great influence on the interaction of enzyme with the support since 

the Ip of the composites depend on that of chitosan, magnetite and the 

polymers [50, 51]. 
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In case of CSM-PANI, at pH 7 the composite may attain slightly 

positive charge and hence it electrostatically interacts with negatively 

charged α-amylase (Ip ~ 4.6). It is a common phenomenon that the shift in 

optimum pH of enzyme is observed as a result of immobilization. The 

microenvironment of the enzyme molecule depends on the surface charges 

on the solid support and the nature of the bound enzyme due to the 

immobilization which results in the shift in optimum pH of the enzyme.  

As the α-amylase exhibited maximum activity at pH range 5-5.5, it is 

seemed to denature at higher pH ranges and here we observed that the 

cationic environment of the composite tend to shift the pH optimum to 

alkaline region. As the support exhibited increased positive charge on the 

amino groups, the concentration of H
+
 ions in the microenvironment of the 

immobilized system decreases which leads to the shift in optimum pH to 

more alkaline region. For CSM-PPY at pH 6, it can interact electrostatically 

with the enzyme as it acquired positive charges at that region. As going to 

higher pH, the enzyme activity is found to be decreased for both of the 

supports, since the enzyme and the supports carrying net negative charge 

which leads to electrostatic repulsion [52]. 

3.3.4.1.2 Effect of contact time on α-amylase activity 

The contact time required for the enzyme onto the composites in 

order to obtain maximum activity is shown in the figure 3.8.  
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Figure: 3.8 Effect of contact time on immobilized α-amylase activity 

It was found that for both of the composites, relative enzyme 

activities are increased up to 180 min. giving optimum contact time for 

immobilization. After that the activity is found to be decreased which may 

be due to the lower accessibility of the substrate towards the enzyme. This 

can be as a result of multilayer adsorption of the enzyme that leads to the 

active site to get blocked and hence become deformed. Similar trend was 

reported when the composite of alginate polymer with magnetic chitosan 

immobilized on lipase [53]. 

3.3.4.1.3 Effect of initial amount of protein on protein loading on to 

composites 

The variation of enzyme concentration on immobilization was 

optimized as the loaded amount of protein play a significant role in the 

activity of enzyme. The figure 3.9 showed the variation of loaded protein 

with respect to the initial protein concentration.  

 



Modified forms of magnetic chitosan by synthetic polymers as α-amylase carriers 

141 

 

Figure: 3.9 Effect of initial protein amount on protein loading 

Here we observed that as the initial protein taken for the 

immobilization process increases the amount of loaded protein reaches to 

the maximum value and thereafter no significant increase in protein loading. 

In case of CSM-PANI, the maximum protein loading of 7.6 mg g
-1

 

support is obtained at the initial amount of 12.6 mg enzyme. For CSM-PPY, 

the high protein loading of 12.4 mg g
-1

 support was found to be at initial 

protein amount of 18.6 mg. After these initial enzyme concentrations, the 

loaded protein on the support get decreases and this saturation point depends 

on the nature of support and the immobilization method. The adsorption 

immobilization of the enzyme mainly depends on the surface area of the 

support. Here the CSM-PPY showed higher surface area than CSM-PANI 

and correspondingly showed higher loading of enzyme on its surface. 

3.3.4.1.4 Effect of initial protein amount on immobilized enzyme activity  

A study on variation of enzyme activity with respect to initial protein 

concentration was carried out and the results are shown in the figure 3.10.  
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Figure: 3.10 Effect of initial protein amount on immobilized enzyme activity 

For CSM-PANI, the optimum enzyme activity of 4.87 EU was 

obtained at the initial amount of 12.6 mg enzyme and the immobilized 

enzyme on CSM-PPY exhibited 5.97 EU at initial amount of 18.6 mg 

enzyme. For both of the immobilized enzymes, the enzyme activity gets 

reached to maximum value as the initial enzyme concentration increases. 

The decrease in enzyme activity beyond this saturation value may be due to 

the multilayer adsorption of the enzyme molecules on the surface of the 

supports. It was supposed that this may leads to the lower diffusion of the 

substrate as a result of the higher initial enzyme concentration and at this 

higher concentration the protein-protein interactions lead to the deformation 

of their active site which results in the decline of enzyme activity. 

Furthermore the steric hindrance exists between the large substrate molecule 

and the extra loaded enzyme which in turn decreased the activity of enzyme. 

 The immobilization yield, activity yield and immobilization 

efficiency of the enzyme on the two supports are tabulated in the table 3.4. 

CSM-PANI and CSM-PPY have shown immobilization yield of 60.32 % 

and 66.67 % respectively. The immobilization efficiency was higher for 

CSM-PPY than CSM-PANI which was 56.25 % and 45.82 % respectively. 
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Table 3.4  Immobilization efficiency of α-amylase on polymers modified 

magnetic chitosan 

Support 

Initial 

protein 

(mg) 

Immobilized 

protein mg/g 

support 

IY 

(%) 

Initial 

activity 

(EU) 

Immobilized 

enzyme 

activity (EU) 

AY 

(%) 

IE 

(%) 

CSM-

PANI  

12.6  7.6  60.32  17.62  4.87   27.64  45.82  

CSM-

PPY  

18.6  12.4  66.67  15.92  5.97  37.5  56.25  

3.3.4.2 Effect of pH on α-amylase activity 

The effect of reaction pH on activity of free and immobilized 

enzymes was examined and the results are shown in the figure 3.11.  

 

Figure: 3.11 Effect of pH on the relative activity of free and immobilized 

α-amylase on modified forms of magnetic chitosan 

Both of the immobilized enzymes have shown the shift of optimum 

pH to alkaline region. The unequal partitioning as a result of electrostatic 

interaction exists between the microenvironment of the immobilized enzyme 

and the bulk solution that often lead to the shift of optimum reaction pH [54, 

55]. Hence the extent of pH displacement depends on the surface charge 

density on the supports. The positive charges present on the amine groups of 

both of the composites leads to the decrease of H
+
 concentration on the 

microenvironment of the immobilized enzyme. As a result of this the pH of 

the immobilized enzyme systems became more alkaline with respect to the 



Chapter 3 

144 

external region. They have shown very broad pH profile and the broadening 

confirmed the very high loading of the enzyme through the immobilization 

process [56, 57]. This immobilization method maintained high pH stability 

in a wider pH range which might be due to the multipoint attachment of the 

enzyme on the support surfaces. 

3.3.4.3 Effect of temperature on α-amylase activity 

The temperature dependent activities of free and immobilized 

enzymes were investigated by conducting the enzymatic reactions in the 

range of 30-60 ºC and the results are shown in the figure 3.12.  

 

Figure: 3.12  Effect of temperature on the relative activity of free and 

immobilized α-amylase on modified forms of magnetic 

chitosan 

The immobilized systems have shown broad and stable temperature 

profile compared to the free enzyme. Both of them exhibited maximum 

activity at 35 ºC and this lower optimal temperature may be attributed to the 

changes in physico-chemical properties as a result of immobilization. There 

might be required less activation energy for the enzyme molecule to allow 

and reach proper conformation in order to retain its activity. The decrease in 

optimum temperature was also observed when α-amylase immobilized on 
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the polymers such as, poly (o-toluidine), polyaniline and polyacrylonitrile 

[58-60]. 

They have retained more activity than free enzyme at 60 ºC, CSM-

PANIE retained 55 % of relative activity and for CSM-PPYE it was about 

65 %. The increased activity of immobilized enzymes might be due to the 

high rigidity of the enzyme as a result of immobilization and the support had 

the protection effect at higher temperatures at which the enzyme 

denaturation taken place [61, 62]. 

3.3.4.4 Activation energy 

Arrhenius plot shown in the figure 3.13 is used for the determination 

of activation energy (Ea) for the hydrolysis of starch substrate. According to 

this plot there was decline in the rate of the reaction after the optimum 

temperature reached. The activation energy calculated for the immobilized 

enzymes are tabulated in the table 3.5 and the values are found to be higher 

than that of free enzyme. CSM-PANIE and CSM-PPYE have gained 

activation energies of 20.76 KJ mol
-1

 and 17.89 KJ mol
-1

 respectively. 

 

Figure: 3.13  Arrhenius plot to calculate the activation energy (Ea) of 

immobilized α-amylase on modified forms of magnetic 

chitosan 
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Table 3.5 Activation energy of immobilized α-amylase on modified 

forms of magnetic chitosan 

Immobilized enzyme 
Activation energy 

(KJ mol
-1

) 

CSM-PANIE  20.76  

CSM-PPYE  17.89  

The higher activation energy for the immobilized enzymes can be 

due to the fact that the time required for the enzyme and substrate contact 

prolonged as a result of immobilization and hence decreases their catalytic 

activity. The Similar finding was reported by Karam et al. when Aspergillus 

awamori amylase immobilized on a novel carrier Ca
+2

 alginate (Alg) starch 

(St)/polyethyleneimine (PEI)/glutaraldehyde (GA) [63]. The changes in the 

structural conformation of the enzyme molecule due to the immobilization 

process hindered the enzyme catalyzed reaction and caused the higher 

values for activation energy [64, 65].  

3.3.4.5 Thermal stability of the free and immobilized enzymes 

Thermal stability study for free and immobilized enzymes was 

carried out at temperature ranging from 30-70 ºC and the results are 

presented in the figure 3.14.  

 

Figure:3.14  Thermal stability of free and immobilized α-amylase on 

modified forms of magnetic chitosan 
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At the starting temperature of the study both free and immobilized 

enzymes have shown maximum activity which is taken as relative to other 

subsequent studies. At 40 ºC for 1hr incubation they have retained 80-95 % 

of their initial activity. As the temperature moved to higher region the 

immobilized enzymes are found to be inactivated at much slower rate than 

that of free enzyme. At 50 ºC the free enzyme lost above 60 % of its activity 

while the immobilized enzymes retained about 75-90 % of their activity. At 

70 ºC the free enzyme lost about 90 % of its activity whereas, the 

immobilized enzymes lost only 38-45 % of their activity. These results have 

shown that the immobilized systems are more resistant to heat than the free 

form. Immobilization makes the enzyme more rigid and protects it from 

physical effect which creates enzyme denaturation.  

The effect of pre-incubation time on activity of free and immobilized 

enzymes is shown in the figure 3.15. In this study the free enzyme lost 90 % 

of its activity and both of the immobilized enzymes lost 45-55 % of their 

activity when subjected to 120 minutes of pre-incubation time at 

corresponding optimum temperatures. The results indicated that the 

multipoint attachment of the enzyme due to immobilization process provide 

improved heat resistance towards denaturation to the immobilized enzymes 

[66]. Similar trend in thermal stability was observed by Manu Sharma et al. 

when α-amylase was immobilized in agar beads by entrapment method [67]. 

The improvement in thermal stability of α-amylase was also reported by 

Kritika Singh et al. when immobilized onto functionalized graphene 

nanosheets as scaffolds [68] and by Usman et al. when immobilized on 

mesoporous Silica KIT-6 and Palm Wood Chips [69]. The stability of α-

amylase increased considerably as a result of immobilization which 

provides molecular rigidity and protected microenvironment [70-72]. 
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Figure: 3.15  Variation of pre-incubation time on activity of free and 

immobilized α-amylase on modified forms of magnetic 

chitosan 

3.3.4.6 Determination of kinetic parameters  

Lineweaver-Burk plots and Hanes-Woolf plots for free and 

immobilized enzymes are presented in the figure 3.16 and the kinetic 

parameters, turnover number (Kcat) and catalytic efficiency (Kcat/Km) are 

exhibited in the table 3.6. Both of the immobilized enzymes exhibited 

higher Km and lower Vmax compared to free enzyme. Since Km value showed 

the affinity of the enzyme towards the substrate, the immobilized enzymes 

with high Km values indicated their low affinity for substrate. This could be 

due to the lower accessibility of the substrate towards the active site of the 

immobilized enzyme. Similar observations are reported in many literatures 

[73]. As the higher Km value of the immobilized enzyme indicated its lower 

affinity for substrate, there should be higher substrate concentration is 

needed in order to reach a high enzyme activity [74]. Diffusional limitations 

and steric effects may leads to the lower accessibility of substrate to the 

enzyme active site which in turn causes the increase of Km. The structural 

and conformational changes in the enzyme as a result of immobilization can 

imparts lower affinity for the substrate molecule which leads to the high Km 

as reported by Arica et al. [75]. 
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  (i)  (iii)                                                                                        

  

  (ii)   (iv) 

Figure: 3.16 Lineweaver-Burk plots for (i) CSM-PANIE (ii) CSM-PPYE 

and Hanes-Woolf plots for (iii) CSM-PANIE (iv) CSM-

PPYE. 
 

The Vmax for both of the immobilized enzymes are found to be 

decreased to almost half of the value for free enzyme. The Kcat value of free 

enzyme was calculated as 1910.19 min
-1

. The immobilized enzymes, CSM-

PANIE and CSM-PPYE are exhibited these values 56.06 % and 53.97 % 

lower than that of free enzyme. This turn over number revealed their 

decreased enzyme activity as one molecule of them require 71.48 and 68.26 

milliseconds respectively but one molecule of free enzyme take only 31.41 

milliseconds for the conversion of one substrate molecule into product. The 

Kcat/Km values which describe the catalytic efficiency of the enzyme are 

found to be 4244.87, 371.38 and 339.46 mL mg
-1 

min
-1

 for free enzyme, 

CSM-PANIE and CSM-PPYE respectively. The results showed that the 

catalytic efficiency of the enzyme decreased as a result of immobilization. 
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Table 3.6  Kinetic parameters for free and immobilized α-amylase on 

modified forms of magnetic chitosan 

Immobilized 

enzyme 

Km 

(mg mL
-1

) 

Vmax 

(μmol  mg
-1

 min
-1

) 

Kcat 

(min
-1

) 

Kcat/Km 

(mL mg
-1 

min
-1

) 

Free enzyme 0.45± 0.02 34.48±0.05 1910.19 4244.87 

CSM-PANIE 2.26± 0.03 15.15± 0.02 839.31 371.38 

CSM-PPYE 2.59± 0.01 15.87±0.03 879.20 339.46 

3.3.4.7 Storage stability of immobilized α-amylase 

The storage stability of the immobilized enzymes is the important 

condition for their practical use in industrial sectors. The stability of 

immobilized enzymes stored at 4 ºC in buffer was determined for regular 

intervals of time over six months and the results are shown in the figure 3.17.  

 

Figure: 3.17 Storage stability of CSM-PANIE and CSM-PPYE 

After six months of storage CSM-PANIE retained about 50 % and 

CSM-PPYE about 40 % of its initial activity. The decline in activity with 

respect to the shelf time depends on the conformational changes in the 

immobilized systems and the decrease may be as a result of the time 

dependent natural loss in enzyme activity [76]. The immobilization process 

has provided the stability to the enzyme and maintained it for long time 

storage. Many reports are there in which α-amylase has retained appreciable 
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activity when immobilized on polymeric supports [77, 78]. The stability of 

the immobilized enzyme also depends on the attachment of enzyme on the 

support surface. The multipoint ionic interaction between the enzyme and 

the support provide much conformational stability to the immobilized 

enzyme. There exists a difference in enzyme activity in case of both of the 

immobilized enzymes. The weak interaction between the enzyme and the 

support may cause the decrease of activity for CSM-PPYE after six months 

of storage [79-81]. 

3.3.4.8 Reusability 

Reusing the enzyme is very advantageous for their cost effective 

industrial use. The reusability of the immobilized enzymes was carried out 

up to 10 cycles and the study was easily conducted by magnetic separation. 

The plots of the number of cycles and relative activity are shown in the 

figure 3.18.  

 

Figure: 3.18 Reusability of CSM-PANIE and CSM-PPYE 

After ten cycles of reuses the activity of CSM-PANIE and CSM-

PPYE decreased to about 50 % and 40 % respectively of its initial activity. 

As a result of the repeated uses the interactive forces holding the enzyme on 
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support become very weak which leads to the enzyme leaching and causes 

the loss in activity. Furthermore the repeated action of substrate with the 

active site of the enzyme causes its deformation and ultimately leads to the 

decrease in activity [82]. The leaching of enzyme from CSM-PPY could be 

the reason for the low retained activity after ten cycles in case of CSM-

PPYE. The deactivation of α-amylase as a result of enzyme leaching was 

also reported by Radovanovic et al. when immobilized on magnetic particles 

coated with polyaniline via adsorption [83]. 

3.4 Magnetic chitosan grafted polymer composites as α-

amylase carriers 

3.4.1 Synthesis of magnetic chitosan grafted polymethyl 

methacrylate (CSM-g-PMMA) composite  

A solution of 2 % (w/v) chitosan was prepared in 1 % aqueous 

hydrochloric acid. Then about 140 mL FeCl3 solution (0.13 M in 0.13 M 

HCl) was added in to the above prepared solution followed by the slow 

addition of 0.1 M Na2SO3 solution under continuous stirring. A solution of 

0.1 M CAN in 10 mL of 1 N nitric acid was added in to the resultant 

colloidal solution and thereafter a known amount of methyl methacrylate 

monomer was added drop by drop with constant stirring. The precipitate 

was found to be formed after this solution poured quickly into 12 % 

ammonia solution with vigorous stirring. The product was collected by 

using an external magnet after washed several times with distilled water and 

dried in a vacuum oven at 60 °C. 
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Scheme 3.3 Graft copolymerization of magnetic chitosan with methyl methacrylate 

3.4.2  Synthesis of magnetic chitosan grafted poly acrylonitrile 

(CSM-g-PAN) composite 

The CSM-g-PAN was synthesized by adopting the same procedure 

as that of CSM-g-PMMA in which acrylonitrile is used as the monomer. 

The initiator CAN (0.1 M in 10 mL of 1 N nitric acid) was added into the 

magnetic chitosan suspension and then the monomer was added slowly into 

the resultant solution under constant stirring. The precipitate formed under 

the vigorous stirring with ammonia solution was separated by using an 

external magnet and dried in vacuum oven at 60 °C. The procedure was 

depicted as follows: 
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Scheme 3.4 Graft copolymerization of magnetic chitosan with acrylonitrile 

3.4.3 Physico-chemical characterization  

3.4.3.1 Infrared spectra of magnetic chitosan grafted polymer composites 

The IR spectra for magnetic chitosan grafted copolymers are shown 

in the figure 3.19 and this stands as the promising tool to detect the grafting 

of polymers on magnetic chitosan. 

Magnetic chitosan grafted poly methyl methacrylate copolymer 

For CSM-g-PMMA copolymer a broad peak is observed at 3435 cm
-1

 

due to N–H and O–H stretching vibrations and the peak corresponding to N–H 

bending vibration can also be seen around 1640 cm
-1

. These peaks indicated 
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the presence of chitosan in the grafted copolymers. But these peaks were 

shifted to higher frequency region compared to pure chitosan indicating an 

increased ordered structure [84]. The spectrum showed additional sharp 

peaks at 1735 cm
-1 

attributed to the ester carbonyl stretching vibrations of 

PMMA. The weak bands at 2952 cm
-1 

and 2997 cm
-1 

are assigned to 

symmetrical and asymmetrical stretching vibrations of methyl groups 

respectively. The peak at 985 cm
-1 

indicates the C–N stretching vibration 

and the peaks present at 754 cm
-1 

and 843 cm
-1 

attributed to the C–H out of 

plane bending and C–H2 rocking [85]. The –O–C–C stretching vibrations in 

grafted copolymers are observed in the region 1095-1100 cm
-1

 [86]. These 

characteristic peaks provided sufficient evidences for the grafting of PMMA 

onto magnetic chitosan. 

Magnetic chitosan grafted poly acrylonitrile copolymer 

CSM-g-PAN showed C≡N absorption at 2245 cm
-1

 and CH2 

deformation vibration at 1456 cm
-1

 which are confirmed the grafting of 

PAN with magnetic chitosan. The broad peak at 3450 cm
-1

 corresponds to 

N–H and O–H stretching vibrations and 1076 cm
-1

 to the C–O stretching 

vibration of primary alcoholic group indicated the existence of chitosan in 

the grafted copolymer. The shift of these peaks to slightly higher frequency 

compared to chitosan confirmed the appreciable grafting at these sites. The 

grafted copolymer exhibited intense peak at 1260 cm
-1

 assigned to C–N 

stretching vibrations and the C–H stretching bands of –CH2–CN, –CH2– and 

–CH– groups are presented at the frequencies 2850, 2925 and 2714 cm
-1

 

respectively [87]. These peaks stand for the evidences for grafting of PAN 

with magnetic chitosan. The C–H bending vibration at 1362 cm
-1

 again 

confirms the grafting. 
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 Both of the grafted copolymers confirmed the presence of magnetite 

by giving the Fe–O bond vibrations which are found to be 562 cm
-1

 for 

CSM-g-PMMA and 570 cm
-1

 for CSM-g-PAN. The peak assignments for 

the modified forms are given in the table 3.7. 

  

 (i)                       (ii) 

Figure: 3.19 IR Spectra of (i) CSM-g-PMMA and (ii) CSM-g-PAN 

Table 3.7 Peak assignments for (i) CSM-g-PMMA and (ii) CSM-g-PAN 

Peak assignment (cm
-1

) CSM-g-PMMA 

N–H and O–H stretching vibration 3435 

N–H bending vibration 1640 

C=O stretching vibration 1735 

C–O stretching vibration of alcoholic group 1072 

Symmetrical stretching of –CH3 2952 

Assymmetrical stretching of –CH3 2997 

C–N stretching vibration 985 

C–H out of plane bending  754 

C–H2 rocking 843 

O–C–C stretching vibrations 1095-1100 

Fe–O bond vibration 562 

 (i) 
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Peak assignment (cm
-1

) CSM-g-PAN 

N–H and O–H stretching vibration 3450 

C–O stretching vibration of alcoholic group 1076 

C-N stretching vibration 1260 

C≡ N absorption 2245 

CH2 deformation vibration 1456 

C–H stretching in –CH2 CN, –CH2 , –CH 2830,2925,2714 

Methylene C–H bending 1362 

Fe–O bond vibration 570 

(ii) 

3.4.3.2  X-ray powder diffraction spectra of magnetic chitosan grafted 

polymer composites  

The X-ray diffractograms of both grafted copolymers are shown in 

the figure 3.20. They have shown specific crystalline peaks as in pure 

chitosan. In both cases the typical crystalline peak of chitosan that appeared 

at 2θ=20° has been shifted to around 41° evidenced the grafting of polymers 

onto the chitosan. The other prominent diffraction peaks are corresponding 

to the crystalline planes of Fe3O4 presented in the composite. 

In case of CSM-g-PMMA we observed that the diffraction peaks 

characteristics to the chitosan and magnetite are distinguishable and so we can 

say the grafting of magnetic chitosan with PMMA does not much reduce their 

crystallinity. On the other hand CSM-g-PAN has shown broad peak in the 

diffraction pattern in which the chitosan peak shifted to more crystalline areas 

due to the grafted polyacrylonitrile chains [88] and still keep the crystallinity 

of magnetite by giving corresponding weak diffraction peaks. 
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 (i)                                                                         (ii) 

Figure: 3.20 XRD spectra of (i) CSM-g-PMMA and (ii) CSM-g-PAN 

3.4.3.3 Thermal analysis of magnetic chitosan grafted polymer 

composites 

Thermogram of both grafted copolymers showed weight loss in three 

stages and are depicted in the figure 3.21. In case of CSM-g-PMMA the first 

stage of weight loss ranges between 50-130 °C and showed about 8 % of 

weight loss. This weight loss may correspond to the loss of physically 

adsorbed water. The second stage of major weight loss can be seen that 

begins from 220 °C and ends at 450 °C with 40 % loss in weight. This may 

be due to the degradation of ungrafted chitosan. The third stage of weight 

loss occurred between 630-700 °C which may be contributed to the 

decomposition of grafted polymer. At 700 °C we observed that only 60 % of 

weight loss happened and this indicated the high degree of thermal stability 

of grafted copolymer. Hence the grafting of methyl methacrylate on to 

magnetic chitosan supplements more stability to it. 

For CSM-g-PAN the weight loss corresponding to adsorbed water 

can be observed in the region 50-110 °C. The second and third stages of 

major weight loss observed at 300 °C and 660 °C might be due to the 
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degradation of ungrafted chitosan and grafted polymer respectively. This 

thermogram reveals the evidence for the higher thermal stability of the 

acrylonitrile grafted magnetic chitosan compared to magnetic chitosan itself. 

The polymer may enfold the chitosan surface and form a physically cross-

linked type of network which inhibit the thermal degradation and thus 

enhance the overall thermal stability of the grafted magnetic chitosan [89]. 

  

  (i)           (ii) 

Figure: 3.21 TGA-DTG curves of (i) CSM-g-PMMA and (ii) CSM-g-PAN 

3.4.3.4 Scanning electron microscopy 

The rough surface morphology of the magnetic chitosan grafted 

copolymers revealed that the surface of the magnetic chitosan was almost 

covered by the polymers after the grafting process. It is assumed that the 

polymers are strongly attached to the magnetic chitosan surface. The SEM 

images are appeared as clustered irregular shape which might be due to the 

aggregation of the particles and hence leads to the lack of uniformity of the 

surface structure. 
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Figure: 3.22 SEM images of CSM-g-PMMA and CSM-g-PAN 

3.4.3.5 Surface area analysis 

Surface area acquired for CSM-g-PMMA and CSM-g-PAN are 15.67 

m
2 

g
-1 

and 21 m
2 

g
-1 

respectively. The CSM-g-PMMA has shown reduced 

surface area when compared to the other and this might be due to the 

presence of grafted PMMA with bulky methyl groups on the surface of 

magnetic chitosan causes the reduction in the surface area. 

3.4.3.6 Vibrating sample magnetometry 

The magnetization curves for both grafted copolymers are shown in 

the figure 3.23. The magnetization saturation values are found to be 7.8 emu 

g
-1

 for CSM-g-PMMA and for CSM-g-PAN is 8.06 emu g
-1

. They have 

attained reduced Ms values as compared to that of magnetic chitosan. This 

might be due to the presence of polymer layers that cover the surface of 

magnetic chitosan through grafting which reduces its magnetic property and 

leads to the reduction in the values of magnetic saturation. However these 

values were much enough in order to meet the need for magnetic separation.    
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(i)                                                                         (ii) 

Figure: 3.23 Magnetization curves of (i) CSM-g-PMMA and (ii) CSM-g-PAN 

3.4.3.7 Energy dispersive X-ray analysis 

The elemental composition obtained from EDX spectra of CSM-g-

PMMA and CSM-g-PAN are given in the table 3.8 and the spectra are 

presented in the figure 3.24. Compared to CSM, the former one has shown 

higher content of C and O, but decreased amount of N and Fe. However, 

CSM-PAN has shown decreased amount of O and Fe, but has exhibited 

slight increase of C and N content. All these information confirmed the 

composite modification. 

Table 3.8 Elemental data of (i) CSM-g-PMMA and (ii) CSM-g-PAN  

Element Weight % Atomic % 

O 43.18 42.03 

C 26.72 34.64 

N 17.93 19.93 

Fe 12.17 3.39 
  

Element Weight % Atomic % 

O 40.22 39.61 

C 24.64 31.80 

N 19.84 22.88 

Fe 13.30 3.72    

 (i)  (ii) 
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 (i)  (ii) 

Figure: 3.24 EDX spectra of (i) CSM-g-PMMA and (ii) CSM-g-PAN 

3.4.4  Immobilization of α-amylase on magnetic chitosan grafted 

polymer composites 

3.4.4.1 Optimization of α-amylase immobilization conditions 

The immobilization efficiency can be optimized for α-amylase on 

both grafted copolymers by varying the immobilization conditions such as 

immobilization pH, incubation time and enzyme concentration. 

3.4.4.1.1Effect of immobilization pH on α-amylase activity 

Usually binding between PMMA and enzyme exist via hydrophobic 

interactions, whereas contributions of electrostatic interactions are seemed 

to be very little. Palocci and coworkers have immobilized lipolytic enzymes 

on PMMA through hydrophobic interactive forces [90]. PAN has relatively 

hydrophobic surface and hence the driving force for enzyme interaction is 

mainly ascribed to hydrophobicity [91]. For CSM-g-PMMA and CSM-g-

PAN the electrostatic interactions that are favored by amino groups also 

possible in addition with hydrophobic interactions. 

The isoelectric point of grafted copolymers depends on that of 

PMMA and PAN besides that of chitosan and magnetite. The isoelectric 
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point of PMMA is at pH 6 and that of PAN is around pH 3.96. The strong 

electrostatic interaction is possible which can be described by the isoelectric 

point of the grafted polymer and α-amylase. 

The levels of enzyme adsorption on both of the supports at different 

pH ranging 4-9 are compared at 30 °C. The activity of the immobilized 

enzymes on pH of the immobilization medium was evaluated and is 

presented in the figure 3.25. 

The maximum enzyme activity was obtained at pH 5.5 for CSM-g-

PMMA and at pH 4.5 for CSM-g-PAN. In case of CSM-g-PMMA, at pH 5.5 it 

may retain positively charged and can be interact with the α-amylase through 

electrostatic interaction as the enzyme is negatively charged at that pH.  

For CSM-g-PAN, at pH 4.5 the enzyme gets slightly positively 

charged and the support surface may exist as negatively charged. This leads 

to the appreciable electrostatic interaction between the enzyme and the 

support. Here the immobilized enzyme CSM-g-PAN has shown 

comparatively lower relative activity than CSM-g-PMMA which might be 

due to its less interaction with the enzyme and leads to the enzyme leakage. 

At the pH above and below the optimum value there can be electrostatic 

repulsion occurs between the enzyme and the support since they carry same 

charges. The lower enzyme adsorption at these pH ranges might be as a 

result of hydrophobic interactions of the support with the enzyme. The 

similar observations are reported when α-amylase immobilized on poly 

(methyl methacrylate-acrylic acid) microspheres [92] and granular 

polyacrylonitrile [60]. 
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Figure: 3.25  Effect of immobilization pH on the relative activity of 

immobilized α-amylase on modified forms of magnetic 

chitosan 

3.4.4.1.2 Effect of incubation time on activity of α-amylase  

The period of incubation required for the maximum adsorption of 

enzyme on the grafted polymers were studied and are depicted in the figure 

3.26.  

 

Figure: 3.26 Effect of incubation time on immobilized α-amylase activity 

Here α-amylase was immobilized on both supports at different 

incubation time and for both supports 180 min. was sufficient for maximum 

enzyme loading. After this optimum incubation time the enzyme activity 
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was found to be declined which might be due to the leakage of enzyme. The 

subsequent addition of enzyme on the support surface leads to the repulsive 

interaction between the enzymes with similar charges which results in 

desorption of enzyme. So there is no further enzyme loading taken place and 

correspondingly no more enhancements in enzyme activity was noticed. The 

similar decline in activity was reported by David et al. when α-amylase 

immobilized on polyethylene films [93]. 

3.4.4.1.3 Effect of initial amount of protein on protein loading onto 

composites 

The protein loading on grafted copolymers was estimated by varying 

the initial protein amount and the results are shown in the figure 3.27.  

 

Figure: 3.27  Effect of initial protein amount on protein loading onto 

modified forms of magnetic chitosan 

Here we observed that the protein loading onto the supports 

increased to a saturation point as the amount of initial protein increases and 

after that it was found to be decreased. The desorption of enzyme was taken 

place over this saturation point as it was loaded excessively which may due 

to the less interaction with the support. The enzyme loading on the support 

surface can be varied with respect to the nature of the support. From the 

figure it is clear that CSM-g-PMMA attained enzyme loading of 3.8 mg g
-1

 



Chapter 3 

166 

support at the initial protein amount of 10.4 mg. The loaded enzyme for 

CSM-g-PAN at the initial amount of 12.4 mg enzyme was 5.2 mg g
-1

 

support. Here CSM-g-PAN has got much more loaded enzyme than the 

other which could be due to its high surface area. The increase in surface 

area of CSM-g-PAN was already confirmed by the BET analysis. 

3.4.4.1.4 Effect of initial protein amount on immobilized enzyme activity  

The variations of immobilized enzyme activity with respect to the 

initial protein used are shown in the figure 3.28. The α-amylase immobilized 

on CSM-g-PMMA has shown high activity of 2.92 EU with initial protein 

of 10.4 mg. But for CSM-g-PAN the maximum immobilized enzyme 

activity is found to be at 3.58 EU with initial amount of 12.4 mg enzyme. 

 

Figure: 3.28 Effect of initial protein amount on immobilized enzyme activity 

They have retained the corresponding immobilization yield of 36.54 

% at initial protein amount of 10.4 mg and 41.93 % at initial protein amount 

of 12.4 mg respectively. Comparatively lower immobilization yield of 

CSM-g-PMMA can be attributed to the multilayer adsorption of enzyme 

which leads to the weak enzyme substrate interaction and subsequently 

results in enzyme leaching.  
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The activity yield and immobilization efficiency for enzyme on both 

supports are presented in the table 3.9. The activity yield of CSM-g-PMMA 

was 28.08 % with high value of immobilization efficiency of 76.85 % and 

the CSM-g-PAN has shown activity yield of 22.48 % with 53.61 % of 

immobilization efficiency. The lower activity yield of α-amylase 

immobilized on CSM-g-PAN may be due to its conformational changes in 

the three dimensional structure that causes less enzyme-substrate affinity 

which also be affected in its immobilization efficiency. 

Table 3.9 Immobilization efficiency of α-amylase on modified forms of 

magnetic chitosan 

Support 

Initial 

protein 

(mg) 

Immobilized 

protein mg/g 

support 

IY 

(%) 

Initial 

activity 

(EU) 

Immobilized 

enzyme 

activity 

(EU) 

AY 

(%) 

IE 

(%) 

CSM-g-PMMA 10.4 3.8 36.54 10.4 2.92 28.08 76.85 

CSM-g-PAN 12.4 5.2 41.93 15.92 3.58 22.48 53.61 

3.4.4.2 Effect of pH on α-amylase activity 

The pH profile of free and immobilized enzymes with respect to their 

activity was evaluated and the results are shown in the figure 3.29.  

 

Figure: 3.29  Effect of pH on the relative activity of free and immobilized 

α-amylase on modified forms of magnetic chitosan 
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 The maximum activity for free enzyme lies in the range of pH 5-5.5 

while that for CSM-g-PMMA and CSM-g-PAN are found to be at pH 6. For 

both of the immobilized enzymes the optimum value shifted to the alkaline 

region. This shift may probably due to the changes in its microenvironment 

as a result of the immobilization process. The strong electrostatic interaction 

between the enzyme and the support results in the changes in ionization of 

acidic and basic amino acid side chains in the microenvironment leads to the 

shift in optimum pH value [94]. An increase of optimum pH was reported 

by Ningsih et al. when Bacillus thuringiensis HCB6 Amylase was 

immobilized on chitosan beads [95]. 

The enzyme activities are expressed in terms of relative activities by 

taking the optimum value as 100 %. The immobilized enzymes retained 

about 58-70 % and 52-58 % of relative activities at pH 8 and 9 respectively 

whereas the free enzyme lost almost 90 % of its activity at pH 9. Hence the 

immobilized enzymes have shown broader pH profile than free enzyme 

which attributed to their high pH stability. The increased stability of the 

immobilized enzymes over these pH ranges indicated their less 

susceptibility towards the conformational changes as a result of the changes 

in the environmental pH. 

3.4.4.3 Effect of temperature on α-amylase activity  

The influence of reaction temperature on the catalytic activity of free 

and immobilized enzymes was presented in the figure 3.30.  
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Figure: 3.30  Effect of temperature on the relative activity of free and 

immobilized α-amylase on modified forms of magnetic 

chitosan 

Both of the immobilized enzymes have shown optimum temperature 

in lower region compared to free enzyme. This might be because of the 

conformational changes caused by the enzyme upon immobilization. 

Furthermore they have shown higher relative activities and slightly broader 

temperature profile in comparison with free enzyme. It was observed that 

the immobilized enzymes have retained 52-68 % of their relative activity 

but the free enzyme possessed only 25 % of activity at 60 °C. The results 

showed that the immobilization process considerably preserved the activity 

of enzyme. As the three dimensional structure of the enzyme changed as a 

result of immobilization on to the support there exists an alteration in 

enzyme substrate affinity that eventually leads to the decrease of activity at 

higher temperatures [75, 96]. 

3.4.4.4 Activation energy 

The plot of logarithm of enzyme activity as a function of inverse of 

temperature was depicted in the figure 3.31 and the activation energy was 

calculated from the slope of the plot. The activation energy for immobilized 

enzymes CSM-g-PMMAE and CSM-g-PANE are found to be 13.57 KJ mol
-1
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and 12.89 KJ mol
-1

 respectively (table 3.10). These values are higher than 

that of free enzyme and the increased values of activation energies of 

immobilized enzymes may be due to the changes in the structure of enzyme 

molecule as a result of immobilization which hinder the enzymatic reaction 

[65, 96]. Similar findings were reported by Abdel Naby et al. when Bacillus 

subtilis α-amylase immobilized on amino alkyl silane-alumina, DEAE-

cellulose, chitin and polyacrylamide [97]. 

 

Figure: 3.31  Arrhenius plot to calculate the activation energy (Ea) for 

immobilized α-amylase on CSM-g-PMMA and CSM-g-

PAN 

 

Table 3.10  Activation energy of immobilized α-amylase on CSM-g-

PMMA and CSM-g-PAN 
 

Immobilized 

enzyme 

Activation energy 

(KJ mol
-1

) 

CSM-g-PMMAE 13.57 

CSM-g-PANE 12.89 
 

3.4.4.5 Thermal stability of the free and immobilized enzymes 

Thermal stability curves of both free and immobilized α-amylases 

were shown in the figure 3.32 and the results showed that the immobilized 

enzymes performed differently from that of free enzyme. At 40 °C the free 



Modified forms of magnetic chitosan by synthetic polymers as α-amylase carriers 

171 

enzyme retained 80 % of its relative activity while the immobilized enzymes 

gained 97-99 % of activity at that temperature. As the temperature raised to 

higher region it was found that both the immobilized enzymes denatured at 

slower rate than that of free enzyme. The relative activity of the free enzyme 

after heating at 70 °C for 1hour decreased to 10 % which was very lower 

than that of immobilized enzymes. The immobilization process protected 

the enzyme from the physical effect that leads to the enzyme denaturation. 

The multipoint attachment of the support with enzyme as a result of the 

immobilization process can cause the resistance towards the thermal 

denaturation. Hence the immobilized enzymes have shown higher heat 

resistance than free enzyme and prevent the thermal denaturation of the 

enzyme. The loss in activity at higher temperatures might be as a result of 

unfolding of protein structure due to the weak interaction between the 

enzyme and support. 

 

Figure:3.32  Thermal stability of free and immobilized α-amylase on 

modified forms of magnetic chitosan 
 

The increased thermal stability of α-amylase via immobilization 

process was further confirmed in terms of their pre-incubation time that 
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applied in the thermal stability study. The free and immobilized enzymes 

were pre-incubated up to 120 min. at their optimum temperatures and the 

inactivation curves are presented in the figure 3.33.  

 

Figure: 3.33  Variation of pre-incubation time on activity of free and 

immobilized α-amylase on modified forms of magnetic 

chitosan 

After 120 minutes of their pre-incubation at optimum temperature the 

free enzyme exhibited about 90 % of loss in activity whereas the 

immobilized enzymes lost only 42-46 % of their initial activity. The 

plausible reason for the differences in thermal stabilities of free and 

immobilized enzymes can be due to the changes in the microenvironment of 

the enzyme by the presence of support. It is possible to modify the 

molecular conformation in order to reorganize due to the changes in the 

macro environment like temperature changes [98].  The rigidification of the 

protein structure as a result of the multipoint attachment and thus reduction 

in the dissociation difficulties through the immobilization also contribute to 

these changes in thermal stability [99]. 
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3.4.4.6 Determination of kinetic parameters  

The Lineweaver-Burk plots and Hanes-Woolf plots shown in the 

figure 3.34 are used to determine the kinetic parameters Km and Vmax.  

  

  (i)             (iii)                                                                                        

  

  (ii)                     (iv) 

Figure: 3.34  Lineweaver-Burk plots for (i) CSM-g-PMMAE (ii) CSM-g-

PANE and Hanes-Woolf plots for (iii) CSM-g-PMMAE (iv) 

CSM-g-PANE. 

The kinetics of the enzymatic reaction changed as a result of the 

immobilization since the binding of enzyme onto the support leads to 

changes in enzyme conformation, microenvironment of the support and then 

the bulk and diffusional effects. The kinetic parameters (Km and Vmax), 

turnover number (Kcat) and catalytic efficiency (Kcat/Km) of free and 

immobilized enzymes are tabulated in the table 3.11. 

Both of the immobilized enzymes exhibited higher Km values in 

comparison to free enzyme indicated that the substrate affinity of the α-
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amylase was decreased after immobilization [100, 101]. Immobilization can 

alter the shape of enzyme and it could diminish the accessibility of active 

site of the enzyme for substrate. The high Km value of the immobilized 

enzymes could be attributed to their diffusional limitations, ionic and steric 

effect via immobilization process [102]. The immobilized enzyme activity 

depends on the particle size of the support and the enzyme loading that 

influence the effect of diffusional limitations [103, 104]. The immobilized 

enzymes have shown reduced Vmax values compared to the free enzyme. 

This might be due to the substrate diffusion to the active site of the enzyme 

with an increase of Km value. The blocking of active sites of enzyme on 

immobilization can also be decrease the Vmax value. The increase in Km and 

decrease in Vmax of amylase was reported by Roy et al. when immobilized 

on polystyrene cation exchange resin equilibrated with Al
3+

 ions [105]. 

Similar trend in variation of kinetic parameters was reported by D'Angiuro 

for enzymes immobilized by graft copolymerization to different 

polysaccharides [21]. 

The Kcat values of CSM-g-PMMAE and CSM-g-PANE are 1230.99 

and 1065.34 min
-1 

respectively. The analyzed data assigned that turnover 

number of both immobilized α-amylases were lower than that of free 

enzyme which were found to be 35.56 % lesser for CSM-g-PMMAE and 

44.23 % lesser for CSM-g-PANE. This indicated that one free enzyme 

molecule requires 31.41 milliseconds to convert one substrate molecule into 

product whereas one molecule of immobilized enzymes needs 48.73 and 

56.34 milliseconds of time. These results showed that the immobilization 

leads to the decrease in enzymatic activity of α-amylase. 

The Kcat/Km values revealed that immobilized enzymes have 

exhibited 90.61 % and 88.54 % of lesser catalytic efficiency than that of free 
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enzyme and this indicated that the immobilization process reduces the 

catalytic efficiency of the enzyme. 

Table 3.11  Kinetic parameters for free and immobilized α-amylase on 

modified forms of magnetic chitosan 

Immobilized 

enzyme 

Km 

(mg mL
-1

) 

Vmax 

(μmol  mg
-1

 min
-1

) 

Kcat 

(min
-1

) 

Kcat/Km 

(mlmg
-1

min
-1

) 

Free enzyme 0.45± 0.02 34.48±0.05 1910.19 4244.87 

CSM-g-PMMAE 3.09± 0.02 22.22± 0.03 1230.99 398.38 

CSM-g-PANE 2.19±0.04 19.23± 0.02 1065.34 486.46 

3.4.4.7 Storage stability of Immobilized α-amylase 

The storage stability of the immobilized enzymes has assessed by 

storing them at 4 ºC and their activities were evaluated for a period of 6 

months. The results are exhibited in the figure 3.35 and it revealed that 

CSM-g-PMMAE retained about 45 % of its initial activity while that of 

CSM-g-PANE was only about 25 % of its activity after 6 months. As the 

storage stability is an intrinsic property of the enzyme and the attachment of 

enzyme with suitable support can enhance this property. Here we observed 

that the immobilization process improved the storage stability of the α-

amylase as the free enzyme lost all of its activity within 7 days (not shown 

in the figure). Among the immobilized enzymes CSM-g-PMMAE has 

shown better storage stability in comparison to the other one. The activity of 

the immobilized enzymes depends upon the nature and adsorption capacity 

of the support to bind with the enzyme in a proper orientation for long time. 

Thus immobilization provides stability to the enzyme conformation which 

preserves the activity longer. The retained activities of α-amylase were 

observed previously when immobilized on different polymeric supports [92, 

106, 107].  
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Figure: 3.35 Storage stability CSM-g-PMMAE and CSM-g-PANE 

3.4.4.8 Reusability 

The α-amylase immobilized supports were easily recovered for the 

iterative uses due to their magnetic property. The reusability of the 

immobilized enzymes was examined for 10 cycles of continuous uses by 

determining their relative activities and is depicted in the figure 3.36.  

 

Figure: 3.36 Reusability of CSM-g-PMMAE and CSM-g-PANE 
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They have exhibited significant activity after 10 continuous cycles of 

enzyme catalyzed reaction. The repeated uses of immobilized enzymes 

diminish the interaction between the enzyme and the support which leads to 

the enzyme leakage from the support surface and consequently reduce the 

enzyme activity. As a result of this the relative activity was found to be 

decreased with the increase in number of uses. Furthermore, the 

denaturation of the enzyme as a result of continuous usage also leads to the 

loss in activity of the immobilized enzymes [108]. For CSM-g-PMMAE the 

relative activity was found to be about 45 % at the tenth cycle of iterative 

enzymatic reaction and CSM-g-PANE retained around 35 % of its initial 

activity. Cakmakci et al. studied the reuse capability of α-amylase and 

observed the loss in activity on repeated uses when immobilized on 

aminated polyimide membrane [109]. Similar trend was observed in other 

literatures [110, 111]. 

3.5 Conclusion 

Magnetic chitosan was modified with synthetic polymers polyaniline 

and polypyrrole, also by graft copolymerization of methyl methacrylate and 

acrylonitrile. All the modified forms were characterized by FT-IR, XRD, 

TGA-DTG, SEM, VSM, BET, EDX and CHN analysis. The α-amylase 

immobilized onto the modified magnetic chitosan exhibited increased 

activity and stability when compared to the free enzyme. The 

immobilization conditions were optimized and all the immobilized enzymes 

showed broader pH and temperature profile indicated their higher stability 

towards the immobilization conditions. The optimum temperature of 

enzyme gets shifted to pH 6 in case of all immobilized enzymes. For CSM-

PANI and CSM-PPY the optimum temperature was shifted to 35 °C, 

whereas CSM-g-PMMA and CSM-g-PAN exhibited their optimum 
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temperatures at 40 °C and 45 °C respectively. CSM-PPY has attained 

highest immobilization yield due to its increased surface area but the 

immobilization efficiency was highest for CSM-g-PMMA. The CSM-

PANIE has showed highest activation energy of 20.76 KJ mol
-1

. The kinetic 

parameters, Km, Vmax and Kcat/Km were evaluated and compared with that of 

free enzyme. CSM-PANIE, CSM-PPYE, CSM-PMMAE and CSM-PANE 

have retained 50 %, 40 %, 45 % and 35 % of activity after 10 cycles of uses 

and 50 %, 40 %, 45 % and 25 % of initial activity after six months of 

storage. 
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4.1 Introduction 

The layered solids comprised of stacked arrangement of two 

dimensional layers with high characteristic ratio one above the other to form 

three dimensional macro molecular structures. Here the adjacent layers hold 

together by van der Waals forces and the atoms of the same layer 

experiencing covalent bond between them. Hence the bonding between the 

atoms of the same layer constitutes much stronger than the bonding between 

the atoms of adjacent layers [1]. The guest species can be accommodated 

into the spaces between the layers with respect to their charges.  

The important layered solids such as smectic clays and layered oxides 

consist of negatively charged layers with positively charged ions occupied in 

the interlayer. The cationic biomolecules have been introduced into the 

interlayer spaces of smectites [2-4] and the amino groups of enzyme can be 

interacted with these types of layered solids through electrostatic interaction. 

The graphite oxide (GO) has layered structure and can act as an 

adsorbent to remove biomaterials [5]. The multiple oxygen containing 
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functional groups of GO are covalently bonded to its layers and form 

negatively charged surface on to it. The exfoliation of graphite oxide gives 

graphene oxide on which many studies were reported as efficient enzyme 

carrier. This layered material can be dispersed into the polymer matrix in 

order to provide enhanced mechanical and thermal properties and hence 

impart biocompatibility to the resultant composite. Many attempts have been 

done in order to improve the electrical properties of chitosan by the dispersion 

of super paramagnetic Fe3O4 nanoparticles for biosensor applications [6].  The 

dispersion of Fe3O4 and graphene oxide into chitosan matrix was also 

reported in which the mechanical and electrical properties of graphene oxide 

and Fe3O4 was combined with scaffold forming properties of chitosan [7]. 

The various surface functional groups on graphene oxide such as –OH, –O–, 

C=O and –COOH contribute hydrophilic nature to it which favor the 

adsorption of enzyme and due to the presence of these functional groups, the 

enzymes can also be covalently immobilized on it without any cross-linkers. 

There are many reports in which the enzyme successfully immobilized on the 

surface of graphene oxide layer without getting any pretreatment [8, 9]. 

Pavlidis et al. observed that the amine functionalized graphene oxide layer 

has been performed as effective carrier for enzyme immobilization of 

industrially important enzymes such as lipase and esterase [10]. The 

improvement in thermal stability, reusability and storage stability of 

immobilized enzymes has also observed when gluteraldehyde was used as 

cross-linker in the covalent immobilization method [11, 12]. 

Montmorillonite is a layered silicate structure showing intercalation 

properties and have certain characteristics such as chemically inert and 

higher temperature resistance [13] .  The clays are aluminosilicates which 

consists of acidic sites and can be interact with the amino groups of enzyme. 
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As this interaction is much stronger than the physical adsorption, the 

enzyme leaching from the support can be much reduced [14]. The 

hydrophobic character of the clay can be changed through organo 

modification that could increase the strength of enzyme adsorption and 

hence the catalytic activity of the enzyme [15]. The intercalation of MMT 

with chitosan showed improvement in their stability and mechanical 

properties. The polycationic nature of chitosan provides excellent 

intercalation with MMT [16, 17]. The improved properties of the composite 

may be due to the stronger interfacial interaction between layered MMT and 

the polymer matrix. The improvement in mechanical properties of the 

composite could be due to the electrostatic interaction between the hydroxyl 

and amino groups of chitosan and the clay surface. The chitosan-clay 

composite attained enhanced thermal stability due to the superior insulation 

property of the clay mineral which provided mass transport barrier against 

thermal degradation of the polymer matrix [18].  Sanjay et al. reported the 

effective immobilization of α-amylase on to montmorillonite by adsorption 

and covalent method [19]. The author observed that as the entire enzyme 

backbone was on the periphery of the clay surface the enzyme as a whole is 

not intercalated. Tohid Mardani et al. noticed that chitosan-montmorillonite 

nanocomposite beads were found to be suitable carrier for α-amylase 

immobilization [20]. A study on interactions of clay rich in montmorillonite 

with enzymes were reported by azzouz et al. and they declared that the clay-

enzyme interactions were mainly due to the cations presented at the surface 

of clay which determined by their acid base properties [21]. 

The current chapter deals with the effectiveness of modified 

magnetic chitosan by graphite oxide and montmorillonite as enzyme carrier 

for α-amylase immobilization. This describes the adsorption and covalent 
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immobilization methods for α-amylase on CSM-GO composite. The 

variation of MMT concentration in CSM-MMT composite on enzyme 

immobilization is also investigated in this chapter. 

4.2 Materials Used 

Ferrous sulphate, ferric chloride and ammonium hydroxide were 

purchased from S.d. Fine Chemicals Ltd. Mumbai. Graphite powder, 

montmorillonite, potassium permanganate and hydrogen peroxide solution 

were procured from Sigma Aldrich Chemicals. Gluteraldehyde was acquired 

from LOBA CHEMIE Pvt. Ltd. Mumbai. Chitosan (95% degree of 

deacylation) was obtained from Meron marine chemicals, Cochin. The 

details of materials used for protein estimation and activity assay were given 

in the chapter 2. 

4.3  Graphite oxide modified magnetic chitosan as α-amylase 

carrier 

4.3.1 Synthesis of graphite oxide modified magnetic chitosan 

Synthesis of magnetic particles 

The co-precipitation method was adopted for the preparation of 

magnetic particles in which the precursors used are the aqueous mixture of 

ferrous sulphate (FeSO4.7H2O) and ferric chloride (FeCl3.6H2O) keeping 

their molar concentration in the proportion of Fe
2+

:Fe
3+

 = 1:2 [22]. A 

volume of 125 mL of the precursors with molar concentration of aqueous 

solutions 2M Fe
3+

 and 1M Fe
2+

 was mixed and agitated thoroughly. 

Afterwards, NH4OH added to the above solution drop by drop under 

constant stirring at room temperature until the pH reaches 9. The resulting 

black precipitated suspension was heated at 80 ºC for 30 minutes, then the 
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precipitate filtered and washed with distilled water.  The precipitate was 

dried in vacuum oven at 70 ºC and ground to fine powder. 

Synthesis of graphite oxide (GO)  

Graphite oxide (GO) was synthesized by utilizing the altered form of 

Hummers’ method [23]. About 1g graphite powder was stirred in 23 mL 

conc.H2SO4 at 0 °C. Then 3g potassium permanganate was added gradually 

in to the resultant suspension, maintaining the temperature less than 20 °C. 

After taken from the ice bath, the reaction mixture was agitated at room 

temperature for about 30 min. About 23 mL of distilled water slowly added 

into the suspension by keeping the temperature less than 98 °C. The 

suspension was kept for 10 min. agitation and again diluted with 140 mL of 

distilled water. About 10 mL of hydrogen peroxide solution (30 wt %) was 

added in to the reaction mixture and then kept for overnight. The precipitate 

formed was decanted and then dried. 

Synthesis of magnetic chitosan-graphite oxide composite 

Chitosan solution was prepared by dissolving 2 g chitosan in 100ml 

of 2 % acetic acid (v/v) and then the mixture was stirred for 30 min. of 

sonication. The prepared chitosan solution was stirred continuously for 2 h 

with 0.75 g of magnetite. After that 5 mL of gluteraldehyde (25 %) was 

mixed with the resultant solution and then about 1.5 g of graphite oxide was 

successively added in to it. The pH of the solution was maintained between 

9 and 10 and kept stirred for 1 h at 80 °C. The precipitate formed was 

separated by applying an external magnetic field, washed with ethanol and 

distilled water and then dried in a vacuum oven at 50 °C.  
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Scheme 4.1 Composite formation of magnetic chitosan with graphite oxide 

4.3.2 Physico-chemical characterization  

4.3.2.1 Infrared spectra  

The IR spectra of GO, CSM and CSM-GO are shown in the figure 

4.1 and the peak informations are detailed in the table 4.1. The spectrum of 

GO exhibited the vibrational bands at 1750 cm
-1 

corresponding to the 

carboxyl groups. The peak at 1055 cm
-1

 assigned to the presence of epoxy 

groups and the band at 1200 cm
-1 

might be due to the C–O group vibrations 

in epoxides [24, 25]. The peak at 1600 cm
-1

 indicated the C=C stretching 

vibrations and the broad peak at 1350 cm
-1

 attributed to the C–OH 

stretching vibrations. 
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For CSM-GO the broad peak that observed at 3400 cm
-1

 assigned to 

the combined stretching vibrations of NH2 and OH groups. The peak of GO 

at 1750 cm
-1 

corresponding to the carboxyl groups was found to be 

disappeared in case of CSM-GO indicated that the composite formation has 

taken place due to the reaction of carboxyl group of GO with amino group 

of chitosan to form amides. As a result of this the intensity of the amide 

peak of CSM presented at 1614 cm
-1

 was found to be broadened and shifted 

to 1636 cm
-1

 in case of CSM-GO. The intensity of the NH2 vibrational 

bands is more in case of CSM-GO which appeared at 1597 cm
-1

 than that of 

CSM which confirmed the composite formation. The amino groups of 

chitosan react with epoxy groups of GO through the nucleophilic 

substitution reaction. The Fe–O bond vibrations are noticed in the range of 

575 cm
-1

 indicated the presence of magnetite in the composite. The peak at 

1450 cm
-1 

was attributed to the symmetric deformations of methyl and 

methylene groups and the band at 1025 cm
-1

 assigned to C–O–C stretching 

vibration [26, 27]. 

 

Figure: 4.1 IR Spectra of CSM, GO and CSM-GO 
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Table 4.1 Peak assignments for GO modified magnetic chitosan 

Peak assignment (cm
-1

)  CSM GO CSM-GO 

N–H and O–H stretching vibration  3310 - 3400 

C=O stretching vibration in carboxylic acid - 1750 - 

NH2 bending  1514 - 1597 

C=O stretching of amide  1614 - 1636 

C–O group stretching vibrations  1056 1200 1078 

C–O–C stretching vibration 1028 1055 1025 

Fe–O bond vibration  577 - 570 

 

4.3.2.2 X-ray powder diffraction spectra 

 The XRD spectra of CSM-GO exhibited broad peak around 2θ = 20° 

corresponds to the chitosan presented in the composite. The GO peak at 2θ 

= 9° can be seen in case of CSM-GO with lesser intensity which may be due 

to the structural disorder of the graphite oxide layer as it was reduced when 

reacted with chitosan during the composite formation [28]. The introduction 

of amino groups of magnetic chitosan in to the graphite oxide layer leads to 

the changes in its interlayer spacing.   

The other peaks at 2θ=30.5°, 35.2°, 43°, 54.1°, 57.1° and 62.8° are 

assigned to the indices (220), (311), (400), (422), (511) and (440) 

respectively characteristics to the crystalline phases of Fe3O4 with cubic 

inverse spinel structure [29]. This indicated that composite formation of 

CSM with GO provides little changes in the crystalline phases of magnetite. 

The average crystallite size was calculated as 38.08 nm from Debye–

Scherrer equation. 
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Figure: 4.2 XRD Spectra of GO and CSM-GO 

4.3.2.3 Thermal analysis 

The TGA-DTG curves of CSM-GO was compared with that of GO 

and are depicted in the figure 4.3. For CSM-GO the first peak presented at 

100 ⁰C was due to the evaporation of physically adsorbed water. The second 

major weight loss observed at 150-250 ⁰C was associated with the 

decomposition of surface functional groups of GO such as epoxy and 

carboxyl groups [24]. The intensity of the peak was found to be less when 

compared to that of GO. This fact also confirms the composite formation of 

CSM with GO as the reaction during the composite formation leads to the 

structural disorder of the GO layer due to its reduction. The third weight loss 

at 250-350 ⁰C attributed to the decomposition of chitosan with hydroxyl and 

amino functional groups. The other minor peaks observed above 400 ⁰C 

might be related to the further degradation of chitosan residues [30].  

The TGA curves revealed the better thermal stability of CSM-GO 

composite. For GO 40 % weight loss was obtained up to 200 ⁰C whereas 
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CSM-GO showed only 20 % of weight loss at the same temperature range. At 

600 ⁰C, GO exhibited almost 100 % degradation while for CSM-GO only 70 % 

of weight loss occurred and this accounts for its better thermal stability. 

  

 (i)                                                                     (ii) 

Figure: 4.3 TGA-DTG curves of (i) GO and (ii) CSM-GO 

4.3.2.4 Surface area analysis 

BET analysis was implemented for the evaluation of the surface area 

of CSM-GO composite and it was acquired an appreciable value of 5.4 m
2
g

-1
. 

Surface area of the support plays an important role in enzyme 

immobilization; one with large surface area should be acquired best loading 

capacity towards enzyme. Here the surface area of CSM was improvised 

considerably due to the introduction of GO particles which in turn results in 

an efficient enzyme carrier.  

4.3.2.5 Energy dispersive X-ray analysis 

The EDX spectrum of CSM-GO is given in the figure 4.4 and the 

elemental data obtained are presented in the table 4.2. The acquired data 

were compared with that of magnetic chitosan and the structural 

modification of CSM was confirmed by the presence of increased amount of 

O and C and decreased amount of N and Fe in CSM-GO.  
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Table 4.2 Elemental data of CSM-GO 

Element Weight % Atomic % 

O 46.07 45.21 

C 30.98 40.28 

N 18.30 20.41 

Fe 13.65 3.9 

 

 

Figure: 4.4 EDX spectra of CSM-GO 

4.3.2.6 Magnetic properties 

 The magnetic property of CSM-GO composite was studied by using 

VSM analysis and the magnetization curve was shown in the figure 4.5. The 

plot gives the saturation magnetization value of 5.33 emu g
-1

 and this 

decreased value compared to CSM may be as a result of the low loading of 

magnetite on CSM-GO composite [31, 32]. The modification of magnetic 

chitosan with GO reduces its overall magnetic property due to the presence 

of non magnetic GO particles.  
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Figure: 4.5 Magnetization curve of CSM-GO composite 

4.3.3 Immobilization of α-amylase on GO modified magnetic 

chitosan 

Adsorption and covalent binding methods were adopted for the α-

amylase immobilization on CSM-GO composite. 

Adsorption method 

A definite volume of enzyme in desired buffer was added in to 1g 

support and incubated in a water bath shaker for 2 h at room temperature. Then 

the immobilized enzyme has undergone magnetic separation and washed 

several times with the same buffer in order to remove the unbound enzyme. 

Covalent method 

In this method 1 mL of 25 % gluteraldehyde solution was mixed with 

1 g support in basic medium and the mixture was allowed to stir for 3 h at 

room temperature. After the time period the modified support magnetically 

separated and washed with the same buffer in order to remove the excess 

gluteraldehyde. The support was dried in air, immersed in the enzyme 
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solution in buffer and incubated in a shaking water bath under constant 

stirring for 2 h at room temperature. The immobilized enzyme thus formed 

was separated by external magnetic field and washing was performed three 

times with the same buffer for the removal of unbound enzyme. 

4.3.3.1 Optimization of α-amylase immobilization conditions 

4.3.3.1.1 Effect of immobilization pH on α-amylase activity 

In adsorption method, since GO in the support has plenty of surface 

functional groups such as carboxyl and epoxy groups, its surface can 

strongly interact with the enzyme molecules via electrostatic interaction. 

The gluteraldehyde activated CSM-GO promotes multipoint covalent 

binding with the enzyme, through their aldehyde groups and free amino 

groups of enzyme.  

The optimum pH of the enzyme may shift towards the acidic or 

alkaline region as a result of immobilization. The immobilized enzyme 

formed through both of the methods has shown the optimum pH at 6. But 

the activity of covalently immobilized enzyme at either side of this optimum 

pH was found to be high and it has shown broader pH profile compared to 

the other. This increased activity might be as a result of more active 

conformation of enzyme which attained through the strong interaction 

between the enzyme and the support during covalent immobilization [33]. 

These covalent interactions are much more affected the intra molecular 

forces of enzyme than that caused by adsorption in order to maintain the 

active conformation of enzyme. 

The adsorption immobilization of enzyme should be strongly 

influenced by the electrostatic interaction between enzyme and the support. 

α-amylase (pI=4.6) has a net positive charge at pH below 4.6 and a net 
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negative charge at pH above 4.6. The multiple oxygen containing functional 

groups in CSM-GO can provide negatively charged surfaces and can 

interact with the positively charged enzyme. The amino groups of CSM-GO 

established after the cleavage of epoxy groups of GO through the 

nucleophilic attack of the lone pair of amino groups of CSM and the amido 

groups of CSM-GO that originated after the interaction of carboxyl groups 

of GO with the amino groups of CSM form the cationic sites at acidic pH 

values, which can make electrostatic interaction with the negatively charged 

enzyme [34, 35]. 

As the pH varied from 5 to 6 the relative enzyme activity was found 

to be increased which might be due to the strong interaction of negatively 

charged enzyme with the positively charged support. Here the enzyme 

interaction with cationic sites of the support predominates over the 

interaction with negatively charged surfaces of support which results in 

strong interaction between them and leads to the increase of enzyme 

activity.   

At pH above the optimum value, the enzyme activities are likely to 

be decreased which could be as a result of the repulsive interaction between 

the enzyme and the negatively charged surfaces of the support. The other 

interactive forces such as hydrogen bonding between oxygen containing 

functional groups of support and amino acid residues of enzyme may 

contribute to the resultant enzyme activity. Jiali et al. argued that strong 

electrostatic interaction and hydrogen bonding contribute to the high loading 

of horseradish peroxidase on GO [8]. 
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Figure: 4.6 Effect of immobilization pH on the relative activity of 

immobilized α-amylase by adsorption and covalent methods 

4.3.3.1.2 Effect of incubation time on α-amylase activity 

The incubation time course was checked for both of the 

immobilization methods from 60 to 300 min. and the results are depicted in 

the figure 4.7. For adsorption and covalent methods as the incubation time 

prolonged from 60 to 180 min. the relative activity of the enzyme was found 

to be gradually increased and then reached a plateau. As the time was further 

continued to increase, the activity decreased to lower values and this might be 

due to the reduction in the availability of the active site of the enzyme for the 

substrate molecule as a result of multilayer adsorption of enzyme on support. 

The similar trend in incubation period of immobilization process was reported 

by Jian et al. when cellulase was immobilized on to graphene oxide with 

hydrophobic spacer [36].  
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Figure: 4.7  Effect of incubation time on activity of immobilized α-amylase 

by adsorption and covalent methods 

4.3.3.1.3 Effect of initial amount of protein on protein loading onto 

modified magnetic chitosan 

The variations of loaded protein on CSM-GO with respect to 

different initial protein concentration by two different immobilization 

methods are shown in the figure 4.8. On comparing adsorption and covalent 

binding methods of immobilization, the former one has given high loaded 

protein on support which was 9.6 mg g
-1

 support at the initial protein 

amount of 12.4 mg. For covalent immobilization method the protein loaded 

was 5.8 mg g
-1

 support at 8.6 mg of initial protein. These initial enzyme 

concentrations are taken for the further studies as the optimum enzyme 

concentration for enzyme immobilization. The lesser amount of loaded 

protein in case of covalent immobilization method may be due to the 

reduced sites for immobilization on the surface of support as it was 

activated with gluteraldehyde cross-linking agents. 
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Figure: 4.8  Effect of initial protein amount on protein loading onto CSM-

GO by adsorption and covalent methods 

 

4.3.3.1.4 Effect of initial protein amount on immobilized enzyme activity  

The enzyme activity of immobilized enzyme by adsorption and 

covalent method was plotted against the variation of initial protein amount 

and the figure 4.9 showed that the immobilized enzyme by adsorption 

method acquired higher enzyme activity, which was about 13.37 EU with 

initial protein of 12.4 mg. The covalently immobilized enzyme gained only 

the activity of 11.16 EU when 8.6 mg of enzyme was used for 

immobilization. 
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Figure: 4.9 Effect of initial protein amount on activity of immobilized α-

amylase by adsorption and covalent methods 

The loss in activity of covalently immobilized enzyme could be as a 

consequence of the changes in the structural conformation of the active site 

of enzyme due its multipoint covalent binding with the support.  But in case 

of adsorption immobilization of enzyme on support only electrostatic 

interactions contribute to the binding forces between them. As a result of 

this the changes of structural conformation of enzyme should be negligible 

due to these weak interactive forces and hence acquired insignificant loss of 

enzyme activity compared to the other one. 

 The immobilization yield was found to be more for the immobilized 

enzyme by adsorption method and it was 77.42 %. This can be due to the 

presence of multiple oxygen containing functional groups on support 

provide several binding sites for enzyme and so the enzyme adsorption 

capacity become enhanced. The lower immobilization yield for the 

covalently immobilized enzyme might be due to the lesser number of 

gluteraldehyde activated ends as the enzyme binding sites and subsequently 

decreased the enzyme binding capacity. 
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 The activity yield and immobilization efficiency were also evaluated 

for the immobilized enzyme by two methods and are shown in the table 4.3. 

The immobilized enzyme by adsorption has shown higher activity yield than 

covalent method and it was 63.95 %. The same has shown better 

immobilization efficiency than the other one. For covalently immobilized 

enzyme the gluteraldehyde linkages between the enzyme and support 

affected the structural conformation of the active site of the enzyme. This 

causes to slow down the starch hydrolysis reaction due to the less affinity of 

enzyme active site towards the substrate molecules and eventually has 

shown low activity yield and immobilization efficiency. 

Table 4.3  Immobilization efficiency of α-amylase on CSM-GO by 

adsorption and covalent methods 

 

Support 

Initial 

protein 

(mg) 

Immobilized 

protein 

mg/g support 

IY 

(%) 

Initial 

activity 

(EU) 

Immobilized 

enzyme 

activity (EU) 

AY 

(%) 

IE 

(%) 

CSM-GO 

(Adsorption) 
12.4 9.6 77.42 20.89 13.37 63.95 82.6 

CSM-GO 

(Covalent 

method) 
8.6 5.8 67.44 25.82 11.16 43.22 64.09 

 

4.3.3.2 Effect of pH on α-amylase activity 

 The pH effect on the activity of free and immobilized α-amylase by 

adsorption and covalent methods was investigated in the pH range 4-9 and 

the results are illustrated in the figure 4.10.  
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Figure: 4.10  Effect of pH on the relative activity of free and 

immobilized α-amylase by adsorption and covalent 

methods 
 

Both of the immobilized enzymes have shown broader pH profile 

and their optimum pH have shifted to more alkaline region compared to free 

enzyme, which are at pH 6 and 7 respectively. This shift of optimum pH of 

enzyme depends on the method of immobilization adopted and also on the 

nature of the support selected. Here we observed that the covalently 

immobilized enzyme has retained more activity in the alkaline region than 

that of free and adsorbed enzyme. This could be due to the fact that the 

covalent binding of amino groups of enzyme with gluteraldehyde has taken 

place in the alkaline medium and the Schiff bases formed are stable at this 

region, hence the immobilized system preserved more activities [37]. But 

there was decrease of enzyme activities at acidic regions can be noticed 

which might be due to the instability of the Schiff bases at this region and 

subsequently enzyme desorption taken place.  

For the immobilized enzyme by adsorption method, the surface 

functional groups on the support influence its pH stability as the 
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immobilization of the enzyme has been taken place by direct contact with 

the support. At lower pH the –COOH and –NH2 functional groups present 

on the support get protonated and so there exists a lower H
+
 concentration in 

the microenvironment of the immobilized enzyme compared to bulk 

solution which results in the pH of the immobilized enzyme more alkaline 

than external region. At higher pH ranges these surface functional groups 

became deprotonated and generated an electrostatic repulsion between the 

enzyme and the support which leads to the decrease of activity [38]. The 

similar trend was reported by Hermanova et al. when lipase immobilized on 

graphene oxide by physical adsorption and covalent attachment [39].  

4.3.3.3 Effect of temperature on α-amylase activity 

The effect of temperature on activity of free and immobilized α-

amylase was analyzed in the temperature ranges from 30-60 °C. Both of the 

immobilized enzymes have shown optimum temperature at 40 °C. 

 

Figure: 4.11  Effect of temperature on the relative activity of free and 

immobilized α-amylase by adsorption and covalent methods 
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The immobilized enzymes have shown broader temperature profile 

and have retained the activity about 65 % for adsorption method and 80 % for 

covalent method. The enhanced activity of α-amylase on covalent 

immobilization provides effectual protection from heat inactivation of 

enzyme by structural denaturation. This confirmed that the covalent 

immobilization protected the α-amylase activity to a great extent than that by 

adsorption method. The increased activity of α-amylase was observed in 

many literatures where the enzyme was undergone covalent immobilization 

[40-42]. 

4.3.3.4 Activation energy 

The activation energy (Ea) of enzyme catalysis reaction for CSM-

GOE by both methods was calculated from Arrhenius plot shown in the 

figure 4.12 and the values are presented in the table 4.4. They have shown 

increased activation energies compared to free enzyme and out of which the 

covalent immobilization of α-amylase has shown lower activation energy 

than that of by adsorption immobilization. This described the higher 

catalytic efficiency of covalently immobilized enzyme and showed that the 

covalent immobilization conserved more energy which results in 

economically favorable immobilized system [43]. This observation was also 

associated with the mass transfer control for covalently immobilized α-

amylase preferably than kinetic control. 
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Figure: 4.12  Arrhenius plot to calculate the activation energy (Ea) of 

immobilized α-amylase by adsorption and covalent methods 

 
Table 4.4 Activation energy of CSM-GOE by adsorption and covalent methods 

Immobilization method 
Activation energy 

(KJ mol
-1

) 

Adsorption 16.83 

Covalent method 14.56 
 

4.3.3.5 Thermal stability of the free and immobilized enzymes 

Thermal stability of free and immobilized α-amylase by adsorption and 

covalent methods was studied and the results are illustrated in the figure 4.13.  

 
Figure:4.13  Thermal stability of free and immobilized α-amylase by 

adsorption and covalent methods 
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The free α-amylase retained 80 % of its initial activity at 40 °C while 

both of the immobilized enzymes preserved around 99 % of their activity at 

the same temperature. After this temperature the relative activity of the free 

enzyme decreased significantly and it has shown only 35 % of activity at 50 

°C. The immobilized enzyme by adsorption method lost only 10 % of its 

activity at this temperature and for covalently immobilized enzyme it was 

about 5 % loss in activity. Both immobilization methods contribute 

increased thermal stability to α-amylase and prevent the denaturation of 

enzyme at elevated temperatures [44, 45]. But the loss in activity for 

covalently immobilized enzyme was found to be at slower rate compared to 

other one which might be due to the covalent attachment of enzyme with the 

support. The covalent binding of enzyme with gluteraldehyde activated 

support provides enhanced rigidity to the enzyme structure and hence 

restricted conformational flexibility was achieved by the enzyme. As a 

result of this the covalently immobilized enzyme has shown more activity at 

higher temperatures. At 70 °C the immobilized enzyme retained activity of 

75 % and 85 % respectively for adsorption and covalent method. This 

improvement in thermal stability of α-amylase as a result of immobilization 

will be reflected in its catalytic performance and so can be utilized in many 

industrial sectors where the high temperature conditions needed. 

 The thermal inactivation curves for free and immobilized enzymes 

were plotted in figure 4.14 which describes the effect of pre-incubation time 

on their activity. At the end period of study the free enzyme lost 90 % of its 

activity while the immobilized enzymes retained about 70 % of activity for 

adsorption method and 80 % of activity for covalent method. As a result of 

thermal inactivation the conformation changes occurred in enzyme structure 

due to the destruction of intermolecular forces that maintained the three 
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dimensional structure. Here we noticed that covalently immobilized enzyme 

retained more activity than others due to the existence of covalent interaction 

between the enzyme and support which imparts stability to it. The covalent 

binding between the aldehyde group of support and amino group of enzyme 

leads to the protected microenvironment to the immobilized system by 

providing stabilizing forces and hence molecular rigidity [46, 47]. The 

increase in thermal stability of α-amylase was also observed by Maedeh et al. 

when it was immobilized on nano pore zeolite [48]. The denaturation 

resistance of immobilized α-amylase was found to be improved by its 

multipoint attachment acquired through the covalent immobilization.  

 

Figure: 4.14  Variation of pre-incubation time on activity of free and 

immobilized α-amylase by adsorption and covalent methods 

4.3.3.6 Determination of kinetic parameters  

The kinetic parameters for free enzyme, CSM-GOE by adsorption and 

covalent method were determined by evaluating the activity of enzyme 

towards starch hydrolysis reaction. The Km and Vmax values were calculated 

from the Lineweaver-Burk plots and Hanes-Woolf plots, shown in the figure 

4.15 and are presented in the table 4.5. The immobilized enzymes by both 
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methods have shown slightly higher Km values compared to that of free 

enzyme which indicated their low affinity towards the substrate molecule. 

They have shown lower Vmax values which could be due to the loss of 

substrate molecules from their microenvironment as a result of the diffusional 

limitations or might be as a result of partial inactivation of the active sites of 

enzyme [49]. Tatah et al. reported the difference in kinetic parameters of α-

amylase as a result of immobilization process [50]. Similar results are 

reported when α-amylase immobilized covalently on plastic supports [51].  

  

  (i)          (ii)  

   

 (iii)                      (iv) 

Figure: 4.15  Lineweaver-Burk plots for CSM-GOE by (i) adsorption 

method (ii) covalent method and Hanes-Woolf plots for 

CSM-GOE by (iii) adsorption method (iv) covalent method. 
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Table 4.5  Kinetic parameters for free and immobilized α-amylase by 

adsorption and covalent methods 

Immobilized 

enzyme 

Km 

(mg mL
-1

) 

Vmax 

(μmol  mg
-1

 min
-1

) 

Kcat 

(min
-1

) 

Kcat/Km 

(mLmg
-1

min
-1

) 

Free enzyme 0.45± 0.02 34.48±0.05 1910.19 4244.87 

CSM-GOE 

(Adsorption) 
0.51± 0.03 21.28± 0.04 1178.91 2311.59 

CSM-GOE 

(Covalent method) 
0.5±0.04 23.81± 0.02 1638.73 3277.46 

 

By knowing the values of Km and Vmax, we have calculated the 

turnover number (Kcat) and catalytic efficiency (Kcat/Km) for free and 

immobilized enzymes. The Kcat values evaluated for CSM-GOE by 

adsorption and covalent method are 1178.91 min
-1 

and 1638.73 min
-1 

respectively which were 38.28 % and 14.21 % lesser than that of free 

enzyme. These results showed that one molecule of each immobilized 

enzymes have taken 50.89 and 36.62 milliseconds of time for the conversion 

of one substrate molecule into product. The respective catalytic efficiencies 

of immobilized enzymes calculated were 45.54 % and 22.79 % lower than 

that of free enzyme. 

4.3.3.7 Storage stability of immobilized α-amylase 

The stability of enzyme during storage is the important feature for its 

applicability in the industrial field. The effect of immobilization method on 

storage stability was investigated at 4 ºC for six months of duration and the 

results are depicted in the figure 4.16. 

After six months of storage CSM-GOE by adsorption method 

retained 50 % of its initial activity whereas that by covalent binding method 

acquired 70 % of activity.  The multipoint covalent attachment between the 

enzyme and support should bring the higher conformational stability to the 
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immobilized enzyme and eventually leads to the higher activity. Nwagu et 

al. observed the improved stability of immobilized raw starch digesting 

amylase on gluteraldehyde activated amberlite beads through multipoint 

covalent attachment for longer period of time [52]. The activation of the 

resin by cross-linking with gluteraldehyde improved the binding stability of 

immobilized enzyme by rigidification of protein structure via intermolecular 

forces between the enzyme and support.  

 

Figure:4.16  Storage stability of immobilized α-amylase by adsorption and 

covalent method 

4.3.3.8 Reusability 

Enzymatic reactions for both immobilized preparations were 

repeated for ten cycles. At the end of each cycle the relative enzyme 

activities were determined and the results are presented in the figure 4.17. 

The relative activities are found to be declined for subsequent cycles in case 

of both immobilized enzymes.  
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On repeated uses the interaction between the enzyme and support 

become weak and also causes the distortion of active site of enzyme, 

ultimately leads to the loss in activity.  At the end of tenth cycle, CSM-GOE 

by adsorption method gained 50 % of its initial activity whereas for that by 

covalent binding method the activity was about 70 %. Due to the weak 

interaction with support, the adsorbed enzyme may leach out form the 

surface of support on repeated use and consequently leads to the decrease of 

enzyme activity. But for covalent binding method the aldehyde groups of 

gluteraldehyde activated support formed strong covalent bond with the 

enzyme to create stable and protective environment for enzyme immobilized 

system. This provides better reusability for CSM-GOE by covalent method. 

Similarly Garima et al. reported that β-amylase on covalent immobilization 

with gluteraldehyde functionalized graphene sheets showed more than 76 % 

of activity after ten repeated cycles of uses [44]. 

 

Figure: 4.17  Reusability of immobilized α-amylase by adsorption and 

covalent method 
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4.4  Montmorillonite modified magnetic chitosan as α-

amylase carrier 

4.4.1 Synthesis of montmorillonite modified magnetic chitosan 

A solution of 2 wt % chitosan was prepared in a 2 % (v/v) acetic acid 

under constant stirring.  Then 0.1M FeCl3 solution was added into the 

resultant solution and thereafter 0.1 M Na2SO3 solution slowly mixed with 

the yellow colloidal solution.  The MMT was added in to the solution with 

varied concentrations such as 2.5 %, 5 % and 10 % and then the solution 

was poured in to ammonia solution under vigorous stirring. The black 

precipitated suspension washed with distilled water to get the colorless 

filtrate by applying the external magnetic field and after that the precipitate 

dried in vacuum oven at 60 ⁰C. 

 

Scheme 4.2 Formation of montmorillonite modified magnetic chitosan  
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4.4.2 Physico-chemical characterization  

4.4.2.1 Infrared spectra 

The IR spectra for CSM-MMT composites are shown in the figure 

4.18 and the peak assignments are presented in the table 4.6.  

The vibrational bands corresponding to both CSM and MMT are 

observed in the spectra of composites. A broad band that range from 3000 cm
-1

 

-3750 cm
-1

 might be attributed to the N–H and O–H stretching vibrations in 

chitosan and O–H stretching frequencies (Al, Mg (OH)) of silicates in MMT. 

The vibrations at 2920 cm
-1

 and 2860 cm
-1

 corresponds to C–H stretching 

vibrations of methylene and methyl groups. The C–H bending vibrations of –

CH2 and –CH3 could be seen at 1370 cm
-1

  and 1450 cm
-1 

respectively [53]. 

The sharp peak at 1652 cm
-1

 was related to the NH–CO stretching of amide 

group [54]. The absorption band in the range from 790 cm
-1

-1150 cm
-1

 was 

ascribed to the C–O stretching vibrations of C–OH, C–O–C and CH2–OH 

groups of chitosan, also related to the Si–O vibrational frequencies of Si–O–Si 

bonds in MMT [55, 56]. This confirms the overlapping of Si–O–Si bands of 

MMT with C–O–C bands of chitosan and this absorption band became more 

intense due to the addition of increased concentration of MMT. The peak 

corresponding to N–H bending vibration found to be shifted to lower 

frequency region, which is at 1500 cm
-1

 can be due to the electrostatic 

interaction with the negatively charged sites of MMT structure. There was no 

new peak appeared in the spectra of composite, indicated that no covalent 

bond existed between CSM and MMT. The spectra showed characteristic 

peak at 674 cm
-1

 ascribed to the Si–O–Al stretching vibrations of added MMT 

[57]. All composites have shown the Fe–O bond vibration in the range of 550 

cm
-1

-570 cm
-1

 confirmed the presence of magnetite in the composite. 
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Figure: 4.18 IR Spectra of CSM-MMT 2.5, CSM-MMT 5 and CSM-MMT 10 

Table 4.6 Peak assignments for CSM-MMT 2.5, CSM-MMT 5 and CSM-MMT 10 

Peak assignment (cm-1) CSM-MMT 2.5 CSM-MMT 5 CSM-MMT 10 

N–H and O–H stretching vibration 3485 3488 3490 

C–H stretching vibration of CH2 and 

CH3 groups 
2920 2917 2915 

C–H bending vibration of  CH2 and 

CH3 groups 
2860 2858 2855 

N–H bending vibration 1510 1506 1500 

C=O stretching vibration in amide 1690 1660 1652 

C–O stretching vibration of alcoholic group 1070 1062 1056 

C–O stretching vibration of C–O–C 1242 1246 1250 

Si–O vibrations in Si–O–Si bond 782 785 790 

Si–O–Al stretching vibration 670 672 674 

Fe–O bond vibration 562 560 558 

4.4.2.2 X-ray powder diffraction spectra 

The XRD spectra for CSM-MMT composites were shown in the 

figure 4.19. Due to the incorporation of MMT into CSM the characteristic 

crystalline peaks of chitosan around 2θ =10⁰ become disappeared and 2θ 

=20⁰ found to be diminished. This might be due to the rupturing of 

intermolecular bonds in CSM and confirmed its modification by MMT [58]. 

Literatures revealed the peak of MMT observed at 2θ =7.1⁰ [16], but here 

this peak was shifted to lower angle of 2θ ≈ 6⁰ and became broadened, 

which could be as a result of formation of intercalated structure. The other 
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peaks observed in the diffraction patterns of modified composites attributed 

to the crystalline planes of Fe3O4. All these data showed that the 

introduction of MMT into CSM has little change in the crystallinity of 

chitosan and magnetite as the modified form still keep their distinctive 

diffraction peaks in the spectra.  

 

Figure: 4.19 XRD Spectra of CSM-MMT 2.5, CSM-MMT 5 and CSM-MMT 10 

4.4.2.3 Thermal analysis  

Thermal stability of CSM-MMT composites were evaluated by TGA 

analysis and their TGA-DTG curves were illustrated in the figure 4.20. All 

the composites exhibited the thermogram with two major weight losses. The 

first stage of weight loss in the range of 50-150 ⁰C was associated with loss 

of adsorbed water around 8 % and the second major weight loss ranges 

between 200-450 ⁰C was attributed to the degradation of chitosan. The 

weight loss obtained for CSM-MMT 2.5, CSM-MMT 5 and CSM-MMT 10 

at this region was found to be 30 %, 25 % and 20 % respectively.  As the 

concentration of MMT added into the composite increased, the degradation 

of chitosan found to be decreased. This indicated the high thermal stability 

of the composite due to the incorporation of MMT into it. After that there 

was no significant weight loss observed for all the three composites. The 

high temperature of heating provide the formation of char with multilayered 

carbonaceous silicate structure from the composite and this structure can 
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withstand stable at this region without any degradation to polymer [59]. 

Hence this multilayered structure imparted better protection to the polymer 

matrix from the thermal degradation. As the concentration of MMT in the 

CSM composite increases the rate of thermal degradation found to be 

decreased since it supplement more char on the polymer surface [18, 60]. 

This indicated that thermal stability of modified composite gets improved 

with increase of MMT concentration and the thermogram of composites 

showed that at 700 ⁰C the weight losses evaluated for CSM-MMT 2.5, 

CSM-MMT 5 and CSM-MMT 10 were 40 %, 30 % and 25 % respectively. 

Here the thermal stabilities of composites found to be increased as the MMT 

addition enriched from 2.5 % to 10 %. 

  
  (i)  (ii) 

 
(iii) 

Figure: 4.20  TGA-DTG curves of (i) CSM-MMT 2.5 (ii) CSM-MT 5 and 

(iii) CSM-MMT 10 
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4.4.2.4 Scanning electron microscopy 

The surface morphologies of CSM-MMT composites were studied by 

SEM images and are given in the figure 4.21. The increase of MMT content 

in the composite leads to the changes in their surface morphology and the 

MMT layers are found to be assembled to get the flocculated structures. This 

structure might be appeared as a result of the hydroxylated edge to edge 

interactions in the silicate layers towards the polymer matrix. The hydroxyl 

and amino functional groups presented in CSM composite can be interacted 

with the hydroxylated edge groups of silicate layers via hydrogen bonding 

[61]. Tan et al. also observed flocculated structure for the synthesized 

chitosan/hydroxy-aluminum pillared montmorillonite nanocomposites [62]. 

        

  (i)  (ii) 

 

(iii) 

Figure:4.21 SEM images of (i) CSM-MMT 2.5, (ii) CSM-MMT 5 and (iii) 

CSM-MMT 10 
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4.4.2.5 Surface area analysis 

BET surface area values for CSM-MMT composites are given in the 

table 4.7 and observed that all the modified composites acquired larger 

surface area compared to CSM. This can be due to the incorporation of the 

MMT layers with high surface area into the CSM composite. As the 

concentration of MMT increased from 2.5 % to 5 %, the surface area of the 

composite was found to be also doubled and the values are 27.13 m
2 

g
-1 

and 

54.88 m
2 

g
-1 

for CSM-MMT 2.5 and CSM-MMT 5 respectively. As the 

MMT concentration increased to 10 %, the surface area of the composite 

again found to be increased around twice compared to CSM-MMT 5, which 

was calculated as 96.56 m
2 

g
-1

. Since the surface area of the composite 

depends on the MMT concentration, it will be also reflected in its adsorption 

capacity towards biomolecules.  

 

Table 4.7  Surface area of CSM-MMT composites with varying MMT 

concentration 

Composite 
Surface area 

(m
2 
g

-1
) 

CSM-MMT 2.5 27.13 

CSM-MMT 5 54.88 

CSM-MMT 10 96.56 

 

4.4.2.6 Magnetic properties 

Magnetization curves for CSM-MMT composites with varied MMT 

concentrations were recorded by VSM analysis and are illustrated in the 

figure 4.22.  
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  (i)  (ii) 

 

(iii) 

Figure: 4.22 Ms values of (i) CSM-MMT 2.5 (ii) CSM-MMT 5 and (iii) 

CSM-MMT 10 

 

All the composites have shown a narrow hysteresis loop and the 

magnetization found to be reached saturation when the magnetic field 

increased to 15000 G. They have exhibited lower saturation magnetization 

values compared to CSM and the values calculated are 5.33 emu g
-1

, 3.35 

emu g
-1

 and 2.92 emu g
-1

 for CSM-MMT 2.5, CSM-MMT 5 and CSM-

MMT 10 respectively. The Ms values for the modified composites are 

decreased with the increase of MMT concentration and this lower values 

attributed to the larger incorporation of the MMT layer. The incorporated 

MMT layer on the surface of CSM leads to the reduction in its magnetic 
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moment due to the quenching of surface moments attained and the increased 

concentration of the added MMT leads to the more quenching of surface 

moments as a result of decrease in uniformity and causes the reduction in 

magnetic moment. 

4.4.2.7 Energy dispersive X-ray analysis 

The EDX spectra of MMT modified magnetic chitosan are exhibited 

in the figure 4.23 and spectral data are presented in the table 4.8. All the 

composites have shown decreased amount of C, N and Fe content. They have 

shown new compositions of Si, Na, Al and increased percentage of O content. 

All these data confirmed the modification of magnetic chitosan by MMT. 
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(ii) 

 
(iii) 

Figure: 4.23  EDX spectra of (i) CSM-MMT 2.5 (ii) CSM-MMT 5 and (iii) 

CSM-MMT 10 
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Table 4.8  Elemental data of (i) CSM-MMT 2.5 (ii) CSM-MMT 5 and (iii) 

CSM-MMT 10 

 

Element Weight % Atomic % 

O 42.50 40.12 

C 23.82 27.33 

N 19.45 24.18 

Fe 6.59 3.25 

Si 2.82 1.65 

Na 1.93 1.28 

Al 1.14 0.69 
 

Element Weight % Atomic % 

O 43.76 41.43 

C 22.50 25.06 

N 18.28 23.74 

Fe 4.47 1.25 

Si 3.04 1.69 

Na 2.31 1.57 

Al 1.65 0.97 
 

 

   (i)  (ii) 

Element Weight % Atomic % 

O 44.17 43.22 

C 20.22 23.89 

N 17.17  22.26 

Fe 3.62 1.09 

Si 5.25 3.09 

Na 4.18 2.78 

Al 3.23 1.9 

 

(iii) 

4.4.3 Immobilization of α-amylase on montmorillonite modified 

magnetic chitosan 

4.4.3.1 Optimization of enzyme immobilization conditions 

 Optimization of various immobilization conditions were performed 

by varying only one factor under study and the others maintained at constant 

level. The immobilization conditions such as pH of the medium, incubation 

time and enzyme concentration are optimized in order to achieve maximum 

immobilization efficiency. 
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4.4.3.1.1 Effect of immobilization pH on α-amylase activity 

The charges on MMT surface have great influence on immobilization 

of enzyme in addition to surface functional groups on chitosan. Enzyme 

adsorption on clay surface has taken place through electrostatic and 

hydrophobic interactions. The surface charges on MMT exerted electrostatic 

forces towards enzyme molecule and regarded as pH modifying support for 

enzyme immobilization. The planar surface of MMT usually carries 

negative charges while the charges on edge surface depend on its isoelectric 

point (pH~7). These surface charges provide appreciable enzyme interaction 

based on the pH environment.  

The figure 4.24 showed that for all composites the maximum activity 

was observed at pH 6 and beyond this pH the activities are found to be 

decreased. At pH 6, the edge surface of the MMT has shown positive 

charges whereas the α-amylase was negatively charged as its isoelectric 

point is 4.6. These opposite charges generate strong electrostatic interaction 

between them and so the enzyme could adsorbed on the edge surface of 

MMT. The enzyme could not be adsorbed on planar surfaces of MMT at pH 

6 as the surface always carries negative charges which results in 

electrostatic repulsion towards the negatively charged enzyme. 

At pH 7 the edge surface of MMT did not contain any charges and 

the negatively charged planar surface results in electrostatic repulsion with 

enzyme. The observed enzyme activity at this pH might be as a result of the 

enzyme adsorption by hydrophobic interaction.  Above pH 7 both edge and 

planar surfaces become negatively charged and so experiencing the 

electrostatic repulsion with enzyme. The lower loading of enzyme at these 

pH ranges could be due to the hydrophobic interaction between the support 
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and enzyme. The higher activity exhibited by the immobilized enzyme at 

these higher pH can be attributed to the increased amount of MMT in the 

composite. As the surface area of the composite increased due to the 

presence of increased amount of MMT, the enzyme adsorption has taken 

place in the higher range and exhibited higher activity.  Hence CSM-MMT 

10 showed higher activity at these pH region than that of the others. 

 

Figure: 4.24  Effect of immobilization pH on relative activity of α-amylase 

on modified forms of magnetic chitosan 

4.4.3.1.2 Effect of contact time on α-amylase activity 

The time required for the immobilization has an important role in the 

industrial application as it influence the production and profit-making.  The 

variations of relative activity with respect to the incubation time are 

presented in the figure 4.25. 
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Figure: 4.25  Effect of contact time on relative activity of α-amylase on 

modified forms of magnetic chitosan 

 

The maximum activity exhibited by CSM-MMT 2.5, CSM-MMT 5 

and CSM-MMT 10 were at 240 min., 180 min. and 120 min. respectively. 

The MMT presented in the composite can adsorb more enzymes onto it and 

found that the composite with high MMT concentration attained maximum 

enzyme activity rapidly compared to the others. After reached this saturation 

level it was observed that the enzyme activity decreased gradually as the 

immobilization time further prolonged. This could be as a result of desorption 

of enzyme from the surface of composite as it loaded excessively on it which 

results in decrease of electrostatic interaction between them [63]. 

4.4.3.1.3 Effect of initial amount of protein on protein loading on to 

supports 

The optimum enzyme concentration needed for the immobilization 

process can be observed from the figure 4.26 and the maximum protein 

adsorbed was 4.2 mg g
-1

 support, 6.2 mg g
-1

 support and 9.4 mg g
-1

 support 

at 12.8 mg, 16.4 mg and 16.8 mg of initial enzymes. Here we have noticed 

that the loaded protein onto the support increased with increase of MMT 
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concentration in it. The immobilization yield of α-amylase on the three 

supports is given in the table 4.9 and the value is more with CSM-MMT 10. 

This might be due to the increased surface area of the composite with high 

MMT concentration which results in improved protein loading. After this 

optimum loading the protein desorption has taken place which results in 

decrease of loading.  

 

Figure: 4.26  Effect of initial protein amount on protein loading onto 

modified forms of magnetic chitosan 

4.4.3.1.4 Effect of initial protein amount on immobilized enzyme 

activity  

The enzyme activity change with respect to the amount of initial 

enzyme used in the immobilization was studied and the results are depicted 

in the figure 4.27. The optimum enzyme activities for CSM-MMT 2.5, 

CSM-MMT 5 and CSM-MMT 10 were at 4.85 EU, 5.37 EU and 9.84 EU 

respectively and after these values enzyme activity found to be decreased. 

This could be due to the lower diffusion of substrate molecules into the 

active site of enzyme as the increased enzyme concentration results in 

multilayer enzyme adsorption. The steric hindrance at the active site of 
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enzyme can also be the reason for the decreased enzyme activity since it 

lowers the chances for enzymatic reaction. The activity yield for 

immobilized enzymes were found to be increased as the MMT concentration 

in the support goes to higher percentage.  Consequently immobilization 

efficiencies were varied in the same manner and calculated as 68.18 %, 

69.95 % and 79.95 % for CSM-MMT 2.5, CSM-MMT 5 and CSM-MMT 

10 respectively. This trend in immobilization efficiency could be as a result 

of increased binding sites between enzyme and the support. 

 

Figure: 4.27  Effect of initial protein amount on immobilized enzyme 

activity 

 

Table 4.9  Immobilization efficiency of α-amylase on modified forms of 

magnetic chitosan 

Support 

Initial 

protein 

(mg) 

Immobilized 

protein mg/g 

support 

IY 

(%) 

Initial 

activity 

(EU) 

Immobilize

d enzyme 

activity       

(EU) 

AY 

(%) 

IE 

(%) 

CSM-MMT 2.5  12.8  4.2  32.81  21.68  4.85  22.37  68.18  

CSM-MMT 5 16.4  6.2  37.80  20.31  5.37  26.44  69.95  

CSM-MMT 10  16.8  9.4  55.95  22.03  9.84  44.73  79.95  
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4.4.3.2 Effect of pH on α-amylase activity 

The pH of the reaction medium influences the conformational 

structure of enzyme as it changes the intra molecular hydrogen bonding 

within the enzyme structure. When the pH of the medium changes, the protein 

structure tends to contract or expand and this leads to the conformational 

changes in its structure and subsequently affect the enzyme activity. 

The pH stability of free and immobilized enzymes was estimated in 

the pH range of 4-9 and the stability diagram illustrated in the figure 4.28. 

All the immobilized enzymes have shown broad pH profile and attained 

high enzyme activity at all pH compared to free enzyme. 

 

Figure: 4.28  Effect of pH on the relative activity of free and immobilized 

α-amylase on modified forms of magnetic chitosan 

For all the immobilized enzymes optimum pH shifted to alkali region 

and it was at pH 7. At pH 7, as the clay surface is negatively charged, the 

microenvironment of the enzyme attained less pH than that of the bulk and 

so the bulk pH should be shifted to higher values in order to reach the 

optimum in the microenvironment. The shift to higher pH was also reported 

in many literatures [64, 65]. After this optimum pH the enzyme activity was 



Modified forms of magnetic chitosan by inorganic layered solids as α-amylase carriers 

241 

found to be decreased which could be due to the inactivation of enzyme as a 

result of oxidation of sulphur containing amino acids and deamidation of 

glutamine residues [66]. The broad pH profile of the immobilized enzymes 

can be due to the secondary interaction between the α-amylase and clay 

surface. Sanjay et al. observed a broad pH profile and improved activity for 

α-amylase when immobilized on K-10 montmorillonite [19].  

4.4.3.3 Effect of temperature on α-amylase activity 

The effect of temperature on activity of free and immobilized α-

amylase on modified forms of magnetic chitosan was determined in the 

range of 30-70 ºC and the results are shown in the figure 4.29. 

 

Figure: 4.29  Effect of temperature on the relative activity of free and 

immobilized α-amylase on modified forms of magnetic 

chitosan 

Here we observed that all the immobilized enzymes have shown 

broad temperature profile and exhibited high relative activity during the 

temperature ranges compared to free enzyme. The optimum temperature 

obtained for CSM-MMT 2.5E, CSM-MMT 5E and CSM-MMT 10E were 

50 ºC, 55 ºC and 60 ºC. As the MMT concentration in the support increases 

the temperature optimum for the enzyme was found to be shifted to high 
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temperature ranges. Here MMT has the ability to change the temperature 

activity profile of enzyme due to its insulation and high heat resistance 

property [67]. Here it provided broader temperature profile to the enzyme 

and hence the immobilized enzymes keep excellent activity at higher 

temperature ranges. As the MMT content in the composite increases, the 

temperature stability of the immobilized enzymes was also found to be 

increased.  At 70 ºC CSM-MMT 2.5E, CSM-MMT 5E and CSM-MMT 10E 

have retained about 40 %, 60 % and 70 % of their initial activities 

respectively.  Similar trend in increase of enzyme activity was also observed 

by Sanjay et al. when invertase immobilized on montmorillonite K-10 [68]. 

4.4.3.4 Activation energy 

The activation energies of immobilized systems were calculated from 

the Arrhenius plot which is presented in the figure 4.30 and the values are 

tabulated in the table 4.10. 

 

 

Figure: 4.30  Arrhenius plot to calculate the activation energy (Ea) of 

immobilized α-amylase on modified forms of magnetic 

chitosan 
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Table 4.10  Activation energy of immobilized α-amylase on modified forms 

of magnetic chitosan 

Immobilized enzyme 
Activation energy 

(KJ mol
-1

) 

CSM- MMT 2.5E 6.87 

CSM- MMT 5E  6.02 

CSM- MMT 10E  5.74  
 

The Ea for CSM-MMT 2.5E, CSM-MMT 5E and CSM-MMT 10E 

were 6.87 KJ mol
-1

, 6.02 KJ mol
-1

 and 5.74 KJ mol
-1

 respectively and it was 

confirmed that the activation energy of α-amylase reduced as a result of its 

immobilization on to MMT modified magnetic chitosan. The decrease of 

activation energy of free enzyme after immobilization was also noticed 

when xylanase immobilized on gluteraldehyde activated alginate beads [69]. 

The results showed that the increase of MMT content in the support 

decrease the activation energy of the immobilized enzyme systems. 

4.4.3.5 Thermal stability of the free and immobilized enzymes 

Thermal stability of free and immobilized enzymes was studied and 

is depicted in the figure 4.31. 

 

Figure:4.31 Thermal stability of free and immobilized α-amylase on 

modified forms of magnetic chitosan 
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The immobilized enzymes have attained better thermal stability 

compared to free enzyme and retained 60 %, 75 % and 80 % of initial activity 

for CSM-MMT 2.5E, CSM-MMT 5E and CSM-MMT 10E. As a result of 

immobilization, enzyme gets restricted mobility and hence diminishes the 

unfolding of enzyme structure which provides high enzyme activity. The 

excellent heat resistant capacity of MMT imparted high thermal stability to 

the immobilized enzymes and it was found that the activity enhanced with 

respect to the increase of MMT content in the support.  

The thermal inactivation of free and immobilized enzymes was 

investigated by pre-incubating them for 0-120 min. and the results are 

illustrated in the figure 4.32. The initial activity was taken as 100 % and later 

activities for corresponding pre-incubation time were determined relative to 

this initial activity. After 20 min. of pre-incubation free enzyme retained 

about 80 % of its activity whereas the immobilized enzymes kept above 90 % 

of their initial activities. After that as the pre-incubation time increases the 

free enzyme lost its activity very rapidly and reached to 10 % of initial 

activity at 120 min. of pre-incubation. While the immobilized enzymes 

gradually lost their activities with respect to the increase of pre-incubation 

period. The activities attained by immobilized enzymes after 120 min. of pre-

incubation were found to be 62 %, 70 % and 90 % of initial activity for CSM-

MMT 2.5E, CSM-MMT 5E and CSM-MMT 10E respectively. All the 

immobilized enzymes have retained much activity since the MMT in the 

support reduced the rate of thermal inactivation of enzyme and the rate was 

found to be improved as the MMT concentration increased from 2.5 % to 10 

% in the modified magnetic chitosan. The improvement in thermal stability of 

glucoamylase was observed on immobilization with montmorillonite by 

adsorption and covalent method [14]. 
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Figure: 4.32  Variation of pre-incubation time on activity of free and 

immobilized α-amylase on modified forms of magnetic 

chitosan 

4.4.3.6 Determination of kinetic parameters  

The evaluation of kinetic parameters imparts the awareness about 

activity of enzyme in the immobilized condition. The parameters determined 

from the Lineweaver-Burk plots and Hanes-Woolf plots presented in the 

figure 4.33 and the results are shown in the table 4.11.  

The kinetic parameters of the immobilized enzymes will be different 

from that of free enzyme due to the occurrence of conformational changes 

as a result of immobilization process. Here the immobilized enzymes 

exhibited higher Km values than the free enzyme indicated the lower enzyme 

affinity towards substrate molecules generated by diffusional limitations. 

The reduced conformational flexibility of the protein structure as a result of 

immobilization also caused the lower affinity and hence higher Km values 

for immobilized enzymes [70, 71]. The Km values for CSM-MMT 2.5E, 

CSM-MMT 5E and CSM-MMT 10E were found to be 2.93± 0.02 mg mL
-1

, 

2.69±0.04 mg mL
-1

 and 1.81± 0.06 mg mL
-1

 respectively. Here the Km 

values for the immobilized enzymes were decreased; that is affinity 

increased as the MMT content presented in them increased. The lowest Km 

for CSM-MMT 10E attributed to the lower diffusional limitations and less 
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deformation of the protein structure. Many reporters revealed that the 

enzyme molecules can be located at the edge surface of the clay matrix and 

the amino acid residues in the enzyme structure penetrate between the layers 

[67, 72]. The increase of Km value also leads to the decrease of Vmax as the 

active site of the enzyme was distorted by immobilization. However in case 

of immobilized enzymes, the Vmax values were found to be increased with 

corresponding increase in MMT concentration.  

The calculated turn over number (Kcat) and catalytic efficiency 

(Kcat/Km) were presented in the above mentioned table.  These parameters 

were lower for all the immobilized enzymes compared to free enzyme, 

indicated the decrease of enzyme activity and reduction in catalytic efficiency 

as a result of immobilization process. But these values were found to be 

increased for immobilized enzyme with high MMT concentration which 

might be due to its enzyme activity retention ability. 

 

   (i) (iv) 

  

  (ii) (v) 
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  (iii) (vi) 

Figure: 4.33  Lineweaver-Burk plots for (i) CSM-MMT 2.5E (ii) CSM-

MMT 5E (iii) CSM- MMT 10E and Hanes-Woolf plots for (iv) 

CSM-MMT 2.5E (v) CSM-MMT 5E  (vi) CSM-MMT 10E 

 

Table 4.11  Kinetic parameters for free and immobilized α-amylase on 

modified forms of magnetic chitosan 
 

Immobilized 

enzyme 

Km 

(mg mL
-1

) 

Vmax 

(μmol  mg
-1

 min
-1

) 

Kcat 

(min
-1

) 

Kcat/Km 

(mLmg
-1

min
-1

) 

Free enzyme 0.45± 0.02 34.48±0.05  1910.19 4244.87 

CSM-MMT 2.5 E  2.93± 0.02 17.54± 0.02  971.72 331.64  

CSM-MMT 5 E  2.69±0.04 18.18± 0.03  1007.12  374.39  

CSM-MMT 10 E  1.81± 0.06 20.83± 0.02  1153.98 637.56  

 

4.4.3.7 Storage stability of immobilized α-amylase 

Storage stability is considered as the important parameter for enzyme 

immobilization as it affects the activity retention during storage period. The 

figure 4.34 showed the storage stability of immobilized enzymes and their 

activity retention after six months were 30 %, 38 % and 52 % for CSM-

MMT 2.5E, CSM-MMT 5E and CSM-MMT 10E respectively.  

The results indicated that the enzyme immobilized on support 

containing 10 % MMT has exhibited best storage stability and its high 

activity could be due to the high enzyme loading capacity and enzyme 

activity retention of MMT modified support. Here the support effectively 

prevented the natural loss in enzyme activity during the storage time. The 
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loss in α-amylase activity of 36 % during 40 days of storage at 4 ºC was 

reported by Mardani et al. when immobilized on chitosan-montmorillonite 

nanocomposite beads [20]. But in our case the immobilized enzymes 

retained about 85-95 % of activity during the same period of storage. 

 

Figure:4.34  Storage stability of immobilized α-amylase on modified 

forms of magnetic chitosan  

 

4.4.3.8 Reusability of immobilized α-amylase 

We have investigated the performance of immobilized enzymes 

during their reuses as this is the important parameter for potential industrial 

applications. The relative activities of immobilized enzymes up to 10 cycles 

are shown in the figure 4.35. 
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Figure: 4.35  Reusability of immobilized α-amylase on modified forms of 

magnetic chitosan 

When the 10 reuse cycles were completed immobilized enzymes 

retained 38 %, 52 % and 67 % of activity for CSM-MMT 2.5E, CSM-MMT 

5E and CSM-MMT 10E respectively. The decrease in enzyme activity after 

each cycles of catalytic reaction might be due to the enzyme desorption 

from the surface of the support. Here we observed that the reduction in 

relative enzyme activity of immobilized enzymes have taken place at slower 

rate when the MMT content in the support increased. This indicated that the 

operational stability of immobilized enzymes enhanced and this could be 

due to the increased enzyme activity retention capacity of the support with 

corresponding increase of MMT content in it. Guanghui Zhao et al. reported 

that the glucoamylase retained 60 % of residual activity after ten cycles of 

reuses when immobilized on Fe3O4@clays nanocomposites [73]. 
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4.5 Conclusion 

Magnetic chitosan was modified with graphite oxide and 

montmorillonite based on the previously reported procedures. α-amylase  

was successfully immobilized on CSM-GO by adsorption and covalent 

binding. The immobilization efficiency was about 82.6 % for adsorption and 

64.09 % for covalent binding. The optimum pH for immobilized enzymes 

was shifted to 6 and 7 respectively, but for both of them the optimum 

temperature was shifted to 40 °C. The activation energy was calculated as 

16.83 KJ mol
-1

 and 14.56 KJ mol
-1

. The catalytic efficiency for covalently 

immobilized CSM-GOE was higher than that of free and adsorbed one. 

Thermal stability, reusability and storage stability studies showed that the 

covalently immobilized enzyme retained more activity than the adsorbed 

one. In case of CSM-MMT composites the IY % and IE % were found to be 

increased significantly as the MMT % increases and this is attributed to the 

increased surface areas of composites. For all the immobilized enzymes the 

optimum pH gets shifted to 7. The optimum temperature for CSM-MMT 2.5 

is same as that of free enzyme, whereas for CSM-MMT 5 and CSM-MMT 

10 the optimum temperature shifted to 55 ⁰C and 60 ⁰C respectively. The 

activation energy calculated for immobilized enzymes were found to be 

decreased as the MMT concentration increased to higher values. Thermal 

stability, reusability and storage stability studies confirmed that the 

immobilized enzymes retained more activity as the MMT % increases. 
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5.1 Introduction 

Dendrimers constitute a new class of polymer family, characterized 

by well defined structural properties with hyper branched macromolecules 

in which each unit of symmetric branching get assembled around a linear 

polymer core [1-3]. Dendrimers have been attained an appreciable attention 

due to the arrival of enormously branched polymers in 1987 by Tomalia et 

al. and much researches have focused on them throughout the past decades 

[4-6]. These are of much interested as they acquired hyper branched 

structure with central core, internal spaces within the structure and terminal 

ends with multivalent groups. Polyamidoamine (PAMAM) dendrimers, the 

principal commercialized category of dentritic polymers were of much 

attracted towards enzyme immobilization field due to their structural 

characteristics and biocompatibility [7-9]. The groups presented in the 

terminal branches provide many reaction sites for attaching biomolecules 

and also for their structural modifications. These properties made them more 

advantageous than classic linear polymers as enzyme carrier.    
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The polymer hydrogels, on enzyme immobilization have faced some 

limitations because of their swelling properties in organic solvents which 

caused the entrapment of enzyme inside the polymer gels and thus created 

some restrictions towards the enzyme catalyzed reaction [10, 11]. Kimura et 

al. reported the lower enzyme activity of entrapped lipase on hydrophobic 

photo-cross-linkable resin pre polymer due to the poor immobilization 

method [12]. These limitations can be overcome by the introduction of 

PAMAM dendrimer as enzyme carrier. Weiwei Zhu et al. observed that the 

magnetic nanoparticles modified with PAMAM-dendrimer get performed as 

a good enzyme carrier for reversible enzyme immobilization and can be 

used for many biomedical applications [13]. The PAMAM coating on 

magnetic particles tends to reduce the particles agglomeration. The three 

dimensional structure of dendrimer imparted high stability to the 

immobilized enzyme by providing protective effect for the stable structural 

conformation of enzyme. The high kinetic rates and stability of immobilized 

laccase was observed by Cardoso et al. and they have assessed that the use 

of PAMAM dendrimer constituted as an attractive platform for enzyme 

immobilization [14]. 

When PAMAM grows into higher generation, there existed an 

exponential increase in amount of surface amino functional groups and thus 

provided more adsorption sites for enzyme molecules. Siming Wang et al. 

reported the high binding capacity and enzymolysis efficiency of cellulase 

on PAMAM-grafted silica with the increase of PAMAM generations in the 

carrier. The authors have compared the elevated enzyme activity and better 

pH and temperature stabilities of immobilized enzymes with the free 

enzyme [15]. PAMAM dendrimers on polymer surfaces and in polymer 

blocks were implemented in order to establish novel functional materials 
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[16, 17]. But there is still no report on polymer grafted dendrimers in 

enzyme immobilization. 

This chapter explains the immobilization of α-amylase on PAMAM 

modified magnetic chitosan using ethylene diamine and diethylene triamine. 

This comprises influence of next higher generation of PAMAM modified 

magnetic chitosan on enzyme immobilization. The comparison of 

adsorption and covalent immobilization methods on modified carrier is also 

included in this chapter.  

5.2 Materials Used 

All chemicals were of analytical grade and used without any 

previous treatment. Methyl acrylate, ethylene diamine and diethylene 

triamine were obtained from Sigma Aldrich. The chemicals used for the 

synthesis of magnetic chitosan, protein estimation and enzyme activity 

assay were given in the chapter 2. 

5.3 PAMAM dendrimer modified magnetic chitosan as α-

amylase carrier 

5.3.1 Synthesis of magnetic chitosan 

The magnetic chitosan was synthesized by reduction precipitation 

method and the procedure was already described in the chapter 2. 

5.3.2 Synthesis of PAMAM dendrimer modified magnetic chitosan    

(CSM-PAMAM) 

The magnetic chitosan was modified with PAMAM dendrimer based 

on the already reported procedure with slight changes [18]. Here the 

reaction was conducted by using methanol as solvent instead of ethanol. The 
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reaction was comprised of two steps; the first step was the Michael addition 

of amino functional groups of magnetic chitosan to methyl acrylate and the 

second step involved the amidation of resultant ester with ethylene diamine. 

The reaction is depicted in scheme 5.1. 

 

 

Scheme 5.1 Surface modification of magnetic chitosan by PAMAM dendrimer 

For the synthesis of first generation of PAMAM modified magnetic 

chitosan (CSM-PAMAM G1), about 1 g of magnetic chitosan was refluxed 

with methyl acrylate solution in methanol (25 mL, 10 % v/v) for three days. 

Then the resultant product was separated by applying an external magnetic 

field, after that washed with methanol for three times. The product formed 

was refluxed with ethylene diamine solution (25 mL, 15 % v/v) for another 
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three days and at the end of the period the solid substance collected by 

magnetic separation, washed with the same solvent and further with 

deionized water. The similar steps were repeated for the formation of second 

generation of PAMAM modified magnetic chitosan (CSM-PAMAM G2). 

Another first generation of PAMAM dendrimer was also synthesized by the 

similar method in which diethylene triamine was used instead of 

ethylenediamine (CSM-PAMAM G1’). The products formed were dried in 

vacuum oven at 60 °C for overnight. 

5.3.3 Physico-chemical characterization  

5.3.3.1 IR spectra of PAMAM modified magnetic chitosan 

The IR spectra of PAMAM modified forms of magnetic chitosan 

were compared with that of magnetic chitosan itself and are depicted in the 

figure 5.1. The broad peak at 3310 cm
-1 

in CSM attributed to the combined 

stretching vibrations of –NH2 and –OH functional groups and the absorption 

at 1320 cm
-1

 assigned to –CN axial deformation of amino groups. The 

vibrational peaks at 2856 cm
-1

 and 2916 cm
-1

 indicated the asymmetric 

stretching vibrations of –CH2 and –CH3 groups and the peak at 1036 cm
-1

 

corresponds to C–O stretching vibration. The absorption bands at 1428 cm
-1

 

and 1372 cm
-1

 were attributed to –CH2 and –CH bending vibrations 

respectively. The absorption in the region of 1540 cm
-1 

was due to –NH2 

bending vibrations and at 1644 cm
-1

 assigned to C=O stretching vibrations. 

The vibrational peak at 576 cm
−1

 corresponding to the Fe–O bond vibration 

of Fe3O4. All these corresponding absorptions were also noticed in case of 

all dendritic polymers. The intense peaks at 1657 cm
-1

 and 1447 cm
-1

 for 

dendritic polymers indicated the presence of –CO–NH– groups, which 

confirmed the covalent binding of PAMAM with magnetic chitosan. All 

these vibrational frequencies  are agreed to other reports [19].  
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Figure: 5.1  IR Spectra of CSM, CSM-PAMAM G1, CSM-PAMAM G2 

and CSM-PAMAM G1’ 

Table5.1 Peak assignments for PAMAM modified magnetic chitosan 

Peak assignment (cm
-1

) CSM 
CSM-PAMAM 

G1 

CSM-

PAMAM G2 

CSM-

PAMAM G1’ 

N–H and O–H stretching vibration  3310 3305 3301 3306 

–CN axial deformation of –NH2 

groups 
1320 1317 1318 1317 

Asymmetric stretching vibrations of 

–CH2 and –CH3 groups 

2856, 

2916 
2852, 2913 

2850, 

2911 
2853, 2914 

C–O stretching vibration 1036 1034 1033 1035 

–NH2 bending vibrations 1540 1535 1533 1536 

C=O stretching vibrations 1644 16442 1640 1640 

Fe–O bond vibration of Fe3O4 576 572 570 573 

Vibrations of –CO–NH– groups - 1657,1447 1655,1444 1655, 1445 

5.3.3.2 X-ray powder diffraction spectra 

The crystal structure of PAMAM modified forms of magnetic chitosan 

was determined by X-ray diffraction study and their diffractograms were 

compared with that of magnetic chitosan. All the modified forms have shown 

diffraction peaks at (220), (311), (400), (422), (511) and (440) indexed to the 

planes of magnetite with cubic spinel structure (JCPDS File No: 75-0033) and 

this showed that magnetite was stable during the dendrimerization process. 

The presence of these diffraction peaks indicated the crystallinity of the 
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modified forms and this confirmed that the dendrimerization did not affect the 

crystal phase of magnetic chitosan. The CSM displayed characteristic peak of 

chitosan at 2θ = 20º as broad and this became more intense for modified 

forms. This could be due to the fact that the introduction of polar amino 

groups leads to the increase of crystallinity of chitosan [19].  

By using Debye–Scherrer equation the particle sizes of the modified 

forms were calculated as 32.96 nm, 41.54 nm and 34.25 nm for CSM-

PAMAM G1, CSM-PAMAM G2 and CSM-PAMAM G1’ respectively. 

 

Figure:5.2  XRD Spectra of CSM, CSM-PAMAM G1, CSM-PAMAM G2 

and CSM-PAMAM G1’ 
 

5.3.3.3 Thermogram of PAMAM modified magnetic chitosan 

The TGA-DTG curves of modified forms of magnetic chiotsan by 

PAMAM dendrimer were illustrated in the figure 5.3. The first stage of 

weight loss mainly up to 200 ºC for all the modified forms could be due to 

desorption of physically adsorbed water and they exhibited about 10 % of 

weight loss. After that they have shown a significant weight loss at 300 ºC 

which might be as a result of degradation of organic moieties like ethylene 

diamine and the decomposition of main chain of chitosan polymer [20]. At 

this stage weight loss were calculated as 20 %, 30 % and 25 % for CSM-
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PAMAM G1, CSM-PAMAM G2 and CSM-PAMAM G1’ respectively. Here 

CSM-PAMAM G2 acquired higher percentage of weight loss compared to 

the others since an increased amount of loss of organic contents have taken 

place on going from first to second generation. At 500 ºC, PAMAM modified 

forms exhibited the weight losses of 60 %, 65 % and 57 % respectively and 

beyond this temperature there was no further degradation can be seen. Similar 

trend in thermal degradation was observed by Weiwei Zhu et al. where 

Fe3O4-DA showed 25 % of weight loss at 800 ºC, while the weight loss of 

Fe3O4-DA-G3 was around 35 % at the same temperature [13]. 

 

 (i)  (ii) 

 

(iii) 

Figure: 5.3  TGA-DTG curves of CSM-PAMAM G1, CSM-PAMAM G2 

and CSM-PAMAM G1’ 
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5.3.3.4 Scanning electron microscopy 

The surface morphology of modified forms of magnetic chitosan 

was compared with that of bare form of magnetic chitosan. The SEM 

images are shown in the figure 5.4 and the morphological changes of 

magnetic chitosan after the modification can be clearly observed. The 

modified forms have shown rough and agglomerated surface morphology 

and this confirmed the surface dendrimerization of magnetic chitosan.  

 

Figure: 5.4 SEM images of CSM, CSM-PAMAM G1, CSM-PAMAM G2 

and CSM-PAMAM G1’ 

5.3.3.5 Surface area analysis 

The surface areas of PAMAM modified magnetic chitosan are 

presented in the table 5.2. The surface area of CSM-PAMAM G1, CSM-

PAMAM G2 and CSM-PAMAM G1’ are 1.77 m
2 

g
-1

, 1.13 m
2 

g
-1

 and 1.67 

m
2 

g
-1

 respectively. Here we noticed that CSM-PAMAM G2 attained lower 

surface area than that of first generation of dendritic polymers. This could 

be as a result of agglomeration of the dendritic polymer as it goes to higher 

generation. This analysis also confirmed the surface dendrimerization of 

magnetic chitosan. 
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Table 5.2 Surface area of PAMAM modified magnetic chitosan 

Composite Surface area (m
2 
g

-1
) 

CSM-PAMAM G1 1.77 

CSM-PAMAM G2 1.13 

CSM-PAMAM G1’ 1.67 

5.3.3.6 Magnetic properties 

The magnetic properties of the modified forms of magnetic chitosan 

were examined by VSM analysis and the magnetization curves are plotted in 

the figure 5.5. All the composites have shown S-like curve that cross the 

zero point indicated their super paramagnetic behavior. The magnetization 

values evaluated are 13.85 emu g
-1

, 11.04 emu g
-1

 and 14.85 emu g
-1

 for 

CSM-PAMAM G1, CSM-PAMAM G2 and CSM-PAMAM G1’. The 

results showed that all the modified forms exhibited lower Ms values 

compared to CSM which indicated the surface dendrimerization of magnetic 

chitosan. The lowest value of CSM-PAMAM G2 proved that the Ms value 

of dendritic polymer was again decreased as it reached higher generation. 

All these explanations revealed that dendritic modification of magnetic 

chitosan was taken place successfully and the modified forms are capable to 

response to a magnetic field, thus magnetic separation is possible to it.  

 
Figure: 5.5  Magnetization curves of CSM, CSM-PAMAM G1, CSM-

PAMAM G2 and CSM-PAMAM G1’ 
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5.3.3.7 CHN analysis 

The surface dendrimerization on magnetic chitosan was also 

confirmed by elemental analysis and the percentages of elements are given 

in the table 5.3. The nitrogen content presented in amino groups of CSM is 

2.33 % and in dendritic polymers are 4.52 %, 6.45 % and 4.67 % 

respectively for CSM-PAMAM G1, CSM-PAMAM G2 and CSM-PAMAM 

G1’ respectively. The increased nitrogen content in the CSM-PAMAM G2 

indicated the dendritic growth of polymer to higher generation. It was 

noticed that when the second generation of dendritic polymer was originated 

from first generation, the nitrogen content presented in it did not increase 

exponentially which could be as a result of existence of steric hindrance on 

the surface of magnetic chitosan. 

Table 5.3  CHN analytical data of magnetic chitosan and its PAMAM 

modified forms 

Composite N (%) C (%) H (%) 

CSM 2.33 11.28 2.25 

CSM-PAMAM G1 4.52 23.21 4.62 

CSM-PAMAM G2 6.45 32.69 6.48 

CSM-PAMAM G1’ 4.67 28.22 4.94 
 

5.3.4 Immobilization of α-amylase on PAMAM modified magnetic 

chitosan  

5.3.4.1 Optimization immobilization conditions 

Various conditions for immobilization of α-amylase onto the 

PAMAM modified magnetic chitosan was optimized for further studies. 
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5.3.4.1.1 Effect of immobilization pH on α-amylase activity 

The immobilization pH greatly influence the activity of enzyme since 

the activity related to the ionization state of amino acid residues at the active 

site. The optimum pH for maximum immobilization of enzyme on support 

was determined by the combined pKa of chitosan and PAMAM dendrimer. 

The dendrimer maintain different pKa values based on the amino groups 

presented in the peripheral region and internal cavities. The pKa of 

PAMAM is 7-9 due to the peripheral –NH2 groups and 3-6 by tertiary amine 

moieties [21]. 

The variations of immobilization pH on relative activity of enzyme 

were studied and are depicted in the figure 5.6. The immobilized enzymes 

have shown maximum activity at definite pH values where high electrostatic 

interactions have been taken place. The maximum activity obtained for 

CSM-PAMAM G1’ and CSM-PAMAM G2 was at pH 7 and it was at pH 6 

for CSM-PAMAM G1. When the support acquired more number of amino 

groups, the positive charges presented on them increased since the amino 

groups existed as positively charged. As a result of this the H
+
 ions in the 

microenvironment of the immobilized system is reduced and hence the 

optimum pH changed to more basic region. The lowering of enzyme activity 

below and above this optimum pH might be due to the electrostatic 

repulsion existed between the enzyme and the support. 
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Figure: 5.6 Effect of immobilization pH on the relative activity of 

immobilized α-amylase on PAMAM modified magnetic 

chitosan 
 

5.3.4.1.2 Effect of incubation time on α-amylase activity 

The incubation time of the immobilization process has great influence 

on the enzyme activity. The variations of relative activity of enzyme on 

incubation time were evaluated and are plotted in the figure 5.7. The 

immobilized enzyme activities were improved with increase of incubation 

time and reached the maximum activities at 240 min. for CSM-PAMAM G1, 

180-240 min. for CSM-PAMAM G1’ and 180 min. for CSM-PAMAM G2. 

The further increase of incubation time declined the relative activities of 

immobilized enzymes as the immobilization capacity of the supports gets 

saturated. The prolonged immobilization time enabled the enzyme to bind 

almost completely with the support and this excessive enzyme adsorption 

caused the inactivation of immobilized enzyme systems. Chen Hou observed 

the lipase inactivation after 300 min. of prolonged immobilization on to 

PAMAM dendrimer modified macroporous polystyrene [22]. 
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Figure: 5.7  Effect of contact time on activity of immobilized α-amylase on 

PAMAM modified magnetic chitosan 

5.3.4.1.3 Effect of initial amount of protein on protein loading onto 

supports 

The effect of initial amount of α-amylase on protein loading was 

investigated at optimum temperature and incubation time. The figure 5.8 

shows the variations of protein loading with respect to the initial amount of 

enzyme taken for the immobilization process.  

The loaded protein was found to be increased with the rise of initial 

amount of enzyme until reached 14.4 mg for CSM-PAMAM G1, 16.8 mg 

for both CSM-PAMAM G1’ and CSM-PAMAM G2 and the maximum 

loaded protein on to these supports was observed to be as 8.5, 10.4 and 12.5 

mg/g support respectively. There was no further protein loading observed 

for all supports as the enzyme concentration increased to higher ranges 

which could be due to the multilayer adsorption of enzyme that lower the 

enzyme-support interaction and hence leads to the desorption of enzyme. 

The percentage of immobilization yield was calculated (table 5.4) and found 

to be the highest value of 74.4 % for CSM-PAMAM G2. The second 
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generation of PAMAM modified magnetic chitosan has provided more 

reactive sites for enzyme binding as it contained increased number of 

terminal amino groups. However, the IY % of CSM-PAMAM G2 was not 

exponential that of CSM-PAMAM G1which might be due to the steric 

hindrance caused by the higher generations of dendritic polymer that 

prevent the enzyme binding capacity. 

 

Figure: 5.8 Effect of initial protein amount on protein loading onto 

PAMAM modified magnetic chitosan 

5.3.4.1 .4 Effect of initial protein amount on immobilized enzyme activity  

The change in enzyme activity of the immobilized enzymes with 

respect to the initial protein amount was investigated and the results are 

depicted in the figure 5.9.  
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Figure: 5.9 Effect of initial protein concentration on immobilized enzyme activity 

For all immobilized enzymes the enzyme activity was found to be 

increased as the amount of initial protein increases. For CSM-PAMAM G1, 

the maximum enzyme activity of 9.26 EU was obtained at initial amount of 

14.4 mg enzyme. The α-amylase on CSM-PAMAM G1’ and CSM-

PAMAM G2 attained optimum activity of 9.78 EU and 15.9 EU at 16.8 mg 

of enzyme. The percentage of activity yield (AY %) was determined using 

the above results and the highest value of 69.89 % was acquired by CSM-

PAMAM G2. This could be arising from the increased availability of 

desirable active sites on enzyme structure at which the catalytic reaction has 

taken place. The immobilization efficiency (IE %) evaluated from the 

corresponding values of IY % and AY % was 67.81 % for CSM-PAMAM 

G1, 71.71 % for CSM-PAMAM G1’and 93.94 % for CSM-PAMAM G2. 
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Table 5.4 Immobilization efficiency of α-amylase on PAMAM modified 

forms of magnetic chitosan 

 

Support 

Initial 

protein 

(mg) 

Immobilized 

protein 

mg/g 

support 

IY 

(%) 

Initial 

activity 

(EU) 

Immobilized 

enzyme 

activity 

(EU) 

AY 

(%) 

IE 

(%) 

CSM-

PAMAM G1 
14.4 8.5 59.03 23.13 9.26 40.03 67.81 

CSM-

PAMAM G2 
16.8 12.5 74.4 22.75 15.9 69.89 93.94 

CSM-

PAMAM G1
1
 

16.8 10.4 61.90 22.03 9.78 44.39 71.71 

5.3.4.1.5 Nitrogen content in PAMAM modified forms and α-amylase 

immobilization Efficiency 

The immobilization efficiency of α-amylase on PAMAM modified 

forms were explained on the basis of percentage of nitrogen content 

presented in it. The CSM-PAMAM G1’ has shown higher IE % compared 

to CSM-PAMAM G1since it exhibited slight increase of nitrogen content 

and hence more reactive sites to bind the enzyme. On comparing the first 

and second generation of PAMAM modified magnetic chitosan the later one 

attained increased density of terminal amino groups, but there was no 

exponential increase in binding capacity with enzyme as the large enzyme 

structure caused drastic steric hindrance with it. Hence there existed slower 

incremental growth of binding capacity of immobilized enzyme even the 

generation of PAMAM dendrimer increased to higher states. The slower 

incremental growth of cellulase binding capacity was reported by Ping Su et 

al. when immobilized on G0–G3 PAMAM-grafted silica [23]. 
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Figure: 5.10  The effect of nitrogen content in PAMAM modified magnetic 

chitosan on α-amylase immobilization efficiency 

5.3.4.2 Effect of pH on α-amylase activity 

The effect of pH on activity of free and immobilized enzymes 

towards starch hydrolysis was determined in the pH range 4-9 and the 

observations are illustrated in the figure 5.11.  

 

Figure: 5.11  Effect of pH on the relative activity of free and immobilized 

α-amylase on PAMAM modified magnetic chitosan 

The CSM-PAMAM G1E exhibited optimum reaction pH at 5.5, 

similar to that of free enzyme. The optimum pH of CSM-PAMAM G1’E and 

CSM-PAMAM G2E were at 6 and 7 respectively. All the immobilized 
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enzymes have shown broad pH profile compared to free enzyme. After 

optimum pH the free enzyme lost its activity very sharply and here we noticed 

that it retained only 10 % of initial activity at pH 9, while the immobilized 

enzymes retained 42-62 % of activity at the same pH.  The increased density 

of amino groups presented on the surface of support provided more positive 

charges to it and made the microenvironment of the enzyme with lesser H
+ 

ions, hence led to the pH of the immobilized systems more basic compared to 

bulk region. The higher activity of the immobilized enzymes might be due to 

the reduced diffusional limitations compared to free enzyme. The less 

diffusional limitations of the enzyme was also observed when lipase 

immobilized on poly(phenylene sulfide) dendrimers [24]. 

5.3.4.3 Effect of temperature on α-amylase activity 

The temperature of the enzymatic reaction has major role in predicting 

its application in industrial scale. The effect of temperature on relative activities 

of free and immobilized enzymes was assessed in the range of 30-70 ºC and the 

results of the study are presented in the figure 5.12.  

 

Figure: 5.12 Effect of temperature on the relative activity of free and 

immobilized α-amylase on PAMAM modified magnetic chitosan 
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For free enzyme, the activity was first increased with increase of 

temperature and exhibited maximum at 50 ºC, thereafter a dramatic decrease 

in enzyme activity was observed as the temperature further increased. The 

CSM-PAMAM G1E and CSM-PAMAM G1’E have shown optimum 

temperature similar to that of free enzyme, while for CSM-PAMAM G2E 

the optimum temperature shifted to 60 ºC. All immobilized enzymes have 

exhibited broad temperature profile and retained the activity in the range of 

40-70 % as the temperature reached 70 ºC. This temperature profile of 

immobilized enzymes has demonstrated their stable three dimensional 

conformations and higher stability than that of free enzyme. The shift of 

optimum temperature of CSM-PAMAM G2E to higher temperature 

indicated its excellent heat resistance and this might be due to its reduced 

conformational flexibility as a result of multipoint attachment of enzyme on 

to the support [25]. 

5.3.4.4 Activation energy 

The Arrhenius plot of free and immobilized enzymes are shown in 

the figure 5.13 and from the slopes the activation energy, Ea was calculated. 

The table 5.5 showed the calculated Ea values, 10.42 KJ mol
-1

, 8.57 KJ mol
-

1
 and 4.54 KJ mol

-1
 for CSM-PAMAM G1E, CSM-PAMAM G1’E and 

CSM-PAMAM G2E respectively. 
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Figure: 5.13 Arrhenius plot to calculate the activation energy (Ea) of 

immobilized α-amylase on PAMAM modified magnetic 

chitosan 

 
Table 5.5 Activation energy of immobilized α-amylase on PAMAM 

modified magnetic chitosan 

Immobilized enzyme 
Activation energy 

(KJ mol
-1

) 

CSM-PAMAM G1  10.42  

CSM-PAMAM G1’  8.57  

CSM-PAMAM G2  4.54  

All the immobilized enzymes have shown lower values compared to 

free enzyme and these lower values ascribed to mass transfer limitations for 

immobilized enzymes [26]. The decrease of activation energy for 

immobilized enzyme was also reported by Esawy et al. [27], where the shift 

of optimum pH and temperature affected the chemical bonding within the 

molecules, led to the change of shape of the active site and hence the 

activation energy get shifted. 

5.3.4.5 Thermal stability of the free and immobilized enzymes 

The thermal stability study was carried out with free and 

immobilized enzymes in which they pre-incubated for 30-70 ºC at optimum 
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pH in the absence of substrate for 1 h. After that enzymatic reaction was 

carried out with starch substrate at optimum temperature. The stability 

curves for free and immobilized enzymes are plotted in the figure 5.14 and 

all the immobilized enzymes exhibited enhanced thermal stability compared 

to free enzyme.  

 

Figure:5.14  Thermal stability of free and immobilized α-amylase on 

PAMAM modified magnetic chitosan 
 

In all cases the enzyme activity at starting temperature was taken as 

100 % and activities corresponding to the increased temperatures were 

expressed relative to this value. The free enzyme has shown sharp decrease 

in activity as the temperature increased and at 50 ºC it retained only 38 % of 

relative activity. However the immobilized enzymes acquired 82-92 % of 

activity at that temperature indicated their increased thermal resistance. At 

70 ºC the free enzyme lost 90 % of its initial activity, whereas the 

immobilized enzymes lost only 48 % for CSM-PAMAM G1E, 34 % for 

CSM-PAMAM G1’E and 18 % for CSM-PAMAM G2E. The results were 

showed that all the immobilized enzymes decreased their activity more 

slowly than that of their free counterpart and hence they attained enhanced 
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thermal stability predominantly at higher temperatures. This could be as a 

result of conformational integrity of the enzyme structure due to the multi 

point adsorption on PAMAM modified magnetic chitosan. 

Thermal stability of free and immobilized enzymes were also studied 

by pre- incubating them up to 120 min. at their optimum temperature and 

the enzymatic activities were measured for corresponding incubation time. 

The figure 5.15 shows that after 120 min. of pre-incubation time the free 

enzyme lost 90 % of activity, while the immobilized enzymes lost 50 % of 

activity for CSM-PAMAM G1E, 40 % of activity for CSM-PAMAM G1’E 

and 25 % of activity for CSM-PAMAM G2E. The similar trend was 

observed when lipase immobilized on PAMAM modified monodisperse 

magnetic microspheres [13] and the stability was acquired by multipoint 

attachment between the enzyme and support which caused the strengthening 

of intra molecular forces in enzyme structure. 

 

Figure:5.15  Variation of pre-incubation time on activity of free and 

immobilized α-amylase on PAMAM modified magnetic 

chitosan 
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5.3.4.6 Determination of kinetic parameters  

The kinetic parameters Km and Vmax were determined from 

Lineweiver-Burk method [28]. The Lineweaver-Burk plots and Hanes-

Woolf plots are given in the figure 5.16 and the calculated kinetic 

parameters are presented in the table 5.6.  

  

 (i)  (iv) 

  

 (ii)  (v) 

  

 (iii)  (vi) 

Figure: 5.16  Lineweaver-Burk plots for (i) CSM-PAMAM G1E (ii) CSM-

PAMAM G1’E (iii) CSM-PAMAM G2E and Hanes-Woolf 

plots for (iv) CSM-PAMAM G1E (iv) CSM-PAMAM G1’E 

(vi) CSM-PAMAM G2E 
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Table 5.6  Kinetic parameters for free and immobilized α-amylase on 

PAMAM modified magnetic chitosan 

Immobilized 

enzyme 

Km 

(mg mL
-1

) 

Vmax 

(μmol  mg
-1

 min
-1

) 

Kcat 

(min
-1

) 

Kcat/Km 

(mLmg
-1

min
-1
) 

Free enzyme 0.45± 0.02 34.48±0.05 1910.19 4244.87 

CSM-PAMAM G1 E 1.67± 0.03 14.92± 0.05 826.57 494.95 

CSM-PAMAM G1’ E 0.85±0.03 16.67± 0.02 923.52 1086.49 

CSM-PAMAM G2 E 0.53± 0.04 23.25± 0.04 892.49 1683.94 

 

The immobilized enzymes have shown higher Km and lower Vmax 

values compared to free enzyme which indicated their decreased affinity 

towards substrate molecule. The diffusional limitations can be avoided in 

case of free enzymes in solution; but for the enzymes immobilized on 

PAMAM modified magnetic chitosan, the role of mass transfer by 

diffusional limitations played more effectively. The immobilization of 

enzyme on to the support caused structural changes in enzyme and leads to 

the conformational changes in the active site which hinder the substrate 

affinity. Among the immobilized enzymes, CSM-PAMAM G2E attained Km 

and Vmax values with small changes compared to free enzyme and this 

showed its increased affinity and activity. 

The turn over number (Kcat) for immobilized enzymes were 

calculated and compared with that of free enzyme. The Kcat values 

calculated for CSM-PAMAM G1E, CSM-PAMAM G1’E and CSM-

PAMAM G2E were 826.57 min
-1

, 923.52 min
-1

 and 892.49 min
-1

 

respectively which are found to be 56.73 %, 51.65 % and 53.28 % lesser 

than that of free enzyme. This indicated their decreased enzyme activity 

since one molecule required 72.57, 64.97 and 67.25 milliseconds of time 

respectively to convert one substrate molecule in to product, while for free 

enzyme it was only 31.41 milliseconds. 
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The catalytic efficiency (Kcat/Km) was also calculated and the 

immobilized enzymes displayed 88.34 %, 74.40 % and 60.33 % of lesser 

values compared to free enzyme. The lower catalytic efficiency for 

immobilized enzymes was also reported when alcohol and aldehyde 

dehydrogenases immobilized onto carbon platform through PAMAM 

dendrimer [29].  

5.3.4.7 Storage stability of Immobilized α-amylase 

The storage stability of immobilized enzymes was studied for six 

months of period by storing them in buffer at 4 °C. The activities were 

determined for definite intervals of time and the results are shown in the 

figure 5.17.  

 

Figure:5.17  Storage stability of immobilized α-amylase on PAMAM 

modified magnetic chitosan  

After six months of storage, the immobilized enzymes retained activity 

of 25 % for CSM-PAMAM G1E, 38 % for CSM-PAMAM G1’E and 52 % 

for CSM-PAMAM G2E. The results showed that time dependent natural loss 

of enzyme activity can be minimized through immobilization process, as it 

provided rigidity to the enzyme structure and hence conformational stability 
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to the active site of the enzyme. The multipoint interaction between the 

enzyme and carrier imparted improved conformational stability to the enzyme 

and this provided enhanced substrate affinity towards the enzymatic reaction. 

The improved storage stability of enzyme was also reported where invertase 

immobilized on PAMAM modified superparamagnetic iron oxide 

nanoparticles [30], in which the immobilized enzyme lost 22 % of activity 

when stored at 4 °C over a period of 30 days. 

5.3.4.8 Reusability  

The reusability study was conducted by subjecting the immobilized 

enzymes on 10 cycles of continual catalytic reaction and measured the 

respective enzyme activity. The figure 5.18 showed that after 10
th

 cycles of 

reuses the immobilized enzymes retained 30 %, 50 % and 83 % activities 

for CSM-PAMAM G1E, CSM-PAMAM G1’E and CSM-PAMAM G2E 

respectively. Here CSM-PAMAM G2E has acquired higher activity at the 

end of the cycle indicated more reduction in enzyme leaching from the 

support and in enzyme denaturation during the period of uses [31]. The 

PAMAM dendrimer assisted enzyme immobilization provided multi-

interaction between the enzyme and the terminal amino functional groups on 

support in order to stabilize the three dimensional protein structure and thus 

enzyme denaturation get diminished. The similar observation was reported 

when lipase immobilized on PAMAM modified macroporous polystyrene 

[22], in which the immobilized enzyme for olive oil emulsion hydrolysis 

retained 85 % of initial activity at the end of 10
th

 recycling process. 
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Figure: 5.18  Reusability of immobilized α-amylase on PAMAM modified 

magnetic chitosan 

5.4 Covalent immobilization of α-amylase on CSM-PAMAM G2 

5.4.1 Immobilization of α-amylase by covalent method 

For covalent immobilization method, the CSM-PAMAM G2 was 

stirred with 0.4 % (v/v) gluteraldehyde solution for 2 h. The support was 

then separated by applying an external magnetic field, washed to remove 

excess of gluteraldehyde and dried in air. Thereafter the support was 

immersed in enzyme solution in buffer and incubated for 2 h. After the time 

period the immobilized enzyme formed was undergone magnetic separation 

by washing with same buffer in order to remove the unbound enzyme. The 

filtrate was used to estimate the residual enzyme by Lowry’s method [32] 

and the immobilized enzyme was stored at 4 °C for further studies. The 

schematic diagram representing the covalent immobilization method is 

given in scheme 5.2.  
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Scheme 5.2 Covalent immobilization of α-amylase on CSM-PAMAM G2 

5.4.1.1 Optimization of α-amylase immobilization conditions 

The immobilization conditions such as pH of the medium, incubation 

time, gluteraldehyde concentration and enzyme concentration for covalent 

immobilization of α-amylase on CSM-PAMAM G2 were optimized in order 

to get maximum immobilization efficiency and compared with that of 

adsorption immobilization. 

5.4.1.1.1 Effect of immobilization pH on α-amylase activity 

The pH of the immobilization medium was optimized in the range of 

5-9 for covalent immobilization of α-amylase on CSM-PAMAM G2 and the 

results were compared with that of adsorption method. The maximum 

immobilization pH by adsorption method was already observed at pH 7 and 

here the optimum pH was obtained at pH 7.5 for covalent method. In covalent 

immobilization, the enzyme was bounded with gluteraldehyde activated 

carrier through Schiff base reaction. Since this reaction was favored by basic 

medium, in covalent immobilization method the maximum activity shifted to 
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at slightly higher pH. Under basic conditions the aldehyde groups of activated 

carrier are able to allow multipoint covalent immobilization with enzyme 

having large amount of lysine groups. The increased activities at higher pH 

were acquired by covalent method might be due to the reduced enzyme 

leaching as there existed a  strong binding between enzyme and the carrier. 

The shift of optimum pH towards alkaline region was also observed by 

Shukla et al. when α-amylase immobilized on nylon 6 via covalent method. 

They observed that maximum immobilized enzyme stability was at pH 6-7 

and found to be decreased towards acidic region [33]. 

 

Figure: 5.19  Effect of immobilization pH on the relative activity of 

immobilized α-amylase on CSM-PAMAM G2 by adsorption 

and covalent methods 

 

5.4.1.1.2 Effect of incubation time on activity of α-amylase 

The incubation time required for covalent immobilization was 

optimized and compared to that of adsorption method. The figure 5.20 showed 

that both of the methods for α-amylase immobilization exhibited optimum 

incubation time of 180 min. In both cases the relative activity of the 
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immobilized enzyme was found to be decreased beyond this optimum value 

due to the saturation in loading capacity of the carrier. However, this decrease 

in enzyme activity was lesser with covalent method since it contributed strong 

binding of enzyme on to the carrier and hence prevented the enzyme desorption 

more effectively, which was not possible with adsorption method.   

 

Figure: 5.20  Effect of incubation time on activity of immobilized α-

amylase on CSM-PAMAM G2 by adsorption and covalent 

methods 

5.4.1.1.3  Effect of gluteraldehyde concentration on immobilized α-

amylase activity 

The concentration of cross-linking agent has major role in providing 

favorable efficiency for α-amylase immobilization. The gluteraldehyde 

concentration in the activated carrier was varied in the range of 0.1 to 1 % 

(v/v) and α-amylase immobilization was carried out with support contained 

each gulteraldehyde concentration. The relative enzyme activities were 

measured and plotted against corresponding gluteraldehyde concentration 

taken during the activation of support.  
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The figure 5.21 showed that maximum enzyme activity was obtained 

for immobilized enzyme with 0.4 % of gluteraldehyde and this immobilized 

enzyme with optimum gluteraldehyde concentration was taken for further 

studies. The lower and higher concentrations of this optimum value resulted 

in decrease of enzyme activity since the lower gluteraldehyde concentration 

provided insufficient cross-linking and higher amounts caused 

intermolecular cross-linking of enzyme molecules and gluteraldehyde 

polymerization [34]. 

 

Figure: 5.21  Effect of gluteraldehyde concentration on the relative activity 

of immobilized α-amylase on CSM-PAMAM G2 

5.4.1.1.4  Effect of initial amount of protein on protein loading on to 

CSM-PAMAM G2 

The protein loading on to CSM-PAMAM G2 by adsorption and 

covalent method was investigated by varying the initial amount of enzyme. 

The figure 5.22 showed that protein loading onto the support increased with 

continuous rise of initial amount of enzyme and reached to a saturation 

point which was 12.5 mg g
-1

 support at 16.8 mg of initial protein for 

adsorption method and 9.6 mg g
-1

 support at initial protein of 14.4 mg for 
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covalent method. These respective initial enzyme concentrations were 

selected for α-amylase immobilization to get maximum enzyme loading by 

adsorption and covalent methods. 

The immobilization yield (IY %) was calculated for the immobilized 

enzymes by both methods and are presented in the table 5.7. The IY % of α-

amylase on CSM-PAMAM G2 by adsorption method was 74.4 % and it was 

66.67 % for covalent immobilization method. The support activated with 

cross-linking agents provides restricted reaction sites for enzyme 

immobilization and this may lead to lesser protein loading by covalent 

method compared to adsorption.   

 

Figure: 5.22  Effect of initial protein amount on protein loading onto CSM-

PAMAM G2 by adsorption and covalent methods 

5.4.1.1.5 Effect of initial protein amount on immobilized α-amylase activity 

The effect of initial amount of α-amylase on immobilized enzyme 

activity was assayed and is illustrated in the figure 5.23. The immobilized 

enzyme activity was increased with rise of initial protein amount and 

reached a maximum activity of 15.9 EU for adsorption method with initial 



Chapter 5 

296 

amount of 16.8 mg enzyme and 13.95 EU for covalent method with initial 

enzyme of 14.4 mg. In both cases, the further increase of initial protein 

amount did not enhance the enzyme activity. The activity yield (%) was 

calculated for the immobilized enzyme by the two methods and the results 

showed that covalently immobilized enzyme attained only lower value 

compared to the adsorbed one. This lower activity of immobilized enzyme 

by covalent method might be due to the effect of immobilization conditions 

and conformational changes in the three dimensional structure of enzyme 

[35]. The strong binding of enzyme with the support leads to the reduction 

in conformational flexibility to the enzyme structure and causes deformation 

in active site of enzyme molecule which imparts lower substrate affinity 

towards enzymatic reaction. This could be impossible with adsorption 

immobilization since there existed only weak interactions between the 

enzyme and support, hence showed higher activity. 

The immobilization efficiency was evaluated and it was found that 

the immobilized enzyme by adsorption method attained higher IE % than 

covalently immobilized enzyme which was 93.95 % and 73.42 % respectively. 

 

Figure: 5.23 Effect of initial protein concentration on activity of 

immobilized enzyme by adsorption and covalent methods 
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Table 5.7  Immobilization efficiency of α-amylase on CSM-PAMAM G2 by 

adsorption and covalent methods 

Support 

Initial 

protein 

(mg) 

Immobilized 

protein 

mg/g 

support 

IY 

(%) 

Initial 

activity 

(EU) 

Immobilized 

enzyme 

activity 

(EU) 

AY 

(%) 

IE 

(%) 

 

CSM- PAMAM 

G2 

(Adsorption) 

16.8 12.5 74.4 22.75 15.9 69.89 93.95 

CSM- PAMAM 

G2 (Covalent 

method) 

14.4 9.6 66.67 28.5 13.95 48.95 73.42 

 

5.4.1.2  Effect of pH on α-amylase activity by adsorption and covalent 

methods 

The effect of pH on starch hydrolysis activities of free and 

immobilized α-amylases by adsorption and covalent methods was 

investigated and the results are presented in the figure 5.24. The reaction pH 

greatly influences the enzyme activity since it preserved the actual 

conformation of enzyme structure by maintaining the ionization state of 

amino acid residues presented in the active site of enzyme. The figure 

showed that both free and adsorbed enzymes attained maximum activity at 

pH 5.5 and after that the activity decreased sharply for free enzyme, while 

the adsorbed enzyme exhibited better activities at higher pH ranges. 

Compared to free and adsorbed α-amylase, the covalently immobilized 

enzyme displayed a broad pH profile and showed maximum activity at pH 

6.5. This shift of optimum pH towards basic region could be as a result of 

strong covalent bond between enzyme and the support which results in 

rigidity to the enzyme structure and caused the conformational changes in it. 

The covalent binding of amino groups of enzyme and aldehyde groups of 

activated support favors the formation of stable Schiff base in the alkaline 

region that could affect the active site of the enzyme. The similar tendency 
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in shift of optimum pH towards alkaline region was also reported by Siming 

Wang et al. when cellulase immobilized on PAMAM grafted silica by 

covalent method [15].  

 

Figure: 5.24  Effect of pH on the relative activity of immobilized α-amylase 

by adsorption and covalent methods 

 

5.4.1.3  Effect of temperature on α-amylase activity by adsorption and 

covalent methods 

The temperature effect on activity of free and immobilized enzymes 

were studied in the range between 30-70 °C at corresponding optimum pH 

and the observations are depicted in the figure 5.25. The free enzyme 

showed optimum temperature at 50 °C and thereafter a sudden decline in 

activity was exhibited as the temperature of the reaction system increased to 

higher ranges. The free enzyme retained only 10 % of relative activity as the 

temperature reached 70 °C. The immobilized enzyme by both methods 

acquired maximum activity at same temperature, which was at 60 °C. They 

have shown very stable temperature profile and at 70 °C, they retained 72 % 

of activity by adsorption method and 88 % of activity by covalent method. 
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The increased activity achieved by the covalently immobilized enzyme 

might be due to its high stable three-dimensional structure. The similar 

observation was reported by Uzun et al. where covalently immobilized 

invertase on PAMAM dendrimer modified superparamagnetic nanoparticles 

showed a shift of optimum temperature from 50 °C to 60 °C. This shift 

could be as a result of increased activation energy of the enzyme in order to 

get appropriate structural conformation to bind with substrate molecule [36]. 

 

 

Figure: 5.25  Effect of temperature on the relative activity of immobilized 

α-amylase by adsorption and covalent methods 

 

5.4.1.4 Activation energy 

The activation energy (Ea) required for covalently immobilized 

enzyme was compared to that of immobilized enzyme by adsorption 

method. The Arrhenius plot is given in the figure 5.26 and the calculated 

values are presented in the table 5.8. 
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Figure: 5.26  Arrhenius plot to calculate the activation energy (Ea) of 

immobilized α-amylase by adsorption and covalent methods 

Here we noticed that the immobilized enzyme by covalent method 

attained lower activation energy than that by adsorption method. This lower 

Ea value of covalently immobilized enzyme indicated its higher catalytic 

efficiency and this could be due to its increased diffusional resistance 

towards substrate molecules in the catalytic reaction [37]. This controlled 

diffusion kept the enzyme not more saturated and so the threshold energy 

for the activated complex of the enzymatic reaction decreased. The rate of 

the diffusion controlled reaction showed less sensitivity towards 

temperature than catalytic activity [38]. 

Table 5.8  Activation energy of immobilized α-amylase on CSM-PAMAM 

G2 by adsorption and covalent methods 

Immobilized enzyme 
Activation energy 

(KJ mol
-1

) 

Adsorption  4.54  

Covalent method  3.96  

5.4.1.5 Thermal stability of the free and immobilized enzymes 

Thermal stability of immobilized enzyme by covalent method was 

investigated and compared with that of free and adsorbed ones. The 
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experiment was carried out by incubating the enzyme system in buffer at 30 

-70 °C in the absence of substrate for 1 h and then the enzymatic reaction 

was performed with starch substrate.  

The figure 5.27 showed that the free enzyme exhibited sudden loss in 

activity at higher temperatures while the immobilized enzyme by adsorption 

and covalent method retained higher activities. At 70 °C the immobilized 

enzyme by adsorption and covalent method attained relative activities of 83 

% and 90 % respectively. The higher activity of covalently immobilized 

enzyme might be due to conformational integrity of the enzyme structure by 

covalent attachment with the support. The increased stability may arise from 

stable three dimensional structure of enzyme that established as a result of 

higher rigidity of the enzyme by covalent binding and hence the 

conformational changes in enzyme structure from the environment can be 

neglected by preserving its three dimensional structure. 

 

Figure: 5.27  Thermal stability of free and immobilized α-amylase on CSM-

PAMAM G2 by adsorption and covalent methods 
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The thermal stability of immobilized enzymes was again examined 

by subjecting them to pre-incubation up to 150 min. at their optimum 

temperatures. The enzyme activity measured at regular intervals of time and 

the results are shown in the figure 5.28. 

 

Figure: 5.28  Variation of pre-incubation time on activity of free and 

immobilized α-amylase on CSM-PAMAM G2 by adsorption 

and covalent methods 

The covalently immobilized enzyme has shown highest stability 

when compared to free and adsorbed ones. After 150 min. of pre-incubation 

the free and adsorbed enzyme retained 10 % and 56 % of activity, whereas 

the immobilized enzyme by covalent method exhibited 72 % of activity. 

The increased rigidity that attained by covalent immobilization has imparted 

higher stability to the enzyme and enhanced the resistance towards protein 

unfolding at higher temperatures. The high thermal stability of immobilized 

enzyme was also reported by Omprakash et al. when lipase immobilized on 

poly (phenylene sulfide) dendrimers by covalent method in which the 

covalent bonded PPS dendrimer preserved the tertiary structure of enzyme 

from thermal denaturation [24]. 



Modified forms of magnetic chitosan by PAMAM dendrimers as α-amylase carriers 

303 

5.4.1.6 Determination of kinetic parameters  

The Lineweaver-Burk plots and Hanes-Woolf plots for CSM-

PAMAM G2E by adsorption and covalent method are depicted in the figure 

5.29 and the kinetic parameters compared with that of free enzyme are 

presented in the table 5.9. 

Table 5.9  Kinetic parameters for free and immobilized α-amylase on CSM-

PAMAM G2 by adsorption and covalent methods 

Immobilized  

enzyme  

Km 

(mg mL
-1

) 

Vmax  

(μmol  mg
-1

 min
-1

)  

Kcat  

(min
-1

) 

Kcat/Km 

(mlmg
-1

min
-1

) 

Free enzyme 0.45± 0.02 34.48±0.05 1910.19 4244.87 

CSM-PAMAM G2 E 

(Adsorption)  
0.53± 0.04 23.25± 0.04 1288.05 2430.28 

CSM-PAMAM G2 E 

(Covalent)  
0.85±0.03 16.67± 0.02 923.52 1086.49 

The Km value for covalently immobilized enzyme is found to be 

higher than that of free and adsorbed enzymes which can be due to its lower 

affinity towards substrate molecule in the enzymatic reaction. The rigidity 

attained by the covalently immobilized enzyme leads to the reduction in 

conformational flexibility of the enzyme structure and hence caused the 

lower accessibility of the enzyme active site to substrate. The decreased 

Vmax value for covalently immobilized enzyme could be as a result of lesser 

tendency of substrate molecule to approach into the active site of the 

enzyme structure which may arise from the unfavorable conformational 

changes of active site by covalent immobilization [39]. The similar trend 

was observed by Aparna Kumari et al. in case of immobilized soybean α- 

amylase on chitosan and amberlite MB-150 beads [40].  
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 (i)  (ii) 

 

 (iii)  (iv) 

Figure: 5.29  Lineweaver-Burk plots for CSM-PAMAM G2E by (i) 

adsorption method (ii) covalent method and Hanes-Woolf 

plots for CSM-PAMAM G2E by (iii) adsorption method (iv) 

covalent method. 

The Kcat and Kcat/Km values were evaluated for covalently 

immobilized enzyme by using the kinetic parameters. Its Kcat value was 

51.65 % and 28.30 % lesser than that of free and adsorbed enzymes 

respectively. It has shown decreased catalytic efficiency when compared to 

free and adsorbed enzymes which was 74.40 % lesser than that of free 

enzyme and 55.29 % lesser than that of adsorbed enzyme.  
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5.4.1.7  Storage stability of immobilized α-amylase by adsorption and 

covalent methods  

The storage stability of covalently immobilized α-amylase was 

compared with that of adsorbed one. The figure 5.30 exhibited the relative 

activities of immobilized enzymes up to six months of storage. The 

immobilized enzyme by covalent method retained 62 % of its initial activity 

at the end of six months of period, while for immobilized enzyme by 

adsorption method it was only about 52 %. The strong covalent binding 

between the enzyme and support provided higher conformational stability to 

the immobilized enzyme and hence increased enzyme activity on 

comparison with adsorbed enzyme. Seyyedeh et al. reported that covalently 

immobilized α-amylase on chitosan coated amine functionalized silica-

magnetite nanoparticles preserved 78.63 % of activity after 80 days of 

storage time [41]. 

 

Figure: 5.30  Storage stability of immobilized α-amylase on CSM-PAMAM 

G2 by adsorption and covalent methods  
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5.4.1.8 Reusability 

The reusability of covalently immobilized enzyme was investigated 

throughout ten consecutive cycles and figure 5.31 showed the comparison of 

reusability of covalently immobilized enzyme with adsorbed one. After 

three successive runs, the adsorbed and covalently immobilized enzymes 

retained 81 % and 90 % of their activity respectively. At the end of tenth 

cycles it was about 46 % and 72 %. The higher activity attained by the 

immobilized enzyme by covalent method might be due to strong binding of 

enzyme on to the carrier. This strong covalent bond can prevent the enzyme 

leakage to some extend which caused as a result of successive runs. Shujun 

Fang et al. observed that the immobilized α-amylase on cross-linked 

chitosan and chitosan-carbon beads showed about 60 % of activity after ten 

cycles of reuses [42]. 

 

Figure: 5.31  Reusability of immobilized α-amylase on CSM-PAMAM G2 

by adsorption and covalent methods  
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5.5 Conclusion 

Surface dendrimerization of magnetic chitosan was successfully 

conducted in order to obtain the modified forms CSM-PAMAM G1, CSM-

PAMAM G1’ and CSM-PAMAM G2. These dendritic polymers constitute 

the new type of carriers for the immobilization of α- amylase and the binding 

capacity of the enzyme was found to be more with CSM-PAMAM G2. The 

immobilized enzymes have shown high pH and temperature tolerance 

compared to their free counterpart and the magnetic separation provided the 

efficient means of their recovery. The kinetic study revealed that CSM-

PAMAM G2E has retained more affinity and activity since the km and Vmax 

values were only slightly different from that of the free enzyme. As the 

covalent immobilization provided high rigidity to the enzyme by stabilizing 

its three dimensional structure, the tendency for denaturation reduced much 

more and thereby attained improved stability and life time. 
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6.1 Introduction 

Thermal stability of the enzyme is one of the major requirements for 

its employment in industrial applications. The major problem that facing the 

use of industrial enzymes was the occurrence of thermal deactivation 

processes under high temperature conditions. The production of 

thermostable enzymes has become very important as the resistance to 

thermal deactivation stand for very important for their application in 

commercial levels. Many researchers focused on the enhancement in 

thermal stability of α-amylase since Madsen and Saito et al. reported its 

isolation and distinctive properties [1, 2]. 

The thermal deactivation process leads to the conformational changes 

in the protein structure without breaking the covalent bonds [3-5] and these 

conformational structural changes could adversely affect their specific 

activity. So understanding of deactivation kinetics and thermodynamic 

parameters is very necessary for analyzing enzyme stability in order to make 

it viable for biotechnological processes [6, 7]. The awareness about enzyme 
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stability encourages the economical growth of industrial enzymes by the 

prolonged enzymatic processes. The stability of enzyme mainly described 

about kinetic and thermodynamic stability; in which the former determines 

the resistance to thermal deactivation and indicated as half life of enzyme 

(t1/2), while the later measures the changes in Gibbs free energy (ΔGº) 

between free form and deactivated form of enzyme and the other 

thermodynamic parameters, change in enthalpy (ΔHº) and change in entropy 

(ΔSº) can be determined from the value of ΔGº. Assessment of these 

thermodynamic parameters gives certain clarifications about the enzyme 

action towards specific substrate molecule. The efficacy of transition state 

can be explained by ΔHº value, but ΔSº value denoted the stability of 

transition state and thus indicated enzyme-substrate affinity. The ΔGº value 

measures the feasibility of enzymatic reaction [8]. Thermodynamic 

parameters of deactivation study provide the information about the structure 

of enzyme and also impart the plausible mechanism of deactivation process.   

Several studies were reported on the determination of kinetic and 

thermodynamic parameters of thermal deactivation of free and immobilized 

enzymes. The higher catalytic efficiency of xylanase was observed by Dorra 

Driss et al. when immobilized on nickel-chelate Eupergit C,  where t1/2 of 

immobilized enzyme was higher than that of free enzyme [9]. The higher 

kinetic parameters, t1/2 and D-values (decimal reduction time) and increased 

thermodynamic parameters, ΔHº and ΔGº were reported by Karam et al. for 

immobilized Aspergillus awamori amylase on Ca
+2 

alginate 

starch/polyethyleneimine /glutaraldehyde [10]. Here the more negative 

value of ΔSº indicated the more ordered state of immobilized enzyme. Ajay 

Pal et al. observed the thermal deactivation of sorbitol treated xylanase from 

A. niger DFR-5 between 45-70 ºC and expressed as first order kinetics [11]. 
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They observed the thermostabilizing nature of sorbitol as the deactivation 

rate constant (kd) decreased in the presence of sorbitol. The increase in t1/2 

and D-value of sorbitol treated xylanase further confirmed the emergence of 

thermostable enzyme. 

The present chapter deals with the thermal deactivation study on free 

and immobilized α-amylase on magnetic chitosan and its modified forms at 

temperature ranges between 50-70 ºC. This includes evaluation of kinetic 

parameters, t1/2, D-value, Ed and z-value for thermal deactivation of free and 

immobilized enzymes at 50-70 ºC. The estimation of thermodynamic 

parameters, ΔHº, ΔGº and ΔSº are also embodied in this chapter. 

6.2 Materials and methods 

6.2.1 Materials  

The details of materials used for the preparation of immobilized α-

amylase on magnetic chitosan and its modified forms and for enzyme 

activity assay were given in the earlier chapters.  

6.2.2 Thermal deactivation study 

The stability of immobilized enzymes was evaluated by conducting 

thermal deactivation study at different temperatures ranging 50-70 ºC.  In 

this study all the immobilized enzymes in desired buffer taken in test tubes 

were pre-incubated in a temperature controlled shaking water bath at 

temperatures which mentioned above by varying the time periods up to 2
1

2
 

h. Here after each 30 min. intervals of incubation period, aliquots of samples 

were withdrawn and assayed for residual enzyme activity by DNS method at 

corresponding optimum temperature. The enzyme activity at 0 min. 

incubation was taken as 100 % and for subsequent time periods the 
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activities were taken as relative to this value. The data obtained from the 

thermal deactivation profile were used to analyze kinetic and 

thermodynamic parameters related to the α-amylase activity [11]. 

6.2.2.1  Estimation of kinetic parameters for thermal deactivation of 

immobilized enzymes 

Thermal deactivation study gives the stability profile for each 

immobilized enzymes in which residual activity expressed in terms of 

percent of initial enzyme activity for definite time intervals of pre-

incubation period. The plots of log relative activities against time were first 

order kinetics and the deactivation rate constant (kd) can be calculated from 

the slope of this plot [12].  

 The temperature dependence of kd was described by Arrhenius plot 

and the deactivation energy (Ed) obtained from the Arrhenius equation, 

0ln ln / (1/ ) (1)d dK K E R T   

Where K0 is the Arrhenius constant, R the universal gas constant (R 

= 8.314 J mol
-1

 K
-1

) 

Slope of the plot gives the Ed which is drawn between ln kd and 

reciprocal of temperature, 1/T (K) by the equation, 

 

The apparent half-lives of immobilized enzymes, t1/2 the time needed 

to reach 50 % of residual activity can be derived from the equation, 

 

 

 
(2)dE

Slope
R

 

 
1/2 ln(2) / (3)dt k
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The D-values represent the decimal reduction time; the pre-

incubation time required for the enzyme to preserve 10 % of residual 

activity and was calculated by the equation, 

 

The temperature sensitivity parameter, z-value is the temperature 

required to reduce D-value by one logarithmic cycle and calculated from the 

slope of plot between log D versus T (°C) by, 

 

 These kd, Ed, t1/2, D-values and z-values stand for the kinetic 

parameters for thermal deactivation of enzyme [9, 13]. 

6.2.2.2 Estimation of thermodynamic parameters for thermal 

deactivation of immobilized enzymes 

Thermal stability of free and immobilized enzymes was described by 

the deactivation rate constant, Kd as a function of temperature and the 

deactivation energy, Ed [3]. These values are used to estimate 

thermodynamic parameters such as the change in enthalpy (ΔHº, kJ mol
-1

), 

free energy (ΔGº, kJ mol
-1

) and entropy (ΔSº, J mol
-1

 K
-1

) for thermal 

deactivation of enzyme by the following equations, 
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Here, kB is the Boltzman constant (1.38 x10
-23

 J K
-1

) and h is the 

Planck constant (11.04x10
-36

 J min) 

6.3 Results and discussion 

6.3.1 Thermal deactivation of immobilized enzymes 

Thermal stability of the enzyme infers the capacity of the enzyme to 

resist thermal denaturation as a result of its unfolding in the absence of 

substrate molecules [14]. The immobilization provides increased stability to 

the enzyme at higher temperatures as it imparts enzyme rigidity and so 

protects the enzyme from thermal deactivation. The stability of the enzyme 

at higher temperatures indicates its applicability in industrial sectors. 

The thermal deactivation rates of immobilized enzymes were 

investigated at temperatures range between 50-70 ºC and compared with 

that of free enzyme. The linear plots of log relative activities against time 

were illustrated in the figures given below, indicating the first order kinetics 

of thermal deactivation of enzyme. 

 

 (i)  (ii) 

Figure 6.1 First order thermal deactivation of (i) free enzyme and (ii) CSME 
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  (i)  (ii) 

 
(iii) 

Figure 6.2  First order thermal deactivation of (i) CSM-GLYE (ii) CSM-

GLAE and (iii) CSM-ECHE  

 
 (i)  (ii)  

 
 (iii)                                                              (iv) 

Figure 6.3  First order thermal deactivation of (i) CSM-PANIE (ii) CSM-

PPYE (iii) CSM- PMMAE and (iv) CSM-PANE 



Chapter 6 

322 

   
 (i)  (ii)              

   
 (iii)                                                              (iv) 

Figure 6.4  First order thermal deactivation of (i) CSM-GOE (ii) CSM-

MMT 2.5E (iii) CSM-MMT 5E and (iv) CSM-MMT 10E 

   
  (i)  (ii) 

 
(iii) 

Figure 6.5  First order thermal deactivation of (i) CSM-PAMAM G1E (ii) 

CSM-PAMAMG1’E and (iii) CSM-PAMAM G2E      
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6.3.2  Estimation of kinetic parameters for thermal deactivation 

of immobilized enzymes  

The deactivation energy, Ed for thermal denaturation process was 

calculated from the Arrhenius plot drawn between ln kd and reciprocal of 

temperature shown in the figures 6.6 to 6.10 and the values are presented in 

the tables 6.1 to 6.4. 

The Ed values for all immobilized enzymes were found to be higher 

in comparison to free enzyme which indicates their high stability. An 

immobilized enzyme with high Ed value confirmed that it require more 

energy for denaturation by heat [15]. As a result of immobilization the 

enzyme has become compact, more rigid and highly resistant to thermal 

denaturation. The similar trend was also observed by Mateo et al. for lipase 

immobilization on hydrophobic supports [16]. 

 

Figure 6.6 Arrhenius plot to calculate deactivation energy (Ed) of free 

enzyme and CSME 
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Figure 6.7  Arrhenius plot to calculate deactivation energy (Ed) of CSM-

GLYE, CSM-GLAE and CSM-ECHE 

 

  

 (i)  (ii) 

Figure 6.8  Arrhenius plot to calculate deactivation energy (Ed) of (i) CSM-

PANIE and CSM- PPYE (ii) CSM-PMMAE and CSM-PANE 

 

   

  (i)  (ii) 

Figure 6.9  Arrhenius plot to calculate deactivation energy (Ed) of (i) CSM-

GOE (ii) CSM-MMT 2.5E, CSM-MMT 5E and CSM-MMT 10E 
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Figure 6.10  Arrhenius plot to calculate deactivation energy (Ed) of CSM-

PAMAM G1E, CSM-PAMAM G1’E and CSM-PAMAM 

G2E 

The Ed value for free α-amylase was calculated as 15.52 KJ mol
-1 

and 

that of CSME was 18.71 KJ mol
-1

 which confirmed the increase of thermal 

stability of α-amylase upon immobilization with magnetic chitosan. The 

modified forms of magnetic chitosan have also provided high stability to the 

enzyme as their immobilized forms exhibited higher Ed values. Among the 

modified forms of magnetic chitosan with cross-linking agents, CSM-GLYE 

has shown higher deactivation energy of 36.77 KJ mol
-1 

than CSM-GLAE 

(27.12 KJ mol
-1

) and CSM-ECHE (20.46 KJ mol
-1

). In case of modified 

forms of CSM with synthetic polymers, the higher Ed value of 50.77 KJ 

mol
-1

 was shown by CSM-PMMAE and this indicated its higher stability 

compared to the immobilized enzymes by other synthetic polymers. The 

layered solids modified magnetic chitosan on α-amylase immobilization 

have shown high Ed values compared to free enzyme and out of this CSM-

GOE exhibited highest value of 57.81 KJ mol
-1

. In case of α-amylase 

immobilized on PAMAM modified magnetic chitosan, CSM-PAMAM G2E 

has attained better energy for thermal deactivation (54.42 KJ mol
-1

) 

compared to the other PAMAM modified forms.  
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The free α-amylase showed a t1/2 of 138.63 min. at 50 ºC and it was 

found that with the increase of temperature the t1/2 of enzyme decreased to 

lower value and reached to 99.02 min. at 70 ºC. Similar trend was observed 

in case of all the immobilized enzymes and this indicated the decrease of 

enzyme stability at higher temperatures. However, immobilized enzymes 

have shown increase in half-life at all temperature ranges confirmed the 

enhanced thermal stability of enzyme as a result of immobilization. Yagar et 

al. reported high stability of immobilized α-amylase by Aspergillus 

sclerotiorum in calcium alginate gel beads in terms of their half-lives at 

different temperatures [17]. The time needed for the enzyme to preserve 10 % 

of residual activity, D-value found to be higher in case of all immobilized 

enzymes than that of free enzyme and this further confirmed the protecting 

effect of magnetic chitosan and its modified forms on α-amylase. The 

immobilization process protect the enzyme significantly against thermal 

deactivation [18].  

The temperature needed to reduce the D-value by one logarithmic 

cycle (z-value), of free and immobilized enzymes were calculated from the 

plot drawn between log D and temperature, shown in the figures 6.11 to 

6.15.  The inverse of the slope of plot gives the z-value and the tables 6.1 to 

6.4 showed that all the immobilized enzymes have attained lower z-values 

compared to the free enzyme. The free enzyme gained high z-value of 

142.86 °C and that of CSME calculated as 125 °C. The enzyme on modified 

forms of magnetic chitosan showed lower z-values. In case of magnetic 

chitosan modified with cross-linking agents, CSM-GLYE has shown lowest 

value of 58.82 °C compared to other cross-linked forms and CSM-PMMAE 

exhibited smallest value of 43.48 °C among polymer modified forms of 

CSM. For CSM with inorganic layered solids, CSM-GOE has given lowest 
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z-value of 37.04 °C and CSM-PAMAM G2E showed the value of 40 °C 

which was lowest among PAMAM modified forms of CSM.  

The z-value with high magnitude indicates more sensitivity to the 

duration of thermal treatment and lower magnitude stands for more 

sensitivity to rise in temperature [11]. Hence all the immobilized enzymes 

with lower z-value compared to free enzyme showed that the magnetic 

chitosan and its modified forms keep the enzyme more sensitivity to rise in 

temperature than the duration of heat treatment. 

 

Figure 6.11  Temperature dependence of the decimal reduction of free 

enzyme and CSME to evaluate z-values. 

 

 

Figure 6.12  Temperature dependence of the decimal reduction of CSM-

GLYE, CSM-GLAE and CSM-ECHE to evaluate z-values. 
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  (i)  (ii) 

Figure 6.13 Temperature dependence of the decimal reduction of (i) CSM-

PANIE and CSM-PPYE (ii) CSM-PMMAE and CSM-PANE 

to evaluate z-values. 

  

  (i)  (ii) 

Figure 6.14  Temperature dependence of the decimal reduction of (i) CSM-

GOE (ii) CSM-MMT 2.5E, CSM-MMT 5E and CSM-MMT 

10E to evaluate z-values. 
 

 

Figure 6.15  Temperature dependence of the decimal reduction of CSM-

PAMAM G1E, CSM-PAMAM G1’E and CSM-PAMAM G2E 
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Table 6.1 Kinetic parameters for thermal deactivation of free enzyme, 

immobilized enzymes on magnetic chitosan and its modified 

forms with cross-linking agents 

Enzyme 
Temperature 

(ᴼ C) 

t1/2 

(min) 

D-value 

(min) 

Ed 

(KJ mol
-1

) 

z-value 

(ᴼ C) 

FE 

50 ⁰C 138.63 460.52 

15.52 142.86 
60 ⁰C 115.52 383.76 

70 ⁰C 99.02 328.94 

50 ⁰C 346.57 1151.293 

CSME 

60 ⁰C 277.26 921.034 

18.71 125 70 ⁰C 231.05 767.5284 

50 ⁰C 770.16 2558.43 

CSM-GLYE 

60 ⁰C 533.19 1771.22 

36.77 58.82 70 ⁰C 346.57 1151.29 

50 ⁰C 693.15 2302.58 

CSM-GLAE 

60 ⁰C 495.10 1644.70 

27.12 83.33 70 ⁰C 385.08 1279.21 

50 ⁰C 385.08 1279.21 

CSM-ECHE 
60 ⁰C 277.26 921.03 

20.46 111.11 
70 ⁰C 247.55 822.35 

 
Table 6.2  Kinetic parameters for thermal deactivation of immobilized 

enzymes on modified forms of magnetic chitosan with synthetic 

polymers 
 

Enzyme 
Temperature 

(ᴼ C) 

t1/2 

(min) 

D-value 

(min) 

Ed 

(KJ mol
-1

) 

z-value 

(ᴼ C) 

 50 ⁰C 231.05 767.53 
  

CSM-PANIE 60 ⁰C 173.29 575.65 23.58 90.91 

 70 ⁰C 138.63 460.52 
  

 50 ⁰C 346.57 1151.29 
  

CSM-PPYE  60 ⁰C 231.05 767.53 32 66.67 

 70 ⁰C 173.28 575.65 
  

 50 ⁰C 693.15 2302.58 
  

CSM-PMMAE  60 ⁰C 346.57 1151.29 50.77 43.48 

 70 ⁰C 231.05 767.53 
  

 50 ⁰C 495.10 1644.70 
  

CSM-PANE  60 ⁰C 277.26 921.03 39.67 55.55 

 70 ⁰C 210.04 697.75 
  



Chapter 6 

330 

Table 6.3  Kinetic parameters for thermal deactivation of immobilized 

enzymes on modified forms of magnetic chitosan with 

inorganic layered solids 
 

Enzyme 
Temperature 

(⁰C) 

t1/2 

(min) 

D-value 

(min) 

Ed 

(KJ mol
-1

) 

z-value 

(⁰C) 

 50 ⁰C  1732.868 5756.46    

CSM-GOE  60 ⁰C  866.434 2878.23  57.81  37.04  

 70 ⁰C  495.1051 1644.70    

 50 ⁰C  577.6227 1918.82    

CSM-MMT 2.5E  60 ⁰C  288.8113 959.41  45.40  47.62  

 70 ⁰C  216.6085 719.56    

 50 ⁰C  866.434 2878.23    

CSM-MMT 5E  60 ⁰C  533.1901 1771.22  46.61  45.45 

 70 ⁰C  315.0669 1046.63   

 50 ⁰C  1732.868 5756.46    

CSM-MMT 10E  60 ⁰C  1155.245 3837.64  42.18  55.55 

 70 ⁰C  693.1472 2302.58    

  
Table 6.4  Kinetic parameters for thermal deactivation of immobilized 

enzymes on PAMAM modified forms of magnetic chitosan  

 

Enzyme 
Temperature 

(⁰C) 

t
1/2

 

(min) 

D-value 

(min) 

Ed 

(KJ mol
-1

) 

z-value 

(⁰C) 

 50 ⁰C  385.08  1279.21    

CSM-PAMAM G1E  60 ⁰C  315.06  1046.63 23.49  90.91  

 70 ⁰C  231.05  767.53    

 50 ⁰C  693.15  2302.58    

CSM-PAMAM G1’E  60 ⁰C  385.08  1279.21  40.50  52.63  

 70 ⁰C  288.81  959.41    

 50 ⁰C  1732.87  5756.46    

CSM-PAMAM G2E  60 ⁰C  866.43  2878.23  54.42  40  

 70 ⁰C  533.19  1771.22    
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6.3.3 Estimation of thermodynamic parameters for thermal 

deactivation of immobilized enzymes 

The thermodynamic parameters for thermal deactivation of free and 

immobilized enzymes were determined by using their corresponding Ed 

values and the results are presented in the tables 6.5 to 6.7. The ΔH° values 

for all the immobilized enzymes were found to be higher than that of free 

enzyme. This revealed that the immobilization provided high stability to the 

enzyme and hence the immobilized systems required more energy for 

thermal deactivation. It was noticed that at higher temperatures, ΔH° values 

were slightly decreased for both free and immobilized enzymes which 

indicated that they required lesser amount of energy for their deactivation at 

higher temperatures and it was confirmed that they undergone significant 

conformational changes at that temperature ranges [8]. However, the 

immobilized enzymes still keep their ΔH° values more than that of free 

enzyme.   

The thermal deactivation process was accompanied with unfolding of 

protein structure that causes the increase of disorder which describe entropy 

of deactivation, ΔS°. Both free and immobilized enzymes have shown 

negative values for ΔS° indicated their high ordered state. However the 

immobilized enzymes have exhibited the entropy values with lesser in 

magnitude when compared to free enzyme and this could be as a result of 

interaction between the enzyme and support. This leads to the immobilized 

enzyme with lesser compaction and resistant towards thermal deactivation 

that eventually causes increased enzyme stability [19]. 

The Gibbs free energy (ΔG°) for thermal deactivation of free and 

immobilized enzymes was increased as the temperature of the process 
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increased to higher values, yet the values are more with immobilized 

enzymes. The higher ΔG° values at elevated temperatures confirmed the 

more stability of the immobilized enzyme and this revealed their resistance 

towards thermal denaturation at higher temperatures.  The ΔG° values that 

determine the spontaneity of the thermal deactivation process and these are 

found to be higher than that of ΔH° for both free and immobilized forms. 

This might be due to the negative entropic contribution of thermal 

deactivation process [20]. 

Table 6.5 Thermodynamic parameters of free enzyme, immobilized 

enzymes on magnetic chitosan and its modified forms on 

thermal deactivation study at 50 ºC 

Temperature 

(⁰C) 
Enzyme 

∆Gº 

KJ mol
-1

 

∆Hº 

KJ mol
-1

 

∆Sº 

KJ mol
-1 

K
-1

 

50 ⁰C  FE  104.59 12.83 -0.28395 

 CSME  107.05 16.01 -0.28172 

 CSZE  109.20 20.81 -0.27354 

 CSTE  109.52 39.57 -0.21646 

 CSM-GLYE  109.29 29.31 -0.2472 

 CSM-GLAE  108.92 24.51 -0.2612 

 CSM-ECHE  107.34 17.61 -0.2771 

 CSM-PANIE  105.97 20.89 -0.2633 

 CSM-PPYE  107.05 29.31 -0.2406 

 CSM-PMMAE  108.92 48.09 -0.1882 

 CSM-PANE  108.01 36.98 -0.2198 

 CSM-GOE  111.38 55.12 -0.1741 

 CSM-MMT  2.5E  108.43 42.71 -0.2034 

 CSM-MMT 5E  109.52 43.92 -0.203 

 CSM-MMT 10E  111.38 24.51 -0.2688 

 CSM-PAMAM G1E  107.34 20.81 -0.2677 

 CSM-PAMAM G1’E  108.92 37.81 -0.22 

 CSM-PAMAM G2E  111.38 51.74 -0.1845 
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Table 6.6 Thermodynamic parameters of free enzyme, immobilized 

enzymes on magnetic chitosan and its modified forms on 

thermal deactivation study at 60 ºC 
 

Temperature 

(⁰C) 
Enzyme 

∆Gº 

KJ mol
-1

 

∆Hº 

KJ mol
-1

 

∆Sº 

KJ mol
-1 

K
-1

 

60 ⁰C  FE  107.41 12.75 -0.28413 

 CSME  109.83 15.94 -0.28185 

 CSZE  112.11 20.72 -0.2743 

 CSTE  111.64 39.49 -0.21657 

 CSM-GLYE  111.64 29.23 -0.2473 

 CSM-GLAE  111.25 24.42 -0.2606 

 CSM-ECHE  109.83 17.69 -0.2766 

 CSM-PANIE  108.53 20.81 -0.2637 

 CSM-PPYE  109.33 29.23 -0.2404 

 CSM-PMMAE  110.45 48 -0.1874 

 CSM-PANE  109.83 36.89 -0.2189 

 CSM-GOE  112.99 55.04 -0.1739 

 CSM-MMT  2.5E  109.95 42.63 -0.2021 

 CSM-MMT 5E  111.64 43.84 -0.2035 

 CSM-MMT 10E  113.79 24.42 -0.2682 

 CSM-PAMAM G1E  110.19 20.72 -0.2685 

 CSM-PAMAM G1’E  110.74 37.73 -0.2191 

 CSM-PAMAM G2E  112.99 51.65 -0.1841 
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Table 6.7 Thermodynamic parameters of free enzyme, immobilized 

enzymes on magnetic chitosan and its modified forms on 

thermal deactivation study at 60 ºC 
 

Temperature (⁰C) Enzyme 
∆Gº 

KJ mol
-1

 

∆Hº 

KJ mol
-1

 

∆Sº 

KJ mol
-1 

K
-1

 

70 ⁰C  FE  110.28 12.67 -0.28444 

 CSME  112.69 15.85 -0.28221 

 CSZE  114.67 20.64 -0.27402 

 CSTE  113.85 39.40 -0.21696 

 CSM-GLYE  113.85 29.15 -0.2468 

 CSM-GLAE  114.15 24.34 -0.2617 

 CSM-ECHE  112.89 17.61 -0.2777 

 CSM-PANIE  111.24 20.72 -0.2637 

 CSM-PPYE  111.87 29.15 -0.2411 

 CSM-PMMAE  112.69 47.92 -0.1887 

 CSM-PANE  112.42 36.81 -0.2203 

 CSM-GOE  114.87 54.95 -0.1746 

 CSM-MMT  2.5E  112.58 42.55 -0.2041 

 CSM-MMT 5E  113.58 43.75 -0.2035 

 CSM-MMT 10E  115.83 24.34 -0.2661 

 CSM-PAMAM G1E  112.69 20.64 -0.2682 

 CSM-PAMAM G1’E  113.33 37.64 -0.2205 

 CSM-PAMAM G2E  115.07 51.57 -0.1850 

6.4 Conclusion  

The thermal deactivation energy (Ed) for immobilized α-amylase was 

found to be higher than that of free enzyme indicated its high stability and 

increased resistance to heat denaturation. The apparent half-life (t1/2) and D-

value of immobilized α-amylases were found to be appreciably increased in the 

temperature range 50–70 ⁰C. The lower z-value of immobilized enzyme 

designated that the immobilization provided more sensitivity to enzyme 

towards the increase of temperature rather than its duration. Based on the 

obtained thermodynamic parameters ΔH°, ΔS° and ΔG°, it is confirmed that 

the thermal denaturation of α-amylase was reduced much more as a result of 

immobilization and the interactive forces between support and enzyme have 

assigned much stability to it.  
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7.1 Introduction 

α-amylase is one of the important starch hydrolyzing enzymes that 

promote the hydrolysis of  α-1,4-glycosidic linkages in starch to yield low 

molecular weight products like glucose and maltose [1, 2]. Owing to this 

starch hydrolyzing activity these enzymes are widely implemented in starch 

processing industries especially in food, detergent, paper, textile desizing 

and pharmaceutical industries [3, 4].  

Detergent industries stand for principal consumers of enzymes and as 

the enzymes are eco friendly, they are well suited with detergent 

formulations in order to enhance the stain removing capacity [5, 6]. 

Amylase constitutes as the second major type of enzymes that widely used 

with enzymatic detergent formulations that degrade the starchy food 

residues such as potatoes, gravies, chocolate, sauce etc to smaller 

oligosaccharides [7, 8]. Amylase exhibited high activity at alkaline pH 

medium and at lower temperature conditions, although oxidative stability of 

the enzyme in detergent formulations should be maintained as the washing 

environs are too oxidizing [9]. The starch hydrolyzing property of enzyme 
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has been exploited for the starch stain removal from the surface as it is the 

main polysaccharide presented in the food ingredients and starch removal 

has become so crucial since it was well attracted to particulate soils [10]. 

Washing with detergents alone caused much energy loss as the washing 

performance conducted at higher temperatures in order to improve the 

washing efficiency. However the use of enzymes in detergents offers lower 

wash temperature and also shorter periods of agitation. The free form of α-

amylase in detergents is generally unstable since it was undergone protease 

attack and was inhibited its activity by other detergent components. The 

immobilized form of α-amylase provides better solution to it which protects 

it from protease attack and also from inhibition of various detergent 

components such as surfactants. It was recommended the use of laundry 

detergents at 30 °C and 40 °C wash cycles and preferably in cold filled 

washing machines as the enzyme tends to be denatured at higher 

temperatures. But the use of immobilized enzyme instead of free enzyme 

acquired much stability at higher temperatures as it undergone slow rate of 

thermal inactivation. Many literatures were reported on which immobilized 

enzymes as cleaning additive in detergents for the removal of starch stain. 

Jaiswal et al. reported that immobilized soybean α-amylase on gelatin has 

found potential application in the cleaning performance of laundry 

detergents [11]. Soleimani et al. observed the cleaning efficiency of 

immobilized amylase on silica nanoparticles and found much more than that 

of free enzyme [12]. They argued that immobilization process has decreased 

the enzyme sensitivity towards some components of detergents.  

In textile industry, the warp yarns are coated with sizing agents in 

order to get additional strength to prevent the yarn breakage in loom and to 

improve weaving efficiency by increasing the weft insertion speed [13-15]. 
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Starch is the widely used sizing agent which provides high weaving 

performance to yarns. The starch on warp yarn tends to resist towards the 

dye and chemicals that used in wet processing stage and so before attaining 

this stage the sizing agents must be removed, which termed as desizing. α-

amylase is the widely used desizer in textile industry since it do not cause 

any harm to yarns and it catalyzes the degradation of starch molecules 

which leads to the enhanced and stable wet processing. The desizing by 

enzyme required not so much time and can be easily occurred by effective 

enzyme action. Chimata et al. reported the desizing of cotton cloth by α-

amylase from Aspergillus species and desizing activities were evaluated by 

varying the enzyme concentration [16]. Nima Chand et al. observed the high 

desizing efficiency of Ca
2+

-independent α-amylase on cotton fabric under 

acidic conditions [17]. When free enzymes used as desizer, after the reaction 

some amount remained in the reaction system which cannot be recovered 

for reuse and this caused contamination of the product. However, the use of 

immobilized enzyme has become more effective than free enzyme since it 

can be used repetitively, also due to its longer half life and specific rate of 

deactivation. Sahinbaskan et al. reported the desizing of cotton fabric by 

free and immobilized α-amylase using ultra sonic and conventional bath 

procedures and observed that the multiple use of immobilized enzyme 

permitted better desizing processes for textile industry [18]. 

This chapter deals with the two important industrial applications of 

immobilized α-amylase on magnetic chitosan. The first section describes the 

washing performance of immobilized α-amylase in laundry detergents and 

the second section explains the enzymatic desizing of cotton cloth using 

immobilized α-amylase.  
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7.2 Experimental 

7.2.1 Materials 

The materials required for the preparation of immobilized α-amylase 

on magnetic chitosan were detailed in the chapter 2. Cotton cloth pieces and 

detergents were purchased from local market. Dinitrosalicylic acid and 

starch (potato) were acquired from S.d. Fine Chemicals Ltd, Mumbai. 

7.2.2  Preparation of immobilized α-amyalse on magnetic chitosan  

  The preparation of immobilized enzyme and its estimation were 

discussed in chapter 2. 

7.2.3 Measurement of washing performance of immobilized 

enzyme (CSME) in laundry detergents  

The washing performance of immobilized enzyme on starch stain 

was investigated by using six types of commercially available detergents 

such as Tide, Ujala, Surf excel, Sunlight, Ariel and Henko. In this study the 

stock solutions of detergents in 2 g L
-1

 were prepared in distilled water. 

About 1 % of starch solution was prepared and clean cotton cloth pieces of 

3x3 cm were stained with 0.2 mL starch solution. These stained cotton cloth 

pieces were subjected to wash treatment in separate reaction flasks. In the 

first case the stained cloth piece was incubated in detergent solution in the 

presence of immobilized enzyme at 40 °C for 20 min. under continuous 

agitation. Likewise, in the second reaction flask the stained cloth was 

washed in distilled water alone and the third cloth piece was washed in 

another flask by using only detergent solution. The pH of the reaction 

medium maintained between 9 and 10.  After the time period, cloth pieces 

were taken out from respective reaction flasks and rinsed with definite 
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amount of distilled water. Then the cloth pieces were squeezed and the 

volume of wash out made up to 10 mL. About 1 mL of the washout form 

reaction flasks mixed with 1mL DNS reagent taken in separate reaction 

tubes and placed in boiling water bath for 5 min. The reaction tubes were 

cooled to room temperature and maltose produced was determined 

spectrophotometrically at 540 nm. 

7.2.4 Desizing method 

For desizing study equal sizes of 3x3 cm clean cotton cloth pieces 

with starch over that were used and they were weighed on an electronic 

balance. The weighed cloth strip was then placed in a reaction flask 

containing immobilized enzyme in buffer at optimum pH. Another weighed 

cotton strip that dipped in the same buffer without immobilized enzyme 

stands for control. These reaction systems were incubated at optimum 

temperature of 35 °C for 1 h. After the time period, the cloth pieces were 

taken out from the reaction system and rinsed thoroughly. They were 

washed with tap water, dried in oven and after drying the pieces were again 

weighed. 

7.2.4.1 Desizing efficiency tests Weight loss (%) assay 

Desizing efficiency of the immobilized enzyme was evaluated by 

weight loss (%) assay in which weight of the cotton cloth pieces were 

measured before and after the desizing process. 

The weight loss (%) was calculated by the equation 7.1, 

𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 % (𝑊𝑡 %) =
 𝑊1− 𝑊2 

𝑊1
𝑋100     (7.1) 

Where W1 is the weight of cotton piece before desizing and W2 is the 

weight of cotton piece after desizing process. 
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Reducing sugar assay 

The desizing efficiency of immobilized enzyme was also evaluated 

by reducing sugar assay in which the reducing sugar formed as a result of 

enzyme action on starch over the cotton cloth was analyzed by 

dinitrosalicylic acid (DNSA) method. Here 1mL of the supernatant from the 

reaction system mixed with 1 mL DNS reagent taken in a test tube and then 

placed in a boiling water bath for 5 min. The reaction tubes were cooled to 

room temperature and the reducing sugar liberated was 

spectrophotometrically analyzed at 540 nm. 

7.3 Results and Discussion 

7.3.1  Washing performance of immobilized α-amylase in laundry 

detergents 

The washing performance of immobilized enzyme supplemented 

detergents were evaluated by measuring the maltose content released from 

the starch stained cotton cloth taken for the study. The higher amount of 

maltose released from the cotton cloth piece indicates better washing. Since 

the washing capacity of detergents has been based on the degradation of 

starch stain on the cotton cloth, it also depended on the activity of enzyme 

towards starch substrate. Hence the washing performance of enzyme in 

detergents controlled by the temperature of the medium as the enzyme 

activity varied in accordance with the changes in temperature and also the 

rise of temperature to higher region leads to the enzyme denaturation. 
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7.3.1.1 Determination of maltose content in the washout 

The maltose content removed from the starch stained cotton cloth 

pieces in the wash out were determined after they washed in detergents 

together with immobilized enzyme and in detergents alone. The wash out 

from the washing of cloth piece in distilled water stands for control. The 

maltose content removed from both cases of washing are presented in the 

table 7.1 and here we observed that the washing of cotton cloth piece in 

detergents supplemented with immobilized α-amylase provided more 

maltose content than that of washing in detergents alone. This implied the 

better washing performance of detergents supplemented with immobilized 

enzyme rather than that of the other. 

Table 7.1  Colorimetric determination of maltose content in the washout for 

the washing of cotton cloth piece in detergents supplemented 

with immobilized α-amylase and detergents alone 

 

 
Maltose content (mg mL

-1
) 

Commercial 

detergents used 
Detergent  alone Detergent + immobilized enzyme 

Ariel 0.07 0.2 

Henko 0.15 0.825 

Surf excel 0.03 0.1 

Sunlight 0.09 0.22 

Tide 0.02 0.07 

Ujala 0.05 0.125 

As the reaction medium kept in alkaline, the interaction between the 

enzyme and the support has become very weak which caused the enzyme 

desorption from the support surface and promoted to adsorb on to the soil 

surface [19]. The starch hydrolyzing property of enzyme removes the starch 

stain from the cotton cloth easily [20]. Here the immobilized α-amylase 

catalyzed the breakdown of starch molecules in which hydrolysis of 
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amylose fractions of starch has taken place and yielded maltose and dextrin 

units. The higher the maltose content in the washout of detergents 

supplemented with immobilized enzyme indicate enhanced degradation of 

starch molecules and hence their better washing performance. 

 The washing performance of immobilized enzyme in terms of its 

specific activity is presented in the figure 7.1. The enzyme with high 

specific activity meant for its increased degrading power towards starch 

stain and hence high washing performance. 

 

Figure 7.1 Washing performance of detergents supplemented with 

immobilized enzyme in terms of specific activity 

Since the commercial detergents already incorporated with some 

amount of enzymes, they have been exhibited certain enzyme activity when 

they were used in the washing of stained cotton cloth pieces. However these 

detergents supplemented with immobilized enzyme have shown much more 

specific activity when compared to the detergents alone. Therefore this 

immobilized enzyme can be successively used in laundry detergents for the 

degradation of starchy food residues. Here we observed that the detergent 
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Henko supplemented with immobilized enzyme has shown higher specific 

activity of about more than 650 U/mg towards the starch stain removal. The 

immobilized enzyme increased the washing efficiency of detergent without 

being affected or may be facilitated the action of detergent components. 

Jaiswal et al. argued that immobilized α-amylase on gelatin could be 

considered as a potential cleaning additive in detergents as it showed 

increased washing efficiency in starch stain removal without affected by the 

components of detergents [11]. 

7.3.1.2 Effect of temperature on washing performance of free and 

immobilized enzymes  

The effect of temperature on washing performance of immobilized 

enzymes in various detergents were studied at 40 °C and 50 °C for different 

time periods and compared with that of free enzyme. The results are 

depicted in the figure 7.2 to 7.7. 

 

 (i)   (ii) 

Figure 7.2  Effect of temperature on washing performance of free and 

immobilized enzyme in Ariel at (i) 40 °C (ii) 50 °C 
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 (i)   (ii) 

Figure 7.3 Effect of temperature on washing performance of free and 

immobilized enzyme in Henko at (i) 40 °C (ii) 50 °C 

 

 
 (i)   (ii) 

Figure 7.4 Effect of temperature on washing performance of free and 

immobilized enzyme in Surf excel at (i) 40 °C (ii) 50 °C 

 

 
 (i)   (ii) 

Figure 7.5 Effect of temperature on washing performance of free and 

immobilized enzyme in Tide at (i) 40 °C (ii) 50 °C 
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 (i)   (ii) 

Figure 7.6  Effect of temperature on washing performance of free and 

immobilized enzyme in Ujala at (i) 40 °C (ii) 50 °C 

 

  

 (i)   (ii) 

Figure 7.7  Effect of temperature on washing performance of free and 

immobilized enzyme in Sunlight at (i) 40 °C (ii) 50 °C 

Here we observed that the washing performance of immobilized 

enzyme in all detergents was higher than that of free enzyme at both 

temperatures that we have studied. The free enzyme lost its activity much 

more than that of immobilized enzyme as the time period for washing 

process prolonged. When the washing was performed at higher temperature, 

the activity of both free and immobilized enzymes were found to be 

decreased. However the decrease in activity for immobilized enzyme was at 

slower rate when compared to the free enzyme.  
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As enzymes are denatured at high temperatures and long periods of 

agitation, the biological laundry detergents were recommended to use at 30 

°C and 40 °C wash cycles and preferably in cold fill washing machines. But 

in this study when detergents supplemented with immobilized enzyme were 

used for starch stain removal, the immobilized enzyme exhibited slow rate 

of thermal inactivation as compared to free enzyme and this could be as a 

result of high thermal stability of the immobilized enzyme. Hence it showed 

better activity towards starch degradation and can be used for higher 

temperature washing process without loss of much activity due to thermal 

denaturation. The similar trend was observed in the cleaning efficiency of 

immobilized α-amylase on silica nanoparticles on starch soils of cotton 

fabric at higher temperatures [21]. 

7.3.2 Enzymatic desizing of cotton cloth using immobilized α-

amylase  

7.3.2.1 Optimization of parameters for desizing process  

The parameters such as amount of immobilized enzyme and 

incubation time for the desizing process were optimized in order to get 

maximum desizing efficiency. Weight loss (%) assay and estimation of 

reducing sugar were carried out for the determination of desizing efficiency 

of immobilized enzyme. 

The enzyme dosage applied for the desizing of cotton cloth was 

optimized by carrying out the process in the buffer of pH 7 at 50 °C for 1 h. 

The results are presented in the table 7.2. When the amount of immobilized 

enzyme increased the desizing efficiency was also found to be increased and 

this fact was expressed in terms of weigh loss (%) and reducing sugar 

released. The higher weight loss % confirmed better desizing of the cotton 

cloth and the reducing sugar estimated was also determines the desizing 
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efficiency as it gives the amount of starch hydrolyzed. The higher desizing 

efficiency was observed when the desizing process carried out at 9.75 EU of 

immobilized enzyme and the desizing efficiency was found to be slightly 

decreased for further increase of enzyme dosage in the reaction system. At 

optimum enzyme dosage the desized cotton cloth has shown 12.35 % of 

weight loss and the reducing sugar released was 1750 μg mL
-1

. When the 

amount of immobilized enzyme used in the desizing process again increased 

both of the weight loss % and the liberated reducing sugar were found to be 

decreased. This leads to the decrease of desizing efficiency after the 

optimum value and this decrease was observed at slower rate. 

Table 7.2 Optimization of enzyme dosage for desizing process 

Enzyme activity (EU) 

Parameter  5.8 7.2 8.85 9.75 10.25 11.86 

Weight loss (%)  9.78 10.55 11.24 12.35 12.22 12.14 

Reducing sugar  (μg mL
-1

)  1055 1250 1525 1750 1735 1725 

The incubation time was optimized by carrying out the desizing 

process in the presence of 9.75 EU of the immobilized enzyme in the buffer 

of pH 7 at 50 °C by varying the time intervals for incubation. The 

experimental results are shown in the table 7.3 and the maximum desizing 

was obtained at 60 min. of incubation. . 

Table 7.3 Optimization of incubation time for desizing process 

Incubation time (min) 

Weight loss (%)  11.78  12.26  12.78  13.54  13.26  13.15  

Reducing sugar (μg mL
-1

)  1250  1525  2575  2815  2810  2798  
 

At optimum incubation time the weight loss % was calculated as 

13.54 % and the amount of reducing sugar released from the cloth was 2815 

μg mL
-1

. Further increase of incubation period did not show significant 

changes in the values of weight loss % and liberated reducing sugar and 
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hence reflected in the desizing efficiency of immobilized enzyme. 

Accordingly, 9.75 EU of immobilized enzyme and 60 min. of incubation 

time were regarded as the optimum desizing conditions for further desizing 

processes. The sufficient desizing efficiency was observed by Amit Madhu 

et al. when chitosan and eudragit S-100 immobilized α-amylase used for 

cotton fabric desizing [22]. 

7.3.2.2 Effect of pH on desizing efficiency  

The effect of pH on enzymatic desizing was investigated in the 

ranges of pH 3-8 and the optimum was obtained at pH 6. The results are 

illustrated in the figure 7.8 and showed that the maximum desizing has 

taken place at acidic pH. This could be due to the increased hydrolysis of 

glycosidic bonds of starch substrate at lower pH values [23]. At optimum 

pH 6, the immobilized enzyme exhibited high desizing efficiency of 14.35 % 

weight loss with specific activity of 7.3 EU/mg. Many reports are there in 

which enzymatic desizing has taken place in acidic conditions [24, 25]. 

 

Figure 7.8 Effect of pH on desizing efficiency in terms of weight loss% 

and specific activity  

7.3.2.3 Effect of temperature on desizing efficiency  

A study on enzymatic desizing was carried out at optimum pH by 

varying the temperatures range between 30 °C and 70 °C and the results are 
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presented in the figure 7.9. The weight loss % of desized cotton cloth and 

specific activity of enzyme were showed maximum value at 60 °C and this 

temperature can be considered as the optimum temperature for desizing 

process. At 60 °C, the desized cloth exhibited 13.3 % of weight loss % and 

this high weight loss % indicated better desizing as this assay gives high 

amount of size mix removed from the cotton cloth.  

During the desizing process the hydrolysis of starch over the cotton 

cloth has taken place due to the enzyme action which resulted in the release 

of reducing sugar. Higher the amount of reducing sugar liberated indicated 

the higher activity of enzyme and hence better desizing efficiency. Here the 

immobilized enzyme showed maximum specific activity of 9.2 EU/mg at 

which maximum desizing can be occurred due to the release of high amount 

of reducing sugar. The similar optimum desizing temperature was reported 

by Nima Chand et al. for enzymatic desizing of cotton fabric by Ca
2+

 ion 

independent α-amylase and they argued that desizing at this low temperature 

could reduce the energy consumption in the textile industry [17]. 

 

Figure 7.9  Effect of temperature on desizing efficiency in terms of weight 

loss % and specific activity  
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7.4 Conclusion 

The maltose content released from the cotton cloth by different 

detergents supplemented with α-amylase immobilized magnetic chitosan 

was studied. The detergents  supplemented with the immobilized enzyme 

resulted in a better stain removal as compared to that by detergent alone. 

The cleaning efficiency of immobilized enzyme on starch soils of cotton 

cloth was found to be more than that of free enzyme at 40 ⁰C and 50 ⁰C. 

The desizing efficiency of immobilized α-amylase on cotton cloth was 

examined and the higher desizing efficiency was noticed at which the 

amount of  enzyme was increased up to 9.75 EU in the reaction mixture. 

The desizing was carried out at lower temperatures and with a shorter 

process time. The optimum temperature for desizing process was obtained at 

60 ⁰C and the weight loss % was about 13.3 %. The maximum desizing was 

obtained at pH 6 and can be considered as acidic desizing which improved 

the desizing efficiency at lower pH values. 
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The enzyme immobilization technique has anchored an inevitable 

role in the biotechnological industries as it provides new perspectives and 

facilitates large scale industrial growth. The enzyme immobilization has 

been widely accepted as it imparts increased availability of the enzyme to 

the substrate molecules over a substantial period of time. The biocatalysts 

can be large extent commercialized as they acquired increased shelf life and 

enhanced reusability. Various immobilization methods and different types 

of carriers have been applied on both laboratory and industrial level. Several 

synthetic and natural carriers have been estimated for their effectiveness in 

enzyme immobilization field and biopolymers gained increased attention 

due to their easiness to fabricate into different forms and decreased non-

specific adsorption.  

In this study we have investigated the efficiency of magnetic 

chitosan as α-amylase carrier. Different modified forms of magnetic 

chitosan were synthesized and their effectiveness was compared with the 

base form. The immobilized enzyme was also subjected to industrial 

applications such as laundry detergents and enzymatic desizing.    

The thesis is divided into eight chapters and the brief description on 

chapter wise summary is given below: 

Chapter 1 

This chapter contains a general introduction to industrial biocatalysis 

and literature review on enzymes in industries. A description on enzymes, 

its chemical nature, structure and types are also given. The activity and 
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specificity of enzyme and its action was described in shortly. A note on 

enzyme kinetics explaining kinetic parameters, turn over number and 

catalytic efficiency is given. A brief discussion on immobilization of 

enzyme, properties of immobilized enzyme and immobilization methods is 

carried out. Selection of carrier, importance of chitosan as enzyme carrier 

and α-amylase for immobilization are mentioned. The scope and objectives 

of the present work are also outlined in this chapter.   

Chapter 2 

This chapter deals with the significance of chitosan as carrier for 

enzyme immobilization and details of physico-chemical techniques 

implemented for the characterization of composites. The experimental 

methods for the preparation of immobilized enzyme, total protein assay, 

optimization of immobilization condition, α-amylase activity assay and 

biochemical characterization of free and immobilized enzymes are 

described. Chitosan-metal oxide composites CSM, CSZ and CST are 

synthesized and characterized by physico-chemical techniques. The 

efficiency and easy handling of magnetic chitosan as enzyme carrier was 

recognized. Chemical modification of magnetic chitosan with cross-linking 

agents was performed. The immobilization of α-amylase on synthesized 

composites and optimization of immobilization conditions were carried out. 

The properties of immobilized enzymes, thermal stability, activation energy, 

reusability and storage stability of immobilized enzymes were analyzed. 

Kinetic parameters were determined and compared with that of free enzyme.      

Chapter 3 

This chapter describes the composite formation of magnetic chitosan 

with polyaniline and polypyrrole and graft copolymerization by methyl 
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methacrylate and acrlonitrile. The composites were characterized by various 

physic-chemical techniques. CSM-PANI and CSM-PPY were found to be 

effectively used as a promising material for α-amylase immobilization. The 

enzyme immobilized grafted copolymers of magnetic chitosan, CSM-g-

PMMA and CSM-g-PAN have shown appreciable immobilization yield and 

efficiency. The effect of pH and temperature on activity of immobilized 

enzymes was compared with that of free enzyme. The reusability, thermal 

and storage stability of immobilized enzymes were studied. The kinetic 

parameters, turnover number and catalytic efficiency of all immobilized 

enzymes were compared to that of free enzyme. 

Chapter 4  

In this chapter the magnetic chitosan was modified with inorganic 

layered solids such as graphite oxide and montmorillonite. The modified 

forms were characterized by using different physico-chemical techniques. 

The α-amylase was immobilized on graphite oxide modified magnetic 

chitosan by adsorption and covalent binding methods. The activity and 

stability studies for both methods were compared. The catalytic efficiency 

and reusability of the immobilized enzymes were evaluated. The effect of 

incorporation of montmorillonite on magnetic chitosan on α-amylase 

immobilization was also studied in this chapter. Optimization of 

immobilization conditions such as immobilization pH, incubation time and 

enzyme concentration were carried out. The pH and temperature stability, 

activation energy, thermal and storage stability and reusability of all the 

immobilized enzymes were described on the basis of MMT concentration in 

the carrier. The kinetic constants and hence catalytic efficiency were 

determined for all immobilized enzymes and compared with that of free 

enzyme. 
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Chapter 5 

This chapter illustrates the modification of magnetic chitosan by 

PAMAM dendrimers using ethylene diamine and diethylene triamine and 

exhibits these as new type of carriers for immobilization of α-amylase. The 

immobilization conditions were optimized and the effect of immobilization 

efficiency on the increase of PAMAM generation was also studied. The 

activity of all immobilized enzymes on starch hydrolysis was compared 

with their free counterpart. The effect of pH and temperature on enzyme 

activity was studied and activation energies were determined. The stability 

studies and reusability study were conducted. The enzyme immobilization 

on second generation of PAMAM modified magnetic chtiosan was 

performed by adsorption and covalent methods. The activity, stability and 

reusability of the adsorbed and covalently immobilized enzymes were 

compared to each other. The kinetic constants were determined for free and 

immobilized enzymes and their catalytic efficiencies were compared.  

Chapter 6 

Thermal deactivation study conducted for free and all immobilized 

enzymes were presented in this chapter. The kinetic parameters such as Ed, t1/2, 

D- and z- values for the thermal deactivation of free and immobilized enzymes 

were calculated. The variations in these parameters for immobilized enzymes 

were described with respect to free enzyme and their resistance towards thermal 

denaturation was explained. The thermodynamic parameters ΔH°, ΔS° and 

ΔG° were derived for thermal deactivation of free and immobilized enzymes. 

These values for immobilized enzymes were compared with that of free 

enzyme. The tendency of immobilized enzymes for thermal denaturation was 

explained on the basis of the interaction between enzyme and carriers. 
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Chapter 7 

This chapter presents the two types of industrial applications for α-

amylase immobilized magnetic chitosan. The washing performance of 

immobilized enzymes in laundry detergents was estimated. The study was 

conducted using six commercial detergents and the performances of 

immobilized enzyme on these detergents were compared by determining the 

maltose content during the starch hydrolysis reaction. The cleaning efficiency 

of immobilized enzyme was explained on the basis of specific enzyme activity. 

The effect of temperature on cleaning performances of free and immobilized 

enzymes was explained for all detergents. This chapter also deals with the 

performance of α-amylase immobilized magnetic chitosan as desizer. The 

desizing efficiency was tested by weight loss (%) assay and reducing sugar 

assay. The parameters such as enzyme concentration and incubation time were 

optimized for desizing process. The effect of pH and temperature on desizing 

efficiency was also described in this chapter.  

Future outlook 

 Development of enzymatic biosensors 

 Molecular Modeling and Docking of immobilized enzymes towards 

perceptive enzyme–substrate interactions 

 Synthesis of new modified forms of magnetic chitosan for α-amylase 

immobilization 

  Development of new immobilized systems of these carriers using 

other industrial enzymes  

……..……… 
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