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1.1. Introduction 

Enzymes are mainly catalytic proteins, that increase the rates of chemical 

reactions.
[1]

 In enzymatic reactions, the molecules at the beginning of the process are 

called substrates, and the enzyme converts them into different molecules, called the 

products. Almost all processes in a biological cell need enzymes to occur at 

significant rates. Since enzymes are selective for their substrates and speed up only a 

few reactions from among many possibilities, the set of enzymes made in a cell 

determines which metabolic pathways occur in that cell. Acting in organized 

sequences, they catalyze the hundreds of stepwise reactions that degrade nutrient 

molecules, conserve and transform chemical energy, and make biological 

macromolecules from simple precursors. Through the action of regulatory enzymes, 

metabolic pathways are highly coordinated to yield a harmonious interplay among the 

many activities necessary to sustain life. 

Like all catalysts, enzymes work by lowering the activation energy (Ea
‡
) for a 

reaction, thus dramatically increasing the rate of the reaction. Most enzyme reaction 

rates are millions of times faster than those of comparable un-catalyzed reactions. As 

with all catalysts, enzymes are not consumed by the reactions they catalyze, nor do 

they alter the equilibrium of these reactions. However, enzymes do differ from most 

other catalysts by being much more specific. Enzymes are known to catalyze about 

4,000 biochemical reactions.
[2]

 A few RNA molecules called ribozymes also catalyze 

reactions.
[3-4]

 Synthetic molecules called artificial enzymes also display enzyme-like 

catalysis.
[5]
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1.2 A short history of enzymes 

Enzymes had been used for thousands of years without a clear understanding 

of their nature and mechanism. As early 1800s, the digestion of meat by stomach 

secretions
 
and the conversion of starch to sugars by plant extracts and saliva were 

known.
[1]  

In 19th century, when studying the fermentation of sugar to alcohol by yeast, 

Louis Pasteur  introduced ―ferments‖ and concluded that "alcoholic fermentation is an 

act correlated with the life and organization of the yeast cells, not with the death or 

putrefaction of the cells".
[6]

 

In 1878, German physiologist Wilhelm Kühne (1837–1900) first used the term 

enzyme, which comes from Greek ενζυμον, "in leaven" to describe this process. In 

1897, Eduard Buchner began to study the ability of yeast extracts to ferment sugar, 

noticed that there were no living yeast cells in the mixture and named the enzyme to 

cause fermentation ―zymase‖. In 1907, he received the nobel Prize in Chemistry‖ for 

his discovery of cell-free fermentation.
[7]

 

 In 1926, James B. Sumner crystallized the enzyme catalase which helped to 

determine biochemical nature of enzyme. In 1965, first lysozyme could be 

crystallized its structure was solved by X-ray crystallography.
[8]

 This high-resolution 

structure of lysozyme marked the beginning of the field of structural biology and the 

effort to understand how enzymes work at an atomic level. 
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1.3 Enzymes structures and specificity 

 

Fig. 1.1 Human glyoxalase I. Two zinc ions that are needed for the enzyme to 

catalyze its reaction are shown as purple spheres, and an enzyme inhibitor 

called S-hexylglutathione is shown as a space-filling model, filling the two 

active sites 

Enzymes are generally globular proteins, range from just 62 amino acid 

residues in size and small number of RNA-based biological catalysts exist, with the 

most common being the ribosome; these are referred to as either RNA-enzymes or  

ribozymes. The activities of enzymes are determined by their three-dimensional 

structure.
[9]

 However, although structure does determine function, predicting a novel 

enzyme's activity just from its structure is a very difficult problem that has not yet 

been solved.
[10]

 

Most enzymes are much larger than the substrates they act on, and only a 

small portion of the enzyme (around 3–4 amino acids) is directly involved in 

catalysis. The region that contains these catalytic residues, binds the substrate, and 

then carries out the reaction is known as the active site. Complementary shape, charge 

and hydrophilic/hydrophobic characteristics of enzymes and substrates are responsible 
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for this specificity. Enzymes can also show impressive levels of stereospecificity, 

regioselectivity and chemoselectivity.
[11]

 

Enzymes can also contain sites that bind cofactors, which are needed for 

catalysis. Enzymes that require a cofactor but do not have one bound are called 

apoenzymes or apoproteins. An apoenzyme together with its cofactor(s) is called a 

holoenzyme (this is the active form). Cofactors can be either inorganic (e.g., metal 

ions and iron-sulfur clusters) or organic compounds (e.g., flavin and heme). Organic 

cofactors can be either prosthetic groups, which are tightly bound to an enzyme, or 

coenzymes, which are released from the enzyme's active site during the reaction. 

Coenzymes include reduced nicotinamide adenine dinucleotide (NADH), reduced 

nicotinamide adenine dinucleotide phosphate (NADPH) and adenosine triphosphate 

(ATP). These molecules transfer chemical groups between enzymes.
[1]  

Inhibitors are molecules that decrease enzyme activity; activators are 

molecules that increase activity. Activity is also affected by temperature, chemical 

environment (e.g., pH), and the concentration of substrate. 

1.4 Nomenclature for enzymes 

An enzyme's name is often derived from its substrate or the chemical reaction 

it catalyzes, with the word ending in -ase. The International Union of Biochemistry 

and Molecular Biology have developed a nomenclature for an enzyme as described in 

Table 1.1. 
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Table 1.1 Nomenclature for enzymes 

No Class  Type of reaction catalyzed 

1 Oxidoreductases Transfer of electrons (hydride ions or H atoms) 

2 Transferases Group transfer reactions 

3 Hydrolases Hydrolysis reactions (transfer of functional groups to 

water) 

4 Lyases Addition of groups to double bonds, or formation of 

double bonds by removal of groups 

5 Isomerases Transfer of groups within molecules to yield isomeric 

forms 

6 Ligases Formation of C–C,  C–S, C–O, and C–N bonds by 

condensation reactions coupled to ATP cleavage  

1.5 Thermodynamics and Mechanisms 

As all catalysts, enzymes do not alter the position of the chemical equilibrium 

of the reaction. Usually, in the presence of an enzyme, the reaction runs in the same 

direction as it would without the enzyme, just more quickly. However, in the absence 

of the enzyme, other possible uncatalyzed, "spontaneous" reactions might lead to 

different products, because in those conditions this different product is formed faster. 

Enzymes can act in several ways, all of which lower ΔG
‡
 shown in Fig. 2. 

 

Fig. 2.2. The effect of substrate concentration on reaction velocity 
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The catalysed reaction pathway goes through the three transition states, with 

standard free energy of activation ΔGcat
‡
, whereas the uncatalysed reaction goes 

through one transition state with standard free energy of activation ΔGuncat
‡
. In this 

example the rate limiting step would be the conversion of ES into EP. Reactions 

involving several substrates and products, or more intermediates, are even more 

complicated. 

The Michaelis-Menten reaction would give a similar profile but without the 

EP-complex free energy trough. The schematic profile for the uncatalysed reaction is 

shown as the black line. It should be noted that the catalytic effect only concerns the 

lowering of the standard free energy of activation from ΔGuncat
‡
 to ΔGcat

‡
 and has no 

effect on the overall free energy change (i.e. the difference between the initial and 

final states) or the related equilibrium constant. 

1.5.1. Transition State Stabilization and dynamics 

The most effective way for reaching large stabilization is the use of 

electrostatic effects, in particular, by having a relatively fixed polar environment that 

is oriented toward the charge distribution of the transition state.
[12]

 

The internal dynamics of enzymes is connected to their mechanism of 

catalysis.
[13-14]

 Internal dynamics are the movement of parts of the enzyme's structure, 

such as individual amino acid residues, a group of amino acids, or even an entire 

protein domain. These movements occur at various time-scales ranging from femto 

seconds to seconds. Networks of protein residues throughout an enzyme's structure 

can contribute to catalysis through dynamic motions.
[15-17] 



Chapter-1                                                                                    Introduction to Enzymes, immobilization and protein engineering 

 

Kannan. K  Ph. D. Thesis 
8 

1.5.2. Lock and key model 

Enzymes are very specific, and it was suggested by Emil Fischer in 1894 that 

this was because both the enzyme and the substrate possess specific complementary 

geometric shapes that fit exactly into one another.
[18]

 This is often referred to as "the 

lock and key" model. However, while this model explains enzyme specificity, it fails 

to explain the stabilization of the transition state that enzymes achieve. The "lock and 

key" model has proven inaccurate, and the induced fit model is the most currently 

accepted enzyme-substrate-coenzyme. 

 

Fig. 1.3 Lock-and-key and induced fit hypothesis of enzyme action 

1.5.3. Induced fit model 

In 1958, Daniel Koshland suggested a modification to the lock and key model: 

since enzymes are rather flexible structures, the active site is continually reshaped by 

interactions with the substrate as the substrate interacts with the enzyme.
[19]

 As a 

result, the substrate does not simply bind to a rigid active site; the amino acid side 
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chains which make up the active site are molded into the precise positions that enable 

the enzyme to perform its catalytic function. The active site continues to change until 

the substrate is completely bound, at which point the final shape and charge is 

determined.
[20]

 

1.6. Enzyme Kinetics 

The rate of reaction will increase as substrate concentration increases, 

eventually becoming saturated at very high concentrations of substrate (Fig.1.4). The 

effect of substrate concentration on reaction velocity is showed in Fig. 1.5. With the 

substrate concentration increase, the reaction rate increases a lot and shows as a first-

ordered reaction at the very beginning. When every enzyme molecule is occupied by 

substrate, that is, enzyme molecules are saturated; the reaction rate gets close to a 

constant, that is, the maximum reaction rate. At this point, it goes to zero-ordered 

reaction.  

 

 Fig.1.4 The concentration of substrate and enzyme molecules 

Enzyme kinetics is the investigation of how enzymes bind substrates and turn 

them into products. The rate data used in kinetic analyses are obtained from enzyme 

assays. 
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In 1902 Victor Henri
[21]

 proposed a quantitative theory of enzyme kinetics, but 

his experimental data were not useful because the significance of the hydrogen ion 

concentration was not yet appreciated. After Peter Lauritz Sørensen had defined the 

logarithmic pH-scale and introduced the concept of buffering in 1909
[22]

 the German 

chemist Leonor Michaelis and his Canadian postdoc Maud Leonora Menten repeated 

Henri's experiments and confirmed his equation which is referred to as Henri-

Michaelis-Menten kinetics (sometimes also Michaelis-Menten kinetics).
[23]

 Their 

work was further developed by G. E. Briggs and J. B. S. Haldane, who derived kinetic 

equations that are still widely used today.
[24]

 

1.6.1 Michaelis–Menten kinetics 

As enzyme-catalysed reactions are saturable, their rate of catalysis does not 

show a linear response to increasing substrate. If the initial rate of the reaction is 

measured over a range of substrate concentrations (denoted as [S]), the reaction rate 

(v) increases as [S] increases, as shown on the left. However, as [S] gets higher, the 

enzyme becomes saturated with substrate and the rate reaches Vmax, the enzyme's 

maximum rate. 

 

Fig. 1.5. Relation between the concentration of substrate and rate of reaction 
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The Michaelis-Menten kinetic model of a single-substrate reaction is shown 

on the right. There is an initial bimolecular reaction between the enzyme E and 

substrate S to form the enzyme–substrate complex ES. 

 

 k1, k-1 and k2 are the rate constants for the individual steps. Although the enzymatic 

mechanism for the unimolecular reaction reaction can be quite complex, there is 

typically one rate-determining enzymatic step that allows the mechanism to be 

modeled as a single kinetic step of rate constant k2. 

υ = k2 [ES]-------(1). 

k2 is also called kcat or the turnover number, the maximum number of enzymatic 

reactions catalyzed per second. 

At low concentrations of substrate [S], the enzyme exists in an equilibrium 

between both the free form E and the enzyme–substrate complex ES; increasing [S] 

like wises increases [ES] at the expense of [E], shifting the binding equilibrium to the 

right. Since the rate of the reaction depends on the concentration [ES], the rate is 

sensitive to small changes in [S]. However, at very high [S], the enzyme is entirely 

saturated with substrate, and exists only in the ES form. Under these conditions, the 

rate (v≈k2[E]tot=Vmax) is insensitive to small changes in [S]; here, [E]tot is the total 

enzyme concentration 

[E]tot = [E] + [ES].............(2) 

which is approximately equal to the concentration [ES] under saturating conditions. 
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The Michaelis–Menten equation
[23]

 describes how the reaction rate v depends 

on the position of the substrate-binding equilibrium and the rate constant k2. Michaelis 

and Menten showed when k2 is much less than k-1 (the equilibrium approximation) 

they could derive the following equation: 

The Michaelis–Menten equation still holds under these more general 

conditions, as may be derived from the steady-state approximation. During the initial-

rate period, the reaction rate v is roughly constant, indicating that [ES] is similarly 

constant. 

 

Therefore, the concentration [ES] is given by the formula 

 

where the Michaelis constant Km is defined 

............(4) 

([E] is the concentration of free enzyme). Taken together, the general formula for the 

reaction rate v is again the Michaelis-Menten equation: 

  

This is the Michaelis- Menten equation. υ is the reaction rate. Commonly, researchers 

use initial velocity to express reaction rate here. As the definition of Km (so-called 

Michaelis-Menten constant) showed, we can easily figure out that Km shows the 
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affinity of enzyme to the substrate. The larger Km is, the lower affinity to substrate the 

enzyme has Vmax is the maximum velocity enzyme can achieve. 

1.6.2. Linear plots of the Michaelis-Menten equation 

Using an interactive Michaelis–Menten kinetics tutorial at the University of 

Virginia, USA (www.virginia.edu) the effects on the behaviour of an enzyme of 

varying kinetic constants can be explored. 

The plot of v versus [S] above is not linear; although initially linear at low [S], 

it bends over to saturate at high [S]. Before the modern era of nonlinear curve-fitting 

on computers, this nonlinearity could make it difficult to estimate Km and Vmax 

accurately. Therefore, several researchers developed linearizations of the Michaelis-

Menten equation, such as the Lineweaver-Burk plot and the Eadie-Hofstee diagram. 

 

Fig. 1.6 Lineweaver–Burk plot of kinetic data 

The Lineweaver-Burk plot or double reciprocal plot is common way of 

illustrating kinetic data. This is produced by taking the reciprocal of both sides of the 

Michaelis–Menten equation. As shown on the right, this is a linear form of the 
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Michaelis–Menten equation and produces a straight line with the equation y = mx + c 

with a y-intercept equivalent to 1/Vmax and an x-intercept of the graph representing -

1/Km. 

 

Naturally, no experimental values can be taken at negative 1/[S]; the lower 

limiting value 1/[S] = 0 (the y-intercept) corresponds to an infinite substrate 

concentration, where 1/v=1/Vmax as shown at the right; thus, the x-intercept is an 

extrapolation of the experimental data taken at positive concentrations. More 

generally, the Lineweaver-Burk plot skews the importance of measurements taken at 

low substrate concentrations and, thus, can yield inaccurate estimates of Vmax and 

Km.
[23]

 A more accurate linear plotting method is the Eadie-Hofstee plot although, in 

modern research, all such linearizations have been superseded by more reliable 

nonlinear regression methods. 

1.7 Enzymes applications and needs 

During the last three decades, enzymology and enzyme technology have 

progressed considerably and, as a result, there are many examples of industrial 

applications where enzymes, in the native or immobilized form, are being used. These 

include food industry, materials processing, textiles, detergents, biochemical and 

chemical industries, biotechnology, and pharmaceutical uses.
[93] 
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Table 1.2. Biochemical function of enzymes in living systems 

Enzyme Tissue Application Related 

Disease 

Alcohol 

dehydrogenase  

Liver Facilitate the inter conversion 

between alcohol and aldehyde or 

ketones with the reduction of 

NAD
+
 to NADH.

[25]
 

Hepatitis 

B
[26]

 

L-lactate 

dehydrogenase 

Blood serum, 

heart 

Inter conversion of pyruvate and 

lactate with inter conversion of 

NADH and NAD
+
.
[27]

 

Cardiovascu-

lar Diseases 
[28]

 

Malate 

dehydrogenase 

Liver Conversion of malate into 

oxaloacetate (using NAD
+
) and 

vice versa.
[29]

 

Kidney 

Failure
[30]

 

Inosine 

monophosphate 

dehydrogenase 

Lymphocyte, 

Lymphoblast 

Inosine monophosphate 

dehydrogenate to xanthosine 

monophosphate in presence of 

NAD
+
 and H2O.

[31]
 

 

D-proline 

reductase 

(dithiol) 

Fibroblast D-proline synthesis from 5-

aminopentanoate and lipoate.
[32]

 

Hepatitis B 
[33]

 

Cytochrome-b5 

reductase 

Liver Converts methemoglobin to 

haemoglobin in presence of 

NADH.
[34]

 

 

11beta-

hydroxysteroid 

dehydrogenase 

Brain, Liver, 

Neocortex 

Reduces cortisone to the active 

hormone cortisol that activates 

glucocorticoid receptors.
[35]

 

Late 

pregnancy 
[36]

 

Luciferase  Light is produced by oxidation of 

a luciferin in presence of O2.
[37]

 

 

Dihydrofolate 

reductase 

WIL-2 cell Reduces dihydrofolic acid to 

tetrahydrofolic acid using NADPH 

as electron donor.
[38]

 

Chagas 

Disease 
[39]

 

3-oxoacyl-[acyl-

carrier-protein] 

reductase 

Flower, seed Converts (3R)-3-hydroxyacyl-

[acyl-carrier-protein] into 3-

oxoacyl-[acyl-carrier-protein] in 

presence of NADP
+
.
[40]

 

Tuberculosis 
[41]

 

Cholesterol 

oxidase 

Liver Converts cholesterol into cholest-

4-en-3-one in presence of O2.
[42]

 

 

Aldehyde 

reductase 

Kidney, 

Liver 

Converts glucose into sorbitol in 

presence of NADPH.
[43]

  

Kidney 

Failure 
[44]

 

Hydroxymethyl 

glutaryl-CoA 

reductase 

(NADPH 

Keratinocyte Converts (R)-mevalonate, CoA 

into (S)-3-hydroxy-3-

methylglutaryl-CoA in presence of 

NADP
+
. 

[45]
 

Hypercholest

erolemia 
[46]
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Enzyme Tissue Application Related 

Disease 

Catalase Blood Catalyse the decomposition of 

H2O2 into H2O and O2.
[47-48]

 

 

Pyrroline-5-

carboxylate 

reductase 

SW-620 cell, 

RKO cell 

Converts L-Proline into L-

pyrroline-5-carboxylate in 

presence of NAD
+
 and NADP

+
.
[49]

 

Meningitis 
[50]

 

Succinate 

dehydrogenase 

(ubiquinone) 

Kidney, 

Liver 

Catalyses the oxidation of 

succinate to fumarate with the 

reduction of ubiquinone to 

ubiquinol.
[51]

 

Hyper-

glycemia 
[52]

 

Butyryl-CoA 

dehydrogenase 

Amygdale, 

Brain, 

Cerebral 

cortex 

Converts butanoyl-CoA into 2-

butenoyl-CoA in presence of 

NADP
+
.
[53]

  

Axonal 

neuropathy 
[54]

 

 

3-oxo-5alpha-

steroid 4-

dehydrogenase 

Semen Converts testosterone, the male 

sex hormone into the more potent 

dihydro testosterone.
[55]

  

Testicular 

dysfunction 
[56]

 

Glutaryl-CoA 

dehydrogenase 

Colorectal 

cancer cell, 

Intestinal 

epithelium 

Alters the expression level of 

glutaryl in colorectal cancer 

cell.
[57]

 

Neurodegene

-rative 

Diseases 
[58]

  

Glucose oxidase Blood Catalyses the oxidation of glucose 

to H2O2 and D-glucono-δ-

lactone.
[59-60]

 

 

D-amino-acid 

oxidase 

Kidney, liver Oxidize D-amino acids to the 

corresponding imino acids, 

producing NH3 and H2O2.
[61]

 

Glycosuria 
[62]

  

Protopor-

phyrinogen 

oxidase 

Liver Removes hydrogen atoms from 

protoporphyrinogen IX. 

Porphyria 
[63]

  

Amine oxidase 

(copper-

containing) 

Plasma Primary amines converted into 

aldehyde in presence of H2O and 

O2.
[64]

 

Asthma 
[65]

 

Protein-lysine 

6-oxidase 

Skin Catalyses formation of aldehydes 

from lysine residues in collagen 

and elastin.
[66]

 

Alzheimer's 

Disease 
[67]

 

Thiopurine S-

methyl 

transferase 

Erythrocyte Converts S-adenosyl-L-methionine 

into S-adenosyl-L-homocysteine. 
[68]

 

Hepatitis 
[69]

 

L-Serine 

ammonia lyase 

 Catalyse the production of 

pyruvate from L-serine with 

liberation of NH3.
[70-71]
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Enzyme Tissue Application Related 

Disease 

Protein-L-

isoaspartate(D-

aspartate) O-

methyl-
transferase 

Erythrocyte, 

Blood, Brain 

Catalyses the transfer of a methyl 

group from S-adenosyl-L-

methionine to the free carboxyl 

groups of D-aspartyl and L-
isoaspartyl residues.

[72]
 

Spinal 

Dysraphism 
[73]

  

D-glutamyl 

transferase 

Blood serum Produces 5-glutamyl-D-glutamyl-

peptide from D-glutamine and D-

glutamyl-peptide with elimination 

of NH3.
[74]

 

Heart Failure 
[75]

  

Alanine-

glyoxylate 
transaminase 

Kidney Produces pyruvate and glycine 

from L-alanine.
[76]

 

Kidney 

Failure 
[77]

 

Ethanolamine 

kinase 

Lens Converts ethanolamine into 

phosphoethanolamine in presence 

of ATP by transferring phosphorus 
containing group.

[78]
  

Fetal Death 
[79]

  

DNA-directed 

DNA 

polymerase 

Placenta Polymerization of new DNA or 

RNA against an existing DNA or 

RNA template in the processes of 
replication and transcription. 

DNA 

damage 
 [80] 

 

Acylglycerol 

lipase 

Brain Catalyses to break the glycerol 

monoesters into long chain fatty 

acids using water.
[81]

 

Head ache 
[82]

 

Aminoacyl-

tRNA hydrolase 

Erythroblast Converts N-substituted aminoacyl-

tRNA into N-substituted amino 
acid and tRNA using H2O.

[83]
 

Tuberculosis 
[84]

  

Fructose-

bisphosphatase 

Kidney, 

Liver 

Converts frunctose-1,6-

bisphosphate to fructose 6-

phsphate in gluconeogenesis.
[85]

 

Diabetes 

Mellitus 
[86]

 

Sphingomyelin 

phosphodi-

esterase 

Brain, Blood Breaks sphingomyelin (SM) into 

phosphocholine and ceramide.
[87]

 

Alzheimer 

Disease 
[88]

 

Calf thymus 

ribonuclease H 

T24 cell, 

Placenta 

Cleaves the 3‘-O-P bond of RNA 

in a DNA/RNA duplex to produce 

3‘-hydroxyl and 5‘-phosphate 

terminated products.
[89]

 

Chromosome 

Breakage 
[90]

  

Ribonuclease P Embryo, 

Liver 

Cleave off an extra, or precursor, 

sequence of RNA on tRNA 
molecules.

[91]
 

Autoimmune 

Diseases 
[92]
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The use of enzymes in medical applications has been less extensive as those 

for other types of industrial applications. For example, pancreatic enzymes have been 

in use since the nineteenth century for the treatment of digestive disorders. At present, 

the most successful applications of enzymes in medicine are extracellular, such as 

topical uses, removal of toxic substances, and the treatment of life-threatening 

disorders within the blood circulation.
[101]

 The some of the biochemical function of 

enzymes in living system are given Table 1.2, thus the proteins are responsible for 

most of the functions in the living cell. 

The production of therapeutic enzymes has progressed, but the costs of 

enzyme production, isolation, and purification are still too high to make them 

available for clinical applications. Furthermore, the ability to store unstable enzymes 

for long periods of time is also a limitation for their more widespread use. Most 

applications in the biomedical field are still in the state of basic studies rather than 

definite applications, owing to the absence of the necessary information on 

toxicology, hemolysis, allergenicity, immunological reactions, and chemical stability 

of the system in vivo.
[101-102]

  

Immobilized enzymes are already being used in medical applications for 

clinical diagnosis and also for intra- and extracorporeal enzyme therapy. Applications 

in clinical analysis are mainly related to biosensors, which have been used to detect 

the presence of various organic compounds for many years. For example, glucose 

oxidase and catalase have been used to measure blood glucose concentration, and 

cholesterol oxidase and cholesterol esterase to determine cholesterol levels. In 

addition, enzymes can be immobilized on different prosthetic devices or used 
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extracorporeally (e.g., artificial heart, artificial lung, artificial kidney, equipment for 

hemodialysis and specific blood purification) as surface modifiers in order to increase 

the biocompatibility of these devices and to prevent blood clotting.
[101]

 

The overall impact of enzymes on industrial and medical applications is, still 

quite limited due to their relative instability under operational conditions, which may 

involve high temperatures, organic solvents, and exposure to other denaturants. 

Various approaches, including, among others, addition of additives,
[94-95]

 chemical 

modification, 
[96-97]

 protein engineering, 
[98]

 and enzyme immobilization, 
[93,99]

 have 

been assessed for their ability to increase the stability of enzymes toward pH, heat, 

denaturants and repetitive use of single batch. 
[99-100]

 

1.8 Immobilization of enzymes 

By definition, enzyme immobilization is the technique for restriction of an 

enzyme artificially with retention of catalytic function.  Immobilization often 

stabilizes structure of the enzymes, thereby allowing their applications even under 

harsh environmental conditions. The use of a relatively expensive catalyst as an 

enzyme requires, in many instances, its recovery and reuse to make an economically 

feasible process. Moreover, the use of an immobilized enzyme permits to greatly 

simplify the design of the reactor and the control of the reaction.
[103-104]

 The simple 

filtering of the enzyme stops the reaction; it is possible to use any kind of reactor, etc. 

Thus, immobilization is usually a requirement to the use of an enzyme as an industrial 

biocatalyst, and is the simplest solution to the solubility problem of these interesting 

biocatalysts. 
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However, the idea of enzyme reuse implicitly means that the stability of the 

final enzyme preparation should be high enough to permit this reuse. Therefore, the 

enzyme needs to be very stable or to become highly stabilized during the 

immobilization process to be a suitable process. Thus, although there are hundreds of 

immobilization protocols,
[105-106]

 the design of new protocols that may permit to 

improve the enzyme properties during immobilization is still a exciting goal.  

Moreover, bearing in mind that the final use will be as industrial catalyst, the 

ideal immobilization processes should limit the use of toxic or highly unstable 

reagents, be very simple, robust, etc. 

1.9 Selection of suitable immobilization conditions 

Although some of the immobilization methods may be expected using a 

correct support activated with a proper group, the selection of suitable immobilization 

conditions is critical to maximize the multipoint attachment of enzyme with support. 

Immobilization conditions should favour the enzyme–support reaction.
[107-108]

 

Some of these critical variables are: 

• Reaction time. Although immobilization may be very rapid, multipoint interaction 

between the non-complementary enzyme and support surfaces is a slow and time-

dependent process: it requires the correct alignment of groups located in the already 

immobilized, and partially rigidified enzyme, and the rigid surface of the support. 
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• pH value. Although immobilization may be performed at neutral pH value in many 

cases, incubation at alkaline pH values, where the reactivity of the nucleophiles of the 

protein (usually Lys) may be improved, is convenient to reach a high enzyme–support 

reaction. It should be kept in mind that while terminal amino groups may have a pK 

between 7 and 8, exposed Lys groups will present a pK over 10.5. 

• Temperature. Moderately high temperature may favour the vibration of enzyme and 

support, increasing the possibilities of getting more enzyme–support linkages. 

• Buffers. It should be chosen buffers that do not interfere in the reaction. For example 

borate may interfere in the aldehyde–amine reaction; amino compounds (Tris, ethanol 

amine) may modify epoxy supports or compete with the Lys by aldehyde groups.
[107]

 

• Inhibitors or other protein protectors. Multipoint immobilization, or the 

immobilization conditions, may reduce the enzyme activity. The presence of 

inhibitors and other compounds may reduce this lost in activity.
[107]

 

1.10. Selection of proper immobilization supports 

Immobilization of enzymes involves certain costs associated with the cost of 

materials (e.g. polymer matrix, cross-linkers) and processing time. The two major 

driving concerns in an industrial scale process are to lower the unit cost and to 

increase the unit production per fixed time. Immobilization becomes economically 

feasible only if it allows the repetitive use of enzyme in multiple batches to reduce the 

unit production cost. Further, immobilized-enzyme beads can be packed into a bed or 

a column for continuous flow-through reactions, if applicable, to reduce costs 
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associated with otherwise labour intensive processes. Such a reactor also simplifies 

the separation of enzyme from product: alleviating some down-stream processing 

costs. 

The appropriate immobilization matrix is chosen based on several different 

properties which affect the production process (Tischer and Wedekind 1999): 

  Surface area and porosity: It is desirable to have materials with high surface 

areas (> 100 m
2
/g), for high enzyme loadings, and high porosity to provide 

enzyme access for the substrate. Pore sizes >30 nm are ideal for the diffusion 

of enzymes during the immobilization process. 

  Surface functional groups: The degree of enzyme loading onto a carrier 

matrix also depends on the loading density of functional groups on the surface 

and its distribution. Choice of functional groups also affects the activity yield 

and material stability. 

  Mechanical and chemical stability: Many immobilized enzyme operations 

are conducted as a stirred-tank or packed-bed reactor. To prevent enzyme loss, 

the matrix integrity must be maintained under the shear-stresses or back-

pressures present in these reactors. In addition the matrix must be resistant to 

chemical degradations which will also result in the loss of enzyme. 

 Size and shape: To simplify handling of the immobilized enzyme (i.e. 

stirring, filtration) it is ideal to have particles of uniform shape and size. For 

this reason, the use of a uniform spherical matrix is preferred and also results 

in the reduction of back-pressures in column reactors. In addition, spherical 

particles are also more easily characterized for modeling purposes. 
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  Microbial resistance: A major concern of any immobilized enzyme process 

is the presence of microbes. The durability of the carrier is often determined 

by its resistance to microbial degradation. 

  Hydrophobic/hydrophilic nature: The compatibility of the support with the 

liquid phase is important to insure the free exchange of substrate and product 

between the matrix and bulk phase. It can also determine the life-time of the 

matrix due to the surface adsorption of materials through non-specific 

interactions. 

Immobilization allows the enzyme to be used in a continuous-flow mode 

which provides several benefits: 1) continuous removal of products from the reactor, 

which can be beneficial for systems that suffer from product inhibition; 2) product 

separation through column retention, reducing the burdens for downstream 

purification by affinity columns; and 3) increased enzyme stability will allow the 

enzyme to maintain activity for longer periods of use and in more extreme conditions.  

Among the immobilization protocols described in literature, there are some 

that may fulfil most of these requirements. Supports like agarose beads, zeolites, 

porous glass, epoxy resins like Sepabeads, offer large areas for enzyme–support 

interactions. 

Among the reactive groups, epoxy or glyoxyl groups may be considered very 

adequate.
[107,109]

 Glyoxyl agarose has the additional advantage that directs the 

immobilization via the richest area(s) in reactive residues of the protein, enabling 

intense multipoint enzyme–support reaction.
[110-111]
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Glutaraldehyde chemistry is other popular technique to immobilize enzymes. 

It has given some good stabilization factors in many instances.
[112-114]

 The 

glutaraldehyde technique is very versatile and may be used in very different 

fashions.
[115-117]

  

However, in terms of stabilization, the treatment with glutaraldehyde of 

proteins previously adsorbed in supports bearing primary amino groups offers in 

many cases very good results, because permit the crosslink between glutaraldehyde 

molecules bound to the enzyme and glutaraldehyde molecules bound to the support. 

However, it implies the chemical modification of the whole enzyme surface.
[118]

 

1.11. Operational stabilization of enzymes by immobilization on porous supports 

Immobilization of enzymes in porous support will permit majority of the 

enzymes inside the pores. Very few molecules are located on the external surface of 

the support. Thus, the enzyme molecules fully dispersed and restrict the possibility of 

interacting with any external surface molecule interaction. Moreover, the immobilized 

enzyme molecules will not be in contact with any external hydrophobic interface, 

such as air bubbles (Fig. 1.7) originated by supplying some required gases or 

promoted by strong stirring, necessary to control pH. These gas bubbles may produce 

enzyme inactivation of soluble proteins,
[119-122]

 but cannot inactivate the enzymes 

immobilized on a porous solid 
[123-124]
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. 

Fig. 1.7 Effect of the type of support on the immobilized enzyme stability against 

inactivation by gas bubbles 

In the presence of an organic solvent phase, the enzymes may be in contact 

with the solvent molecules. In general enzymes are soluble in the aqueous phase, but 

not with the organic phase interface, which could inactivate the enzyme. Thus, any 

immobilization protocol of an enzyme which yields the enzyme immobilized inside a 

porous solid as the final product may permit an ―operational stabilization‖ of the 

enzyme, even without really affecting the structural stability of the enzyme, simply by 

the mechanisms described above.  

However, this stabilization is not only associated to the porous support, the 

increasingly popular use of non-porous nano-particles (mainly magnetic nano-

particles) to immobilize enzymes.
[125-127]

 These supports needs to consider that all the 

mechanisms of enzyme stabilization described above (section 1.10) are lost in this 

case. Enzymes immobilized on nano-particles are now able to interact with external 

interfaces, or even with enzyme molecules immobilized on other particles.
[128]
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1.12 The features of ordered mesoporous silica (MPS) 

One unique advantage of ordered mesoporous solids over disordered, high 

surface area silicas, such as those prepared by sol–gel or aerosol methods, is that as 

well as having a narrow pore size distribution, the geometry and connectivity of their 

pores is very well defined. Transmission electron micrographs of the structures (Fig. 

1.8 a–d) not only reveal these features with great clarity, they can also inspire and 

help the chemists design the optimum mesoporous molecular sieve for a given 

application. In that sense, the ordered mesoporous silicas act as ideal ‗model systems‘.  

 

Fig.1.8 TEM micrograms of (a) SBA-15, (b) FDU-5, (c) FDU-12 and (d) MCF 

Among the ordered mesoporous silicas of interest for the adsorption and 

immobilization of enzymes, only those wider than several nanometres at their 

narrowest point are of interest for all but the smallest enzymes. This narrows the 
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candidates down to those in Table 1.3, which are of two types, those with pores of 

uniform diameter and those with cage-like structure, in which large cages are 

connected via restrictions. The former include silicas with the two dimensional 

hexagonal p6mm structure (MCM-41, SBA-15)
[129]

 and the bicontinuous cubic Ia3d 

structure (FDU-5).
[130]

 The second type include the three dimensional Fm3m, face 

centred cubic structure (FDU-12)
[131]

 and the body centred Im3m structure (SBA-

16).
[132-133]

 Careful manipulation of the synthetic conditions for the cage-like 

structures is required to ensure the restrictions can allow biomolecules larger than 5 

nm full access to their internal volumes. The size of these restrictions can be 

estimated from the desorption branches of the N2 adsorption isotherms, which show 

marked hysteresis.
[134]

  

Table 1.3 Structural characteristics of mesoporous materials employed for enzyme 

immobilization 

Porous 

material 

Derivation Typical template 

used 

Pore 

Size/nm 

BET surface 

(m
2
g

-1
) 

 

MCM-41 

Mobile composite 

material No.41  

CTAB; CnTMA
+
  

(n = 14–18); 

C16-n-16 (n = 4,6,7,8,10) 

 

2.5–12 

 

300–1200 

 

FSM-16 

Folded sheet Material 

No.16 

CTAB; CnTMA
+
  

(n = 14–18); 

C16-n-16 (n = 4,6,7,8,10) 

 

3–9 

 

500–900 

 

SBA-15 

Santa Barbara 

Amorphous Material 

No.15 

P123 

(EO20PO70EO20) 

 

5–20 

 

500–1400 

 

BA-16 

Santa Barbara 

Amorphous Material 

No.16 

F127 

(EO106PO70EO106) 

 

3–15 

 

600–1200 

 

FDU-12 

Fluorodeoxyuridine F127 

(EO106PO70EO106) + 

TMB and KCl 

 

10–15 

 

200–700 

 

MCF 

Meso Cellular Foam P123 

(EO20PO70EO20) + 

mesitylene 

 

25–40 

 

500–1000 



Chapter-1                                                                                    Introduction to Enzymes, immobilization and protein engineering 

 

Kannan. K  Ph. D. Thesis 
28 

Careful electron microscopic studies of precious metal casts of these 

mesoporous silicas indicate that the mesopores are connected via microporous 

channels.
[135]

 While not assisting in the transport of the biomolecules themselves, 

these will facilitate diffusion of substrate and product molecules from the active sites 

of immobilized enzymes. Whether high internal loading of biomolecules can be 

achieved will depend on the nature of the adsorption. If the adsorption is reversible, 

then the pore size needs only to be greater than the molecular size. The same criterion 

applies if rapid, reversible adsorption is followed by slower, irreversible 

immobilization.  

 

Fig. 1.9 Illustration showing two possible mechanism of protein binding onto the 

functionalized surface of mesoporous silica 
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However, if the irreversible immobilization is fast, the pore diameter must be 

at least three times the molecular diameter to enable full access to the internal pores 

(see Fig. 1.9). It is also possible to imagine an intermediate situation, in which the 

biomolecules are covalently bonded by tethers present at low concentration within the 

pores. It would be unlikely for two such tethering points to be present at any one 

position in the channels, so that a pore diameter of more than twice the biomolecular 

radius would be required in this case. In any cases where blocking could occur, the 

cubic structures with three-dimensional connectivity would possess an inherent 

advantage over one dimensional channel structures. 

The pore size of the mesoporous silicas can be increased by a nanometre or so 

by the addition of swelling agents, such as 1,3,5-trimethylbenzene, that segregate to 

the hydrophobic pore of the templating micelles to enlarge them. Addition of higher 

concentrations of these molecules results in loss of long range order and the formation 

of mesocellular foams (Fig. 1.8d). While these can possess still larger pores, their 

irregularity renders characterization of their pore structure ambiguous, particularly in 

terms of the geometry of the inter pore restrictions. 

The size selectivity of ordered mesoporous solids has been demonstrated 

clearly in several studies.
[136]

 Also, the measured uptakes are clearly shown to be on 

the internal surfaces when the adsorption of the same species by porous solids in the 

as-prepared state, i.e. that still contain the template, are many times lower. Uptakes of 

5–20 wt% of the biomolecules are commonly observed.
[137-138]
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1.13 Surface functionalization of MPS’s 

Silica-based materials are well suited to act as hosts for immobilization. They 

can be made in a wide variety of high surface area forms, some very well ordered, and 

they may be functionalized by a range of available organic linkers, that are suitable 

for immobilizing biomolecules. Reviews on methods for the functionalization of 

mesoporous silica materials with organic groups are widely available. Generally, 

organic–inorganic hybrid mesoporous molecular sieves can be prepared by two 

routes: (1) in situ functionalization during synthesis or (2) post-synthesis 

functionalization (see Fig. 1.10).  

The former route involves the cocondensation of a functionalized and an 

unfunctionalized alkoxysilane (e.g. 3-aminopropyltriethoxysilane with 

tetraethoxysilane (tetraethylorthosilicate, TEOS)). The alkoxysilanes must hydrolyze 

at a similar rate to the tetraethoxysilane or a heterogeneous gel will form and the 

functional groups will not be evenly distributed. Once formed, the surfactant template 

of these materials has to be removed by solvent extraction and extraction is typically 

only ca. 80% successful, probably because residual block copolymer remains trapped 

in micropores within the silica walls. For in situ functionalized mesoporous molecular 

sieves, the percentage of functional groups is limited to ca. 20% and a loss of 

structural order usually occurs with high functional group contents as the number of 

Si–O– bonds available for linkage is reduced. In some cases, the addition of a 

functionalized alkoxysilane alters the structure type of the silica that forms. 
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The post-synthetic route involves a reaction of the functionalized siloxane with a 

calcined mesoporous molecular sieve, suitably rehydrated to generate surface 

hydroxyl groups. Since all the template molecules have been removed during 

calcination before functionalization, there is no residual template in the hybrid 

mesoporous molecular sieve. However, it is more difficult to achieve uniform 

coverage by this route and the siloxane is likely to be attached to the surface by less 

than three Si–O–Si linkages. Fig. 1.10 shows preparation routes for post-synthesis 

functionalization of a mesoporous molecular sieve. The conditions for these reactions 

are widely available in the literature.
[139-142]

 

 

Fig. 1.10 Post-synthesis functionalization of silica‘s using organotriethoxysilanes 
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The inclusion of functional groups on silicas is, therefore, a well established 

procedure. Amine, thiol, carboxylate, chloride, alkyl, vinyl and phenyl are among the 

most commonly included groups, but the method is very generally applicable. As a 

result, the ability of a surface to interact by hydrogen bonds or van der Waals force, 

electrostatic or covalent bonds can be manipulated. For example, to enhance 

electrostatic interactions with negatively charged adsorbents, amine functionalization 

will introduce positive charge to the silica surface which would otherwise be positive. 

Han et al.
[143]

 showed that the post-synthetic modification of SBA-15 using 3-

aminopropyltriethoxysilane could be used to adsorb anionic proteins at pH 7 whereas 

a carboxy-functionalized surface, which would give a negative surface charge, readily 

adsorbed proteins that were cationic at the same pH. Subsequent modification of the 

electrostatic interaction, either by changing pH or strongly increasing the ionic 

strength, can result in release of the protein back into solution. 

The inclusion of functional groups also opens up the possibility to tether 

molecules covalently. For proteins this can take the form of reactions with amine, 

carboxylic acid or disulfide bridges. Such immobilization procedures have been 

developed for protein immobilization
[144] 

and examples of their use on high surface 

area silicas are described below.  

In summary, in order to incorporate biomolecules into ordered mesoporous 

silica materials, a suitable channel size is required for internal adsorption. Moreover, 

the surface chemistry of the mesoporous solid also plays an important role in binding 

proteins as this will influence the strength of the interaction between the biomolecules 

and the internal surface of the ordered mesoporous silica. A charged surface can bind 
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proteins with opposite charge and release the adsorbants by changing the pH. For 

permanent binding, the formation of covalent bonds is the obvious choice. 

1.14. Enzyme–mesoporous silica hybrid materials 

The first report of mesoporous molecular sieves as carriers in enzyme 

immobilization was published in 1996 by Diaz and Balkus.
[145]

 Since 1996, research 

in this area has developed rapidly. Within these studies, three main methods (physical 

adsorption, encapsulation and chemical binding) have been used to immobilize 

enzyme molecules inside the mesopores of the carriers as illustrated in Fig. 1.11 and 

Table 1.4. A number of studies have also appeared where the enzymes would seem to 

be far too large to be taken up within the mesopores, and must exist on the internal 

surface.
[146]

 There have also been reports of the immobilization of whole cells on 

mesoporous particles, for which the same applies.
[147]

 These are not discussed here. 

 

 Fig.1.11 Strategies of three commonly used methods for enzyme immobilization 
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Table 1.4 Advantages and disadvantages of three immobilization methods: 

encapsulation, physical and chemical binding 

Immobilization 

method 

Advantage Disadvantage 

Encapsulation Enzyme molecules 

retained 

Enzyme molecules free 

to move inside channels 

Complicated experimental 

procedure 

Reactive species and toxic solvents 

may denature enzymes 

Reduced pore opening may 

decrease diffusion rate of reactants 

and products 

Physical adsorption Simple experimental 

procedure 

No toxic solvents 

Leaching of enzymes during 

reaction 

Chemical binding No leaching of enzyme 

molecules 

Wide choice of organic 

linkers available 

More complicated procedure  

 

No leaching of enzymes during 

reaction 

1.15 Physisorption of enzyme onto pure silicas 

Physical adsorption is the simplest method of immobilizing enzyme onto 

ordered mesoporous silicas. Since there is no further treatment, denaturation of the 

enzymes is avoided. In this method, the mesoporous silica is simply suspended in a 

buffered enzyme solution for about 24 h, and the composite is recovered by 

centrifugation. 

Trypsin has been immobilized onto pure siliceous MCM-41, MCM-48 and 

SBA-15 and the effect of pore size on the activity studied.
[148]

 The hydrolysis of N-α-

benzoyl-DL-arginine-4-nitroanilide (BAPNA) was used as a model reaction, by 

monitoring the formation of p-nitroaniline spectrophotometrically. The activity of the 

immobilized enzyme was found to increase as the pore size increased probably due to 

the enhanced diffusion of the reactants and the products. However, leaching of 

enzymes is a major problem as the enzyme molecules are only loosely adsorbed onto 

the internal surface of the mesoporous silica carriers. 
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Most of these immobilized enzymes have been examined in aqueous medium. 

However, for applications in chemical industries, establishing their activity in non-

aqueous media would be an important step forward for enzyme immobilization.
[149]

 

Additionally, once supported, the solubility of an enzyme in an organic solvent may 

be very low, and leaching is avoided in this way. An example of this is the 

immobilization of horseradish peroxidase (HRP). HRP has been used extensively in 

industry as an environmentally friendly catalyst for oxidation reactions with hydrogen 

peroxide as the most common oxidant.
[150]

 The enzyme is of an appropriate size to 

adsorb within the pores of large pore mesoporous solids.  

Takahashi et al. immobilized HRP onto FSM-16, MCM-41 and SBA-15 with 

different pore sizes and their activity was tested in an organic medium, using toluene 

as a solvent.
[151-152]

 The HRP molecule has an oval shape with dimensions 3.7 nm x 

4.3 nm x 6.4 nm which are commensurate with the mesopores of these carriers. FSM-

16 and MCM-41 showed the highest maximum loadings (89 to 183 mg g
-1

).
[161]

 The 

activity of the immobilized HRP was monitored by the catalytic oxidation of 1,2-

diaminobenzene in toluene at 37 °C with tert-butylhydroperoxide as the oxidant. HRP 

immobilized onto FSM-16 (pore size 5 nm) exhibited the highest activity, some ten 

times the activity of free HRP. The increase in activity was possibly due to the size of 

the mesopores which matches the dimensions of the HRP molecules. This was 

thought to prevent the HRP being exposed to environmental changes that arise when 

fully immersed in the organic medium. A simple test for the thermal stability of the 

immobilized HRP demonstrated that the thermal stability of the HRP was improved 

upon immobilization: the most active sample, HRP immobilized on FSM-16, showed 

a 20% loss in activity upon exposure to a buffer solution at 70 °C for 120 min while 

the free HRP showed a 60% loss in activity after 30 min. 
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Chen et al. reported the use of SBA-15 as a carrier for a crude lipase, Newlase 

F, which contains lipase and acid protease from Rhizopus niveus.
[153]

 A simple 

adsorption method was employed in this research and the lipase activity was found to 

be up to four times that of the free enzyme with more than 90% of the lipase adsorbed 

onto the SBA-15. An increase in lipase activity upon immobilization is not 

uncommon, possibly because the hydrophilic surface of the carrier aids the adsorption 

of reactants.
[154]

 Interestingly, in the same experiment, the protease activity of the 

supernatant was 80% of that of the free enzyme, and much more than that of the 

enzyme–SBA-15 composite. This indicates that the SBA-15 carrier selectively 

adsorbed lipase (4.9 nm x 4.9 nm x 4.6 nm) rather than acid protease (6.5 nm x 5.3 

nm x 4.0 nm). Therefore, in this work, SBA-15 acted not only as a carrier for enzyme 

immobilization but also as the stationary phase for enzyme separation. There have 

also been several reports of the adsorption of electroactive enzymes within 

mesoporous solids, with the aim of preparing biosensors.  

Dai et al. conducted electrochemical studies on hemoglobin
[155]

 and 

myoglobin
[156]

 immobilized onto HMS-silica. The enzyme–HMS composite materials 

were supported onto glassy carbon electrodes. The immobilized enzymes showed 

significant responses to the reduction of hydrogen peroxide and nitrite. There have 

also been efforts to prepare composites of redox enzymes with mesoporous metal 

oxides that could themselves show conductivity, such as titanium or niobium oxides, 

in order to improve the response. Initial results suggest that these also give reusable 

biosensors for H2O2.
[157] 

The forces binding proteins to hydrated silica surfaces 

include electrostatic, hydrogen bonding and weak van der Waals interactions. 

Electrostatic protein–surface interactions are likely to be the strongest, particularly 
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when the adsorption is performed at a pH where the enzyme possesses a positive 

charge, because silica carries negative charges at pH values above 3.  

Table 1.5  pI values of some proteins 

Protein pI value 

Pepsin  1.0 

Serum albumin (human) 4.0 

Tropomyosin  5.1 

Insulin (bovine) 5.4 

Fibrinogen (human) 5.8 

c-Globuline (human) 6.6 

Collagen 6.6 

Myoglobin (horse) 7.0 

Hemoglobin (human) 7.1 

Ribonuclease A (bovine) 7.8 

Cytochrome c (horse) 10.6 

Histone (bovine) 10.8 

Lysozyme (hen) 11.0 

Salmine (salmon) 12.1 

The sign of the overall charge on a surface can readily be predicted on the 

basis of the isoelectric point (the pH at which the overall charge is zero). This pI value 

of an protein molecule depends on the balance of surface functional groups (e.g. –

NH2, –COOH) which may have opposite charges: pI values are given for selected 

proteins in Table 1.5.  

When the adsorption is performed at a pH lower than the pI of the enzyme 

(but higher than pI of the silica) the protein will be positively charged. The greater the 

positive charge, the stronger the attraction between protein and surface, but the 

stronger the repulsion between adsorbed molecules. According to Su et al., surface 



Chapter-1                                                                                    Introduction to Enzymes, immobilization and protein engineering 

 

Kannan. K  Ph. D. Thesis 
38 

adsorption capacities of proteins are found to vary with the pH of adsorption 

according to a bell-curve, the maximum of which occurs at the isoelectric point of the 

protein.
[158-159]

 It therefore follows that by judicious variation of the pH, proteins 

could be adsorbed selectively and desorbed by changing the pH. Measurements of 

physical adsorption on SBA-15 of proteins small enough to enter the channels, 

performed at pH 8.4, was found to obey a simple the Langmuir model, as expected 

where adsorption terminates at a monolayer and the adsorption sites are very 

similar.
[160]

 Monolayer coverages of around 120 mg g
-1[161]

 were measured for 

myoglobin and β-lactoglobulin. 

Vinu et al. carried out detailed adsorption experiments of the protein lysozyme 

on MCM-41 and SBA-15.
[162]

 Lysozyme is a relatively small protein (molecular 

weight = 14.4 kDa, 3 nm x 3 nm x 4.5 nm) and can adsorb in both materials, but 

SBA-15 was found to have a higher capacity, indicating that the pores were large 

enough to allow two molecules to pack across a pore diameter. Detailed studies of the 

pH dependence of adsorption indicated that adsorption isotherms at pH 6.5 to 10.5 

obey Langmuir dependence. As the pH is raised and the lysozyme becomes less 

positively charged (the isoelectric point is at pH 11) the monolayer coverage on both 

solids is observed to increase. This is attributed to reduced enzyme–enzyme repulsion 

and closer packing or even aggregation. Notably, at a higher pH (pH=12) the 

adsorption is no longer Langmuirian, and indicates that the enzyme–support 

interaction is no longer much stronger than the enzyme–enzyme interaction, due to 

the enzyme picking up negative charge. In related studies, the kinetics of the 

adsorption mechanism of peroxidase onto MCM-41 was modelled by rapid the 

Langmuir type physisorption followed by slow chemisorption.
[163-164]
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1.16 Encapsulation of enzyme molecules in MPS’s 

One way to prevent enzyme leaching from within mesoporous silicas is to 

physically encapsulate them inside the pore spaces. Several routes have been tried, 

including silanation or coating with microporous silicas produced via sol–gel routes. 

In the first publication of mesoporous molecular sieves in enzyme immobilization, the 

encapsulation method was applied to immobilize enzyme molecules such as trypsin 

inside the mesopores of pure siliceous MCM-41.
[145]

 Fig. 1.11 shows a simplified 

scheme of this mechanism. In this method, the enzyme molecules were first dissolved 

in a buffer solution and MCM-41 was then suspended in the solution to permit uptake 

of the enzyme.  

Finally the opening of the mesopores was reduced in size through silanation 

with the use of 3-aminopropyltriethoxysilane in order to prevent subsequent leaching 

out of the enzymes during reaction. After silanation, the diameter of the mesopore 

openings was reduced by about 1 nm. Although this process stopped the leaching, it 

also strongly reduced the activity of the immobilized enzyme, probably due to 

denaturing of trypsin during silanation and reduction in the accessibility of the 

substrate to the active site of the trypsin molecules inside the mesopores. 

Immobilization and encapsulation of porcine pancreatic lipase (PPL, 4.6 nm x 2.6 nm 

x 1.1 nm) onto MCM-41 has been performed in a similar way, with the pore opening 

being reduced by silylation.
[165]

 The activity of the immobilized lipase was examined 

using the hydrolysis of acetin as a test reaction. Upon immobilization, just over 50% 

of the activity was retained. The immobilized lipase was also recycled, resulting in a 

decrease of 45% in activity after 4 cycles. 
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Once enzymes have been adsorbed within the mesopores of such solids, the 

encapsulation approach can be adopted, in a similar way to that adopted for the well 

ordered mesoporous solids. Wang and Caruso showed that the enzyme catalase C-100 

(MW = 250 kDa) could be encapsulated in bimodal mesoporous silica (BMS) spheres, 

2–4 mm in diameter, containing interconnected cages ca. 300 nm in diameter, by 

subsequent coating with alternate layers of polyelectrolytes such as 

poly(diallyldimethylammonium chloride) and silica nanoparticles.
[166]

 This coating 

sharply reduced loss of the enzyme and the enzyme retained its activity for the 

appropriate assay (the decomposition of hydrogen peroxide to water and dioxygen) 

after many cycles.  

The immobilized enzyme was active over a wider pH range than the free 

enzyme and could be recycled with a more gradual loss of activity. In a related 

approach, the enzyme butyrylcholinesterase was encapsulated among silica 

nanospheres formed by adding polypeptides (similar to those found in diatoms) to 

catalyze the silica condensation under mild conditions (pH 7, room temperature and 

pressure). Silaffin polypeptides catalyze the formation of the delicate silicate 

skeletons of diatoms, but in this case give robust silica nanospheres suitable for use in 

a continuous flow reactor. The activity of the enzyme, as measured by the assay of 

indophenyl acetate hydrolysis, was retained in this process.
[167]

 

1.17. Adsorption and covalent binding onto functionalized silica 

In efforts to overcome the problems of leaching without the subsequent 

deactivation by addition of reactive siloxanes, it has been found that organic 

modification of the silica surface can strengthen the binding strength of the enzyme 

on the surface via either electrostatic or covalent mechanisms (see Fig. 1.11). For 
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enzyme or protein immobilization, the most potentially useful surface functional 

groups are thiols, carboxylic acids, alkyl chlorides and amines. Other functional 

groups such as alkyl, phenyl and vinyl can be added to modify the enzyme‘s 

environment by increasing the hydrophobicity of the surface.  

In 2001, Yiu et al. used functionalized SBA-15 in enzyme immobilization.
[168]

 

Trypsin was immobilized onto SBA-15 materials with different surface functional 

groups (–SH, –Ph, –Cl, –NH2, and –COOH) prepared via in situ and post synthesis 

routes. Leaching of the enzyme was largely solved by using SBA-15 functionalized 

with groups such as –SH, –Cl and –COOH. Trypsin immobilized on іPrSH-SBA-15 

(prepared via in situ functionalization) showed the highest catalytic activity. 

Remarkably, immobilized enzyme retained 96% activity of the free trypsin with 

negligible leaching. After recovery, the immobilized enzyme was reused, and gave 

66% of the original activity. The cause of the increase in the strength of trypsin 

immobilization upon inclusion of functional groups was not identified 

unambiguously. Various covalent linkages between functionalized support and 

enzymes are given in Table 1.6. 

Trypsin immobilized on isPrSH-SBA-15 in the hydrolysis of a series of 

proteins (cytochrome c, lysozyme, myoglobin, lactoglobolin, ovalbumin, bovine 

serum albumin, and conalbumin) with use of MALDI-TOF mass spectrometry for 

monitoring the protein fragments. Among these proteins, only smaller proteins were 

fragmented while ovalbumin, bovine serum album and conalbumin were not 

hydrolyzed, indicating that enzyme–mesoporous silica hybrid materials can introduce 

extra size selectivity to catalytic reactions. 
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Table 1.6 Various covalent linkages between functionalized support and enzyme 

Support  

functional 

group 

Enzyme 

functional 

group 

 

Covalent binding 

 

Name of binding 

Support-NH2 H2N-Enzyme Support–N=N–Enzyme  Diazotization 

Support-COOH H2N-Enzyme Support–CO–NH–Enzyme  Amide bond 

formation 

Support-CH2-X 

X = F, Cl, Br or I 

H2N-Enzyme 

HS-Enzyme 

Support–CH2–NH–Enzyme 

Support–CH2–S–Enzyme 

Alkylation and 

Arylation 

Support-CHO H2N-Enzyme Support–CH=N–Enzyme Schiff‘s base 

formation 

Support-

NH(CH3) 

HOOC-

Enzyme 

Support–(CH3) NH–O=C–

Enzyme 

Amidation reaction 

Support-SH HS-Enzyme Support–S–S–Enzyme Thiol-Disulfide 

Linkage 

Support-NH2 H2N-Enzyme Support-N=CH(CH2)3 

CH=N–Enzyme 

Carrier bind with 

bifunctional 

reagents 

 

In other studies, SBA-15 solids functionalized with –NH2 and –COOH groups 

were used as carriers for the immobilization of organophosphorus hydrolase (OPH), 

an enzyme that has been widely investigated for biosensing and the decontamination 

of poisonous agents.
[169]

 The mesoporous carrier with 2% –COOH exhibited the 

highest protein loadings (4.7% w/w) and the highest activity (4182 units mg 

support).
[161]

 By contrast, the carrier with 20% –NH2 was found to have a very low 

loading. The results with OPH can be rationalized by the effect of surface charge. The 

immobilization and the activity measurements were performed at pH 7.5. At this pH 

the OPH (isoelectric point, pI = 8.3) will possess an overall positive charge, whereas 

carboxylic acid groups on the solid will be negatively charged and amine groups on 

the surface will be positively charged, giving rise to net attraction and repulsion of the 

enzyme, respectively. Furthermore, OPH immobilized on carboxy-functionalized 

SBA-15 was found to possess significantly enhanced longevity. 
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Table 1.7 A summary of reported research in enzyme immobilization using 

mesoporous molecular sieves as supports 

Enzyme Support Loading/mgg
-1

 Ref. 

Encapsulation    

Cytochrome c, Trypsin, 

papain, horseradish 

peroxidase 

MCM-41 0.4–5.8 

 

77 

Cytochrome c MCM-48, SBA-15, 

Nb-TMS-4 

6.2–11.8 108 

Lipase MCM-41 380 97 

Physical adsorption    

Trypsin SBA-15, MCM-41, 

MCM-48 

24 

 

80 

Penicillin acylase MCM-41 230 96 

Horseradish peroxidase FSM-16, MCM-41, 

SBA-15 

10–183 83 

Lipase MCM-41, Al-MCM-41 2.1–4.6 109 

Crude lipase SBA-15 40 85 

Trypsin MCM-41 100 110 

α-Chymotrypsin MCM-41 170 111 

Cytochrome P450 MCM-41, Al-MCM-41 0.02–0.06 112 

Myoglobin HMS 11.3 88 

Lysozyme SBA-15 174–482 93 

Cytochrome c, protease, 

catalase 

Bimodal mesoporous 

silica 

53–250 113 

Chemical Binding    

Trypsin SBA-15 (–SH, –Cl, 

–COOH, etc.) 

24 

 

98 

α-Chymotrypsin SBA-15 (–CHO) 5.4 100 

Organophosphorus 

hydrolase 

SBA-15 (–COOH) 31 101 

Penicillin acylase SBA-15 (–NH2, –SH, 

–Ph, –COOH) 

2.24 114 

Chloroperoxidase MCF, SBA-15, SBA-16, 

MCM-48 (–NH2) 

122 

 

103 

α-Amylase MCF, SBA-15 (–CHO) 0.5–1.75 104 

Glucose oxidase MCF (–CHO) 210 105 
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 Formation of covalent bonds with functionalized surfaces ensures strong 

binding and negligible leaching. In such an approach, an aldehyde-functionalized 

SBA-15 material has been used as a carrier for immobilizing the enzyme α-

chymotrypsin.
[170]

 Aldehyde-functionalized supports are a popular choice for protein 

immobilization
[171]

 because an imine binding can form easily between the surface 

aldehyde groups and the amine groups on the protein molecules. Unfortunately, 

aldehyde-functionalized alkoxysilane is not commercially available and was 

synthesized using a rhodium phosphine catalyst.
[172]

 

A summary of reported research in enzyme immobilization using mesoporous 

molecular sieves as supports is given in Table 1.7. The aldehyde-functionalized SBA-

15 was prepared via a post-synthesis route with the trimethoxysilylpropanal. The 

activity of immobilized enzyme in the hydrolysis of N-succinyl-Ala-Ala-Pro-Phe p-

nitroanilide (SAAPPN) was found to decrease to only 5% of that of the free enzyme 

but the activity in transesterification of N-acetyl-L-phenylalanine ethylester (APEE) 

in organic media increased by more than 200% when compared with the free enzyme. 

It seems that the SBA-15 carrier protects the enzyme molecules from denaturation in 

organic media. To prove this assumption, the α-chymotrysin-SBA-15 composite was 

suspended in pure methanol at room conditions and the half-life of the immobilized 

enzyme was found to increase over 100-fold.The thermal stability of this immobilized 

enzyme was also improved. 

In the work of Han et al., pure silica MCF with a pore size of 15 nm was used 

to immobilize CPO (SBA-15, SBA-16 and MCM-48 were also studied for 

comparison). The activity of the immobilized CPO was monitored using the 

monochlorodimedone (MCD) assay.
[173]

 CPO remained active in MCF and SBA-15 
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(pore size 7 nm) but low activities were recorded from the immobilized CPO on 

MCM-48 (3.2 nm) and SBA-16 (8.2 nm). The pore size of MCM-48 was too small for 

CPO (7.7 nm 6 6.5 nm 6 4.6 nm) immobilization while SBA-16 was also unsuitable. 

Although SBA-16 has a pore size of 8.2 nm, the size of the openings between cages is 

only 4.7 nm which inhibits immobilization. This highlights an important consideration 

in the use of some of the new mesoporous structures, where the window size may be 

much smaller than the pore size.  

Besides the pore structure of the carrier, the loading of CPO was also affected 

by the pH of the solution during the immobilization process with a maximum loading 

at pH = 3.5. At this pH, which is slightly below the isoelectric point of CPO (pI = 4), 

the enzyme has a net positive charge and the silica (isoelectric point pI = 2) a net 

negative charge, accounting for the high loading of CPO on MCF. CPO remains 

active at these pH values and the specific activity of CPO supported on MCF was 

around one half of that of the free enzyme. The decrease in activity was attributed to 

steric constraints preventing free access to the active site of the enzyme molecule. 

Pandya et al. showed that the large enzyme α-amylase, active for the 

hydrolysis of starch, could be more successfully immobilized within MCF materials 

of pore diameter 33.5 nm than in SBA-15 of pore size 5–6 nm, as a result of 

molecular sieving.
[174]

 Notably, the enzyme molecules had been immobilized on 

solids that had been functionalized post-synthesis by using alkylamines and 

glutaraldehyde to produce aldehyde groups that were subsequently reacted with amine 

groups of the enzyme. The activity of the immobilized α-amylase was measured for 

the chemical reaction of interest, the hydrolysis of starch to dextrin, and was found to 

show high specific activity, and improved thermal stability and longevity.  
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A similar approach was adopted to immobilize glucose oxidase (GOx, 33 kD) 

in MCF, which was much more successful than parallel attempts with SBA-15.
[175a]

 

The properties of siliceous mesostructured cellular foams (MCF) with the surface 

functionalised using different organosilanes to immobilize covalently trypsin have 

been studied.  

Four organosilanes were applied: 3-aminopropyltriethoxysilane, 2-aminoethyl-

3-aminopropylmethyldimethoxysilane, 2-aminoethyl-3-aminopropyl trimethoxy 

silane and 3-glicydoxypropyl-triethoxysilane. The samples modified using 

alkylamines were further activated with glutaraldehyde (GLA), a cross-linker. 

Commercially available silica gels and Eupergit C were used for comparison. Activity 

of MCF-based biocatalysts expressed in BAPNA and casein conversion, was 

significantly higher than of the silica gel- and Eupergit C-based counterparts. In the 

best systems the determined activity of trypsin was higher than of a free enzyme. The 

GLA-amino linkages appeared the most effective systems for the covalent 

immobilization of trypsin.
[175b]

 

 

1.18. Protein Engineering  

Improvement in the activity and usefulness of an existing enzyme or creation 

of a new enzyme activity by making suitable changes in its structure or amino acid 

sequence is called enzyme engineering. When this approach is used to modify the 

properties of any protein, whether enzyme or nonenzyme, it is termed as protein 

engineering.
[183]
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Since enzymes are proteins, enzyme engineering is a part of the larger activity 

of protein engineering. Enzyme engineering utilizes recombinant DNA technology to 

introduce the desired changes in the amino acid sequences of enzymes.  

Recombinant DNA technology is also used to transfer genes encoding useful enzymes 

from dangerous, unapproved, slow growing or low producing microorganisms into 

safe, fast growing and high producing microorganisms.
[184]

 

In addition, the level of production of an enzyme may be increased by 

introducing more copies of the gene into the concerned organism. Such applications 

of recombinant DNA technology are enzyme or protein engineering, which must rest 

on modification of the amino acid sequence of the concerned enzyme or protein. 

The major goal of protein engineering is the generation of novel molecules, 

intended as both proteins endowed with new functions by mutagenesis and 

completely novel molecules. This definition, which may sound broad and perhaps 

ambitious, in fact pinpoints one of the most promising developments in our ability to 

understand and control a protein‘s function. After the revolution introduced in 

proteins science by the advent of genetic engineering, protein engineering can be 

considered as a second wave of innovation which is providing important 

breakthroughs in basic research and application, useful for studies on structure 

function relations and for exploitation in industry.  

Genetic engineering makes available unlimited amounts of purified proteins, 

whereas protein engineering produces tailor-made proteins redesigned such as to 

make them more suited to industrial requirements. On this basis it becomes evident 

that industrial biotechnology will enormously benefit of this possibility.
[185]
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1.18.1. Objectives of Enzyme Engineering  

The chief objective of enzyme engineering is to produce an enzyme that is 

more useful for industrial, medical and other applications.
[186-187] 

The various 

properties of an enzyme that may be modified to achieve this objective are as follows: 

 Improved kinetic properties,  

 Novel enzyme activity, 

 Elimination of allosteric regulation, 

 Enhanced substrate and reaction specificity, 

 Increased thermostability,  

 Alteration in optimal pH,  

 Suitability for use inorganic solvents, 

 Increased/decreased optimal temperature, etc. 

1.19. Design and Engineering Novel Metalloproteins Based on Native Protein 

scaffolds 

Protein folding is primarily dictated by noncovalent, relatively weak 

intramolecular forces. Considerable evidence has now been accumulated to indicate 

that folding of a protein into native conformation proceeds through various 

intermediate species.
[188] 

In the in vitro system many unfolded polypeptides can refold 

to regain native-like activity in a spontaneous process dictated solely by their primary 

structure. But the recovery is not always total and certainly depends on the state of 

unfolding of the polypeptide in a given denaturant. The refolding of the population 

which has lost the signal posts for correct interactions can sometimes be guided to the 

productive pathway with the aid of effector molecules like detergents,
[189-190]

 substrate 



Chapter-1                                                                                    Introduction to Enzymes, immobilization and protein engineering 

 

Kannan. K  Ph. D. Thesis 
49 

and cofactors,
[191] 

salts,
[192]

 multivalent ions,
[193]

 and molecular chaperones.
[194]

 The 

effector molecules either stabilize some transient intermediates
[189, 194]

 or bind to the 

non-native structure and prevent wrong interactions.
[192, 195]

 

In the vast majority of in vitro studies, folding experiments are typically 

initiated with 1M-6M Guanidium Hydrochloride (GdmCl) or 1M-8M urea denatured 

proteins. In the cases of disulfide proteins, native disulfide bonds are usually kept 

intact (disulfide intact) in the denatured state. GdmCl (6 M)-denatured proteins are 

generally considered fully unfolded or extensively unfolded. Forty years ago, 

Tanford
[196]

 showed that 6 M GdmCl-denatured proteins were essentially 

structureless. However, subsequent research from various groups using more 

sophisticated techniques has shown that residual structures do persist in many proteins 

even under strongly denaturing conditions (e.g., 7.5 M GdmCl)
[197-204]

. NMR and 

circular dichroism techniques have proven to be particularly useful in comprehensive 

structural characterization of denatured proteins
[205-207]

. Denatured structures of 

barnase 
[208]

, protein L variant 
[197]

, Drosophila melanogaster 
[209]

, protein G 
[210]

, 434 

repressor 
[198]

, ferricytochrome c 
[211]

, staphylococcal nuclease 
[200]

, R-lactalbumin 
[212-

215]
, antichymotrypsin 

[214]
, SH3 domain 

[215]
, and fatty acid binding protein 

[216]
 were 

reported. A common conclusion obtained from these studies is the persistence of 

residual hydrophobic clusters and native like secondary structures in the denatured 

state of proteins 
[199, 202, 204]

. 

The structure of 1 M-6 M GdmCl-denatured protein is relevant to the study of 

protein folding because there is always concern regarding the conformational 

heterogeneity of the starting materials and whether they still possess residual 

secondary structures or hydrophobic clusters. These remaining structures may skew 
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the observation of the early folding mechanism, which is the most crucial event in 

understanding how protein folding is started
[217-220]

 and in defining the model of 

protein folding.
[221-223]

 Therefore, the structural heterogeneity of GdmCl-denatured 

proteins is critically important to the interpretation of the metalloprotein folding 

pathway and mechanism.  

An important branch of protein active site design is the design and engineering 

of new metal-binding sites into native proteins with characteristic scaffolds. Metal 

ions add new functionality to proteins and help catalyze some of the most difficult 

biological reactions. Protein reactivity is finely tuned by using different metal ions, 

different redox states of the same metal ion, or different ligands and geometric 

arrangements. Probably for these reasons, metalbinding sites are found in about 1/3 of 

structurally characterized proteins and in about 1/2 of all proteins.
[224]

 Therefore, 

designing and engineering novel binding sites in proteins is an important test of our 

ability to design proteins. Another advantage of choosing metal-binding sites as 

targets for protein design is the rich spectroscopy available for evaluating the design 

process. At this early stage of protein design, one can learn just as much from a failed 

design as from a successful one, as long as the site is properly analyzed.  

The problem of metalloprotein folding can be studied by the preparation of 

peptides crafted using first principles in the hope of generating ―functionally active‖ 

biomolecules.
[225-226]

 This design strategy involves the construction of a peptide 

intended to fold into a precisely defined three-dimensional structure, with a sequence 

that is not derived from that of any natural protein.
[227]

 For the most part, de novo 

design has followed a minimalist approach to design the peptidic scaffold.
[228-229]

 The 

advantage of this approach is that specific structure types can be ascertained without 



Chapter-1                                                                                    Introduction to Enzymes, immobilization and protein engineering 

 

Kannan. K  Ph. D. Thesis 
51 

the complication of deconvoluting the behavior of multiple alternate folding domains 

present in natural systems.  

In general, there is still a serious lack of knowledge describing the relationship 

between the peptidic backbone sequence, its secondary and tertiary structures, and the 

functional properties of the protein. A survey of the literature suggests that reports 

detailing metal-induced protein folding are sparse. This observation is remarkable 

given that it is estimated that one-third of proteins contain metals which are 

indispensable for proper function. Significant attention has focused on engineering 

metal binding sites in de novo designed peptides because of the importance of metals 

in biology. The rate of research in the field of metallopeptide design has seen a 

tremendous jump in the past few years resulting in the emergence of very distinct 

approaches.  

Many excellent reviews on metalloprotein design have appeared 
[230-234] 

in 

order to obtain a broader overview of the metalloprotein design field and attempt to 

focus on methodology used in the design and engineering of novel metal-binding sites 

in native proteins with characteristic scaffolds. Because the focus of the review is on 

new metal-binding sites, many interesting works on refining the properties of the 

existing sites such as binding affinity or substrate binding specificity. 

The binding of metals to de novo designed peptides has been discussed under 

the following categories: (1) metal assisted folding of unstructured/partially structured 

de novo designed α-helices, (a) enhancement of α-helical character in partially folded 

peptides, (b) metal induced folding of random coils to generate α-helices;(2) metal 

binding to folded de novo designed proteins/peptides, (a) metal binding to folded α-

helical peptides, (b)metal binding to β-turns and β-sheets.  
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Alkaline phosphatase (AP) is a homodimeric metalloprotein containing two 

intramolecular disulfide bonds. The active dimer contains four tightly bound zinc 

atoms. The two zinc atoms are critical for the catalytic activity of the enzyme, the two 

being thought necessary for structural integrity of the molecule
[235]

. In addition, two 

magnesium atoms are important both for catalysis and for stabilizing the active 

conformation of the molecule 
[236]

.  

Generally, the enzyme is denatured by exposure to low pH or to increasing 

concentrations of urea or guanidine hydrochloride (GdnCl). The subunits prepared in 

these ways have intact S–S bonds
 [237-238]

, a prerequisite for stable folding of the 

monomers
 [239]

. The unfolded subunits refold readily upon removal of the denaturant 

and dimerize spontaneously to form active protein
[240]

. 

Ronald et al. introduced a method for the design of an oxygen transport 

protein, akin to human neuroglobin. Beginning with a simple unnatural helix-forming 

sequence with histidines to bis-histidine ligate haems, and exploited helical rotation of 

glutamate towards on haem binding to introduce distal histidine strain and facilitate 

O2 binding. O2 affinities and exchange timescales match natural globins with distal 

histidines, with the remarkable exception that O2 binds tighter than CO.
[241]

. 

Okrasa et al. designed a manganese substituted carbonic anhyrase for 

epoxidation reaction. Carbonic anhydrase is a zinc metalloenzyme that catalyzes the 

hydration of carbondioxide to bicarbonate. Replacing the active-site zinc with 

manganese yielded manganese-substituted carbonic anhydrase (CA[Mn]), which 

shows peroxidase activity with a bicarbonate-dependent mechanism. The active-site 

zinc removed from carbonic anhydrase by dialysis against a zinc chelator, 2,6-

pyridinedicarboxylate,removed 90–95% of the active-site zinc. Subsequent dialysis 
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against manganese(ii) yielded manganese-substituted carbonic anhydrase 

(CA[Mn]).
[242]

 

 

Fig. 1.12 Mn-substituted carbonic anhydrase (CA[Mn]) from carbonic anhydrase 

Rhodanase (thiosulfate sulfur transferase) consists of a single polypeptide 

chain folded into two domains. The first time completely reversible unfolding was 

achieved using guanidinium chloride-denatured with a systematically defined 

protocol.
[243]

 Mettalothionene (MT) is a 61 amino-acid polypeptide that has no α-helix 

or β-sheet, but wraps 6–7 divalent heavy metal ions at highly conserved with 20 

cysteines. The reversible defolding achieved and in addition to adapted to metal 

substitution of metal-containing enzymes in refolding process.
[244]
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1.20. Aim and outline of this thesis  

This thesis also deals with the studies to improve enzyme activity, stability 

and reusability, using silica materials as carriers for enzyme immobilization, varying 

immobilization methods, altering the porosity properties of the carrier, etc., but 

always with strong background knowledge of the material properties. Creating a novel 

enzyme molecule from existing protein molecules is a major challenge in protein 

engineering which one is attempted using reversible denaturation followed by 

renaturation in presence of metal ions. 

First chapter introduces the protein chemistry for globular structure, function 

of the enzyme with the various classification catalytic groups. The enzyme causes the 

natural biochemical functions in various living systems for different diagnostic 

applications. The various immobilization techniques for improving of an enzyme 

artificially with retention of catalytic function often stabilizes the structure. 

Immobilization of enzymes on Meso Porous silica’s (MPS’s) could help in their 

economic reuse and in the development of continuous bioprocesses in industries. 

Protein engineering, involves the use of chemical techniques to modify the structure 

of a protein, thereby altering its structural function activity for catalytic application. 

In Chapter 2, synthesis of highly ordered porous SBA-15 and MCF, as carrier 

for alkaline serine endo peptidase immobilization, was performed. Functionalization 

of silica‘s followed by covalent binding of enzyme molecule on surface by amide 

linkage were obtained. The influence of the pore size properties on the loading of 

alkaline serine endo peptidase during immobilization and on the enzyme activity, 

stability and reusability of the immobilized enzyme was studied.  
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A strategy for chemical binding of cellulase on surface functionalized MCF is 

presented in Chapter 3. The amination followed by glutaration of MCF, cellulase was 

immobilized by imine bond formation, which could be reduced to amine group using 

NaBH4. The influence of the amount of enzyme loading, activity, stability and 

reusability was investigated.  

Chapter 4 focuses on reversible denaturation of alkaline protease using 

increased amount of Gdn-HCl and renturation in refolding buffer in presence of cobalt 

metal ion for designing towards the nitrile hydratase. A systematic characterization of 

structural changes upon denaturation followed by renaturation was studied using 

various spectra-chemical techniques. Furthermore, the nitrile hydratase kinetic study 

was also discussed using 3-cyanopyridine as a substrate. 

Chapter 5 gives a summary of the main results and conclusions of the study 

and outline suggestions for future work. In particular it will address how the 

biomolecules such as enzyme, antibodies, DNA, RNA and lipids can be immobilized 

on functionalized ordered mesoporous silica surfaces and their diverse utilities.  The 

protein engineering recent research has focused on the effects of metal binding on the 

overall secondary and tertiary conformations of unstructured peptides/proteins 

towards the designing of novel enzyme molecules. 

Finally, Appendices gives the total enzyme concentration standard curves. 

Standard product curves were obtained from known concentration. An overview of 

the porosity properties of the synthesized SBA-15 and MCF from SEM and TEM is 

also included. 
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2.1. Introduction 

Alkaline proteases are important enzymes having diverse applications in a 

wide variety of industries such as food, pharmaceutical, detergent, leather, silk, 

diagnostics, and for the recovery of silver from used X-ray films.
[1-4]

 Alkaline serine 

endopeptidase from selected strain of Bacillus Licheniformis, which hydrolyses 

casein, plays a vital role in dairy industries. Casein is a slowly digesting protein which 

is essential in building muscles in human body and is a major component of milk, 

whey and soy.
[5]

  The industrial application of this enzyme requires specificity, 

stability at higher pH and temperature and reusability. Numerous techniques have 

been used for immobilization of free enzymes on solid support to obtain efficient 

biocatalysts.
[6]

  

Mesoporous silica’s (MPSs) obtained by different templating methods 

demonstrate high potential as solid supports for enzyme immobilization.
[7-22]

 These 

supports are environmentally acceptable, structurally more stable, and resistant to 

microbial attack. MPSs have a large specific surface area (~ 1000 m
2
/g) and pore 

diameter, in the range of 2-50 nm, which can be tuned to host the enzymes of varied 

size. As such, the enzymes have considerable affinity towards the MPSs surfaces.
[7-14] 

Besides, the MPSs surface can be modified with various anchor groups to covalently 

bind the enzyme molecules, which could reduce the enzyme leaching from the 

support during the recycling of the catalyst.
[14-22]

 The uniform distribution of pores in 

MPSs favors the uniform loading of enzyme as well as facile diffusion of the substrate 

and product molecules inside the channels.  The loading of an enzyme and its activity 

depends upon the surface area and pore size of the MPSs.
[17-22]
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Among the MPSs,  SBA-15 and MCF have been shown to be efficient 

supports for covalent immobilization of  α-amylase, trypsin, chloroperoxidase, 

penicillin G acylase, organophosphorus hydrolase, glucose oxidase, glucoamylase, 

and invertase.
[8, 9-11, 14, 19-22]

 SBA-15 and MCF have pore sizes in the range of 9–25 nm 

and possess 600-800 m
2
/g surface area, which make them suitable to host the alkaline 

endopeptidase comfortably and also allows substrate and product molecule’s facile 

diffusion towards and from the active site of the enzyme.
[18, 21]

 The average size of the 

alkaline endopeptidase is 4.7 nm as shown in Fig. 2.1, produced using Chem3D Pro 

10.0 from the Research Collaboratory for Structural Bioinformatics (RCSB) enzyme 

data base.
[23]

 

 

Fig. 2.1 Alkaline serine endopeptidase structure from RCSB protein data base 

Alkaline endopeptidase immobilized on polymeric support has been evaluated 

for stability, activity and reusability with reference to free enzyme.
[24-26]

 In this 

chapter, covalent immobilization of alkaline serine endopeptidase has been done 

through amide bond formation on modified SBA-15 and MCF.  Surface modification 

of MPSs was done with 3-aminopropyltriethoxy silane followed by succinic 

anhydride. The specific activity of the immobilized enzyme was studied using casein 

as a substrate. 
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2.2. Experimental section 

2.2.1. Materials 

Tetraethoxysilane (98%, TEOS), Triblock poly(ethylene oxide)-block-

poly(propylene oxide)-block-poly(ethylene oxide) copolymer (Pluronic P123, Mw = 

5,800), Bradford reagent (B6916),  Na2HPO4 (99%, A.R) were from Aldrich (USA). 

3-aminopropyl triethoxy silane (98%, APTES), 1-[3-(dimethylamino)propyl]-3-ethyl 

carbodiimide hydrochloride (EDAC)  were purchased from Fluka (USA). Bacterial 

Alkaline Protease (E.C.3.4.21.62) from Bacillus Licheniformis was donated by 

Genencor International, Netherlands.  Trichloroacetic acid (98%, A.R) was procured 

from Merck, Germany. 4-N,N-dimethylaminopyridine  AR (98%, DMAP), 1,3,5-

trimethylbenzene (98%, TMB), Soluble casein A.R, NaH2PO4.2H2O (99% A.R), 

Na2CO3 (98%, A.R) NaHCO3 (98%, A.R) were purchased from s.d Fine Chemical, 

India. Glycine (98%, A.R), NaOH (98%, A.R) were from Qualigens Fine Chemicals, 

India. These chemicals were used in MPSs synthesis, surface functionalization and 

kinetic studies of enzymes. 

2.2.2 Synthesis of SBA-15  

Highly ordered mesoporous SBA-15 was synthesized
[27]

 using Pluronic P123 

triblock copolymer (EO20-PO70-EO20, BASF) as a template and TEOS as a silica 

source in acidic conditions. In a typical synthesis, 12 g of triblock P123 was dissolved 

in 90 g of de-ionized water and 360 g of 2 M HCl was added under stirring at ambient 

temperature (25–30 
o
C) for 90 min. TEOS, 27 g was added to the homogeneous 

surfactant solution and the mixture was stirred at 40 
o
C  for 24 h. Then, it was allowed 

to stand for crystallization under static hydrothermal conditions at 110 
o
C for 48 h in a 
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Teflon lined autoclave reactor.  The crystallized product was filtered, washed with de-

ionized water and dried.  Finally, it was calcined at 550 
o
C in air for 6 h to remove the 

template.  

2.2.3 Synthesis of MCF 

Siliceous MCF syntheses are reported in the literature.
[28-33]

 However, in the 

present work, MCF was synthesized using the procedure reported by Lettow et al. 
[29]

  

In a typical synthesis, 4 g of Pluronic P123 triblock copolymer (EO20-PO70-EO20, 

BASF) was dissolved in 150 mL of 1.6 M HCl followed by addition of 2 g of TMB to 

the polymer solution. The mixture was stirred for at least 90 min at 35–40 
o
C.  8.5 g 

of TEOS was added as the silica source to this homogeneous emulsion. This mixture 

was stirred for 24 h at 35–40 
o
C and aged for 24 h at 110 

o
C, the product was filtered, 

washed with de-ionized water and dried. Finally, it was calcined at 500 
o
C in air for 6 

h to remove the template.  

2.2.4 Surface modification of SBA–15 and MCF 

The surfaces of MPSs were amino functionalized by refluxing 1 g of SBA-15 

or MCF with 3 ml of APTES in 100 ml of dry toluene at 110 
o
C for 16 h with stirring 

under N2 atmosphere. Product was separated by filtration, washed with toluene, 

dichloromethane and methanol. It was further Soxhlet-extracted using 

dichloromethane to remove excess APTES. APTES modified samples were labeled as 

SBA-A and MCF-A.   The amino functionalized SBA-15 or MCF was succinylated 

typically, by adding 1 g into 0.4 g of succinic anhydride and a catalytic amount of 

DMAP in 100 ml of dry toluene at 60 
o
C for 16 h. The functionalization of SBA-15, 

MCF and immobilization of enzyme is shown in Fig. 2.2. The product was filtered, 
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washed with toluene and dichloromethane. The samples obtained after succinylation 

were designated as SBA-S and MCF-S.  
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Fig. 2.2 Schematic functionalization of SBA-15, MCF and immobilization of Enzyme 

 

 

2.2.5 Characterization  

Powder X-ray diffraction patterns of calcined samples were recorded with a 

Philips X’Pert MPD system using Cu Kα X-ray radiations (λ= 1.54056 Å) in 2θ = 0.5
o
 

to 10
o
 range in step size of 0.01 and a step time of 10 s. The textural parameters 

(surface area, SBET; pore volume, Vp and pore diameter dp) of calcined and surface 

modified MPSs were obtained from N2 adsorption data measured at -195.6 
o
C using a 

volumetric adsorption set-up (Micromeritics ASAP 2010, USA).  All the samples 

were degassed at 50 
o
C for 3 h prior to N2 adsorption. The specific surface area of the 

sample was calculated by using the Brunauer-Emmett-Teller (BET) method in the 

relative pressure range (P/Po) of 0.05–0.3. The pore size distribution was determined 

using the Barrett-Joyner-Halenda (BJH) method, and pore sizes were obtained from 
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the peak positions of the distribution curves. Thermogravimetric analysis of calcined, 

aminated and succinylated MPSs were carried out with a thermal analyzer (Mettler–

Toledo TGA/SDTA 851e) up to 850 
o
C with a heating rate of 10 

o
C/min under N2 

flow (100 ml/min). Fourier transform infrared (FTIR) spectra were collected on a 

Perkin-Elmer Spectrum GX FT-IR instrument in the range of 400 cm
-1

 to 4000 cm
-1

. 

CHN elemental analyses were performed on a Perkin-Elmer (CHNS/O, 2400) 

analyzer. 
13

C-NMR solid-state magic-angle spinning (MAS) nuclear magnetic 

resonance (NMR) spectra were obtained on a Bruker DRX500 MHz with MAS speed 

of 8 kHZ. 

2.2.6 Immobilization of enzyme 

In a typical procedure, functionalized SBA-15 or MCF (100 mg) was dried at 

100 
o
C in a vacuum oven for 30 min. To these dried samples, 25 mg of EDAC was 

added and the mixture ultrasonicated for 15 min. Alkaline serine endopeptidase (250 

µl) diluted with an equal amount of buffer solution was added drop by drop into 

carboxyl activated SBA-15 or MCF and allowed to incubate for 30 min. The excess 

protein was removed by washing with excess of buffer and unbound enzyme was 

estimated by Bradford method.
[34]

 

2.2.7 Activity assay of the enzyme 

Activity of both free and immobilized enzyme was measured by incubating 

free (70 µl) or immobilized enzyme with 1 ml of casein (0.5 %) solution in 0.1 M 

bicarbonate buffer at pH 9.5, for exactly 20 min at 45 
o
C with a stirring speed of 150 

rpm. The reaction was stopped by the addition of 3 ml of 10 w/v of trichloroacetic 

acid and the precipitate was removed by centrifugation. The absorbance due to the 
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amino acid produced during hydrolysis was measured at 280 nm using a UV-vis-NIR 

scanning spectrophotometer (CARY Varian 500 SCAN), with L-tyrosine as a 

standard. One unit of enzyme activity is defined as the amount of enzyme required to 

hydrolyse casein to increase one absorbance unit at 280 nm due to 1 µmol of tyrosine 

produced per min at 45 
o
C. The kinetic parameters of free and immobilized enzyme 

were evaluated by incubating with casein concentration of 0.1-0.65% and following 

the above described procedure. 

2.2.8 Effect of pH and temperature on enzyme activity 

The effects of temperature and pH on the activity of free and immobilized 

alkaline serine endopeptidase were investigated. The enzymes were incubated with 

casein in 0.1M bicarbonate buffer solution having a pH of 9.5 at temperatures ranging 

from 30 to 80 
o
C, and alternatively incubated at a fixed temperature of 45 

o
C with  pH 

ranging from 7 to 12 (phosphate buffer, 7-8.5 ; bicarbonate 9-11 ; glycine-NaOH 

11.5-12). The activity of alkaline serine endopeptidases at different pH and 

temperature were then measured according to a previously described (Section 2.2.7) 

method. 

2.2.9 Reusability and deactivation stability of the immobilized enzyme 

The initial activity of the immobilized enzyme was measured and then 

compared with the activity of the used enzyme obtained after its repeated use for 15 

cycles with 3 cycles per day. After each cycle, the immobilized enzyme was 

immediately filtered, washed with buffer solution and stored at 5 
o
C.  The 

deactivation stability of free and immobilized enzyme was studied by deactivating at 
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pH 11, holding for different time intervals at a temperature of 60 
o
C and comparing 

with the activity of fresh enzymes.  

2.3. Results and discussion 

2.3.1 Characterization of synthesized and surface modified silicas  

X-ray diffraction patterns of the calcined SBA-15 and MCF samples are given 

in Fig. 2.3. The presence of the three reflection peaks corresponding to 100, 110, and 

200 planes confirming the presence of the ordered hexagonal mesoporous structure of 

SBA-15. There was no significant peak observed for MCF.  
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Fig. 2.3 Powder XRD pattern of calcined SBA-15 and MCF 

Physico-chemical characterization data of calcined (SBA, MCF), aminated    

(SBA-A, MCF-A) and succinylated (SBA-S, MCF-S) are shown in Table 2.1. The 

synthesized and modified MPSs with organosilane followed by succinylation resulted 

in a decrease of all textural parameters like surface area, pore volume and pore 

diameter. The calcined samples are having higher BET surface area, pore volume and 
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pore diameter. On amination of SBA-15 and MCF, all the above parameters were 

observed to decrease sharply. N2 adsorption-desorption isotherm and pore size 

distribution of calcined (SBA, MCF), aminated (SBA-A, MCF-A) and succinylated 

(SBA-S, MCF-S) is given in Fig. 2.4 and Fig.2.5. The sharp decrease in adsorbed 

volume at relative pressure (P/Po) in the range of 0.2 to 0.9 is an indication of uniform 

functionalization on the surface. 

Table 2.1 Physico-chemical characterization data of calcined (SBA, MCF), aminated    

(SBA-A, MCF-A) and succinylated (SBA-S, MCF-S) 

 

 

 

Sample 

N2 adsorption  Elemental (CHN) analysis                  

Surface 

area 

SBET 

(m
2
/g) 

Total pore 

volume 

Vp N2  

(cm
3
/g) 

Pore 

diameter 

dm  (Å) 

 

%C 

 

%H 

 

%N 

SBA 638 0.91 94 - - - 

SBA-A 352 0.23 80 09.41 4.82 3.36 

SBA-S 116 0.20 63 19.73 3.21 2.85 

MCF 682 0.82 218 - - - 

MCF-A 336 0.42 187 11.26 3.00 3.91 

MCF-S 116 0.33 178 20.00 3.35 2.89 
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Fig. 2.4 N2 adsorption-desorption isotherm and pore size distribution of SBA, SBA-A 

and SBA-S 
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However, succinylated MPSs were observed to have surface area (65.5%), 

pore volume (21.4%) and pore diameter (4.8%) decrease values compared to 

aminated MPSs. This shows that amination and then succinylation have occurred 

inside the pores as well as on the surfaces of the MPSs. The pore diameter values of 

succinylated SBA (63 Å) and MCF (178 Å) are large enough to host the alkaline 

serine endopeptidase inside their channels.  However, the possibility of some enzyme 

molecules to be present on the external surface cannot be ruled out. 
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Fig. 2.5 N2 adsorption-desorption isotherm and pore size distribution of MCF, MCF-

A and MCF-S 

The amino functionalization followed by succinylation of SBA-15 and MCF 

was analyzed by FTIR spectroscopy. Fig. 2.6 shows the FT-IR spectra for calcined 

SBA, SBA-A and SBA-S.  FT-IR spectra for calcined MCF, MCF-A and MCF-S are 

given in Fig. 2.7. The broad band at 3600–3000 cm
-1

 for hydrogen bonded silanol
[35- 

36]
 was appreciably reduced in the modified samples. The organosilane presence was 

identified by the absorbance of the band 2950-2850 cm
-1

 for the propyl chain
 [9]

 and 

the deformation bands at 1455-1410 cm
-1

.
[36]

 The N-H absorption band overlapped 

with O-H bands at 3300-3500 cm
-1

.
[9]
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The presence of bands at 1710 cm 
-1

 (-C=O, acid), 1695-1650 cm
-1

 (-C=O 

amide I band), 1566-1561 (-NH amide II band) and 1415-1419 cm
-1 

(-C-N amide) 

confirmed that succinylation had taken place in MPSs.
[37]
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Fig. 2.6 IR spectra of calcined (SBA), aminated (SBA-A) and succinylated (SBA-S) 
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Fig. 2.7 IR spectra of calcined (MCF), aminated (MCF-A) and succinylated (MCF-S) 
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C,H and N are not observed in calcined SBA-15 and MCF. However, upon 

functionalization with APTES followed by succinylation, C, H and N were observed 

in modified MPS’s (Table 2.1). On succinylation of aminated MPSs the overall %N is 

expected to decrease and the data indeed show this trend.  

The data shown in Fig. 2.8 and Fig. 2.9 are TGA of calcined, aminated and 

succinylated SBA-15 and MCF samples, respectively. The TGA curves of pristine 

calcined samples showed no appreciable weight losses, aminated samples showed one 

sharp weight loss between 368 
o
C and 617 

o
C with 9% weight loss due to 

aminopropyl group decomposition. Succinylated samples gave two sharp weight 

losses, 123 
o
C to 226 

o
C with 8% weight loss due to succinyl and 436 

o
C to 587 

o
C 

with 3% weight loss due to aminopropyl decompositions on MPSs. 
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Fig. 2.8 TGA curve of calcined (SBA), aminated (SBA-A) and 

succinylated (SBA-S) 
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 Fig. 2.9 TGA curve of calcined (MCF), aminated (MCF-A) and 

succinylated (MCF-S) 

 

The amination
[34]

 and succinylation of MPSs  were further confirmed by solid 

state 
13

C- MAS NMR spectroscopy. 
13

C NMR spectra of aminated (SBA-A, MCF-A) 

and succinylated (SBA-S, MCF-S) are shown in Fig. 2.10.  The SBA-A sample gave 

peak values at 7.51 (-C1-), 19.13 (-C2-) and 39.81 (-C3-) ppm and the MCF-A sample 

at 7.27 (-C1-), 19.04 (-C2-) and 39.87 (-C3-) ppm. The chemical shift values for the 

SBA-S methylene carbons were 7.08 (-C1-), 19.85 (-C2-), 39.76 (-C3-), 25.53 (-C5-) 

and 28.27 (-C6-) and for the carbonyl carbons 174.71 (-(-C4-, amide) and 177.31 (-C7-, 

acid) ppm. In case of MCF-S methylene carbons were at 7.37 (-C1-), 18.66 (-C2-), 

39.49 (-C3-), 25.39 (-C5-), 27.21 (-C6-) and carbonyl carbons were at 174.40 (-C4-, 

amide) and 177.24 (-C7-, acid) ppm.   
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Fig. 2.10 Solid state 
13

C-MAS NMR spectra of aminated (SBA-A, MCF-A) and 

succinylated (SBA-S, MCF-S) 

 

2.3.2 Activity of the enzyme 

The kinetic parameters of the Michaelis-Menten equation were determined for 

free and immobilized enzymes. Experiments were carried out by using various 

substrate concentrations 0.1% to 0.65% as shown in Table. 2.2 and Fig. 2.11. The 

MCF immobilized enzyme (MCF-Enz) shows higher specific activity than the SBA 

immobilized (SBA-Enz) and the free enzyme (Free-Enz).  

Table 2.2 Experimental data of activity at different substrate (casein)     

concentration 

MCF-Enz 

Conc. of 

Casein 
(%) 

Enzyme 

amount (μl) 

 

Product 
(g/L) 

 

Rate of reaction 

x 10
-7

 
(mol/min) 

 

Enzyme 

activity  

x 10
-8

 
(mol/sec) 

Specific 

activity x10
-2

 
(μ mol mg

-1
min

-1
) 

0.05 123 0.103 4.737 8.53 64.79 

0.10 108 0.106 4.875 8.78 75.94 

0.20 97 0.109 5.013 9.02 86.94 

0.30 101 0.148 6.807 12.3 113.37 

0.50 94 0.185 8.509 15.3 152.27 

0.65 106 0.232 10.670 19.2 169.34 
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SBA-Enz 

Conc. of 

Casein 
(%) 

Enzyme 

amount (μl) 

 

Product 
(g/L) 

 

Rate of reaction 

x 10
-7

 
(mol/min) 

 

Enzyme 

activity  

x 10
-8

 
(mol/sec) 

Specific 

activity  

x10
-2

 
(μ mol mg

-1
min

-1
) 

 

0.05 124 0.0808 3.716 6.69 50.42 

0.1 109 0.0897 4.126 7.43 63.67 

0.3 107 0.128 5.887 10.6   92.56 

0.5 93 0.172 7.911 14.2 143.09 

0.65 94 0.190 8.739 15.7 156.39 

 Free-Enz 

Conc. of 

Casein 
(%) 

Enzyme 

amount (μl) 

 

Product 
(g/L) 

 

Rate of reaction 

x 10
-7

 
(mol/min) 

 

Enzyme 

activity  

x 10
-8

 
(mol/sec) 

Specific 

activity  

x10
-2

 
(μ mol mg

-1
min

-1
) 

0.05 70 0.0403 1.854 3.34 44.54 

0.1 70 0.0517 2.378 4.28 57.14 

0.3 70 0.0859 3.950 7.11 94.92 

0.5 70 0.120 5.519 9.93 132.63 

0.65 70 0.136 6.255 11.3 150.32 
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Fig. 2.11 Comparison of activity at different substrate (casein) concentration 
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The Michaelis-Menten constant (Km) and the maximum reaction velocity 

(Vmax) values were calculated from Lineweaver–Burk plots (Fig. 2.12) by the linear 

regression method with R
2
 value of 0.95. Km values were found to be 13.375, 11.956, 

and 8.698 x 10
-4 

mg/ for free, SBA-15 immobilized, and MCF immobilized enzymes 

respectively. Vmax values were calculated as 0.156, 0.163 and 0.17 x 10
-3

 U/mg for 

free, SBA-15 immobilized, and MCF immobilized enzymes respectively. Km value of 

both MPSs immobilized enzymes were lower than free enzyme, which reveals lower 

affinity of enzyme to the substrate. 

Table 2.3 Calculated 1/S and 1/V values for Lineweaver–Burk plot 

MCF-Enzyme 

S x 10
-3 

(mg/ml) 

1/S 

(ml/mg) 

Specific activity x10
-2

 

(μ molmg
-1

min
-1

) 

1/V 

(min/U) 

0.5 2000 64.79 15434.6 

1.0 1000 81.20 12315.2 

3.0 333.3 125.90 7942.8 

5.0 200.0 152.27 6567.2 

6.5 153.8 169.34 5905.3 

SBA-Enzyme 

S x 10
-3 

(mg/ml) 

1/S 

(ml/mg) 

Specific activity x10
-2

 

(μ mol mg
-1

min
-1

) 

1/V 

(min/U) 

0.5 2000 50.42 19835.2 

1.0 1000 63.67 15705.8 

3.0 333.3 11.17 8952.6 

5.0 200.0 143.09 6988.4 

6.5 153.8 156.39 6394.4 

Free Enzyme 

S x 10
-3 

(mg/ml) 

1/S 

(ml/mg) 

Specific activity x 10
-2

 

(μ mol mg
-1

min
-1

) 

1/V 

(min/U) 

0.5 2000 44.54 22450.2 

1.0 1000 57.14 17499.8 

3.0 333.3 103.50 9661.8 

5.0 200.0 132.63 7539.5 

6.5 153.8 150.32 6652.5 
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For immobilized enzymes, the calculated Vmax value was found to be higher 

than that of the free enzyme. The calculated Vmax value for MCF immobilized enzyme 

was higher than that of the SBA-15 immobilized enzyme, though the loading of the 

enzyme was the same. The observed increase in the kinetic parameters could be due 

to the increase in diffusion of substrate and product molecules in SBA-15 and MCF. 

No significant structural changes of the enzyme upon immobilization on SBA-15 and 

MCF are expected as enzyme activity is higher than the free enzyme. 
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Fig. 2.12 L-B plot for kinetic parameters of free and immobilized enzymes 

The specific activity of MCF (218 Å) immobilized enzyme was higher than 

that of SBA (94 Å) immobilized enzyme, which implies that larger pore diameter 

facilitates the diffusion of the casein (dimension ~ 50 Å, M.W= ~ 30 kD) towards the 

active sites of the enzyme where it is gets hydrolyzed.
[8]

 This increased activity could 

also be due to the easy accessibility of substrate molecules to active sites of covalently 

attached enzyme particularly with the eight atom long chain carrier inside the pore as 

well as on the external surface of the MPSs.  
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Table 2.4 Experimental data of effect of pH on free and immobilized enzymes 

activities  

MCF-Enz 

pH 

 

Enzyme 

amount 

(μl) 

Product 

(g/L) 

Rate of reaction  

x 10
-8

 

(mol/min) 

Enzyme 

activity  x 10
-8

 

(mol/sec) 

Specific 

activity  x 10
-2

 
(μ mol mg-1min-1) 

7.0 98 0.165 75.887 13.660 130.27 

7.5 91 0.159 73.128 13.163 135.19 

8.0 92 0.163 74.967 13.494 137.08 

8.5 94 0.168 77.267 13.908 138.28 

9.0 124 0.233 107.162 19.289 145.38 

9.5 94 0.185 85.085 15.315 152.27 

10.0 99 0.204 93.824 16.888 159.43 

10.5 114 0.231 106.242 19.124 156.78 

11.0 103 0.201 92.444 16.640 150.98 

11.5 91 0.174 80.027 14.405 147.94 

12.0 93 0.171 78.647 14.156 142.26 

SBA-Enz 

pH 

 

Enzyme 

amount 

(μl) 

Product 

(g/L) 

Rate of reaction  

x 10
-8

 

(mol/min) 

Enzyme 

activity  x 10
-8

 

(mol/sec) 

Specific 

activity  x 10
-2

 
(μ mol mg-1min-1) 

7.0 92 0.148 68.069 12.252 124.47 

7.5 97 0.159 73.128 13.163 126.82 

8.0 89 0.151 69.448 12.501 131.27 

8.5 97 0.171 78.647 14.156 136.40 

9.0 108 0.194 89.225 16.061 138.98 

9.5 93 0.172 79.107 14.239 143.09 

10.0 98 0.186 85.546 15.398 146.85 

10.5 113 0.209 96.124 17.302 143.10 

11.0 108 0.195 89.685 16.143 139.70 

11.5 101 0.179 82.326 14.819 137.12 

12.0 91 0.154 70.828 12.749 130.93 

Free- Enz 

pH 

 

Enzyme 

amount 

(μl) 

Product 

(g/L) 

Rate of reaction  

x 10
-8

 

(mol/min) 

Enzyme 

activity  x 10
-8

 

(mol/sec) 

Specific 

activity  x10
-2

 
(μ mol mg-1min-1) 

7.0 70 0.109 50.132 9.024 120.48 

7.5 70 0.112 51.511 9.272 123.79 

8.0 70 0.114 52.431 9.438 126.00 

8.5 70 0.116 53.351 9.603 128.21 

9.0 70 0.119 54.731 9.852 131.53 

9.5 70 0.121 55.651 10.017 133.74 

10.0 70 0.119 54.731 9.852 131.53 

10.5 70 0.116 53.351 9.603 128.21 

11.0 70 0.110 50.592 9.107 121.58 

11.5 70 0.109 50.132 9.024 120.48 

12.0 70 0.107 49.212 8.858 118.27 
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The experimental data of Table 2.4, Table 2.5 and Fig.2.13 show the relative 

specific activity of the free enzyme and the immobilized enzymes at pH values 

ranging from 7 to 12. In the free enzyme, the specific activity increased with 

increasing pH upto a pH of 9.5, after that the activity started to decrease. In case of 

SBA and MCF immobilized enzymes, the optimum pH was found to be 10 beyond 

which a decrease in specific activity was seen. 

Table 2.5 Calculated relative activities at various pH 

 

MCF-Enz SBA-Enz Free Enz 

pH 

 

Specific 

Activity 

x 10
-2

 

Relative 

activity (%) 

 

Specific 

Activity 

x 10
-2

 

Relative 

activity 

(%) 

Specific 

Activity  

x 10
-2

 

Relative 

activity 

(%) 

7.0 130.27 81.71 124.47 78.07 120.48 75.57 

7.5 135.19 84.79 126.82 79.55 123.79 77.65 

8.0 137.08 85.98 131.27 82.34 126.00 79.03 

8.5 138.28 87.80 136.40 85.55 128.21 80.42 

9.0 145.38 91.19 138.98 87.17 131.53 82.50 

9.5 152.27 95.51 143.09 89.75 133.74 83.89 

10.0 159.43 100 146.85 92.11 131.53 82.50 

10.5 156.78 98.34 143.10 89.76 128.21 80.42 

11.0 150.98 94.70 139.70 87.62 121.58 76.26 

11.5 147.94 92.79 137.12 86.01 120.48 75.57 

12.0 142.26 89.23 130.93 82.13 118.27 74.18 
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Fig. 2.13 Effect of pH on free and immobilized enzymes activities 
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Table 2.6 Experimental data of temperature on free and immobilized enzymes  

 

MCF-Enz 

Temp. 

(°C) 

Enzyme 

amount (μl) 

Product 

(g/L) 

Rate of 

reaction x 10
-8

 

(mol/min) 

Enzyme 

activity x 10
-8

 

(moles/sec) 

Specific 

activity x10
-2

 
(μ mol mg-1min-1) 

35 113 0.201 92.44 16.64 137.62 

40 99 0.181 83.25 14.98 141.45 

45 94 0.185 85.09 15.32 152.27 

50 114 0.239 10.99 19.79 162.21 

55 96 0.245 11.27 20.28 197.46 

60 98 0.26 11.96 21.52 205.27 

65 102 0.241 11.08 19.95 182.81 

70 118 0.239 10.99 19.79 156.71 

85 91 0.165 75.89 13.66 140.29 

80 93 0.159 73.13 13.16 132.28 

SBA-Enz 

Temp. 

(°C) 

Enzyme 

amount (μl) 

Product 

(g/L) 

Rate of 

reaction x 10
-8

 

(mol/min) 

Enzyme 

activity x 10
-8

 

(mol/sec) 

Specific 

activity x10
-2

 
(μ mol mg-1min-1) 

35 103 0.166 76.35 13.74 124.69 

40 99 0.171 78.65 14.16 133.64 

45 93 0.173 79.57 14.32 143.93 

50 118 0.230 105.78 19.04 150.81 

55 99 0.237 109.00 19.62 185.22 

60 100 0.256 117.74 21.19 198.07 

65 105 0.231 106.24 19.12 170.21 

70 122 0.221 101.64 18.30 140.15 

75 101 0.171 78.65 14.16 130.99 

80 116 0.185 85.09 15.32 123.39 

Free-Enz 

Temp. 

(°C) 

Enzyme 

amount (μl) 

Product 

(g/L) 

Rate of 

reaction x 10
-8

 

(mol/min) 

Enzyme 

activity x 10
-8

 

(mol/sec) 

Specific 

activity x 10
-2

 

(μ mol mg-1min-1) 

35 70 0.108 49.67 8.94 119.37 

40 70 0.110 50.59 9.11 121.58 

45 70 0.117 53.81 9.69 129.32 

50 70 0.132 60.71 10.93 145.90 

55 70 0.161 74.05 13.33 177.95 

60 70 0.155 71.29 12.83 171.32 

65 70 0.143 65.77 11.84 158.06 

70 70 0.115 52.89 9.52 127.11 

75 70 0.109 50.13 9.02 120.48 

80 70 0.104 47.83 8.61 114.95 
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The experimental data in Table 2.6, Table 2.7 and Fig. 2.14 shows the relative 

specific activity of the enzyme at different temperatures. In the free enzyme, the 

specific activity increased with increasing temperature, but beyond 55 
o
C the activity 

showed a sharp decrease. But in the case of SBA and MCF immobilized enzymes, the 

optimum temperature was found to be 60 
o
C and the specific activity decreased 

gradually at temperatures higher than that. 

Table 2.7 Calculated Relative activities at various temperatures 

 

MCF-Enz SBA-Enz Free Enz 

Temp. 

(°C) 

 

Specific 

Activity 

x 10
-2

 

Relative 

activity 

(%) 

Specific 

Activity 

x 10
-2

 

Relative 

activity 

(%) 

Specific 

Activity 

x 10
-2

 

Relative 

activity 

(%) 

35 137.62 67.04 124.69 60.74 119.37 58.15 

40 141.45 68.91 133.64 65.11 121.58 59.23 

45 152.27 74.18 143.93 70.12 129.32 63.00 

50 162.21 79.02 156.81 76.39 145.90 71.08 

55 197.45 96.19 185.22 90.23 177.95 86.69 

60 205.27 100 198.07 96.49 171.32 83.46 

65 182.81 89.06 170.21 82.92 158.06 77.00 

70 156.71 76.34 140.15 68.28 127.11 61.92 

75 140.29 68.34 130.99 63.81 120.48 58.69 

80 132.28 64.44 123.39 60.11 114.95 56.00 
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 Fig. 2.14. Effect of temperature on free and immobilized enzymes activities 
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The reusability data of SBA and MCF immobilized enzyme are shown in 

Table 2.8 and Fig.2.15.  

Table 2.8 Reusability data of SBA-15 and MCF immobilized enzyme 

MCF-Enz  SBA-Enz 

Cycles 

 

Enzyme 

Activity 

x 10
-2

 

Relative 

activity (%) 

Cycles 

 

Enzyme 

Activity  

x 10
-2

 

Relative 

activity (%) 

1 122.52 100 1 108.45 100 

2 112.59 91.89 2 98.52 90.84 

3 113.42 92.57 3 99.34 91.60 

4 111.76 91.22 4 96.03 88.55 

5 110.11 89.86 5 93.55 86.26 

6 105.97 86.49 6 91.89 84.73 

7 106.79 87.16 7 93.55 86.26 

8 104.31 85.14 8 90.24 83.21 

9 101.00 82.43 9 88.58 81.68 

10 102.66 83.78 10 86.10 79.39 

11 99.34 81.08 11 84.44 77.86 

12 96.03 78.38 12 81.96 75.57 

13 94.38 77.03 13 77.82 71.76 

14 91.97 75.06 14 71.85 66.25 

15 94.09 76.79 15 69.54 64.12 
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Fig. 2.15 Effect of reuse number on the enzymes activities 
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The relative activity of MCF immobilized enzyme was higher than that of the 

SBA immobilized enzyme. Initially, there was a rapid decrease which could be due to 

the leaching of ionic immobilized and encapsulated enzyme.  

Table 2.9 Data of deactivation of free and immobilized enzymes activities 

MCF-Enz 

Time 

 

Enzyme 

amount 

(μl) 

Product 

(g/L) 

Rate of reaction 

 x 10
-8

 

(mol/min) 

Enzyme 

activity x 10
-8

 

(mol/sec) 

Specific activity 

x 10
-2

 
(μ mol mg-1min-1) 

30 81 0.221 67.76 12.2 140.73 

45 83 0.248 50.69 9.12 102.75 

60 97 0.291 44.61 8.03 77.37 

90 101 0.297 30.36 5.46 50.56 

120 84 0.288 22.08 3.97 44.21 

180 97 0.341 17.43 3.13 30.22 

SBA-Enz 

Time 

 

Enzyme 

amount 

(μl) 

Product 

(g/L) 

Rate of reaction 

x 10
-8

 

(mol/min) 

Enzyme 

activity x 10
-8

 

(mol/sec) 

Specific activity 

x 10
-2

 
(μ mol mg-1min-1) 

30 83 0.198 60.71 10.9 123.05 

45 106 0.264 53.96 9.71 85.64 

60 92 0.224 34.34 6.18 62.79 

90 94 0.237 24.22 4.36 43.35 

120 97 0.299 22.92 4.13 39.75 

180 102 0.296 15.13 2.72 24.95 

Free Enz 

Time 

 

Enzyme 

amount (μl) 

Product 

(g/L) 

Rate of reaction 

x 10
-8

 

(mol/min) 

Enzyme 

activity x 10
-8

 

(mol/sec) 

Specific activity 

x 10
-2

 
(μ mol mg-1min-1) 

30 70 0.183 56.11 10.1 134.85 

45 70 0.186 38.02 6.84 91.37 

60 70 0.191 29.28 5.27 70.37 

90 70 0.194 19.83 3.57 47.65 

120 70 0.201 15.41 2.77 37.03 

180 70 0.226 11.55 2.08 27.76 

 

The activity was found to decrease after every cycle because of loss of small 

amount of enzyme immobilized MPSs in each cycle. The relative specific activity of 

deactivation studies at different time intervals is shown in Table 2.9 and Fig. 2.16. 
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Fig. 2.16 Effect of deactivation of free and immobilized enzymes activities 

The specific activities of free and immobilized enzymes decrease with 

increasing time. However, the MCF immobilized enzymes showed higher specific 

activity than the SBA-15 immobilized and free enzyme. The multi point covalent 

attachment of enzyme on surface functionalized MPSs rigidify the enzyme’s globular 

structure to some extent, later the enzyme structure get denature due to the higher 

temperature and pH of reaction condition. Hence the SBA-15 and MCF immobilized 

alkaline serine endo peptidase are given better operational stability than the free 

enzyme.  
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3.1. Introduction 

The abundance and relatively low cost of lignocellulosic materials make them 

attractive feedstock for the production of ethanol from renewable resources.
 [1-5]

 

Ethanol is a potential future fuel having reduced net greenhouse gas emission. The 

enzymatic process has the potential to convert the lignocellulosic materials to ethanol 

with a high yield and low production cost.
[6-7]

 However, the recalcitrance of the 

lignocellulosic matrix to enzymatic attack necessitates pretreatment of the material in 

order to enhance the accessibility of the substrate to the enzyme.  

High-pressure steam treatment with small amount of acid catalyst such as 

sulphuric acid or sulphur dioxide, reduces the cellulose crystallinity.
[8-11]

 Though, 

there have been efforts to reduce cellulase enzyme cost (http://eere.energy.gov/), yet 

the production cost of enzymes is still too high. Immobilization of enzyme is one of 

the methods to reduce the cost by reusing same enzyme while retaining its specificity 

and stability. Therefore, research efforts have been directed to immobilize enzyme 

using  inorganic, organic and hybrid supports.
[15]

 Moreover, immobilized enzymes 

can also be used in fixed bed type reactor, which can operate in a continuous mode.  

Mesoporous silicas (MPSs) have emerged as potential solid supports for 

enzyme immobilization.
[12]

 These supports are environmentally acceptable, 

structurally stable, and resistant to microbial attack. Besides, the MPSs surface can be 

modified with various anchor groups to covalently bind the enzyme molecules, which 

could reduce the enzyme leaching from the support during the recycling of the 

catalyst.
[13–15]

  

http://eere.energy.gov/
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The uniform distribution of pores in MPSs favors the uniform loading of 

enzyme as well as facile diffusion of the substrate and product molecules inside the 

channels. Among the MPSs, MCF has been shown to be efficient support for covalent 

immobilization of α-amylase, protease, trypsin, chloroperoxidase, glucose oxidase, 

glucoamylase, and invertase.
[13-24]

  Because of MCFs large pore size (~25 nm) and 

higher surface area (~800 m
2
/g), it is suited to host the cellulase (~ 5 nm) molecules 

comfortably.
[25]

 The diagonal measurement, lengthwise of the cellulase was produced 

using Chem3D Pro 10.0 from the Research Collaboratory for Structural 

Bioinformatics (RCSB) enzyme data base is shown in Fig. 3.1. 

 

Fig. 3.1 Cellulase structure from RCSB protein data base 

Cellulase has been immobilized on various supports
[26–31]

 and evaluated for the 

stability, activity and reusability with reference to free enzyme. In the present study, 

covalent immobilization of cellulase has been done through Schiff base reaction on 

functionalized MCF followed by reduction with NaBH4. Surface modification of 

MPSs was done with 3-aminopropyltriethoxy silane (APTES) followed by 

glutaraldehyde reaction with APTES. The specific activity of the immobilized 

enzymes was studied for hydrolysis of CMC. 

50 Å 

51 Å 
46 Å 

50 Å 

59 Å 

45 Å 
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3.2. Experimental section 

3.2.1. Materials 

D-(+) Glucose anhydrous (98%), 3-Aminopropyl triethoxy silane (98%, 

APTES) were procured from Fluka (USA). Tetraethoxysilane (98%, TEOS),  

Triblock poly(ethyleneoxide)-block-poly(propyleneoxide)-block-poly(ethyleneoxide) 

copolymer (Pluronic P123, M.W. = 5800), Bradford reagent (B6916), Glutaraldehyde 

in H2O 25%(wt/v), Na2HPO4 (99%, A.R.), NaH2PO4·2H2O (99% A.R.), were 

purchased from Aldrich (USA). Bacterial cellulase (E.C.3.4.21.62) from Penicillium 

funiculosum was donated by Genencor International, The Netherlands. 1,3,5-

trimethylbenzene (98%, A.R., TMB), soluble carboxymethyl cellulose (200-400 cps, 

CMC, DS = ~0.8), 3,5-Dinitro salicylic acid (98%, A.R.), Phenol (98%, A.R.), Na-K 

tartarate (99%, A.R), CH3COONa ( 98%, A.R),  CH3COOH, Na metabisulfite were 

purchased from s.d. Fine Chemical, India. NaBH4 (98%, A.R.), NaOH (98%, A.R.) 

were obtained from Qualigens Fine Chemicals, India. DNS reagent was prepared by 

dissolving 3,5-Dinitro salicylic acid (5.3 g), NaOH (9.9 g) into distilled water (708 

ml) followed by addition of Na,K tartarate (153 g), Phenol (3.8 ml at 50 ˚C) and Na 

Metabisulfite (4.15 g) in that order. These chemicals were used in material synthesis, 

functionalization of MCF and enzyme kinetic studies. 

3.2.2. Synthesis of MCF 

         Siliceous MCF was synthesized using the procedure reported by Lettow et al.
 [26]

 

The detailed synthesis of MCF was described in earlier section 2.2.3. 
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3.2.3. Surface modification of MCF 

The amino functionalization was described previously in Section 2.2.4. 

APTES modified sample was labeled as MCF-A. The amino functionalized MCF was 

glutarated by adding 0.5 g into 0.3 g of glutaraldehyde in 75 ml of methanol for 1 h. 

The systematic surface functionalization of MCF and cellulase immobilization is 

shown in Fig. 3.2. The product was filtered, washed with excess of water till excess of 

glutaraldehyde was completely removed. The sample obtained after glutaration 

designated as MCF-AG. The requisite amount of NaBH4 (11 mg) needed to reduce 

imine bonds selectively in MCF-AG-Enz were determined by reduction of MCF-AG 

separately. The reduced MCF-AG sample was designated as MCF-AGR. 
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Fig. 3.2 Schematic surface functionalization of MCF and cellulase immobilization 
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3.2.4. Characterization 

The physico chemical characterization of calcined (MCF), aminated (MCF-A), 

glutarated (MCF-AG), reduced (MCF-AGR) and enzyme immobilized (MCF-AG-

Enz-R) was described in previous section 2.2.5. 

3.2.5. Adsorption isotherm and immobilization of Cellulase 

Cellulase solutions of 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175 and 0.2  ml 

were diluted to 0.5 ml using phosphate buffer (pH=5). These enzyme solutions were 

slowly added on to 100 mg of MCF and MCF-AG in 0.5 ml at room temperature (~ 

30 °C) separately and kept for 4 h (optimized by measuring adsorption kinetics) with 

constant shaking to achieve equilibrium adsorption. Cellulase was immobilized on 

MCF-AG surface through covalent bonding between –CHO of MCF-AG with –NH2 

group of enzyme by adding 0.2 ml of cellulase into 100 mg of MCF-AG in 0.5 ml 

buffer (pH=5) with regular shaking. Finally, NaBH4 (11 mg) was slowly added and 

kept in cool (~5 ˚C) for 15 min (MCF-AG-Enz-R). During both adsorption isotherm 

and immobilization studies the excess enzyme was removed by washing with excess 

of acetate buffer and unbound enzyme was estimated by Bradford method.
 [33]

  

3.2.6. Activity assay of the enzyme 

Activity of free and immobilized enzyme was measured by incubating free 

(150 μl, 519 U) or immobilized enzyme in 2 ml of acetate buffer (0.1M, pH=5) with 1 

ml of carboxymethyl cellulose (2 mg/ml solution) for exactly 30 min at 50 ˚C. The 

reaction was stopped by putting the reaction tube into the boiling water bath for 3 min 

and the precipitate was removed by centrifugation. The hydrolysis products of CMC 
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include glucose as well as unconverted carboxymethyl cellulose. To this 1.5 ml 

filtrate, 3 ml of DNS reagent was added and kept in boiling water bath for 5 min then 

brought down to room (~28 ˚C)  temperature.
[34]

 The absorbance due to the amount of 

glucose produced was measured at 540 nm using a UV–vis–NIR scanning 

spectrophotometer (CARY Varian 500 SCAN).  

One unit of cellulase activity is defined by the amount of enzyme, which 

produced 1.0 μmol of reducing sugar from the substrate per minute. The kinetic 

parameters of free and immobilized enzyme were evaluated by incubating with CMC 

solution having the concentration of 0.25–3 (mg/ml) and applying above described 

procedure. 

Specific activity of cellulase was determined using the equation: 

Specific activity of cellulase (  mol/ ml mg min)  =
1000 w

M t  

Where, w is the amount of produced glucose, M the molecular weight of glucose, ν 

the volume of the measured sample, A is the amount of enzyme (mg) and t is the 

reaction time, respectively.
[26]

 

The relative activity of immobilized cellulase is the ratio of the specific 

activity of the immobilized enzyme to that of the free enzyme under the same 

conditions according to the following equation: 

Relative activity  =
Specific activity of immobilized cellulase

Specific activity of free cellulase
X 100%
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3.2.7 Effect of temperature and pH on enzyme activity 

The enzymes were incubated with CMC in 0.1M acetate buffer solution 

having a pH of 5 at temperatures from 30 to 70 ˚C, and alternatively incubated at a 

fixed temperature of 50 ˚C at pH ranging from 3 to 7. The activity of cellulase at 

different pH and temperature was then measured as per previously described (Section 

3.2.6) method.   

3.2.8 Reusability and operational stability  

The initial activity of the immobilized enzyme was measured and then 

compared with activity of the enzyme obtained after its use for 15 cycles. After each 

cycle the immobilized enzyme was immediately filtered, washed with buffer solution 

and stored at ~5 ˚C.  The operational stability of free and immobilized enzyme was 

studied by deactivating at pH of 5, holding for different time intervals at a 

temperature of 85 ˚C and comparing the activities with the fresh enzymes activity.  

3.3. Results and discussion 

3.3.1. Characterization of synthesized and surface modified MCF 

Physico-chemical characterization data of calcined (MCF), aminated (MCF-

A), glutarated (MCF-AG), reduced (MCF-AGR) and enzyme immobilized (MCF-

AG-Enz-R) samples are shown in Table 3.1. MCF sample after modification with 

APTES followed by glutaration resulted a decrease in BET surface area, pore volume 

and pore diameter values. Calcined MCF has higher textural parameter values than 

the aminated MCF.  
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Table 3.1 Physico-chemical characterization data of calcined (MCF), aminated 

(MCF-A), glutarated (MCF-AG) reduced (MCF-AGR) and enzyme 

immobilized (MCF-AG-Enz-R). 

 

 

 

Sample 

N2 adsorption  Elemental (CHN) analysis                  

Surface 

area 

SBET   

(m
2
/g) 

Total pore 

volume 

Vp N2  

(cm
3
/g) 

Pore 

diameter 

dm  (Å) 

 

%C 

 

%H 

 

%N 

MCF 682 0.82 218 - - - 

MCF-A 336 0.42 187 09.41 4.82 3.36 

MCF-AG 299 0.14 108 12.86 2.25 2.15 

MCF-AGR 265 0.12 107 12.59 2.20 1.50 

MCF-AG-Enz-R 171 0.014 91 14.14 2.28 3.04 

The nitrogen adsorption isotherm of calcined (MCF), aminated (MCF-A), 

glutarated (MCF-AG), reduced (MCF-AGR) and enzyme immobilized (MCF-AG-

Enz-R) samples are shown in Fig. 3.3. The observed decreases in pore volume of 

MCF on immobilization clearly show that celllulase is immobilized inside the pores 

of MCF. The sharp decrease in adsorbed volume at relative pressure (P/Po) in the 

range of 0.2–0.9 is an indication of uniform functionalization on the surface of MCF.  

In glutarated and reduced MCFs were observed to have slightly lower textural 

parameter values compared to aminated MCF. This shows that amination and then 

glutaration have occurred on the surface of the MCF. However, the pore diameter 

values of reduced MCF (108 Å) are large enough to host the cellulase inside their 

channels. Though, the possibility of some enzyme molecules to be present on the 

external surface cannot be ruled out. In case of enzyme immobilized MCF, lower 

surface area (171 m
2
/g) and pore diameter (91 Å) is expectedly observed.  
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On glutaration followed by enzyme immobilization of aminated MCF the 

overall N% is expected to decrease then increase and the data indeed show this trend 

(Table. 3.1). In MCF-AG sample higher number –N=CH- groups are present. These 

get reduced to –NH-CH2- groups in MCF-AGR and thereby the amount of hydrogen 

increases resulting into decrease in the net content of nitrogen in CHN analysis. CHN 

data also support that enzyme immobilization has occurred on functionalized MCF. 

 

 

Fig. 3.3 Nitrogen adsorption isotherm of calcined (MCF), aminated (MCF-A), 

glutarated (MCF-AG), reduced (MCF-AGR) and enzyme immobilized 

(MCF-AG-Enz-R) 

 

FT-IR spectra for of calcined (MCF), aminated (MCF-A), glutarated (MCF-

AG), reduced (MCF-AGR) and enzyme immobilized (MCF-AG-Enz-R) samples are 

given in Fig. 3.4. The broad band at 3600–3000 cm
−1

 for hydrogen bonded silanol
[13-

15]
 was observed to appreciably reduce in the modified samples.  
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Fig. 3.4 IR spectra of calcined (MCF), aminated (MCF-A), glutarated (MCF-AG), 

reduced (MCF-AGR) and enzyme immobilized (MCF-AG-Enz-R) 

 

The organosilane presence was identified by the absorbance of the band 2950–

2850 cm
−1

 for the propyl chain and the deformation bands at 1455–1410 cm
−1

. N-H 

absorption band was observed overlap with O-H bands at 3300–3500 cm
−1

. On 

glutaraldehyde loading, free –NH2 group of APTES binds to one –CHO group of 

glutaraldehyde molecule and some of end –CHO may bind with near –NH2 group. 

Bands between 1690-1630 cm
-1

 and 1718-1730 cm
-1

 have been shown for –CH=N- 

and carbonyl of –CHO group. Presence of band at 1668 cm
-1

 (-CH=N-) and 1723 cm
-1

 

(–CHO) reveals that the glutaration has occurred, which was also confirmed by 

testing with Tollen’s reagent. After reduction of MCF immobilized enzyme (MCF-

AG-Enz-R) with calculated amount NaBH4, the peak value at 1730 cm
-1

 for –COOH 

and 1646 cm
-1 

for amide in enzyme was observed.  
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Fig. 3.5 TGA curve of calcined (MCF), aminated (MCF-A), glutarated (MCF-AG), 

reduced (MCF-AGR) and enzyme immobilized (MCF-AG-Enz-R) 

 

TGA curve of calcined (MCF), aminated (MCF-A), glutarated (MCF-AG), 

reduced (MCF-AGR) and enzyme immobilized (MCF-AG-Enz-R) samples are given 

in Fig. 3.5. The calcined sample showed no appreciable weight losses; Aminated 

samples showed 13.4% weight loss between 473 and 763 ˚C due to amino propyl 

group decomposition. Glutarated sample gave 15% weight loss between 132–471 ˚C 

due to glutaryl and 7.9% weight loss at 473–750 ˚C due to amino propyl 

decompositions from MCF. However, the reduced MCF showed higher stability as 

seen by shift of decomposition of glutaryl to 132–522 ˚C with 16% weight loss, and 

of amino propyl group to 524–784 ˚C with 4% loss.  This is due to the reduction of –

CH=N- to –CH2-NH- groups. The MCF-AG-Enz-R shows likewise 14.1% and 6.2% 

loss with enzyme loading of 16.4 wt%.   
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Fig. 3.6 Solid state 
13

C-MAS NMR spectra of aminated (MCF-A) glutarated (MCF-

AG), reduced (MCF-AGR) and enzyme immobilized (MCF-AG-Enz-R) 

The amination
[35]

  and glutaration of MCF were further confirmed by solid 

state 
13

CMAS–NMR spectroscopy as shown in Fig. 3.6. The MCF-A sample gave 

chemical shift values at 7.27 (–C1–), 19.04 (–C2–) and 39.87 (–C3–) ppm. The 

chemical shift values for the MCF-AG methylene carbons were 15.91 (–C1–), 29.02 

(–C2–), 48.92 (–C6–), 63.51 (–C5–), 68.68 (–C7–) and 73.60 (–C3–) and for the double 

bond carbons 158.70 (–C4–, imine) and 162.7 (–C8–, aldehyde) ppm. In case of MCF–

AGR chemical shifts values for methylene carbons were at 6.54 (–C1–), 18.28 (–C6–), 

39.52 (–C2–), 47.2 (–C5–), 50.16 (–C7–), 53.42 (–C4–), 56.8 (–C3–) and 161.4 (–C8–, 

aldehyde) ppm. There was no peak value for imine bonded carbon, which appeared as 

a methylene peak with chemical shift value of 53.42 (-C4-) ppm. It was confirmed that 

30 mg NaBH4 was enough to reduce the imine bonds in 0.5 g of glutarated MCF.  

MCF–AG-Enz-R methylene carbons showed chemical shift values at 6.82 (–C1–), 
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18.39 (–C6–), 39.30 (–C2–), 45.2 (–C5–), 49.5 (–C7–), 52.9 (–C4–), 56.7 (–C3–), 

125.97 and 129.3 (aromatic carbon in enzyme), 162.4 (phenolic) and 172.19 (-COOH 

carbon) ppm. These data further confirmed that cellulase was covalently immobilized 

on functionalized MCF. 

3.3.2. Adsorption isotherm and activity of the enzymes 

The adsorption isotherms of cellulase on MCF and MCF-AG are shown in 

Table 3.2 and Fig. 3.7. The point of zero charge for mesoporous silica is in the range 

2-3.7. Therefore, in the pH range 3.7-7.0, the surface silanol groups of mesoporous 

silicas will be ionized to carry negative charges while cellulase will carry positive 

charges. To achieve electrostatic interactions between cellulase and MCF, pH=5 of 

the enzyme solution was used for celllulase adsorption isotherm.  The surface 

modified MCF-AG has higher adsorption capacity than the MCF. This is due to the 

fact that the surface modified MCF-AG has higher interaction with cellulase enzyme 

molecules.  

Table 3.2 Cellulase adsorbtion isotherm experiment data at ~30 °C 

Cellulase (mg/ml) Cellulase adsorbed on 

MCF (mg/mg) 

Cellulase adsorbed on 

MCF-AG (mg/mg) 

0.0275 0.143 0.198 

0.0550 0.418 0.506 

0.0825 0.649 0.748 

0.1100 0.726 0.924 

0.1375 0.759 1.034 

0.1650 0.792 1.111 

0.1925 0.803 1.122 

0.2200 0.814 1.133 
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Fig. 3.7 The cellulase adsorption isotherms on MCF and MCF-AG at ~30 °C 

The kinetic parameters of the Michaelis–Menten equation were determined for 

free and immobilized enzymes. Experiments were carried out by using different 

substrate CMC concentrations (0.25–2 % Wt/v). The comparative activity at different 

substrate (soluble CMC) concentration of free, MCF immobilized cellulase and 

functionalized MCF are given in Table 3.3 and Fig. 3.8. The MCF immobilized 

enzyme shows higher specific activity than the free enzyme. 

Table 3.3 Experimental data of different substrate (soluble CMC) concentration 

MCF-AG-Enz-R 

Conc. of 

Cellulose 

(mg/ml) 

Absorb. 

at  

540 nm 

Product 

(mg/ml) 

Enzyme 

activity x 10
-6

 

(mol/sec) 

Enzyme 

amount 

(ml) 

Specific activity 

 x 10
-2

 

(μ mol mg
-1

min
-1

) 

0.25 0.265 0.689 85.00 0.087 88.82 

0.5 0.547 1.383 170.54 0.094 164.93 

1 1.105 2.822 348.05 0.109 290.28 

1.5 1.286 3.316 409.01 0.100 371.82 

2 1.529 4.028 496.78 0.099 456.18 

2.5 1.590 4.218 520.30 0.098 482.66 

3 1.605 4.270 526.69 0.100 478.81 
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Free Enzyme 

Conc. of 

Cellulose 

(mg/ml) 

Absorb. 

at  

540 nm 

Product 

(mg/ml) 

 

Enzyme 

activity x 10
-5

 

(mol/sec) 

Enzyme 

amount 

(ml) 

Specific activity 

 x 10
-2

 

(μ mol mg
-1

min
-1

) 

0.25 0.246 0.660 8.14 0.15 49.34 

0.5 0.420 1.045 12.89 0.15 78.12 

1 0.738 1.845 22.76 0.15 137.92 

1.5 1.051 2.677 33.02 0.15 200.12 

2 1.329 3.430 42.31 0.15 256.41 

2.5 1.541 4.056 50.03 0.15 303.22 

3 1.619 4.299 53.03 0.15 321.37 

 

 

Fig. 3.8 Comparison of activity at different substrate (soluble CMC) concentration 

Lineweaver–Burk plot calculation of 1/S and 1/V is given in Table 3.4. The 

Michaelis–Menten constant (Km) and the maximum reaction velocity (Vmax) values 

were calculated from Lineweaver–Burk plots (Fig. 3.9) by the linear regression 

method with R
2
 value of 0.99. Km = 0.025 and 0.024 ×10

-2
 mg/ml and Vmax = 5.327 

and 9.794 ×10
−3

 U/mg were observed for the free and MCF immobilized enzymes, 

respectively. For MCF immobilized enzyme, the calculated Vmax value was found to 

be higher than that of the free enzyme, may be due to the higher number of polar 

groups (-OH, -NH-) on the surface of the MCF.  



Chapter-3                                                                 Catalytic hydrolysis of carboxy methyl cellulose using cellulase immobilized... 

 

Kannan. K  Ph. D. Thesis 
111 

Table 3.4 Lineweaver–Burk plot calculation of 1/S and 1/V 

 

 

MCF-AG-Enz-R Free enzyme 

S x 10
-3 

(mg/ml) 1/S 
(ml/mg) 

Specific activity 

x 10
-2

 
(μ molmg-1min-1) 

1/V 
(min/U) 

Specific activity 

x 10
-2

 
(μ mol mg-1min-1) 

1/V 

(min/U) 

0.0025 400 88.82 15434.6 49.34 22450.2 

0.0050 200 164.93 12315.2 78.12 17499.8 

0.0100 100 290.28 7942.8 137.92 9661.8 

0.0150 66.67 371.82 6567.2 200.12 7539.5 

0.0200 50 456.18 5905.3 256.41 6652.5 
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Fig. 3.9 L-B plot for kinetic parameters of free and immobilized enzymes 

Cellulase molecule could bind on hydrated MCF surface through electrostatic, 

hydrogen bonding and Van Der Waals interactions, which stabilize the enzyme on 

surface. Moreover, the availability of large pore size is sufficient to host the enzyme 

molecules and facilitate the diffusion of the substrate molecules into active sites of the 

enzyme covalently attached with the 9-atom long space arm on MCF. Multi point 

covalent attachment of cellulase with carrier rigidified the enzyme and the availability 

of polar groups (-NH-, -OH). This could be electrostatically stabilizing the cellulase 
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on surface as well as inside the pores of surface modified MCF during hydrolysis of 

soluble carboxymethyl cellulose. Surface modified MCF-AG’s active functional 

groups are also involved in the hydrolysis of soluble carboxymethyl cellulose to some 

extent leading to higher activity of MCF immobilized cellulase. There is possibility of 

reduction of disulphide bond (-S-S-) between the peptide chain to –SH during 

hydrogenation with NaBH4. The higher activity for immobilized enzyme observed in 

this study shows that such a reduction is checked. This could be due to steric effects 

inside the pores of support or even if –S-S- bonds reduces to –SH groups, enzyme 

structure does not collapse on immobilization. 

3.3.3. Optimum Temperature and pH 

The experimental data of effect of temperature on free and MCF-AG-Enz-R 

enzymes and calculated relative activities are given in Table 3.5, Table 3.6. The 

optimum temperature of both free and MCF immobilized enzyme was observed to be 

55 °C. 

Table 3.5 Experimental data of effect of temperature on free and immobilized 

enzymes activities 

 

MCF-AG-Enz-R 

Temp. 

(°C) 

Absorb. 

at 540 nm 

Product 

(g/L) 

Enzyme activity 

x 10
-2

 (mol/sec) 

Enzyme 

amount (ml) 

Specific activity 

x 10
-2

 

(μ mol mg-1min-1) 

30 0.982 3.104 38.29 0.143 243.42 

35 1.207 3.104 38.29 0.140 248.64 

40 1.242 3.206 39.54 0.133 270.27 

45 1.244 3.230 39.84 0.124 292.05 

50 1.274 3.318 40.92 0.119 312.62 

55 1.183 3.294 40.63 0.116 318.38 

60 1.041 2.670 32.93 0.102 293.46 

65 1.224 2.544 31.38 0.104 274.30 

70 1.157 2.464 30.39 0.101 273.55 
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Free-Enzyme 

Temp. 

(°C) 

Absorb. 

at 540 nm 

Product 

(g/L) 

Enzyme activity 

x 10
-2

 (mol/sec) 

Enzyme 

amount (ml) 

Specific activity 

x 10
-2

 
(μ mol mg-1min-1) 

30 1.185 3.04 37.50 0.15 227.27 

35 1.202 3.08 37.96 0.15 230.06 

40 1.239 3.16 38.95 0.15 236.05 

45 1.288 3.34 41.25 0.15 250.01 

50 1.329 3.45 42.55 0.15 257.91 

55 1.365 3.57 44.08 0.15 267.16 

60 1.340 3.49 43.03 0.15 260.78 

65 1.326 3.45 42.50 0.15 257.59 

70 1.309 3.38 41.71 0.15 252.80 

 

Table 3.6 Calculated relative activity at various temperatures 

 

MCF-AG-Enz-R Free Enzyme 

Temp. 

(°C) 

Specific 

Activity x 10
-2

 

Relative 

activity (%) 

Temp. 

(°C) 

Specific 

Activity x 10
-2

 

Relative 

activity (%) 

35 243.42 76.46 35 227.27 71.38 

40 248.64 78.09 40 230.06 72.26 

45 270.27 84.89 45 236.05 74.14 

50 292.05 91.73 50 250.01 78.53 

55 312.62 98.19 55 257.91 81.32 

60 318.38 100 60 267.16 83.91 

65 293.46 92.17 65 260.78 81.91 

70 274.30 86.15 70 257.59 80.90 
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Fig. 3.10 Effect of temperature on free and immobilized enzymes activities 
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The specific activity of both free and MCF immobilized enzyme, increased 

with increasing temperature up to 55 C beyond which the activity showed a decrease 

as shown in Fig. 3.10. Experimental data on the effect of pH on free and immobilized 

enzymes activities and calculated relative activity values ranging from 3 to 7 are 

given in Tables 3.7, 3.8 and Fig. 3.11. In the free enzyme, the specific activity 

increased with increasing pH value up to 4.5, after that the activity started to decrease. 

Table 3.7 Experimental data on the effect of pH on free and immobilized enzymes 

activities  

 

MCF-AG-Enz-R 

pH 

 

Absorb. 

at 540 nm 

Product 

(g/L) 

Enzyme activity 

x 10
-2 

(mol/sec) 

Enzyme 

amount (ml) 

Specific activity 

x 10
-2

 
(μ mol mg-1min-1) 

3.0 0.982 2.509 30.95 0.105 267.98 

3.5 1.103 2.832 34.93 0.111 286.10 

4.0 1.243 3.200 39.47 0.113 317.58 

4.5 1.244 3.230 39.84 0.106 341.65 

5.0 1.274 3.318 40.92 0.105 354.30 

5.5 1.285 3.294 40.63 0.114 323.97 

6.0 1.041 2.669 32.93 0.106 282.39 

6.5 1.000 2.544 31.38 0.110 259.33 

7.0 0.980 2.464 30.39 0.108 255.82 

Free Enzyme 

pH 

 

Absorb. 

at 540 nm 

Product 

(g/L) 

Enzyme activity 

x 10
-2

 (mol/sec) 

Enzyme 

amount (ml) 

Specific activity 

x 10
-2

 

(μ mol mg-1min-1) 

3.0 1.238 3.184 39.28 0.15 238.05 

3.5 1.276 3.296 40.66 0.15 246.42 

4.0 1.311 3.422 42.21 0.15 255.79 

4.5 1.444 3.806 46.94 0.15 284.51 

5.0 1.329 3.454 42.60 0.15 258.18 

5.5 1.285 3.312 40.86 0.15 247.62 

6.0 1.243 3.198 39.44 0.15 239.04 

6.5 1.226 3.136 38.68 0.15 234.45 

7.0 1.202 3.088 38.09 0.15 230.86 
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Table 3.8 Calculated relative activity of free and MCF-AG-Enz-R at various pH 

 

MCF-AG-Enz-R Free Enzyme 

pH 

 

Specific 

Activity x 10
-2

 

Relative 

activity (%) 

pH 

 

Specific Activity  

x 10
-2

 

Relative 

activity (%) 

3.0 267.98 75.64 3.0 238.05 67.19 

3.5 286.10 80.75 3.5 246.42 69.55 

4.0 317.58 89.64 4.0 255.79 72.20 

4.5 341.65 96.43 4.5 284.51 80.30 

5.0 354.30 100 5.0 258.18 72.87 

5.5 323.97 91.44 5.5 247.62 69.89 

6.0 282.39 79.70 6.0 239.04 67.47 

6.5 259.33 73.20 6.5 234.45 66.17 

7.0 255.82 72.20 7.0 230.86 65.16 

 

For MCF immobilized enzyme, the activity was observed to be higher than 

that of free enzyme. Electrostatic cellulase–surface interactions are likely to be the 

strongest, particularly when the reaction is performed at pH higher than 3, where the 

enzyme possesses a positive charge and the MCF carries negative charges. The sign 

of the overall charge on a surface can readily be predicted on the basis of the 

isoelectric point (the pH at which the overall charge is zero, for cellulase pI=4.5). This 

pI value of a protein molecule depends on the balance of surface functional groups 

(e.g. –NH2, –OH) which may have opposite charges.
[12]
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Fig. 3.11 Effect of pH on free and immobilized enzymes activities 
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However, MCF immobilized enzymes; the optimum pH was found to be 5 

beyond which a decrease in specific activity was seen. It is observed that up to pH= 5, 

electrostatic interactions are maintained, however beyond that pH value, there is a 

decrease in these interactions which led to decrease in activity.  

3.3.4. Reusability and operational stability  

The reusability data of MCF immobilized enzyme and relative activity with 

reference to the initial activities are shown in Table 3.9 and Fig. 3.12. Initially, there 

was a rapid decrease which could be due to the leaching of external surface 

immobilized and encapsulated enzyme. The activity was found to decrease after every 

cycle because of loss of small amount of enzyme immobilized MCF in each cycle. 

The operational stability data and the calculated relative operational specific activity 

of free and MCF immobilized are given in Table 3.10 and Fig. 3.13.  

Table 3.9 Reusability data of MCF immobilized (MCF-AG-Enz-R) enzyme 

MCF-AG-Enz-R 

Cycles Enzyme Activity x 10
-2

 Relative activity (%) 

1 122.52 100 

2 112.59 91.89 

3 113.42 92.57 

4 111.76 91.22 

5 110.11 89.86 

6 105.97 86.49 

7 106.79 87.16 

8 104.31 85.13 

9 101.00 82.43 

10 102.66 83.78 

11 99.34 81.08 

12 96.03 78.38 

13 94.38 77.03 

14 91.96 75.06 

15 94.09 76.79 
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The specific activity of free and immobilized enzymes decreased with 

increasing time. However, the MCF immobilized enzymes showed higher specific 

activity than the free enzyme. 
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Fig. 3.12 Reusability of MCF immobilized (MCF-AG-Enz-R) enzyme 

 

Table 3.10 Experimental value of operational stability of free and MCF-immobilized 

enzymes activities 

MCF-AG-Enz-R 

Time 

 

Absorb. 

at 540 nm 

Product 

(g/L) 

Enzyme activity 

x 10
-2

 (mol/sec) 

Enzyme 

amount (ml) 

Specific activity 

(μ mol mg
-1

min
-1

) 

5 1.037 2.645 195.72 0.086 20.689 

15 1.307 3.383 83.45 0.089 8.524 

30 1.325 3.450 42.56 0.086 4.499 

45 1.367 3.564 29.30 0.079 3.372 

60 1.207 3.097 19.10 0.081 2.144 

90 1.402 3.681 15.14 0.083 1.658 

Free Enzyme 

Time 

 

Absorb. 

at 540 nm 

Product 

(g/L) 

Enzyme activity 

x 10
-2

 (mol/sec) 

Enzyme 

amount (ml) 

Specific activity 

(μ mol mg
-1

min
-1

) 

5 1.264 3.249 240.43 0.15 14.572 

15 1.341 3.500 86.35 0.15 5.234 

30 1.405 3.668 45.25 0.15 2.742 

45 1.421 3.731 30.68 0.15 1.860 

60 1.455 3.836 23.66 0.15 1.434 

90 1.469 3.853 15.84 0.15 0.960 
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Fig. 3.13 Operational stability of free and immobilized enzymes 

 

   

Multi point covalent attachment of cellulase with carrier rigidified the enzyme 

and the availability of polar groups (-NH-, -OH). This could be electrostatically 

stabilizing the cellulase on surface as well as inside the pores of surface modified 

MCF during hydrolysis of soluble carboxymethyl cellulose. These provides the 

rigidity to the cellulase enzyme globular structure to some extent, later get denatured 

due to higher temperature and pH of operational conditions. The large pore size MCF 

material was found to be good support for large enzyme and substrate molecules, 

which can facile the diffusion of substrate and product molecules into the active site 

of enzyme. 
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4.1. Introduction 

Nitrile hydratases (NHases) are bacterial enzymes that catalyze the hydration 

of nitriles to the corresponding amides. NHases contain non-heme iron or non 

corrinoid cobalt at their active site. Iron-containing enzymes are the best known so 

far. Two of those, NHase from Chlororaphis B23 and NHase from Rhodococcus 

rhodochrous J1 are commonly used for industrial production of acrylamide and 

nicotinamide.
[1]

 However, the wild strains still have some disadvantages, such as the 

poor thermo-stability, buffer ion inactivation of the NHase, and the accumulation of 

the by-product.
[2]

 In order to overcome these obstacles, the heterogeneous cloning and 

expression of NHase in different recombinant strains had already been carried out by 

some researchers, but the results were not as good as expected.
[3-5]

  

Recently, the crystal structures of NHase in the active and inactive states were 

determined at resolutions of 2.65 and 1.7 Å, respectively.
[6-7]

 The structure of the 

catalytic center is very unusual; i.e. three cysteine sulfur atoms from KCys-109, 

KCys-112 and KCys-114 and two amide nitrogen atoms from KSer-113 and KCys-

114 are coordinated to the Fe
3+

. The crystal structure of the inactive enzyme revealed 

that two cysteine ligands, KCys-112 and KCys-114, are oxidized to a cysteine-sulfinic 

acid (Cys-SO2H) and a cysteine-sulfenic acid (Cys-SOH), respectively.
[7]

 Various 

spectroscopic studies revealed the metal ions of both Fe- and Co-type NHases existed 

as a low-spin trivalent state with similar ligand fields.
[8-9]

 In all known NHases, metal 

centers are ligated by highly conserved sequence, Cys-X-Leu-Cys-Ser-Cys, where 

X=Ser for Fe-NHase and X=Tyr for Co-NHases.
[10-11]

 Irrespective of the structural 

conservation between Fe- and Co-type NHases, there are some differences in the 

biochemical characteristics between them. The Co-type NHases do not exhibit the 
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photo reactivity, which is common among Fe-type NHases.
[12-14]

 Fe-type NHase 

hydrates preferentially aliphatic small nitriles whereas the Co-type enzyme exhibits 

high affinity for aromatic nitriles.
[15-17]

 Although the ion radii of Fe
3+

 (0.64 Å) and 

Co
3+

 (0.63) are similar and structures around their binding sites are conserved 

between Fe- and Co-type NHases, both enzymes specifically incorporate their own 

metals. The metal substitution of NHases is one of the best ways to understand the 

functions of the metal in metalloproteins.
[18]

  

Chemical denaturants like urea and guanidine hydrochloride (GdnHCl) at their 

increased concentrations perturb protein structure by binding directly to peptide 

groups and weakening internal hydrogen bonds or by upsetting the hydrophobicity of 

the protein by changing the structure of water around hydrophobic groups.
[19-22]

 There 

has been increased interest in the use of Gdn-HCl in the study of protein folding 

because of their high denaturing potential. Denaturation induced by these agents 

usually gives rise to the same unfolded state of proteins,
[23-25]

 despite the difference in 

concentration required to give the same unfolded state.
[26]

 However, some proteins, 

such as papain, cytochrome C551 and stem bromelain show different unfolded states 

with Gdn-HCl.
[27-29]

  Carbonic anhydrase is a zinc metallo enzyme, replacing the 

active-site zinc with manganese yielded manganese-substituted carbonic anhydrase 

(CA[Mn]), which shows peroxidase activity.
[30]

 

Bacterial alkaline proteases are the most important industrial enzymes which 

give their high activity at high pH, temperature with broad substrate specificity. There 

has been a renewed interest in the molecular study of these enzymes.
[31]

 In this present 

work, de novo protein engineering of alkaline protease towards the nitrile hydratase 
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enzyme is discussed, with reference to catalytic conversion of 3-cyanopyridine to 

nicotinamide.  

4.2. Experimental section 

4.2.1 Materials  

Guanidium Hydrochloride (Gdn-HCl, 99%, A.R.), Cobalt (III) fluoride (99%, 

A.R.), 3-Cyanopyridine (98%, A.R.), Nicotinic acid (98%, A.R.), Nicotinamide (98%, 

A.R.), Na2HPO4 (99%, A.R.), NaH2PO4·2H2O (99% A.R.), were purchased from 

Sigma-Aldrich (USA). Alkaline Protease (E.C.3.4.21.62) from Bacillus Licheniformis 

was donated by Genencor International, The Netherlands. Fast spin dialyzer 2000 μl 

chamber, Cellulose acetate dialysis membrane MWCO= 1000 Da, were purchased 

from Harvard apparatus, Holliston, MA. Acetonitrile HPLC grade (98%, A.R.), 

Phosphoric acid (85%, A.R.) and Hydrochloric acid (35.4%, A.R.) were purchased 

from s.d. Fine Chemical, India. These chemicals were used for enzyme modification 

and their activities studies. 

4.2.2 Cobalt centered new active site creation  

1 ml of Guanidium Hydrochloride (3M to 6M) was added to the 1 ml of 

alkaline protease and mixed well and kept for 30 min at room temperature. To this 

solution 0.5 ml of CoF3 (0.3 mM) solution was added and the resultant solution was 

transferred into double side fast spin dialyzer chamber having cellulose acetate 

membrane (MWCO=1000 Da). This was dialyzed in 12 ml CoF3 and 100 ml 

phosphate buffer pH=7.5 twice and followed by dialysis with phosphate buffer 

pH=7.5 four times. This was finally transferred into 5 ml vessel and kept at ~4 °C for 
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10 h in a refrigerator to achieve rearranged globular structure. The native alkaline 

protease and 3-6M Gdn-HCl denatured enzymes are designated as AP-Blank, AP-

3MGdn, AP-4MGdn, AP-5MGdn and AP-6MGdn respectively. The above denatured 

enzymes are renatured in presence of cobalt metal ion and designated as AP-3MGdn-

Co, AP-4MGdn-Co, AP-5MGdn-Co and AP-6MGdn-Co respectively. The shematic 

creation of cobalt centered new active site is given in Fig. 4.1. 

 

Fig. 4.1 Schematic creation of cobalt centered new active site 

4.2.3 Fluorescence spectroscopy 

The absorbance change due to the coordination of Co metal ion with peptide 

was measured using 2 mg/mL renatured novel enzyme solution with reference to the 

native alkaline protease in the range of 400-200 nm using a UV–vis–NIR scanning 

spectrophotometer (CARY, Varian 500 SCAN) to obtain excitation wavelength. The 

same concentration of cobalt active site centered novel enzyme solution was excited 

at 285 nm and the fluorescence spectra was collected from the 290-450 nm using 

model Fluorolog Horiba Jobin Yvon spectrofluorimeter at room temperature to 

measure the absorbance shift due to the cobalt metal ion in protein complex. 
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4.2.4 Inductive coupled plasma (ICP) analysis 

Alkaline protease is a calcium having enzyme in its globular structure, the 

amount of calcium present in native enzyme was obtained by using as such (AP-

Blank), in the instrument calcium detection limit of above 0.01 mg/L. The native was 

denatured using 3-6M Gdn-Hcl and then renatured by dialyzing in phosphate buffer 

with cobalt metal ion for the reason to check binding stability and the ability to 

replace the calcium by cobalt metal ions. The total amount of cobalt metal ion present 

in the new active site created enzyme solutions was determined in the detection range 

of 0.007 mg/L using the Inductively Coupled Plasma Optical Emission Spectrometry 

(ICP; Perkin Elmer, Optima 3300 RL) instrument. 

4.2.5 Circular Dichroism (CD) Spectroscopy  

Circular Dichroism (CD) spectra were typically measurements at 25 °C 

between 190 and 300 nm using a JASCO- 815 UV–Vis spectropolarimeter, equipped 

with a thermostat, in a 3-mL cuvette with 1-cm path length. Protein concentration was 

0.1 mg/mL. Samples were scanned after 30 min incubation with the denaturant (3-6 

M Gdn-HCl) in 0.1 M sodium phosphate buffer, pH 7.5. The ellipticity at 225 nm was 

used to measure the fraction of native structure remaining in each denaturing 

condition. Each spectrum was corrected for baseline. The molar mean residue 

ellipticity at wavelength λ, [θ]λ
25°C

 in degrees centimeter
2
 decimole

-1
, was obtained 

from  

 

θ (MRW) 

10lc 
= [Θ]λ

25˚C 
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where θ= experimentally observed ellipticity in degrees at wavelength λ, l= 

path length in centimeters, c = protein concentration in grams per milliliter and MRW 

= mean residue weight of protein, 112 calculated from the amino acid composition in 

alkaline protease. 

4.2.5.1 Secondary-Structure Analysis of Proteins 

The secondary structures of denatured alkaline protease in 3-6 M Gdn-HCl 

and the renatured alkaline protease in presence of cobalt metal ion protein’s 

components were assigned using the Define Secondary Structure of Proteins (DSSP) 

program [32]. The 310-helices were considered to be α- helices, the bends were treated 

as strands, and the single residues assigned as turns and bends were classified as 

unordered structures. Moreover, α-helices and β-strands were divided into regular (αR 

and βR) and distorted (αD and βD) classes, assuming that four residues per α-helix 

and two residues per β-strand were distorted [33]. Thus the protein structures were 

classified into six types: regular α-helix (αR), distorted α-helix (αD), regular β-strand 

(βR), distorted β-strand (βD), turn, and unordered structure.  

 

Fig. 4.2 Secondary structural component of the protein 
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4.2.4.2 CD analysis. The secondary structure fractions of the globular proteins from 

the CD spectrum of the denatured and renatured alkaline protease were analyzed 

using the reference set 4 in the member of the DICHROWEB online server. Two 

methods for analyzing protein CD spectra were used, as implemented in computer 

programs SELCON3 and CONTIN/LL. Only brief descriptions of the algorithms used 

in the two methods are given below. Detailed descriptions of these methods are 

available in the literature.  

SELCON3. This is the latest version of the self-consistent method, SELCON 

[34], the spectrum of the protein analyzed is included in the matrix of CD spectral 

data, and an initial guess, the structure of the reference protein having the CD 

spectrum most similar to that of the protein analyzed, is made for the unknown 

secondary structure; the solution replaces the initial guess; and the process is iterated 

for convergence. The matrix equation relating the CD spectra to the secondary 

structure is solved by the singular-value decomposition algorithm and variable 

selection [35] in the locally linearized model [36]; solutions are obtained by varying 

the reference proteins and/or the SVD coefficients.  

Acceptable solutions from the different variable selection combinations in the 

locally linearized model satisfy the three basic selection rules. The sum of fractions is 

between 0.95 and 1.05; each fraction is greater than -0.025; the RMS deviation 

between the reconstructed and experimental CD is less than 0.25 Δϵ. These acceptable 

solutions are subjected to another selection rule based on the helical content, as 

defined by Johnson [37]. The final solution is the average of all solutions that satisfy 

the four selection rules.  
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CONTIN/LL. This is a variant of the CONTIN method developed by 

Provencher and Glockner [38]. CONTIN uses the ridge regression procedure, which 

fits the CD spectrum of the test protein (Cλ
obs

) as a linear combination of the CD 

spectra of N reference proteins by minimizing the function  

 

where Cλ is the spectrum at n wavelengths, α is the regularizer, and νj is the 

coefficient of the CD spectrum for the  j th reference protein in the linear combination 

used to construct the spectrum of the test protein, Cλ
calc

. The selection rules fk ≥ 0.0 

and Σfk = 1.0 are used as constraints. The method gives a range of solutions, 

depending on the value of α; smaller values of α give solutions similar to those from 

the normal least squares method and larger values tend to give solutions biased 

toward certain proteins, limiting the number of degrees of freedom.  

In CONTIN/LL, the proteins in the reference set are arranged in the order of 

increasing RMS distance of the CD spectra from that of the protein analyzed, and the 

more distant proteins are deleted in a systematic manner to construct smaller reference 

sets. This results in a set of solutions, one for each LL combination, the number of 

which is determined by the number of reference proteins and the minimum number of 

proteins used for a solution. The selection rule based on helical content was used to 

screen the solutions. The final solution is the average of all solutions that satisfy the 

four selection rules. 
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4.2.6. Activity assay of the enzyme 

The resultant modified alkaline protease was made into 4 ml enzyme solution 

using phosphate buffer and then used in all kinetic studies. Nitrile hydratase enzyme 

activity was measured by incubating with 10-45 mM of 3-cyanopyridine for exactly 6 

h at 50 ˚C. The reaction was stopped by adding 0.1 ml of 1 M HCl solution and the 

precipitate was removed by centrifugation. The hydrolysis products of 3-

cyanopyridine include nicotinamide and nicotinic acid (Fig. 4.3) were measured by 

using high-pressure liquid chromatography (HPLC) instrument.  

4.2.6.1 Analytical methods.  

HPLC was performed with a JASCO LC-2000 plus system equipped with a 

HiQ Sil C18Hs (reverse-phase column, 4.6 mm x 250 mm; KYA Technologies 

Corporation, Tokyo, Japan) at a flow rate of 1.0 ml/min at 30°C, with the following 

solvent system: acetonitrile-10 mM NaH2PO4-H3PO4 buffer (pH 2.8), 1:4 (vol/vol). In 

some cases, a Phenomenex Luna-NH2 column (5μ, 250 x 4.6 mm; CA, USA) was 

used to detect the formation of nicotinic acid at a flow rate of 1.0 ml/min at 30°C, 

with the following solvent system: acetonitrile-10 mM NaH2PO4-H3PO4 buffer (pH 

2.8), 3:1 (vol/vol). The absorbance was measured at 230 nm for both nicotinamide 

and nicotinic acid. The concentrations of substrate and product were determined in 

samples adequately diluted with the mobile phase. 

 
Fig. 4.3 Conversion of 3-Cyanopyridine to Nicotinamide in presence of NHase 
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4.2.7 Effect of temperature and pH on enzyme activity 

The effect of temperature on the nitrile hydratase enzyme activity was 

observed by incubation with 15 mM of 3-cyanopyridine in 0.1M phosphate buffer 

solution having a pH=7.5 at temperatures ranging from 30 to 60 ˚C, and alternatively 

incubated at a fixed temperature of 50 ˚C at pH ranging from 6 to 9 for measure the 

effect of pH. The activity of nitrile hydratase at different pH and temperature were 

then measured as per previously described analytical method (Section 4.2.5.1). 

4.3. Results and discussion 

4.3.1 Component CD Spectra of Secondary Structures 

The circular dichroism (CD) spectra of the native, Gdn-HCl denatured alkaline 

proteases exhibit characteristic peaks in the UV region (205-260 nm) as shown in 

Figure 4.4. The native alkaline protease showed a 20% residual molar ellipticity at 

212 nm while with Gdn-HCl treatment it was reduced to 12%. This indicated nearly 

complete collapse of the globular structure of the protein. 

The negative peak at 222 nm is attributable to the n–π* transition of the 

peptide, and the negative and positive peaks at 208 is attributable to the parallel 

excitation of the π–π* transition of α-helices in the peptide.
 [39-40]

 The negative peak at 

196 nm is attributable to the n–π* transition of the peptide, and the positive peaks at 

218 is attributable to the parallel excitations of the π–π* transition in β-strands of the 

peptide. The positive peak at 212 nm is attribute to π–π* transition and a negative 

peak at 195 nm is attribute to n–π* transition in random coil of the peptides. 

Variations in the CD spectra between these α-helix–rich proteins would arise from not 



Chapter-4                                                                                     De novo designing of Nitrile Hydratase from alkaline protease.... 

 

Kannan. K  Ph. D. Thesis 
132 

only differences in secondary-structure contents but also from ones in the 

arrangement of α-helices and β-strands in the tertiary structure (α/β and α+β classes). 

Therefore, to evaluate the contribution of each secondary structure, the UVCD 

spectra of native, denatured and renatured (with cobalt metal ion) proteins were 

deconvoluted into the spectra of four components α-helices, β-strands, turns, and 

unordered structures using the SELCON3 program.
[41]

 The spectra for each of these 

components averaged across all the proteins are shown in Table 4.1.  
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Fig. 4.4 CD spectrum of denatured alkaline protease in 3-6M Gdn-HCl 

The native alkaline protease shows higher α-helix contents of 2.9% exhibiting 

two negative peaks at around 222 and 208, a positive peak at around 195 nm. Similar 

CD spectra were observed for 3-6M Guanidium Hydrochloride denatured alkaline 
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protease. However, gradual decrease in the α-helix contents in the range 2.9% to -

3.37% with reference to native was observed. In general denaturation using increased 

Gdn-HCl concentration shows increase in hydrophobicity by cleavage of hydrogen 

bond between the amino acids in the well-arranged globular structure. The AP-

4MGdn shows higher α-helix (1.48%) content compared to other denatured sample. In 

case of 3MGdn-Gdn denatured enzyme the ionic concentration may not be good 

enough to stabilize the secondary structure which ultimately results into the collapse 

of α-helix to turns (23.39%) and unordered (30.69%) contents. 5-6 MGdn-HCl 

denatured sample breaks most of the hydrogen bonding in the alkaline protease 

structure consequently showing higher turns (23–23.35%) and unordered (25.43 – 

24.79%) contents.   

The enzymes renatured in presence of cobalt metal ion shows α-helix content 

lower than the native alkaline protease as seen in Fig. 4.5. The folding of proteins is 

generally believed to be under thermodynamic control that leads to the production of 

active protein which has a stable conformation in the lowest energy state. 

Performance of SELCON3 Programs for analyzing renatured alkaline protease in Co 

metal ion CD Spectra for Reference Set 4 are shown in Table 4.2. AP-3MGdn-Co the 

unordered β-strands, turns and unordered content folded into distorted α-helix 

(2.99%), but in the case of AP-4MGdn-Co showed higher regular (1.14%) and 

distorted (6.65%) α-helix. The observed α-helix content of 5-6MGdn-Co samples was 

very small compared to other samples which presents as unordered content of 25.64% 

and 41.52% respectively. These increased unordered contents indicates that the 

denaturation of  regular α-helix to distorted or into regular/distorted β-strands 

contents. Moreover, there is a possibility to produce regular α-helix on the 
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renaturation in presence of Co metal ion. However, when the turns and unordered 

contents are higher, it is quite difficult to achieve α-helices. The metal ions also 

accelerate the folding of denatured peptide chain by coordinating with its 

corresponding amino acids in their close proximity.   
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Fig. 4.5 CD spectrum of renatured alkaline protease in presence of Co metal ion 

 

Table 4.1 Secondary content of AP-Blank, AP-3MGdn, AP-4MGdn, AP-5MGdn and 

AP-6MGdn from SELCON3 Program 

Sample HelixαR HelixαD StrandβR StrandβD Turns Unordered Total 

AP-Blank 0.029  0.158  0.296  0.169  0.167  0.181  1.001  

AP-3MGdn -0.031  -0.048  0.344  0.157  0.215  0.282  0.919  

AP-4MGdn 0.015  0.078  0.313  0.197  0.202  0.206  1.011  

AP-5MGdn -0.001  0.024  0.292  0.194  0.227  0.251  0.987  

AP-6MGdn -0.004  0.029  0.285  0.192  0.226  0.240  0.968  
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Table 4.2 Secondary content of AP-Blank, AP-3MGdn, AP-4MGdn, AP-5MGdn and 

AP-6MGdn from SELCON3 Program 

Sample HelixαR HelixαD StrandβR StrandβD Turns Unordered Total 

AP-Blank 0.029  0.158  0.296  0.169  0.169  0.181  1.001  

AP-3MGdn-Co -0.002  0.030  0.295  0.197  0.197  0.255  1.002  

AP-4MGdn-Co 0.011  0.064  0.285  0.196  0.196  0.208  0.962  

AP-5MGdn-Co -0.002  0.022  0.297  0.191  0.191  0.252  0.983  

AP-6MGdn-Co -0.031  -0.075  0.295  0.132  0.132  0.367  0.884  

It is pertinent to compare the result obtained from SELCON3 method to those 

obtained with CONTIN/LL method. The ridge regression algorithm followed in the 

CONTIN/LL method gives different weights to different proteins in the reference set 

in fitting the experimental spectrum. This comparison can be attributed to the 

increased variety in the spectral and structural data used in the analysis resulting from 

the reference set 4. The largest improvements were observed for the secondary 

content of denatured and renatured alkaline proteases. AP-4MGdn sample shows the 

slight decrease of ordered strand (27.6%) to unordered (32.1%) but in renaturation the 

unordered content (30.73%) decreases compared to native (31.36%). AP-3MGdn the 

ordered (0.1%)  and distorted α-helix (3.5%) contents  were transformed to  unordered 

(31.53%), the same trend also is observed for AP-4MGdn (unordered, 32.07%) and 

AP-5MGdn (unordered, 31.20%) samples as shown in Table 4.3.  

The renatured samples in the presence of cobalt metal ion show all the 

contents of the secondary structure nearly close to the native alkaline protease except 

slight difference in the unordered contents. AP-4MGdn-Co shows ordered (0.2%) and 

distorted α-helix (3.7%) contents same as that of Table 4.4. The α-helical structures in 

proteins generally show smaller geometric variations, while the variations observed in 

β-strands and turns are much larger. The β-strands in proteins are often bent and/or 
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twisted and show larger variation of the (ϕ, ψ) angles than that in α-helices. Thus the 

CONTIN/LL method enables improving the secondary structure contents reference to 

native (alkaline protease) structure from experimental CD spectrum analysis. 

The partly unfolded states were generated either by exposing the native 

protein to varying concentrations of Gdn-HCl from 3M to 6M. Thus, the unfolding 

pathway appears to be completely reversible, involving the same structural 

intermediates. Nevertheless, it appears reasonable that the core structure, resistant to 

denaturation by 3 to 6 M Gdn-HCl, acts as the nucleation site for the fast and correct 

refolding of alkaline protease molecules.
[42]

 The folding process may occur in a 

successive assembly of “subdomains” in both directions of the core structure.
[43-44]

 

The characteristics of the CD of renatured alkaline proteases are different from those 

of the native with presence of turns and unordered content in the secondary structures, 

because those molecules contain many metal chelating sites through its coordinating 

amino acid residues. Thus, the peaks and troughs will be markers for the structural 

refolding as well as function recovery.  

Table 4.3 Secondary content of AP-3MGdn-Co, AP-4MGdn-Co, AP-5MGdn-Co and 

AP-6MGdn-Co from CONTIN-LL Program 

Sample HelixαR HelixαD StrandβR StrandβD Turns Unordered Total 

AP-Blank 0.002 0.037  0.285  0.150 0.213 0.314  1.001  

AP-3MGdn 0.001 0.028 0.301 0.143 0.204 0.324 1.001 

AP-4MGdn 0.002 0.037 0.276 0.147 0.217 0.321 1.000 

AP-5MGdn 0.002 0.035 0.280 0.147 0.215 0.322 1.001 

AP-6MGdn 0.002 0.034 0.303 0.152 0.207 0.302 1.000 
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Table 4.4 Secondary content of AP-3MGdn-Co, AP-4MGdn-Co, AP-5MGdn-Co and 

AP-6MGdn-Co from CONTIN-LL Programs 

Sample HelixαR HelixαD StrandβR StrandβD Turns Unordered Total 

AP-Blank 0.002 0.037  0.285  0.150 0.213 0.314  1.001  

AP-3MGdn-Co 0.001 0.035 0.289 0.148 0.211 0.315 0.999 

AP-4MGdn-Co 0.002 0.037 0.292 0.151 0.210 0.307 0.999 

AP-5MGdn-Co 0.001 0.032 0.288 0.146 0.213 0.321 1.001 

AP-6MGdn-Co 0.002 0.033 0.294 0.149 0.210 0.312 1 

 

4.3.2 Intrinsic Tyrosine Fluorescence  

The UV-Visible spectrum of AP-Blank, AP-6MGdn and AP-6MGdn-Co is 

shown in Fig. 4.6. The native alkaline protease show absorbance at 275 nm and 

renatured in presence of Co metal ion shows absorbance at 275 nm and 280 nm. The 

fluorescence emission spectrum of the native and renatured (in presence of cobalt 

metal ion) enzyme samples following excitation at 285 nm is shown in Figure 4.7. 

The native protein exhibited a fluorescence emission peak at 306 nm, indicating that 

mostly the tyrosine residues were well buried within the protein structure.  The 

renatured alkaline proteases did not produce significant peak towards red shift. This 

indicates that the tyrosine residues may not be interacting with cobalt metal ions 

during renaturation. Cobalt centered enzyme shows same peak as of native and the 

peak at 360 nm coexisted for charge transfer from coordinating residues of peptide to 

cobalt metal ion.  

The observed tyrosine intensity of AP-4MGdn-Co enzyme is lower than the 

other renatured and native alkaline proteases at 306 nm apparently showing slightly 

higher intensity at 360 nm. This could be due to increase in number of coordination 
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between the amino acid residues with cobalt metal ions. The observations indicate 

that the reconstituted proteins may be delicately but distinctly different from the 

native AP. 

 

Fig. 4.6 UV-Visible spectra of AP-Blank, AP-6MGdn and AP-6MGdn-Co 
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Fig. 4.7 Fluorescence emissions spectra of AP-3MGdn-Co, AP-4MGdn-Co, 

AP-5MGdn-Co and AP-6MGdn-Co 
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4.3.3 Inductive coupled plasma analysis 

The ICP analysis data of calcium and cobalt metal ion are given in Table 4.5. 

The native alkaline protease shows higher content of calcium ion (3.5281 mg/L). The 

AP-3MGdn-Co, AP-4MGdn-Co, AP-5MGdn-Co and AP-6MGdn samples show very 

lower content. However, the AP-4MGdn-Co shows higher cobalt ion in their enzyme 

molecular structure, this could be the availability of cobalt metal ion to corresponding 

coordinating residues in close proximity. The ICP data also supports the expected 

protein folding in nano second phenomenon at molecular level of alkaline proteases. 

Table 4.5 Inductive couple plasma (ICP) analysis of calcium and cobalt metal ion in 

native and AP-3MGdn-Co, AP-4MGdn-Co, AP-5MGdn-Co and AP-

6MGdn-Co 

Sample Calcium   (mg/L) Cobalt (mg/L) 

AP-Blank 3.5281 - 

AP-3MGdn-Co 0.0305 0.0476 

AP-4MGdn-Co 0.0165 0.0553 

AP-5MGdn-Co 0.0103 0.0458 

AP-6MGdn-Co 0.0101 0.0429 

 

4.3.4 Nitrile Hydratase activity studies 

The kinetic parameters of Michaelis–Menten equation were determined for 

AP-3MGdn-Co to AP-6MGdn-Co. Experiments were carried out by the production of 

nicotinamide using different substrate 3-cyanopyridine concentrations (5mM – 

45mM) to obtain the values given in Table 4.6 and Fig. 4.8,  the Lineweaver-Burk 

plot (Fig. 4.9) and the derived parameter values given in Table 4.7. For nitrile 

hydrolytic reaction catalyzed by AP-3MGdn-Co to AP-6MGdn-Co the value of 

saturation constant Km = 1.87, 1.68, 2.43, 3.32 x 10
-6

 mol and the maximum reaction 
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velocity Vmax = 7.97, 8.23, 7.59, 7.17 U/mg were observed for the AP-3MGdn-Co, 

AP-4MGdn-Co, AP-5MGdn-Co and AP-6MGdn-Co enzymes, respectively.  

It shows lower apparent affinity of substrate (Km) and higher Vmax for the AP-

4MGdn-Co enzyme, which led to altering the reaction towards the higher production 

of Nicotinamide. Most likely it was caused by the larger affinity to the regular 

coordination of amino acid residue with active centre cobalt metal ion that might have 

favored diffusion of substrate and product molecules towards the active site and vice 

versa. This observation is in good agreement with the data presented in Table 4.6.  

Table.4.6 Experimental data of activity at different substrate (3-cyanopyridine) 

concentration 

 

Conc. of 3-

cyanopyridine 

(mM) 

Conversion 

(%) 
Rate of reaction 

x 10
-2

 

(mol/min) 

Enzyme 

activity x 10
-2

 

(mol/min) 

Specific activity 

x 10
-4

 

(μ mol mg
-1

min
-1

) 

AP-3MGdn-Co 

5 37.21 0.517 2.067 1.723 

10 31.60 0.878 3.511 2.926 

15 28.20 1.175 4.700 3.917 

25 20.40 1.417 5.667 4.722 

35 16.12 1.567 6.269 5.224 

45 12.20 1.525 6.100 5.083 

AP-4MGdn-Co 

5 41.85 0.581 2.325 1.938 

10 34.95 0.971 3.883 3.236 

15 29.51 1.230 4.918 4.099 

25 22.42 1.557 6.228 5.190 

35 17.15 1.667 6.669 5.558 

45 13.36 1.670 6.680 5.567 
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AP-5MGdn-Co 

5 28.09 0.390 1.56 1.301 

10 27.86 0.774 3.10 2.580 

15 22.76 0.948 3.79 3.161 

25 17.00 1.181 4.72 3.935 

35 13.30 1.293 5.17 4.310 

45 10.30 1.288 5.15 4.292 

AP-6MGdn- Co 

5 20.07 0.279 1.115 0.929 

10 22.48 0.624 2.498 2.082 

15 18.70 0.779 3.117 2.597 

25 13.30 0.924 3.694 3.079 

35 10.10 0.982 3.928 3.273 

45 8.30 1.038 4.150 3.458 
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Fig. 4.8 Comparison of activity at different substrate (3-cyano pyridine) concentration 
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Fig. 4.9 L-B plot for kinetic parameters towards Nitrile Hydratase activity 

Considering the structure and function of cobalt-containing NHases, the 

proposed model can be divided into three different stages.
[45]

 Firstly, the binding of a 

nitrile occurs close to a hydroxide ion or a metal-bound water molecule. Secondly, 

either OH
–
 or the metal-bound water molecule (activated by OH

–
 as a general base) 

attacks the nitrile carbon atom, resulting in the formation of an imidate [R–C(–

OH)=NH]. Finally, the imidate tautomerizes to an amide. As a consequence of the 

unique structure of the NHase active site, the hydration of nitriles is catalyzed with 

high efficiency.
[46]

 

The turn over number kcat = 0.299, 0.309, 0.285, 0.269 S
-1

 were observed for 

of AP-3MGdn-Co, AP-4MGdn-Co, AP-5MGdn-Co and AP-6MGdn-Co. Except AP-

4MGdn-Co, somewhat lower values of both Vmax and kcat were obtained and the value 

of kcat/ Km was also slightly lower. It was expected that a restricted access of substrate 
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molecules to the active sites of catalyst, and concomitant diffusional limitations, 

would cause a dramatic change in kinetic parameters.  

The only appreciable result appeared to be slightly higher values of maximum 

reaction velocity (0.823 U/mg) and specific constant (184000 M
-1

 S
-1

) for AP-

4MGdn-Co. It can be explained by differences in the proper co-ordination of amino 

acid residue with cobalt metal ion and the required arrangement of α-helix, β-strand, 

turn and unordered content in the globular structure to facilitate the diffusion of 

substrate and product molecules into the active sites.  

Table 4.7 The derived kinetic parameters of the AP-3MGdn-Co, AP-4MGdn-Co, AP-

5MGdn-Co and AP-6MGdn-Co from Lineweaver–Burk plot 

Sample Km 

( x 10
-6

 M) 

Vmax 

(μmol mg
-1

protein min
-1

) 

kcat  

(S
-1

) 

kcat/Km 

(M
-1

 S
-1

) 

AP-3MGdn-Co 1.87 0.797 0.299 160000 

AP-4MGdn-Co 1.68 0.823 0.309 184000 

AP-5MGdn-Co 2.43 0.759 0.285 117000 

AP-6MGdn-Co 3.32 0.717 0.269 81000 

 

4.3.5. Optimum Temperature and pH  

The specific activity of the AP-3MGdn-Co, AP-4MGdn-Co, AP-5MGdn-Co 

and AP-6MGdn-Co enzyme, increased with increasing temperature up to 50 C 

beyond which the activity showed a decrease as shown in Fig. 4.10. The AP-4MGdn-

Co shows better specific activity relative to the other enzymes.   The relative specific 

activity values for AP-3MGdn-Co, AP-4MGdn-Co, AP-5MGdn-Co and AP-6MGdn-

Co enzyme at pH values ranging from 6 to 9 are given in Fig. 4.11.  
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Table 4.8 Experimental data of temperature effect on Nitrile Hydratase activity 

Temp. (°C) Conversion (%) Rate of reaction 

x 10
-3 

(mol/min) 

Specific activity 

 x 10
-4

 

(μ mol mg
-1

min
-1

) 

AP-3MGdn-Co 

30 11.67 4.863 1.62 

35 14.68 6.117 2.04 

40 18.13 7.554 2.52 

45 22.02 9.175 3.06 

50 28.82 12.008 4.00 

55 21.00 8.750 2.92 

60 17.12 7.133 2.38 

65 13.47 5.613 1.87 

70 9.98 4.158 1.39 

AP-4MGdn-Co 

30 13.38 5.575 1.86 

35 16.63 6.929 2.31 

40 19.46 8.108 2.70 

45 23.76 9.900 3.30 

50 29.51 12.296 4.10 

55 22.83 9.513 3.17 

60 18.31 7.629 2.54 

65 14.56 6.067 2.02 

70 11.05 4.604 1.53 

AP-5MGdn-Co 

30 8.23 3.429 1.14 

35 9.46 3.942 1.31 

40 12.07 5.029 1.68 

45 14.83 6.179 2.06 

50 19.70 8.208 2.74 

55 16.45 6.854 2.28 

60 13.36 5.567 1.86 

65 9.64 4.017 1.34 

70 6.99 2.913 0.971 

AP-6MGdn-Co 

30 7.50 3.125 1.04 

35 8.43 3.513 1.17 

40 11.21 4.671 1.56 

45 13.74 5.725 1.91 

50 18.70 7.792 2.60 

55 13.89 5.788 1.93 

60 10.95 4.563 1.52 

65 7.24 3.017 1.01 

70 4.78 1.992 0.664 
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Table 4.9 Experimental data of pH effect on Nitrile Hydratase activity  

pH Conversion 

(%) 
Rate of reaction 

x 10
-3 

(mol/min) 

Specific activity  x 10
-4

 

(μ mol mg
-1

min
-1

) 

AP-3MGdn-Co 

6.0 12.07 5.029 1.68 

6.5 13.05 5.438 1.81 

7.0 19.36 8.067 2.69 

7.5 28.20 11.750 3.92 

8.0 18.13 7.554 2.52 

8.5 15.00 6.250 2.08 

9.0 9.02 3.758 1.25 

AP-4MGdn-Co 

6.0 13.80 5.750 1.92 

6.5 16.63 6.929 2.31 

7.0 21.57 8.988 3.00 

7.5 29.51 12.296 4.10 

8.0 19.70 8.208 2.74 

8.5 16.31 6.796 2.27 

9.0 9.89 4.121 1.37 

AP-5MGdn-Co 

6.0 8.94 3.725 1.24 

6.5 10.28 4.283 1.43 

7.0 13.45 5.604 1.87 

7.5 19.70 8.208 2.74 

8.0 12.48 5.200 1.73 

8.5 9.87 4.113 1.37 

9.0 7.93 3.304 1.10 

AP-6MGdn-Co 

6.0 7.48 3.117 1.04 

6.5 9.35 3.896 1.30 

7.0 11.57 4.821 1.61 

7.5 18.7 7.792 2.60 

8.0 9.77 4.071 1.36 

8.5 7.09 2.954 0.985 

9.0 5.96 2.483 0.828 
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Fig. 4.10 Effect of temperature on Nitrile Hydratase activity 
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Fig. 4.11 Effect of pH on Nitrile Hydratase activity 
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All the enzymes shows, the specific activity increased with increasing pH 

value up to 7.5, after that the activity started to decrease. This could due to the 

destabilization of active center as well as the conversion nicotinamide to nicotinic 

acid at higher pH which render the interaction of 3-cyanopyride with active site cobalt 

metal ion.  
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5.1 Summary and conclusion 

Enzymes are the ubiquitous magicians of the biological world, catalyzing one 

substance into a material that is substantially different. Agriculture, manufacturing, 

pharmaceuticals, energy generation, all aspects of industry and human endeavor rely 

in some way on enzyme reactions. However, enzymes are fragile and operate within 

very specific temperatures and environments that reflect their cellular origins. This 

fragility has, until now, limited researchers ability to precisely control enzyme 

reactions or to reuse the enzymes. An enzyme is like a very efficient, environmentally 

friendly catalysts that doesn't require extreme conditions to operate, cells have 

thousands of enzymes carrying out the chemical reactions that sustain life, and many 

of these enzymes can be tapped for useful applications.   

The possibilities for using immobilized enzymes to carry out desirable 

targeted chemical reactions are endless. New and highly diverse areas of research 

such as generating energy more efficiently in hydrogen fuel cells, purifying chemical 

and biological materials  for prescription drug use, and detecting and neutralizing 

dangerous chemical and biological agents are just a few of the possible applications of 

targeted enzyme reaction. 

Alkaline protease (22.5 kDa, EC 3.4.21.62) from Bacillus Licheniformis is an 

dairy industrial enzyme, which can hydrolyse the higher molecular weight casein into 

small casein molecules. Alkaline serine endopeptidase, was immobilized on surface 

modified SBA-15 and MCF materials by amide bond formation using carbodiimide as 

a coupling agent. The specific activities of free enzyme and enzyme immobilized on 
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SBA-15 and MCF were studied using casein (soluble milk protein) as a substrate. The 

highest activity of free enzyme was obtained at pH 9.5 while this value shifted to pH 

10 for SBA-15 and MCF immobilized enzyme.  

The highest activity of immobilized enzymes was obtained at higher 

temperature (60 
o
C) than that of the free enzyme (55 

o
C). Kinetic parameters, 

Michaelis-Menten constant (Km) and maximum reaction velocity (Vmax), were 

calculated as Km = 13.375, 11.956, and 8.698 x 10
-4

 mg/ml and Vmax = 0.156, 0.163 

and 0.17 x 10
-3

 U/mg for the free enzyme and enzyme immobilized on SBA-15 and 

MCF, respectively. The reusability of immobilized enzyme showed 80% of the 

activity retained even after 15 cycles. Large pore sized MCF immobilized enzyme 

was found to be  more promising than the SBA-15 immobilized enzyme due to the 

availability of larger pores of MCF, which could host the enzyme comfortably in its 

pores and offer facile diffusion of substrate and product molecules into the active sites 

of alkaline protease. 

Cellulase from Penicillium funiculosum was covalently immobilized on 

functionalized MCF (Meso Cellular Foam) silica by imine bond formation followed 

by reduction using NaBH4. The specific activities of free and immobilized enzyme 

were measured for hydrolysis of soluble carboxymethyl cellulose (CMC). The highest 

activity of MCF immobilized and native enzyme was obtained at optimum pH 5 and 

pH 4.5 respectively. Kinetic parameters, Michaelis–Menten constant (Km) and 

maximum reaction velocity (Vmax), were calculated as Km = 0.025 ×10
-2

 mg/ml, Vmax = 

5.327 ×10
−3

 U/mg for the free enzyme and Km = 0.024 ×10
-2

 mg/ml, Vmax =9.794 

×10
−3

 U/mg for MCF immobilized enzyme respectively. The reusability of 

immobilized enzymes showed that 66% of its activity is retained even after 15 cycles.  
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Multi point covalent attachment of cellulase with solid carrier surface 

rigidified the enzyme and the availability of polar groups (-NH-, -OH). This could be 

electrostatically stabilizing the cellulase on surface as well as inside the pores of 

surface modified MCF during hydrolysis of soluble carboxymethyl cellulose. Surface 

modified MCF-AG’s active functional groups are also involved in the hydrolysis of 

soluble carboxymethyl cellulose to some extent leading to higher activity of MCF 

immobilized cellulase. Uniform and ordered porous structure of modified MCF is 

found to be a promising material for immobilization of cellulase with 16.4 wt% 

enzyme loading. 

The highly stable alkaline protease (22.5 kDa, EC 3.4.21.62) from Bacillus 

Licheniformis was denatured by increased concentration of 3M-6M Gdn-HCl and 

then renatured with cobalt metal ion in refolding buffer in order to design cobalt 

dependent Nitrile hydratase. The secondary structure fractions of the globular proteins 

from the CD spectrum of the denatured and renatured alkaline protease were analyzed 

using the reference set 4 in the member of the DICHROMWEB online server using 

the programs SELCON3 and CONTIN/LL. The observed secondary structure content 

values of renatured 4MGdn-Co shows ordered (0.2%) and distorted α-helix (3.7%) 

contents same as that of native alkaline proteases, but the unordered (30.73%) content 

was reduced (31.36%).  

The creation of cobalt centered new active site was also supported by the 

fluorescence spectroscopy (appearance of a new peak at 360 nm) and ICP analysis 

(0.0476-0.0553 mg/L). The specific activities of all the modified enzymes were 

measured using the selective catalytic hydrolysis of 3-cyanopyridine to nicotinamide. 

Kinetic parameters, Michaelis–Menten constant (Km), maximum reaction velocity 
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(Vmax), turn over number (kcat) and specific constant (kcat/Km) were calculated as Km = 

1.87, 1.68, 2.43, 3.32 x 10
-6

 mol; Vmax = 7.97, 8.23, 7.59, 7.17 U/mg;  kcat = 0.299, 

0.309, 0.285, 0.269 (S
-1

); kcat/Km = 160000, 184000, 117000, 81000 for the AP-

3MGdn-Co, AP-4MGdn-Co, AP-5MGdn-Co and AP-6MGdn-Co enzymes, 

respectively. The highest specific activity of AP-4MGdn-Co was obtained at optimum 

pH 7.5 and temperature 50 °C, due to the proper co-ordination of amino acid residue 

with cobalt metal ion and the appropriate arrangement of α-helix, β-strand, turn and 

unordered in the globular structure to facile the diffusion of substrate and product 

molecules into the active sites.  

The Co-type Nitrile Hydratase was successfully designed from the alkaline 

protease by reversible denaturisation followed renaturisation in presence of cobalt 

metal ion. Co ion was spontaneously coordinate with the active amino acid residue 

which could be hydrolyzing the 3-cyanopyridine to nicotinamide without any NHase 

activator. Although it is unclear yet whether the low-spin trivalent state of the bound-

metal and the coordinating residues stabilization were essential in the catalytic 

mechanism of nitrile hydration, the denovo enzyme engineering of Co-NHase will 

surely be an important for the industrial production of aromatic amides from its 

corresponding nitriles. 
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5.2 Future prospects 

5.2.1 Immobilization of Biomolecules on porous materials 

It has been shown that nanoporous materials can be used as carriers for 

enzyme immobilization.
[1]

 As a result of the rapid growth of research in the 

preparation of nano structured materials with diverse physical and chemical 

properties, it should be possible to tailor supports to suit specific applications, once 

the underlying requirements of pore size, connectivity and surface chemistry are fully 

understood.
[2-5]

 As described, there remains relatively little research so far on the 

applications of these enzyme–nanomaterials in real catalytic reactions, and 

demonstration of their utility remains a potential possibility.  

In particular, if enzyme–nanomaterials composites can be prepared that retain 

their enantio selectivity, their applications in pharmaceutical and fine chemical 

industries can be exploited. There are also emerging biotechnologies that can benefit 

from composites of mesoporous solids with biological molecules as shown in Fig. 5.1. 

On a practical level, the large, tunable surface areas of the solids offer a vehicle for 

the delivery of drugs, which can include peptide-based pharmaceuticals.  

 

Fig. 5.1 Immobilization of various biomolecules on MPS’s 
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Another area of enormous current interest is in the preparation of 

nanoparticles that can be taken into cells through the membrane. There is interest in 

loading such ‘nanospheres’ with magnetic and fluorescent inorganic species, (in order 

to visualize and manipulate them).
[3]

 The high pore volume and large pore dimensions 

of mesoporous silica offer possibilities for hosting combinations of functional species. 

A triple-layer design for multifunctional nano materials incorporating functional 

species, such as fluorescent dyes or particles, quantum dots or nanomagnets and with 

a surface functionalized with organic groups. 

It is possible to load such mesoporous nanoparticles with molecules that 

would not otherwise be able to pass through the membrane to act as a general 

transmembrane carrier, or to act as a transfection agent. Such mesoporous silica 

nanospheres have been described, among others and have been shown not to exhibit 

cytotoxicity. Drug delivery agents of this kind could be highly specific in their action.  

Finally, many areas in biotechnology are still unexplored with the use of 

nanoporous silica materials. These include the immobilization of antibodies, DNA 

and RNAs, lipids and carbohydrates.
[1,4,6]

 Close working relationship between 

materials scientists, chemists and biologists are key to the success of the promising 

future of nano porous silica–biomolecule hybrid materials. 
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5.2.2 Protein engineering of Metalloproteins 

A most exciting development over the last few years is the application protein 

engineering techniques to enzyme technology. Protein engineering of enzymes is a 

faster, controlled, targeted and accurate method to optimize the properties of enzymes 

for a specific industrial application than the traditional method. It makes it doable to 

sidestep the high number of natural isolate screenings that would be necessary to find 

the enzyme with the desired properties.
[7]

 

Metal ions play significant roles in most biological systems. Over the past two 

decades, there has been significant interest in the redesign of existing metal binding 

sites in proteins/peptides and the introduction of metals into folded proteins/peptides. 

The designed metal-binding sites also resulted in proteins with increased stability, 

altered activities and selectivity. It can be an effective approach for creating metal-

binding sites with more complexity if the investigators are equipped with a thorough 

understanding of the structure and function of both the target and the template 

proteins. This approach can be enhanced further if it can utilize computer programs to 

help evaluate and modify the initial design through energy minimization.
[8-11]

 

Recent research has focused on the effects of metal binding on the overall 

secondary and tertiary conformations of unstructured peptides/proteins. In this 

context, de novo design of metallo-peptides has become a valuable approach for 

studying the consequence of metal binding. It has been seen that metal ions not only 

direct folding of partially folded peptides but have at times also been the useful for 

properly folding random coil-like structures into stable secondary conformations.
[12-15]
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It is expected that the next few years will see the enhanced ability to 

coordinate small molecule substrates simultaneously with inorganic cofactors. In 

addition, greater attention is likely to be focused on how metals influence protein 

folding.  

There are several approaches to the design and engineering of novel metallo 

proteins based on native protein scaffolds. Whether it is for redesign of an existing 

metal-binding site or to create a new one, both rational and combinatorial methods 

can be used. Another equally attractive empirical approach is the design of new metal-

binding sites based on protein homology. This approach depends highly on the degree 

of sequence or structural homology with higher homology generally leading to a 

better chance of success. At the same time, factors that are common to both template 

protein and the target protein cannot be revealed from the design exercise. 

Furthermore, recent studies also showed that positive design in the secondary 

coordination sphere (such as hydrogen-bonding and hydrophobic interactions) is also 

quite important.
[16-19]

 These problems also apply to the protein redesign approach. 

Despite these limitations, both approaches are extremely useful at elucidating the role 

of specific structural features in protein design and function and at revealing 

principles of protein design. 

All the rational methods described above rely heavily on our knowledge of 

principles governing the structure and function of metal-binding sites. However, 

despite much progress made so far, our knowledge is still quite limited. For example, 

the high affinity and selectivity of many metal-binding sites remains to be elucidated. 

Fascinating new metal centers, such as the Fe, Co, Mn, Zn, Ni, Ca, Cu, etc. center in 

protein architecture, a multi nuclear metal center with M-M bonds, are being 
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discovered as shown in Fig. 5.2. To fill the gap of our knowledge and to keep pace 

with the rapid development of the field, combinatorial engineering of metal-binding 

sites is of great value. Combinatorial engineering using native protein scaffolds and 

focusing on a specific region of the protein can minimize this problem because 

structural space is much smaller than the sequence space.
[20-22]

 

 Fig. 5.2 Designing of various metal ion dependent enzymes 

Recognizing the advantages and disadvantages of each approach, one can 

combine the advantages of two or more approaches. For example, rational approaches 

can be used to create a new metal-binding site and combinatorial searches can then be 

used to fine-tune the metal-binding affinity, selectivity, or in the case of catalytic sites 

the substrate-binding pocket. Most spectroscopic techniques routinely used in metallo 

protein design can confirm the success (or failure) of only certain main features of the 

design. It is difficult to reveal subtle changes from the design work. Since metallo 

protein design using native protein scaffolds makes it possible to choose a template 

protein of reasonable characteristics study using circular dichroism, fluorescence, 

NMR spectroscopies and crystallography.
[13]

 With development of the many 

approaches described above, together with approaches, it will not be too long before 

we can design and make the same or may be even better enzyme molecule than nature 

does. 
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Appendix I 

Determination of alkaline serine endo peptidase concentration 

The alkaline serine endo peptidase enzyme solution concentration of 25, 50, 

100 150, 200 and 250 μl was added into the 10 ml of phosphate buffer with EDAC 

(25 mg). To this 0.5 ml enzyme solution 2 ml of Bradford reagent was added and 

measure the absorption at 595 nm was measured a UV-vis-NIR scanning 

spectrophotometer (CARY 500 SCAN).  The standard alkaline serine endo peptidase 

concentration curve was plotted and shown in Fig.1. 
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Fig.1 Standard alkaline serine endo peptidase concentration curve 

The unknown enzyme concentration was determined from corresponding 

absorbance of the alkaline serine endo peptidase solution, which obtained from the 

enzyme immobilization by washing the excess enzyme using buffer solution. 
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Appendix II 

 Determination of tyrosine concentration 

One of the casein hydrolyzed product of the tyrosine, various concentrations 

0.025, 0.05, 0.10, 0.15, 0.20 and 0.25 mg/ml were prepared. 1 ml of this solution was 

added into 2 ml of 0.1 M bicarbonate buffer at pH 9.5, for exactly 20 min at 45 
o
C 

with a stirring speed of 150 rpm. To this solution 3 ml of 10 w/v of trichloroacetic 

acid was added and the precipitate was removed by centrifugation. The absorbance 

due to the tyrosine was measured at 280 nm using a UV-vis-NIR scanning 

spectrophotometer (CARY 500 SCAN). The standard tyrosine concentration curve 

was plotted and shown in Fig. 2. 
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Fig. 2 Standard tyrosine concentration curve 
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Appendix III 

Scanning electron microscopy (SEM) of SBA-15 and MCF 

  The meso porous material SBA-15 was synthesized as per described in section 

2.2.2. Scanning electron microscopy (SEM) was performed on a Hitachi S-4000 

scanning electron microscope. The samples were prepared by placing SBA-15 powder 

on double-sided carbon adhesive tape mounted on the sample holder. The SEM 

pictures of mesoporous SBA-15 particles after the calcination is shown in Fig. 3. 

Large fibrous structures 20–30 �μm in length and 3–5 μm in diameter are observed. 

The fibrous structure is an agglomerate of long fibers that are constituted from small 

rod-like sub-particles 1–2�μm in length and 0.5�μm in diameter. The SBA-15 

particles are something like spherically shaped with size approximately in the range of 

20-30 μm. 

 

Fig. 3 SEM image of calcined SBA-15 
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The SEM picture clearly shows a large number of SBA-15 particles attaching 

closely with one another. The spines of one SBA-15 particle may be caught on the 

spine of another SBA-15. This way the bonding of large number of SBA-15 particles 

may take place. On the other hand, it could be due to vander Walls and electrostatic 

interaction between the adjacent SBA-15 particles. 

 

Fig. 4 SEM image of calcined MCF 

 Large spherical structures 4-8�μm in diameter are observed. It is clear that 

the pores are interconnected with gauge like structure. The formation of spherical 

micelles that yields mesocellular silica foams is driven by the requirement to cover 

the fixed amount of oil and polymer. The oil swells out the PPO chains until 

saturation, and then pure oil cores are formed at the center of the micelles. To cover 

the oil droplets with the minimum amount of polymer, the micelles become more 

spherical, yielding the spherical structure after calcination is shown in Fig. 5. The 

diameter of the spherical nodes that form at an oil-polymer ratio of 0.21 is ~ 220Å, 

the transition from cylinders of 110Å diameter to spheres of 220Å diameter is also 

possible. 
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Appendix IV 

TEM image of the MCF 

TEM was performed on 1230 Jeol Field Emission microscope at 120kV. The 

powder samples were mixed in ethanol and then ultrasonicated for 10min. A drop of 

the wet sample was placed on copper grid and then allowed to dry for 30 min before 

TEM analysis is shown in Fig.5.  

 

Fig. 5 TEM image of the calcined MCF 

MCFs consist of uniform spherical cells 21-36 nm in diameter and possess 

surface areas up to 700 m
2
/g. Uniform windows, 7-18 nm in diameter, interconnect 

the cells to form a continuous 3-D pore system, which makes the MCFs attractive 

candidates for supports for immobilization involving large molecules. The pore 

diameter of the pure-silica MCF sample estimated from the TEM image is around 

220Å, which is in good agreement with that estimated from the BJH adsorption 

isotherm. 
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Appendix V 

Determination of cellulase concentration 

 The various concentrations of cellulase enzyme  50, 75, 100, 125, 150 and 200 

μl with phosphate buffer (pH=6) = 5 ml in total volume of 30 ml. To this 0.4 ml of 

enzyme solution 2 ml of Bradford reagent was added and measured the absorbance at 

595 nm using UV-vis-NIR scanning spectrophotometer (CARY 500 SCAN). The 

standard cellulase concentration curve was plotted and shown in Fig. 6. 
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Fig. 6 Standard cellulase concentration curve 

 The unknown enzyme concentration was determined from 

corresponding absorbance of the cellulase solution, which obtained from the enzyme 

immobilization by washing the excess enzyme using buffer solution. 
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Appendix VI 

Standard glucose curve: 

The various concentration of glucose solution 0.2, 0.6, 1, 2, 3, 4 and 5 mg/ml 

were prepared. To this 1.5 ml solution, 3 ml of DNS reagent was added and kept at 

boiling water for 5 min and then kept to reach room temperature.  0.1 ml of this 

solution was diluted to 1 ml using distilled water and measured the absorbance at 540 

nm using UV-vis-NIR scanning spectrophotometer (CARY 500 SCAN). The standard 

glucose concentration curve was plotted and shown in Fig. 7. 
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Fig. 7 Standard glucose concentration curve 
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a b s t r a c t

An industrial enzyme, alkaline serine endopeptidase, was immobilized on surface modified SBA-15 and
MCF materials by amide bond formation using carbodiimide as a coupling agent. The specific activi-
ties of free enzyme and enzyme immobilized on SBA-15 and MCF were studied using casein (soluble
milk protein) as a substrate. The highest activity of free enzyme was obtained at pH 9.5 while this value
shifted to pH 10 for SBA-15 and MCF immobilized enzyme. The highest activity of immobilized enzymes

◦ ◦

eywords:
lkaline serine endopeptidase
asein hydrolysis
nzyme immobilization
BA-15
CF

nzyme reusability

was obtained at higher temperature (60 C) than that of the free enzyme (55 C). Kinetic parameters,
Michaelis–Menten constant (Km) and maximum reaction velocity (Vmax), were calculated as Km = 13.375,
11.956, and 8.698 × 10−4 mg/ml and Vmax = 0.156, 0.163 and 0.17 × 10−3 U/mg for the free enzyme and
enzyme immobilized on SBA-15 and MCF, respectively. The reusability of immobilized enzyme showed
80% of the activity retained even after 15 cycles. Large pore sized MCF immobilized enzyme was found to
be more promising than the SBA-15 immobilized enzyme due to the availability of larger pores of MCF,
which offer facile diffusion of substrate and product molecules.
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. Introduction

Alkaline proteases are important enzymes having diverse appli-
ations in a wide variety of industries such as food, pharmaceutical,
etergent, leather, silk, diagnostics, and for the recovery of silver
rom used X-ray films [1–4]. Alkaline serine endopeptidase from
elected strain of Bacillus licheniformis, which hydrolyses casein,
lays a vital role in dairy industries. Casein is a slowly digesting
rotein which is essential in building muscles in human body and

s a major component of milk, whey and soy [5]. The industrial
pplication of this enzyme requires specificity, stability at higher
H, temperature and reusability. Numerous techniques have been
sed for immobilization of free enzymes on solid support to obtain
fficient biocatalysts [6]. Mesoporous silicas (MPSs) obtained by
ifferent templating methods demonstrate high potential as solid
upports for enzyme immobilization [7–22]. These supports are

nvironmentally acceptable, structurally more stable, and resis-
ant to microbial attack. MPSs have a large specific surface area
∼1000 m2/g) and pore diameter, in the range of 2–50 nm, which
an be tuned to host the enzymes of varied size. As such, the
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nzymes have considerable affinity towards the MPSs surfaces
7–14]. Besides, the MPSs surface can be modified with various
nchor groups to covalently bind the enzyme molecules, which
ould reduce the enzyme leaching from the support during the
ecycling of the catalyst [14–22]. The uniform distribution of pores
n MPSs favors the uniform loading of enzyme as well as facile
iffusion of the substrate and product molecules inside the chan-
els. The loading of an enzyme and its activity depend upon
he surface area and pore size of the MPSs [17–22]. Among the

PSs, SBA-15 and MCF have been shown to be efficient supports
or covalent immobilization of �-amylase, trypsin, chloroperoxi-
ase, penicillin G acylase, organophosphorus hydrolase, glucose
xidase, glucoamylase, and invertase [8–11,14,19–22]. SBA-15 and
CF have pore sizes in the range of 9–25 nm and they possess

00–800 m2/g surface area, which make them suitable to host the
lkaline endopeptidase comfortably and also allow substrate and
roduct molecules facile diffusion towards and from the active site
f the enzyme [18,21]. The average size of the alkaline endopepti-
ase is 4.7 nm as shown in Fig. 1, produced using Chem3D Pro 10.0
rom RCSB enzyme database [23].
Alkaline endopeptidase immobilized on polymeric support has
een evaluated [24–26] for stability, activity and reusability with
eference to free enzyme. In the present study, covalent immobi-
ization of alkaline serine endopeptidase has been done through
mide bond formation on modified SBA-15 and MCF. Surface

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:rakshvir@ril.com
dx.doi.org/10.1016/j.molcatb.2008.04.007


Improved catalytic hydrolysis of carboxy methyl cellulose using
cellulase immobilized on functionalized meso cellular foam

Kayambu Kannan • Raksh Vir Jasra

� Springer Science+Business Media, LLC 2010

Abstract Cellulase from Penicillium funiculosum was

immobilized on functionalized MCF (Meso Cellular

Foam) silica by imine bond formation followed by

reduction using NaBH4. The specific activities of free and

immobilized enzyme were measured for hydrolysis of

soluble carboxymethyl cellulose (CMC). The highest

activity of MCF immobilized and native enzyme was

obtained at optimum pH 5 and 4.5 respectively. Kinetic

parameters, Michaelis–Menten constant (Km) and maxi-

mum reaction velocity (Vmax), were calculated as

Km = 0.025 9 10-2 mg/mL, Vmax = 5.327 9 10-3 U/mg

for the free enzyme and Km =0.024 9 10-2 mg/mL,

Vmax = 9.794 9 10-3 U/mg for MCF immobilized

enzyme respectively. The reusability of immobilized

enzymes showed that 66% of its activity is retained

even after 15 cycles. The availability of polar groups

(–NH–, –OH) and large pore size of surface modified

MCF could be electrostatically stabilizing the cellulase.

Functionalized MCF was found to be a promising mate-

rial for stabilizing cellulase with 16.4 wt% loading of

enzyme.

Keywords Cellulase � Covalent bonding �
Functionalized MCF � Soluble CMC hydrolysis �
Enzyme stabilities � Reusability

1 Introduction

The abundance and relatively low cost of lignocellulosic

materials make them attractive as a feedstock for the pro-

duction of ethanol from renewable resources [1–5]. Ethanol

is a potential future fuel having reduced net greenhouse gas

emission. The enzymatic process has the potential to con-

vert the lignocellulosic materials to ethanol with a high

yield and low production cost [6, 7]. However, the recal-

citrance of the lignocellulosic matrix to enzymatic attack

necessitates pretreatment of the material in order to

enhance the accessibility of the substrate to the enzyme.

High-pressure steam treatment with small amount of acid

catalyst such as sulphuric acid or sulphur dioxide, reduces

the cellulose crystallinity [8–11]. Though, there have been

efforts to reduce cellulase enzyme cost (http://eere.energy.

gov/), yet the production cost of enzymes is still too high.

Immobilization of enzyme is one of the methods to reduce

the cost by reusing same enzyme while retaining its spec-

ificity and stability. Therefore, research efforts have been

directed to immobilize enzyme using inorganic, organic

and hybrid supports [15]. Moreover, immobilized enzymes

can also be used in fixed bed type reactor, which can be

used in a continuous mode. Mesoporous silicas (MPSs)

have emerged as potential solid supports for enzyme

immobilization [12]. These supports are environmentally

acceptable, structurally stable, and resistant to microbial

attack. Besides, the MPSs surface can be modified with

various anchor groups to covalently bind the enzyme

molecules, which could reduce the enzyme leaching from
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