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Abstract: The use of enzymes as biological catalysts has gained increasing importance in industries. Although
enzymes can be obtained from plant and animal origin, microbial enzymes have several advantages over enzymes
derived from other sources. Due to the high cost of separation of enzymes from product, the instability of enzymes
and reduced enzyme activity, several strategies are now been explored to develop immobilized enzymes.
Immobilized enzymes have been produced by cell immobilization techniques. Immobilized enzymes have found
several industrial applications where they provide the advantages of easy separation of the enzyme from the product,
reuse of the enzyme, convenient handling, high stability under extreme physical and chemical conditions, being
applicable for all types of reactors with varied interior design, and provides easier process control. However, despite
these advantages, enzyme immobilization techniques continue to pose some challenges. These challenges
notwithstanding, the development of industrial by-products based on immobilization techniques is very promising.
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Introduction

Enzymes are biological macromolecules that are
produced by living organisms which act as catalysts to
bring about specific biochemical reactions (Gurung et
al., 2013). With the exception of a small group of
catalytic RNA molecules, all enzymes are proteins
(Agarwal, 2006). Enzymes are classified as either
simple or complex. Simple enzymes are composed
only of proteins while complex enzymes are composed
of proteins and a relatively small group of organic
molecule known as the prosthetic group (Ajayi et al.,
2014). Enzymes are central to every biochemical
process where they act in organized sequences to
catalyze a hundred of stepwise reactions that degrade

nutrient  molecules, and make  biological
macromolecules from simple precursors (Ajayi et al.,
2014).

Microbial enzymes, due to the numerous
advantages they offer are more readily applied in
several industries such as food, for the clarification of
fruit juices, extraction of lycopene (Ajayi et al., 2015;
Ajayi et al., 2013) beverage, textile, pulp and paper,
pharmaceutical, agriculture, petroleum, medical
industries and in waste management. The current
demands of sustainable green methodologies have
increased the use of enzymatic technology in industrial
processes (Mohamad, 2015).

Due to the high cost of separating enzymes from
product, the instability of enzymes and reduced
enzyme  activity (Fernandez-Lafuente, 2017),
immobilization have now become an acceptable
technique in the production of many useful
metabolites including industrial enzymes.

Immobilization is a process by which an enzyme is
fixed to or within solid supports, creating a
heterogeneous immobilized enzyme system (Homaei
et al, 2013). It also refers to enzymes physically
confined or localized in a certain defined region of
space with retention of their catalytic activities, and
which can be used repeatedly and continuously
(Hassan et al., 2016).

History of Immobilized Enzymes

The technique of enzyme immobilization arose
after the discovery of biofilms by Anthony van
Leeuwenhoek which he initially described as
aggregated microorganisms in the ‘scurf of his teeth’
and ‘particles scraped off his tongue’ (Hoiby, 2014).
Scientists soon observed that microorganisms were
capable of normal physiological activities when
growing attached to surfaces as with their free-living
forms. However, it was not until 1978 that the term
‘Biofilms’ was coined by Bill Costerton (Chandki,
2011). Biofilms are surface attached microbial
communities consisting of multiple layers of cells
embedded in hydrated matrices (Kierk-Pearson and
Karatan, 2005). They are microbially derived sessile
communities characterized by the cells that are
irreversibly attached to a substratum or to each other
(Hassan et al., 2011).

Biofilms have been found growing on various
naturally occurring supports like rock immersed in a
stream, an implant in the human body, a tooth, a water
pipe or conduit etc. (Mahmoud and Helmy, 2009).
However, it was not until 1916 that the first
immobilized enzyme was reported by Nelson and
Griffin. They reported that invertase extracted from
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yeast and adsorbed on charcoal showed the same
activity as the native enzyme (Nelson and Griffin,
1916). Again in 1948 it was found that urease from
jack bean became water insoluble on standing in 30%
alcohol and sodium chloride for 1-2 days at room
temperature, and the water-insoluble urease was active
(Mahmoud and Helmy, 2009). During 1950s and
1960s, different methods besides adsorption were
employed in  enzyme  immobilization e.g
immobilization of aminoacylase from Aspergillus
oryzae in 1967 (Chibata et al., 1967). From 1960s, to
date more than 5,000 publications and patents have
been published on enzyme immobilization techniques
(Brena and Batista-Viera 2006). Today several
hundred enzymes have been immobilized using
different techniques and a good number of them are
being employed in industrial processes.
Enzyme Immobilization Methods

Enzyme immobilization techniques may be
carried out based on two broad approaches; reversible
and irreversible methods. In the reversible method, the
cell can easily be detached from the matrix/support
while in the irreversible method the cells cannot be
detached from the matrix/support without either
destroying the cell or the support (Elakkiya et al.,
2016).

Reversible Methods

e Adsorption

This is a non-specific physical interaction
between the enzyme protein and the surface of the
matrix brought about by mixing a concentrated
solution of enzyme with the solid (Abdelmajeed et al.,
2012). The method is most suitable for the
immobilization of viable cells. It is considered one of
the easiest techniques of cell immobilization (Hassan
et al., 2016). The enzyme is attached directly to the
matrix (based on the affinity of the enzyme for the
matrix) without washing. Advantages of this method
include ease at which it is carried out, low cost and the
fact that it is less disruptive to the enzyme since it does
not involve chemical interactions between the
functional groups which make up the active site of the
enzyme and the matrix/support.

e Entrapment

Entrapment is defined as the caging of enzymes
by covalent or non-covalent bonds within gels or
fibers (Datta et al., 2013). The gels for support should
be chosen such that it has the largest possible pore
volume to maintain its mechanical strength and pore
size suitable for fitting the enzyme to retain its optimal
structure to catalyze the transformation of the substrate
(Trevisan et al., 2000). Advantages of this method
include speed, relatively low cost and cause less
conformational change of the enzyme.

Irreversible Methods

e Covalent binding

Enzymes are joined through intermolecular
covalent bonds between chemical groups present on
the matrix and common chemical groups on the
enzyme (Heck et al., 2013). Matrices commonly used
are either natural (e.g. Sephadex, Agarose) or
synthetic (e.g. acrylamide, methacrylic acid, styrene)
(Dwevedi, 2016). The success of this method of
immobilization depends on the covalent bonds being
formed between reactive groups that do not make up
the active site of the enzyme in order to prevent a
conformational change in the enzyme structure thus
resulting in loss of enzyme activity. Advantages of the
method includes less desorption problem (i.e enzymes
leaking out of the support) and higher stability of the
immobilized enzymes.

e Cross-linking

This may also be referred to as co-
polymerization. The method carried out by cross
linking enzymes to each other using a cross linking
agent to produce a large, three-dimensional complex
structure (Ribeiro and Rabaga, 2011). The method
does not require the use of a matrix or support. This
method usually requires the chemical modification of
the surface of the support. Gluteraldehyde is the most
widely used cross-linking agent (Peng et al, 2017)
and has been successfully used to immobilize several
industrial enzymes e.g glucose isomerase and
penicillin amidase.

Choosing a Matrix

A matrix is a support that holds the enzyme or
cells for immobilization. A suitable matrix for
immobilization should be affordable, inert (should
neither react with the product or the support), have
physical strength, have the ability to increase enzyme
activity and reduce product inhibition (Singh, 2009). A
suitable support should also have a pore size small
enough to retain the enzyme and prevent desorption
but large enough to ensure all substrate to flow in ad
products to flow out. Mohamad et al (2015) grouped
into two major categories as organic (natural polymer,
synthetic polymers) and inorganic polymers (Table 1)

Table 1: Matrix/support for Enzyme Immobilization

Inorganic Polymers Organic Polymers
Ceramics Chitosan and chitin
Glass Gelatin

Silica Starch

Activated carbon Cellulose

Charcoal Alginate

Zeolite Collagen

Applications of Immobilized Enzymes

e Glucose Biosensors

A Dbiosensor can be defined as a “compact
analytical device or unit incorporating a biological or
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biologically derived sensitive recognition element
integrated or associated with a physio-chemical
transducer (Turner, 2000). Enzymes being highly
selective towards their substrates make them good
candidates as sensing elements in biosensors added to
the fact that their catalytic action remains unaltered till
the end of the reaction hence the sensors can be used
continuously (Patel et al., 2016). Glucose biosensors
have evolved to be more reliable, rapid, and accurate
and are also more compact and easy to use method of
monitoring patients’ blood sugar levels (Niraj et al.,
2012). Generally, glucose measurements are based on
interactions with one of three enzymes: hexokinase,
glucose oxidase (GOx) or glucose-1-dehydrogenase
(GDH) (Price, 2003) GOx is easy to obtain, cheap, and
can withstand greater extremes of pH, ionic strength,
and temperature than many other enzymes (Bankar et
al., 2009). The basic concept of the glucose biosensor
is based on the fact that the immobilized GOx
catalyzes the oxidation of B-D-glucose using dissolved
oxygen to produce hydrogen peroxide (Putzbach and
Ronkainen, 2013). The concentration of glucose can
be determined by measuring the amount of hydrogen
peroxide produced by the enzyme reaction (Niraj et
al., 2012; Yoo and Lee, 2010).

e Antibiotic Production

Benzylpenicillins and Phenoxymethylpenicillins
(Penicillins G and V, respectively) are produced by
fermentation and are the basic precursors of a wide
range of semi-synthetic antibiotics, e.g. ampicillin
(Bagherinejad et al, 2012). Enzymes have been
generally employed in industry for the hydrolysis of
penicillins G and V. Penicillin amidases (also called
penicillin acylases) have been particularly employed
for their ability to hydrolyse penicillins G and V
without causing the hydrolysis of the essential B-
lactam ring. A number of supports have been utilized
for immobilization of Penicillin amidase have been
obtained from E. coli including cyanogen bromide-
activated Sephadex G200. It is one of the earliest
successful processes involving immobilized enzymes
and is generally used in batch or semi-continuous
processes where it may be reused over 100 times
(Bagherinejad et al., 2012).

e Chill Proofing of Beer

During the manufacture of beer, organic
components such as proteins, polyphenols and
carbohydrates (a-glucans, B-glucans) may be present
which results in haze formation (Steiner et al., 2010).
Immobilized papain has been successfully used to
chill-proof beer (Venkatasueramanian et al., 1975).
The enzyme is capable of digesting dissolved
proteins—with amino acids as a by-product—and thus
increasing the clarity of beer. This immobilized-
enzyme treatment is carried out simultaneously during
process of fermentation (Homaei, 2015).

e Production of High Fructose Corn Syrup
(HFCS)

Immobilized glucose isomerase is employed on a
commercial scale in the hydrolysis of glucose to
fructose and is used in the corn syrup industry for
producing HFCS (Converti and Borghi, 1998). The
isomerization of glucose to fructose enhances the
sweetening power of the syrup as fructose is general
sweeter than glucose. Immobilization of Glucose
isomerase enhanced the stability of the immobilized
enzyme (Saha et al., 2009).

e Hydrolysis of Lactose

Lactose is the principal carbohydrate of milk.
However due to its poor solublity, low degree of
sweetness and inability to certain individuals to digest
it, the consumption of lactose is limited (Rosolen et
al., 2015). Undigested lactose in chyme retains fluid,
bacterial fermentation of lactose results in production
of gases, diarrhea, and bloating, abdominal cramps
after consumption of milk and other dairy product
(Mahmoud and Helmy, 2009). This situation may be
avoided if lactose is hydrolyzed by lactase to the
readily utilizable sugars, glucose and galactose to
produce lactase-treated milk and lactose-reduced milk.
Lactases are rather expensive. The high price makes it
essential that the enzyme be immobilized if they are to
be used in large-scale manufacturing processes.
Several methods and immobilizing agents are now
being employed; adsorption, crosslinking with
glutaraldehyde, and covalent coupling with a solid
carrier e.g alginate beads for the production of "high-
purity immobilized lactase for use in hydrolysis of
milk sugar" (Twaddell, 2014).

e C(Cleaning up Pesticide

Pesticides are regarded as the most effective
methods of controlling plant pests in conventional
farming practices. When applied, they are capable of
lowering production cost, improving the yield of crops
and reducing soil erosion (). However, the toxic nature
of some pesticides and their eventual adverse effect on
human health had led to the demand for green
methodologies that have increased the use of enzyme
technology in several industrial processes (Mohamad
et al., 2015). Currently, immobilized enzymes are
capable of breaking down a range of organophosphate
insecticides (Mahmoud and Helmy, 2009) making
them a more eco-friendly option for the control of
plant insect pest.

e Biodiesel Production

Biodiesel has continued to gain advantage over
fossil fuels in recent times due to its eco-friendly
nature as against fossil fuels with the several
environmental concerns associated with fossil fuels
(Khan and Alzohairy, 2010). Again biodiesel does not
produce sulfur oxide, carbon monoxide and soot (Iso
et al., 2001). Biodiesel produced by transesterification
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has attracted considerable attention for use as
renewable energy source (Tiwari et al., 2007). Lipase-
catalyzed transesterification is often preferred since
the glycerol is easily removed and the purification
process simple (Dizge and Keskinler, 2008).
Immobilized lipase could be employed in biodiesel
production with the aim of reducing production cost
by reusing the enzyme (Jegannathan et al., 2008).
Different immobilization supports like ceramics, silica
and zeolites has been used for lipase immobilization
(Yagiz et al, 2007). Immobilized enzyme treatment
not only reduces cost but also reduces environmental
pollution (Khan and Alzohairy, 2010).

Advantages of Immobilized Enzymes

e An Immobilized enzyme provides easier
product separation. Tischer and wedekind (1999)
reported that ease of separation of enzyme from
product simplifies several enzyme applications and
provides a more efficient reaction. This also
minimizes or eliminates the chances of protein
contamination of the product (Sheldon and van Pelt,
2013).

e An immobilized enzyme has reusability
(particularly for costly enzymes). Reuse of enzymes
provides cost advantages which are often an essential
prerequisite for establishing an enzyme-catalyzed
process in the first place (Tischer and Wedekind,
1999).

e Higher stability under extreme physical and
chemical conditions (Guisan, 2006). The stability of
the immobilized enzymes is based on the temperature
and time of reaction. For most immobilized enzymes,
the activity of the enzyme is retained throughout series
of cycles (Nisha et al., 2012). Immobilized enzymes
are generally more stable than the free ones, allowing
the repeated reuse of the biocatalyst (Flores-Maltos,
2011).

e An immobilized enzyme is applicable for all
types of reactors with varied interior design (Sheldon,
2007) and provides easier process control (Dwevedi,
2016). In all instances, immobilization of enzymes
allows for its reuse. Immobilization greatly simplifies
the design of the reactor and the control of the reaction
(Katchalski-Katzir, 1993). By simply filtering the
enzymes, it is easy to stop the reaction making it
possible to be used in all kinds of bioreactor designs
(Mateo et al., 2007).

Disadvantages of Immobilized Enzymes

Despite the many advantages associated with the
use of immobilized enzymes, immobilized enzymes
technology has raised various issues such as

e Lowering the activity of the enzyme due to
changes that may occur in the enzyme structure.

e The possibility of enzyme denaturation

e Additional cost of carriers

e Lower efficacy in the presence of insoluble
substrates (Dwevedi, 2016; Secundo, 2013).

However, the issues mentioned are not applicable
to all types of immobilization systems. Protein
engineering methodologies have been recommended
which may now be followed by immobilization for
establishing  robust  processes in  various
immobilization systems (Singh ef al., 2013).

Protein Engineering

Protein engineering is the process by which
novel proteins with desired properties are developed
(Chica, 2015). Protein engineering has helped to
develop commercially available enzymes into better
industrial catalysts. The technique aims at modifying
the sequence of a protein, and hence its structure, to
create enzymes with improved functional properties
such as stability, specific activity, and selectivity
towards non-natural substrates (Singh et al, 2013).
One of such protein engineering approaches is site-
directed mutagenesis.

Site-Directed Mutagenesis

Site-directed mutagenesis is an in vitro method
of choice for altering a gene or vector sequence at a
selected location (Hutchison et al., 1978). It is a
general method for systematically replacing amino
acids in an enzyme (Kohrer and RajBhandary, 2013).
Most common method of site-directed mutagenesis is
polymerase chain reaction (Trehan et al, 2016). In
site-directed mutagenesis, the primers are designed to
include the desired mutation which could be base
substitution, addition, or deletion. The mutation is then
incorporated into the amplicon, replacing the original
sequence during the PCR cycle resulting in the
synthesis of an entirely new protein.

Conclusion

The technique of immobilized enzymes is still at
an experimental. Several researches on enzyme
immobilization have been reported making it one of
the most promising techniques for highly efficient and
economic biotechnological processes. The increasing
cost associated with industrial processes will continue
to give rise for newer production methods for
minimizing cost making it even eminent that
immobilized enzymes will provide better advantages
for industrial applications.
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