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Introduction
Enzymes are biocatalysts, which enhance the rate of chemical 

reactions. They are naturally occurring substances, capable of 
catalysing specific chemical reactions and hence called ‘biocatalysts’. 
Enzymes act on substrate molecule by hydrolysis, beta elimination 
mechanism etc. Like all catalysts, enzymes work by lowering the 
activation energy for a reaction and thus dramatically accelerating the 
rate of the reaction. 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 being selective and specific in action catalyze desired 
reaction, excluding side reactions and thereby eliminating generation 
of undesirable by products. Thus using enzymes in industry, higher 
productivity is achieved, reducing material cost. Further purification 
and downstream processing is reduced as product is achieved in 
relatively pure from, free from contaminants.1

Enzymes offer substantial and increasingly important advantages 
over chemical catalysts; they are derived from renewable resources, are 
biodegradable, work under relatively mild conditions of temperature 
and pH, and tend to offer exquisite selectivity in both reactant and 
product stereochemistry. As concerns about the environment mount 
with population pressures and the industrialization of the planet, the 
need to find more benign methods for the production of goods and 
provision of services leads to further interest in enzymes.2

Enzymes can be of Plant, animal and microbial origin. Microbial 
enzymes have several advantages over enzymes from plant and animal 
sources by virtue of their great variety of catalytic activities, cheaper 
in cost, regular abundant supplies at even quantity and relatively more 
stability. Major target of modern enzyme technology continues to be 
providing substitutes for chemical processing in several industries 

including textile, pharmaceutical, leather, wood pulp, production of 
speciality chemicals, industrial catalysis etc. Further enzymes have 
been used as research tool in biotechnology and molecular biology. 
The global industrial enzymes market is projected to reach USD 6.30 
Billion by 2022 in terms of value, at a CAGR of 5.8% from 2017.3

Although the advantages of replacing chemical treatments with 
enzymes are often compelling from a societal and environmental 
viewpoint, enzymes must compete economically with often entrenched 
and extremely inexpensive traditional chemical processes.2

Marine microbial enzymes

Now-a-days microorganisms are being used due to their broad 
biochemical diversity, feasibility of mass culture, regular supply 
due to absence of seasonal variations, ease of genetic manipulation 
and high degree of stability than enzymes derived from plants and 
animals.4 Several industrial enzymes are derived from terrestrial 
sources. Whereas marine environment which encompasses about 71 
% of the earth’s surface and a vast resource of useful enzymes has 
remain unexplored. Marine ecosystem is a habitat with remarkably 
high and diverse microbial cell densities. Consequently, the microbial 
inhabitants of such environment must have adapted their cellular 
machinery to thrive in the extreme conditions of temperature, 
pressure, pH, salinity, etc. Earlier reports suggest their salt-
tolerating capacity of above 1.7M, hyperthermostability (80–108˚C), 
barophilicity (60MPa), cold adaptivity, and alkali stability.4 Marine 
microorganisms take active part in the mineralization of complex 
organic matter through degradative pathways of their metabolism in 
the marine environments and contribute to the secondary production 
in sea. Microbial hydrolysis of organic matter plays an important 
role in substrate turnover in aquatic environments.5 Most of the 
organic compounds produced in natural waters have a polymeric 
structure.6 They cannot be directly taken by bacteria and they must be 
hydrolysed through the action of exo and endoenzymes and converted 
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Abstract

Industries all over the world face an uphill battle in meeting the material needs of a 
rising global population at a time when natural resources are dwindling. By replacing 
harsh chemicals with biologically derived alternatives and at the same time minimizing 
water and energy use, sustainability is at heart of the world’s growth. Perhaps 
nowhere has the impact of modern biotechnology been more widely felt than in the 
application of industrial enzymes? Enzymes represent lucrative option to substitute 
harsh chemicals used in processing operations in different industries. Enzymes being 
target specific and biodegradable are looked upon as lucrative source for providing 
clean and green substitute to harsh chemicals used in different industries. Pectinase 
is one of the enzymes that acts as alternative to chemicals used in different textile 
processing operations. The current demands of the world’s biotechnological industries 
are enhancement in enzyme productivity and development of novel techniques for 
increasing their shelf life. These requirements are inevitable to facilitate large-scale 
and economically feasible formulation. Immobilizing pectinase by suitable technique 
allows its reusability and in turn will make pectinase economical. In this research, 
immobilization of pectinase on knitted nylon 6,6 fabric is studied which showed 
immobilized biocatalyst could be used successively; effectively upto three cycles.
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into monomeric low molecular weight substrates. These are rapidly 
assimilated by bacteria.7

Depending on habitat and ecological function, marine bacteria 
and fungi secrete variety of hydrolytic enzymes such as Pectinase, 
Amylase, Lipase, Protease etc. Marine microbial enzymes have 
now become focal point of interest and few enzymes have been 
isolated from sea water and sediment. With increase in demand of 
the industrially valuable enzymes, selection of their potent source has 
become need of hour. Valuable extremophilic marine microorganisms 
capable of producing various hydrolytic enzymes like proteases, 
lipases, pectinases, etc. are inhabiting the harsh marine environments 
such as deep ocean, sediments, hydrothermal vents, polar oceans and 
extremely saline bodies of water. 

Pectinase and its application

Pectinases are a diverse group of enzymes that catalyze 
breakdown of pectic substances. Pectin is present as a cementing 
substance in plant cell wall and it maintains structural integrity and 
cohesion of plant tissue.8 Depending on mode of action, pectinases 
are classified as esterases, depolymerases (hydrolases and lyases), 
and protopectinases.9 Acidophilic pectinases have been used widely 
in extraction and clarification of fruit juices,10 maceration of plant 
tissues, liquefaction and saccharification of biomass and isolation of 
protoplast. Alkaline pectinases are mainly used in the degumming 
and retting of fiber crops11 and pretreatment of pectic wastewater 
from fruit juice industries.12 Alkaline pectinases are also being used 
in paper making,13 scouring of cotton,14 oil extraction,15 coffee16 and 
tea fermentation,17 production of oligosaccharides as functional food 
components18 and extraction of DNA from plants.19 Different enzymes 
such as amylase, lipase, pectinase, and cellulase have been studied in 
scouring of natural fabrics. Out of these enzymes, pectinases are most 
promising enzymes and different organisms producing pectinases are 
being researched.

Enzymes in textile industry

Textile wet processing involves series of operations ranging from 
desizing, scouring, bleaching followed by dyeing and finishing. 
These operations involve use of harsh chemicals such as caustic soda, 
concentrated acid and salt solutions which are finally discharged into 
effluents, causing pollution of soil and water, affecting aquatic life. 
However, enzymes bestow green key to minimize pollution resulting 
from textile processing operations. Amylase, lipase, protease, 
cellulase, pectinase etc. are some of the enzymes that can be used 
as substitute to different chemicals used in textile wet processing 
steps. Amylase find application in desizing of cotton fabric wherein 
amylase act on starch used as sizing agent to facilitate weaving (added 
impurity) from cotton fabric and aids in its removal. Cellulase has 
been studied for defibrillating cotton for surface smoothness and to 
obtain stone washing effects. Lipase has been used for wet reduction 
of polyester fabric and protease for degumming of silk and scouring 
of wool. Different enzymes such as amylase, lipase, pectinase, 
and cellulase have been studied in scouring of natural fabrics in 
combination. Out of these enzymes, pectinases are most promising 
enzymes and different organisms producing pectinases are being 
researched. Enzymes such as laccases and peroxidises have been used 
in effluent treatment. Different enzymes are being researched upon for 
their subsequent use in textile processing as till now only amylase and 
cellulase have achieved commercial success.

Immobilization of marine pectinase

The major demands of the world’s biotechnological industries 
are enhancement in enzyme productivity and development of 
novel techniques for increasing their shelf life. These requirements 
are inevitable to facilitate large-scale and economically feasible 
formulation. Enzyme immobilization provides an excellent base 
for increasing availability of enzyme to the substrate with greater 
turnover over a considerable period of time. Biocatalysis i.e. catalysis 
using enzymes has been widely accepted in diverse sectors owing to 
their ease of production, substrate specificity and green chemistry.

Enzyme-based strategies are increasingly replacing conventional 
chemical methods in both laboratories and industries with attributes 
like efficiency, quicker performance and multifarious use. However, 
for commercialization of these biocatalysts, their reusability factor 
becomes mandatory, failing which they would no longer be economic. 
Maintenance of their structural stability during any biochemical 
reaction is highly challenging. Consequently, immobilized enzymes 
with functional efficiency and enhanced reproducibility are used as 
alternatives in spite of their expensiveness.

Immobilized biocatalysts can either be enzymes or whole cells.20 
Whole cell immobilization consists of high density of cells physically 
confined on a solid phase or in pellets or clumps and in which cell 
movement is restricted. Cell immobilization has existed or been 
exploited long before it became recognized as potentially valuable 
in industry. Microorganisms in natural habitats such as soil, marine, 
alimentary canal, dental plaque or in the ‘Orleans’ process of vinegar 
production where cells are immobilized on wood shavings, the 
activated and trickling filter treatment of wastewater, may be seen as 
examples of immobilized cells.21

Advantages of immobilized biocatalysts

The advantages of immobilized enzymes beside reuse are as 
follows;

a.	 They can be easily separated from the reaction mixture containing 
any residual reactants and products and further can be reused in 
subsequent reaction.

b.	 Immobilized enzymes are more stable over broad range of pH and 
temperature.

c.	 Prolonged availability curtails redundant downstream and 
purification processes.

d.	 Enzymes are not discharged in effluent.

e.	 Immobilized systems specially lend themselves to continuous 
processes.

f.	 Reduced costs in industrial production.

g.	 Greater control of the catalytic effect.

h.	 Superior ease of new applications for industrial and medical 
purposes.

Enzyme immobilization 

It refers to artificial restriction of enzyme’s mobility. 
Immobilization confines enzyme to a phase (matrix/support) 
different from the one for substrates and products. Inert polymers and 
inorganic materials are usually used as carrier matrices. Apart from 
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being affordable, an ideal matrix must encompass characteristics like 
inertness, physical strength, stability, regenerability, ability to increase 
enzyme specificity/activity and reduce product inhibition, nonspecific 
adsorption and microbial contamination22 Immobilization is one of 
the most promising techniques for highly efficient and economically 
competent biotechnological processes in the field of environmental 
monitoring, biotransformation, diagnostics, pharmaceutical and 
food industries. There are four different methods of immobilizing 
enzymes viz. Adsorption, Covalent bonding, Entrapment and Affinity 
immobilization. 

An attempt is made in this research to immobilize pectinase on 
knitted nylon 6,6 fabric by covalent attachment of enzyme molecules 
which will allow its reusability and in turn will make pectinase 
economical in use. The literature survey shows that knitted nylon 
fabric gives better yields as compared to nylon beads and hence, the 
substrate chosen was knitted nylon 6,6 fabric.23

Experimentation
Immobilization of marine pectinase on nylon

Acid hydrolysis of nylon 6, 6: The knitted nylon fabric (3cm×3cm) 
was used as substrate for immobilization of marine pectinase. In order 
to cleave amide bonds of the nylon polymer and create more –COOH 
and -NH2 groups on its surface, hydrolysis of nylon was carried out 
using HCl of varied molarity. The samples were placed in beaker and 
hydrolysis of nylon 6,6 was carried out at 30˚C for 1 hour using HCl 
of different molarity. Hydrochloric acid concentration was varied 
from 1M, 2M, 3M, 4M. After hydrolysis, the fabric pieces were rinsed 
with water and later with phosphate buffer, pH 7.0. After optimizing 
acid concentration, time required to achieve sufficient acid hydrolysis 
was optimized.

Knitted nylon fabric samples were treated with 1.25% and 2.5% 
gluteraldehyde solution (v/V) prepared in 0.2M Tris buffer (pH 9.0) 
for 30 mins at 250 rpm and MLR 1:20. Glutaraldehyde was employed 
to act as cross linking agent between hydrolyzed nylon and pectinase 
enzyme. After treatment, the fabrics were washed thoroughly with 
Distilled water in order to remove unreacted glutaraldehyde and then 
rinsed with 0.2M Phosphate buffer (pH 7.0).

Activated nylon samples were then immersed in 0.5M 1, 
6-hexanediamine solution keeping MLR as 1:20 and allowed to react 
for 120 mins. Samples were then washed thoroughly with D/W and 
then rinsed with 0.2M Phosphate buffer (pH 7.0). After introduction 
of spacer, all nylon samples were then reactivated with 2.5% and 
1.25% gluteraldehyde solution (v/V) prepared in 0.2M Tris buffer 
(pH 9.0). Treatment is given for 30 mins at 250 rpm, keeping MLR at 
1:20. Fabrics were washed thoroughly with D/W in order to remove 
unreacted glutaraldehyde and then rinsed with 0.2M Phosphate buffer 
(pH 7.0).

Immobilization of marine pectinase on functionalized 
nylon

Functionalized nylon fabrics were then incubated overnight 
with marine pectinase at pH 9.0 and at 4˚C. Supernatant was then 
analysed for pectinase activity (by DNSA method) and protein content 
by Folin- Lowry method. Two schemes were followed for studying 
immobilization of marine pectinase on functionalized nylon fabric. In 
first scheme, marine pectinase was allowed to react with hydrolyzed 

nylon fabric activated by glutaraldehyde, whereas in second scheme, 
spacer molecule was introduced and nylon fabric was reactivated with 
glutaraldehyde which was later treated with marine pectinase. 

Determination of activity of immobilized pectinase

Activity was determined by DNSA method and absorbance was 
recorded at 540 nm. To perform an assay, 0.07gm of immobilized 
nylon sample was soaked in tris buffer and 0.5% Polygalacturonic 
acid (substrate) and incubated for 30 mins at 40˚C to carry out 
pectinase assay. After incubation, the nylon fabric was removed with 
forcep, rinsed with D/W and stored for reuse. 1.0ml DNSA reagent 
was then added to assay test tubes and kept in boiling water bath for 5 
minutes; test tubes were cooled and absorbance was recorded at 540 
nm. Activity of marine pectinase was determined in U/mg of substrate 
used. To compare activity of immobilized pectinase with that of free 
pectinase, Conversion factor of 0.0043 was used to convert activity 
of immobilized pectinase from U/mg to U/ml. Conversion factor 
was derived from ratio of volume of marine pectinase used for 
immobilization (1ml) to Weight of nylon fabric taken (230mg).

Definition of yield

Immobilization yield (IY%) is defined as follows: IY% = (Uimb/
U0)×100. Where U0 is the number of enzymatic units present in the 
solution used for immobilization, Uimb are the immobilized units 
evaluated as the difference between U0 and those remaining in the 
supernatant at the end of the adsorption.

Effect of pH on immobilized pectinase activity

To asses effect of pH on immobilized pectinase, different buffers 
(20mM) namely, Phthalate-HCl buffer (pH 3.0), Acetate buffer (pH 
5.0), Phosphate buffer (pH 7.0), Tris buffer (pH 9.0) and Carbonate 
bicarbonate buffer (pH 11.0) were employed. The pectinase assay was 
carried out at mentioned pH values at 40˚C for 30 min. 

Effect of temperature on immobilized pectinase 
activity

Optimum temperature for immobilized pectinase activity was 
determined by incubating immobilized pectinase enzyme, with 
0.5% PGA at various temperatures ranging from 0˚C to 80˚C in Tris 
buffer (pH 9.0) for 30 mins. Further DNSA method was followed as 
mentioned above to determine activity of immobilized pectinase.

Reusability of Immobilized marine pectinase

To check reusability of Immobilized marine pectinase, 0.07gm 
of immobilized nylon sample was soaked in tris buffer and 
Polygalacturonic acid (substrate); and incubated for 30 mins at 40˚C 
to carry out pectinase assay. After incubation and before adding DNSA 
reagent, the nylon fabric sample was removed using forceps from 
test tube and washed with D/W to evaluate further residual pectinase 
activity. This procedure was repeated until pectinase activity was 
decreased upto 25% of initial immobilized pectinase activity. 

Statistical analysis

It is to be noted that all the experiments were conducted in triplicate 
and results were expressed as mean ± standard deviation. Student’s T 
test was used to analyse data and statistical significance was declared 
at p<0.05.
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Results and discussion
Effect of HCl concentration on hydrolysis of nylon

Nylon-6,6 has only few free end groups which could be used for 
covalent attachment of enzyme molecules. In order to increase the 
amount of potentially reactive groups on nylon 6,6 surface; it was 
subjected to partial acid hydrolysis. Acid hydrolyzes amide (–CO–
NH–) groups that lead to the increase in the yield of free amino and 
carboxyl groups on the polymer surface. Both the carboxyl and amino 
groups of the partially hydrolyzed nylon can be used for the direct 
attachment of the enzyme molecules. Various chemical reactions 
have been utilized in enzyme immobilization.24 Although the reaction 
mechanisms are varied, most of them select amine groups in enzymes, 
including -NH2 of lysine residue and the -NH2 terminal, as the reaction 
target. The reason is, first most of the proteins show many lysine 
residues that are usually not involved in catalytic site. Secondly amine 
groups are polar and they are usually exposed to the medium on the 
protein surface. Finally, amino groups, when they are unprotonated, 
are very reactive, without previous activation.25

To determine optimum HCl concentration, activity of immobilized 

pectinase was determined, using each concentration of HCl. As can be 
seen from (Figure 1) (Figure 2), 3M HCl was found to be optimum to 
achieve hydrolysis of nylon. Increasing concentration of HCl to 4M 
lead to no appreciable increase in immobilized enzyme activity. Using 
both scheme I and scheme II, 3M HCl concentration was taken as 
optimum concentration to achieve maximum immobilized pectinase 
activity. It is also reported 2.9 M HCl to be optimum to achieve 
hydrolysis of nylon 6,6.26 

Effect of treatment time on hydrolysis of nylon by HCl

Treatment time of 60 minutes was found to be optimum to achieve 
maximum immobilization yield of marine pectinase both in presence 
and absence of spacer (Figure 3)(Figure 4). Prolonged hydrolysis of 
nylon using 3M HCl, lead to no appreciable increase in immobilized 
pectinase activity. Prolonged hydrolysis must have generated more–
NH2 groups leading to multiple binding sites linked to individual 
pectinase molecules. This in turn might lead to some inactivation 
of the marine pectinase or modification or masking of catalytic sites 
which would be consistent with the fall in apparent activity at longer 
hydrolysis times

Figure 1 Effect of acid hydrolysis on immobilization of marine pectinase in 
presence of spacer.

Figure 2 Effect of acid hydrolysis on immobilization of marine pectinase in 
absence of spacer.

Figure 3 Effect of treatment time on hydrolysis of Nylon by HCl in presence 
of spacer.

Figure 4 Effect of time on hydrolysis of Nylon by HCl in absence of spacer

Effect of glutaraldehyde concentration on pectinase 
immobilization

1.25% and 2.5% glutaraldehyde solution prepared in Tris buffer 
were used as cross linking agent for immobilization of pectinase 
enzyme. The role of glutaraldehyde is considered to be a cross linking 

agent wherein, the proximal aldehyde group in each glutaraldehyde 
molecule would link in the classical Schiff’s base fashion with the 
amine groups of the spacer molecules, leaving the distal aldehyde 
group available for covalent enzyme coupling. Different scientists 
have reported different concentrations of glutaraldehyde for 
immobilizing different enzymes on various supports.
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As can be observed from Figure 5 and Figure 6, 2.5% 
glutaraldehyde is optimum to achieve maximum immobilization yield 
both in presence and absence of spacer than 1.25% glutaraldehyde. 
It is indicated that low concentrations of glutaraldehyde were not 
able to form sufficient crosslinkages to effect precipitation of the 
enzyme.27 At higher concentrations; the extent of crosslinking was 
high enough to form a tight structure by excluding water molecules 

to insolubilize the enzyme derivative. However, higher concentration 
of glutaraldehyde leads to negligible immobilization yield of marine 
pectinase. This may be because of extensive cross linking those results 
in distortion of enzyme structure. With this distortion, the accessibility 
and accommodation of the substrate may be reduced, thus affecting 
the retention of biological activity.28

Figure 5 Effect of glutaraldehyde concentration on pectinase immobilization 
in presence of spacer.

Figure 6 Effect of glutaraldehyde concentration on pectinase immobilization 
in absence of spacer.

Thus it was observed that immobilization yield of marine pectinase 
on nylon is higher in presence of spacer, 1,6 hexanediamine. The 
introduction of a hydrophilic spacer could increase the immobilized 
enzyme’s stability.

The other purpose of using a spacer is to enable the immobilized 
enzyme to be in a less tight spatial confirmation, i.e. providing more 
space between the cross-linked enzyme molecules and the surface 
of the support matrix to facilitate the said molecules maintain their 
predetermined spatial arrangement for proper enzyme function. 
Moreover, the presence of an amino containing spacer, such as 
1,6 hexanediamine, will increase the binding points on the carrier 
resulting in enhancement in immobilized activity.26

Effect of pH on activity of immobilized pectinase

As can be observed from Figure 7, pH 9 is found to be optimum for 
maximum immobilized pectinase activity. Free pectinase also showed 
maximum activity at alkaline pH 9.0. Further line graph for effect of 

pH on free and immobilized pectinase follows similar pattern.

Effect of temperature on immobilized pectinase

The optimum temperature of the free pectinase was 60˚C but 
after the immobilization via crosslinking on nylon, a shift in such 
temperature was observed and the immobilized pectinase exhibited 
the highest activity at 80˚C (Figure 8), since hydrophobic and other 
secondary interactions of the immobilized enzyme might impair 
conformational flexibility needing higher temperatures for the enzyme 
molecule to recognize and attain a proper conformation in order to 
retain its reactivity.29 Thereafter, a loss in activity above 80˚C might 
be due to the denaturation of some enzyme molecules.

Lower activity of the immobilized pectinase has been observed 
during these assays as compared to the free enzyme. It might be due 
to decreased affinity of pectinase for the substrate caused by internal 
diffusion of the immobilized enzyme.30

Figure 7 Effect of pH on immobilized pectinase. Figure 8 Effect of temperature on immobilized pectinase.

Reusability of enzyme

Pectinase enzyme immobilized on nylon could be used successfully 
up to 3 wash cycles. To determine reusability of pectinase, residual 
activity of immobilized pectinase was determined after each wash 

cycle. After 3 wash cycles immobilized pectinase showed 25% of its 
initial activity. Thus the immobilized enzyme activity decreased with 
increasing number of uses. These results could be explained by the 
inactivation of enzyme caused by the denaturation and the leakage 
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of enzyme from support upon use and diffusion inside the matrix 
limiting accessibility of enzyme.31 As an outcome, the immobilized 
enzyme offers repeated uses whereas the free enzyme can only be 
used one time except when recovered from the reaction mixture 
without any denaturation.32 The immobilized pectinase retained more 
than 75% residual activity after first cycle; 39% on its second cycle 
and 21% after third cycle.

Conclusion
Marine environment represents untapped and rich source of both 

chemical and biological diversity. Marine microorganisms have 
evolved greatest metabolic and genetic diversity in order to adapt 
to extreme conditions. In order to increase reusability of marine 
pectinase, it was immobilized on knitted nylon 6,6, fabric using 
glutaraldehyde as cross linking agent. Under optimized conditions 
immobilization yield was found to be 78% and 69% in presence and in 
absence of spacer respectively. Immobilized pectinase showed higher 
optimum temperature as compared to free pectinase while optimum 
pH remained same. Immobilized pectinase biocatalyst could be used 
repetitively up to 3 cycles.

Thus, it can be stated extracellular pectinase produced by marine 
B. subtilis was successfully immobilized on nylon 6,6. 
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