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Abstract
Free enzymes do not possess properties of recovery and reusability, and also they 
are not stable at wide pH and temperature range. Therefore, new ways which can 
enhance enzyme stability and reusability should be developed, and hence, the 
immobilization technique is one such approach. These immobilization tech-
niques offer such materials which have the ability to be active in the much wide 
range of pH and temperature, and also they are more stable than the free enzymes. 
Immobilization is carried out on the nanosized material either by adsorption, 
covalent coupling, entrapment, encapsulation or cross-linking. These 
nanomaterial-immobilized enzymes show several advances over the free enzymes 
because of large surface area-to-volume ratio, lower mass transfer resistance and 
high mobility. Several nanomaterials are used for immobilizing the enzymes; 
however, their recovery from the reaction mixture is very poor. Therefore, the 
magnetic nanomaterials are more attractively used in immobilization because the 
enzyme immobilized through magnetic nanomaterial has the tendency to be eas-
ily separated out from the reaction mixture. These nanomaterial-immobilized 
enzymes show wide range of applications in biotechnology, bioanalysis, bio-
medicine, pathology and biosensors.
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8.1	 �Introduction

Enzymes are protein molecules that enhance the rate of biochemical reactions, but 
they are not used up during the reactions. Enzymes are biological catalyst and show a 
lot of dominance over any chemical catalyst. Besides having high catalytic efficiency, 
enzymes are also chemoselective, regioselective and stereoselective, and hence, they 
are widely used in the industries (Gupta et al. 2011). Enzyme can catalyse several 
chemical and biochemical reactions. Mankind has used enzyme in the processing of 
food from several millennia. Various raw materials such as oils, fats, carbohydrates, 
proteins, vitamins, lignin and amino acids are used for the production of several bio-
renewables. These compounds are also important in our daily life in the form of wood, 
paper, starch, rubber, fabrics and some other biorenewable materials. However, the 
enzymatic actions on these raw materials are needed for their transformation into 
biorenewables under some mild and sustainable conditions (Franssen et al. 2013).

The present-day development and success widely depend on the synthesis of 
chemicals and their production at industry level in the presence of enzymes. This 
success is due to the increased number of enzymes and their applications in a wide 
range of processes (Hanefeld et al. 2013). Enzymes show diverse applications in 
dairy products: in the preparation of wine, beer, fruit and vegetable juices and in 
the preparation of paper and pulp. Enzymatic pathways are cost-effective, sustain-
able and environment friendly. However, the free enzymes have very poor stability 
towards high temperature and pH, and hence, there are only restricted possibilities 
of their recovery as well as reusability. In order to remove these limitations and to 
turn the enzyme activity into industrial applications, numbers of approaches have 
been tried, and immobilization technique is one such tool for this purpose. These 
increase the stability of enzyme, its selectivity and also its reusability with the 
emerging tools. A number of immobilization techniques are available that can uti-
lize newly developed materials that offer high biocatalytic activity and favourable 
environments that are necessary for the action of immobilized enzymes. In the 
presence of these favourable environments, activities and stability of enzymes are 
improved for any applications in comparison to free enzymes because of much 
wider range of pH and temperature available (Mateo et  al. 2007; Goldberg and 
Kolibas 1990; Iyer and Ananthanarayan 2008; Brady and Jordaan 2009; Stepankova 
et al. 2013; Chibata 1978). A powerful approach for immobilization of enzymes is 
by the use of nanomaterials (Franssen et al. 2013). Materials that range from 1 to 
100 nm in particle size and show different characteristics from their bulk precur-
sors are called nanomaterials. According to ISO (2015), nanomaterials are defined 
as materials having external dimension in nanoscale, or materials having internal 
structure or their surface structure in the nanoscale. Nanomaterials have extremely 
small dimensions, and hence, they allow us to take advantage of unique physical, 
chemical, optical, electronic and mechanical properties that are present at 
nanoscale. For the immobilization of enzymes, nanomaterials are used because 
they can make up a novel and attractive matrices. Enzymes immobilized on these 
matrices are highly impactful in the today’s research due to the high 
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surface-to-volume ratio of nanomaterials and their Brownian motion. Carbon 
nanotubes, superparamagnetic nanoparticles and some mesoporous materials are 
used as some important category of matrices.

There are number of reports of micro- and nanomaterials that have various appli-
cations in biotechnology and biomedicine due to their incredible potential in delivery 
systems and targeting, and it also shows advantages in biosubstance binding (Inès 
and Dhouha 2015; Kuthati and Kankala 2015; Wang et al. 2015; Löhr et al. 1998). 
There are some examples of different processes occurring on industrial scale that are 
using immobilized enzymes including high-fructose corn syrup production (Gupta 
et al. 2011). A number of substrates such as fatty acids, carbohydrates, proteins, rub-
ber and their building blocks are utilized in the creation of biorenewables in the pres-
ence of any immobilized enzymes. The renewable produced in this way shows a 
wide range of applications, that is, they are acting as building blocks for several 
industries such as in dairy, textile industries, pharmaceutical and polymer industry 
and the preparation of additives for food industries. They are also showing several 
bioanalytical and biomedical applications because they are utilizing immobilized 
antibodies or antigens. They may make use of some immobilized receptors or ligands 
and also a variety of immobilized cells. Immobilized antigens or antibodies are used 
in affinity chromatography, and immobilized receptors or ligands are used in biosen-
sors. In the last few decades, biocatalysis has emerged as an important tool in order 
to meet the demand for green as well as sustainable synthesis of chemicals that 
mainly involves the production of pharmaceuticals, vitamins, flavours, fragrances 
and some other specific chemicals. Additionally, the system of the immobilized 
enzyme is useful either in aqueous or media with low water content in the field of 
biocatalysis or in resolution of racemates (Wang 2006; Chiang and Sung 2006; 
Mikhaylova et al. 2004; Kim et al. 2003; Gao et al. 2003; Dyal et al. 2003; Gardimalla 
et al. 2005; Zhang et al. 2008; Wang et al. 2009; Lee et al. 2008; Netto et al. 2009).

8.2	 �Synthesis of Nanomaterials

Nowadays, researchers and scientists are working together to develop some new 
materials having some superior properties, more functionality and lower cost than 
the on-hand materials. Several physical, chemical and physiological methods have 
been tried to boost up the performance and behaviour of nanomaterials. Several 
approaches have been tried for synthesizing nanomaterials in order to get control 
over distribution of nanoparticles and their particle size (Shibata et al. 1998).

8.2.1	 �Different Approaches for the Synthesis of Nanomaterials

There are two general approaches that are widely involved in the nanomaterial syn-
thesis and the manufacture of different nanostructures. These two main approaches 
are represented in Fig. 8.1.
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8.2.1.1	 �Top-Down Approach
This route generally entails breaking of larger particles into smaller ones, and this 
can be achieved by using several forces like crushing, milling or grinding. 
These approaches use larger or macroscopic structure as the initial material that is 
controlled during the processing of nanostructures from the outside. Although this 
approach is used in the synthesis of nanomaterials, this route is generally not appro-
priate for the preparation of materials having uniform shape. However, the major 
problem with this approach is the limitation in the surface configuration. Such limi-
tations or imperfection would have a considerable impact on physical properties and 
surface chemistry of nanostructures and nanomaterials. These approaches are also 
slow and hence are not suitable for the production at large scale.

8.2.1.2	 �Bottom-Up Approach
Bottom-up approach involves the synthesis of material from the bottom: atom-by-
atom, molecule-by-molecule or cluster-by-cluster. In these approaches, material 

Atoms

Cluster of atoms

Nanoparticles

Bulk material

Powdered material

Nanoparticles

Top-down Approach Bottom-up Approach

Fig. 8.1  Scheme showing top-down and bottom-up approaches that are used in the synthesis of 
nanoparticles
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components are firstly miniaturized up to their atomic level which later on con-
struct the nanostructures by self-assembling. During the self-assembly process, 
numerous substantial forces are operating at nanoscale that is used for uniting the 
fundamental units into the larger established structure. This route is mostly used 
for the preparation of the nanoscale materials, and it shows the ability for the 
generation of a uniform size, shape and distribution of the nanomaterials. It has 
the ability to control the reaction to inhibit the growth of particles further. 
However, the bottom-up approach is not showing any novelty, but the fabrication 
and processing of nanostructures and nanomaterials can be easily achieved by 
these approaches. Researchers always feel challenging to control the particles 
size distribution, purity, morphology, quality and quantity to a better extent during 
the synthesis of nanomaterials through environment friendly and economical 
processes (Cao 2006).

8.2.2	 �Methods Involved in Nanomaterial Synthesis

The top-down and the bottom-up approaches that are used in the synthesis of nano-
materials offer several diversities in the synthesis methods which result in the diver-
sities in the product. There are several methods, namely, physical, chemical, 
biological or hybrid, that are widely used in the synthesis of nanomaterials such as 
nanoparticles, nanotubes, colloids, thin films, quantum dots or nanorods. These dif-
ferent methods are shown in Fig. 8.2.

8.2.2.1	 �Physical Methods
Nanomaterials can be synthesized via physical methods through evaporation and 
condensation or by applying mechanical pressure and high-energy radiation or by 
using thermal or electrical energy for the abrasion of the material. These methods 
are generally based on the top-down approach. Physical methods that are generally 
used for the synthesis of the nanomaterials are laser pyrolysis, spray pyrolysis, high-
energy ball milling, physical vapour deposition, melt mixing, laser ablation, sputter 
deposition, electric arc deposition, ion implantation, etc. These methods show sev-
eral advantages as they can generate uniform monodisperse nanoparticles, and also 
they are free from the contamination through solvent. However, during the synthesis 
processes, profuse amount of waste is produced; hence, the physical methods may 
be treated as uneconomical (Dhand et al. 2015).

8.2.2.1.1  High-Energy Ball Milling (HEBM)
HEBM was first time used by John Benjamin in 1970 for the synthesis of alloys 
strengthened with the oxide dispersion. This method is capable for synthesizing 
nanoparticles having a lot of variation in their shape and sizes (Dhand et al. 2015; 
Xing et al. 2013). The HEBM route involves the transfer of kinetic energy from the 
moving balls to the milled material. Due to this transfer of kinetic energy, bond 
breaking will take place, and hence, the new surface will be generated by the break-
down of milled materials into the smaller particles (Fig. 8.3a). HEBM process is 
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also considered a mechanochemical process of synthesis because this method is 
based on the conditions of temperature and pressure. Nowadays, nanomaterial syn-
thesis using HEBM method is carried out in either the presence or absence of 
surfactant (Fig. 8.3b) (Dhand et al. 2015; de Carvalho et al. 2013). However, the 
synthesis of nanoparticles through HEBM method in the presence of surfactant is 
widely used because in the presence of surfactant, we can get precise particle size 
and their morphology (Dhand et al. 2015; de Carvalho et al. 2013) (Fig. 8.3).

8.2.2.1.2  Melt Mixing
In this method, nanomaterial synthesis can be carried out by mixing the modified 
form of nanofillers with the polymer mechanically (Karak 2009). Melt mixing 
method is widely used because this method is highly compatible for different indus-
trial processes and is also environment friendly (Lin et al. 2006). Melt mixing tech-
nique was used by Zuhal et al. for the synthesis of polypyrrole with polypropylene 
nanocomposite nanoparticles (Sevil and Zuhal 2010). Weiss et  al. synthesized 
hybrid nanoparticles by mixing hydroxybenzoate (HBA) and hydroxynaphthanoate 
with the zinc salts of sulfonated ionomers of polystyrene. This involves the chemi-
cal bond formation between the polyester and the residual zinc acetate as it is car-
ried out at high temperature (Lee et al. 2005).

Different methods for
nanomaterial synthesis
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High Energy
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Fig. 8.2  Flowchart representing different methods for nanomaterial synthesis
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8.2.2.1.3  Laser Ablation
In laser ablation method, vaporization of material is carried out by using laser light 
(Chen and Yeh 2002). After vaporizing the material, nanomaterial can be obtained 
in the colloidal solution form. It is a very easy and fast method for synthesis of the 
nanomaterials. It is also environment friendly and hence considered a green method. 
In this method, we are also able to introduce some organic moieties on the surface 
of the nanoparticles (Dhand et al. 2015; Singh and Gopal 2007).

8.2.2.1.4  Physical Vapour Deposition
Physical vapour deposition consists of group of processes that are used for the pro-
duction of nanoparticles and for the deposition of thin layers of materials. These 
thin layers generally lie in the nanometre or micrometre range. In PVD technique, 
mainly three steps are involved: (1) the first step involves vaporization of the materi-
als that are mainly from solid source; (2) in the second step, vaporized material is 
transported; and (3) the third step is the nucleation and growth for the generation of 
thin films and nanoparticles (Okuyama and Lenggoro 2003). Some of the frequently 
used PVD methods for synthesizing the nanomaterials (Hatakeyama et  al. 2011; 
Veith et al. 2007; Bouchat et al. 2013; Asanithi et al. 2012; Ichida et al. 2014; Ghosh 
et al. 2007; Veith et al. 2005; Ramalingam et al. 2013; Zhang et al. 2004; Takahashi 
et al. 2004; Dmitrieva et al. 2006; Stellacci et al. 2002; Hsieh et al. 2010; Naessens 

Fig. 8.3  (a) It represents the high-energy ball milling scheme of nanomaterial synthesis and (b) 
representation of nanoparticle synthesis through HEBM system in the presence and absence of 
surfactant. (Dhand et al. 2015)
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et al. 2001; Ong et al. 2008; Andrea et al. 2009; Jing et al. 2014) are (i) sputtering, 
(ii) vacuum arc, (iii) pulsed laser deposition and (iv) electron beam evaporation.

8.2.2.2	 �Chemical Method
For the synthesis of nanomaterials, several chemical methods are also used such as 
hydrothermal synthesis, chemical vapour synthesis, sol-gel method, chemical 
vapour deposition, microemulsion technique and polyol synthesis.

8.2.2.2.1  Sol-Gel Method
The term sol gel consists of two components: ‘sol’ and ‘gel’. The sol is a col-
loidal suspension in which the dispersed phases are solid particles while the 
dispersion medium is liquid. However, the gel is a polymer containing liquid. 
Hence, in this process, ‘sols’ are formed in the liquid phase. During the first step 
of the sol-gel process, hydrolysis takes place wherein the presence of water 
bonds of the precursor molecules is disintegrated (Sol-gel science: the physics 
and chemistry of sol-gel processing 1990). After hydrolysis, condensation occurs 
allowing nanomaterials to form. Finally, water is removed for the generation of 
the final structure of the material (Behnajady et al. 2011). Synthesis of nanopar-
ticles by the sol-gel method is widely dependent on different experimental condi-
tions; therefore, the reflux temperature, reflux time, solvent percentage or 
calcination temperature should be optimized.

8.2.2.2.2  Microemulsion Method
Microemulsions are homogenous, and transparent dispersion consists of mainly 
three components: polar phase, nonpolar phase and surfactant. Polar phase gener-
ally includes water, and the hydrocarbon liquid or oil is used as nonpolar phase. 
Surfactant molecules are used so that (i) separating layer may be created between 
the polar and the nonpolar phase and (ii) interfacial tension may be reduced between 
the microemulsion and the excess phase. This technique is mainly used for the prep-
aration of inorganic nanomaterials that may be Au, Pt and Pd nanoparticles (metal 
nanoparticles); BaCO3, SrCO3 and CaCO3 nanoparticles (metal salt nanoparticles); 
CdS, PbS, CuS, CdSe and Cu2S nanoparticles (semiconducting metal sulphite 
nanoparticles); and ZrO2, GeO2, TiO2, Fe2O3 and SiO2 nanoparticles (metal oxide 
nanoparticles) (Solanki and Murthy 2011; Zhang et  al. 2006). Au nanoparticles 
were synthesized from Au(III) ions by its reduction in the presence of alkaline solu-
tion of 2,7-dihydroxynaphthalene (DNP).

8.2.2.2.3  Hydrothermal Method
This method generally involves the fabrication of nanoparticles of some metal 
oxide, lithium iron phosphate and iron oxide. In this method, we have control over 
the different properties of the particles by varying the conditions of pressure and 
temperature (Hayashi and Hakuta 2010). This method is carried out in vessel called 
autoclave that is operated under high pressure, and the reaction is carried out in the 
aqueous solution. In hydrothermal method, by taking care of the reaction tempera-
ture, pressure, solution composition, solvent properties, etc., we have better control 
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over the particle size as well as morphology (Abedini et al. 2013). Hydrothermal 
synthesis is generally carried out in two types of systems that are continuous 
hydrothermal and the batch hydrothermal processes. Du et  al. synthesized Pt 
nanoparticles by hydrothermal method through one-pot synthesis (Du et al. 2014). 
Hydrothermal method is also widely used for the synthesis of iron oxide (Fe3O4, 
Fe2O3), copper oxide, silver oxide, zinc oxide and nickel oxide nanoparticles (Liu 
et al. 2015; Tadic et al. 2014; Sue et al. 2011).

8.2.2.3	 �Biological Method
The biological method or biosynthesis creates low toxicity and is cost-effective and 
also environment friendly. Hence, it is considered a green synthesis method. In 
these methods, several bio-organisms such as bacteria, viruses, fungi, yeast, plant 
extracts, etc. are involved in the production of metal and metal oxide nanoparticles. 
This biosynthesis method can be categorized into three major parts.

8.2.2.3.1  Biosynthesis Using Microorganisms
In this method, several microorganisms are used in the synthesis of nanoparti-
cles. Target ions from their environment are captured by the microorganisms, and 
then, the metal ions are converted into their elemental form through several 
enzymes produced through cellular activities. Depending on the location of 
nanoparticle synthesis, it is further classified as extracellular and intracellular. In 
the intracellular method, metal ions are transported into the inside of the micro-
bial cell for the formation of nanoparticles, whereas in extracellular synthesis 
method, metal ions are trapped on the surface of the cell followed by reduction 
in the presence of enzymes (Zhang et al. 2011). Bacteria can reduce the metal 
ions by utilizing several functional groups, proteins, enzymes and also some 
reducing sugars (Nanda and Saravanan 2009). Biosynthesis by utilizing fungi 
has several advantages over other microorganisms: (i) it can show high bioaccu-
mulation, (ii) it is economically viable, and (iii) it also shows easy handling of 
biomass (Mukherjee et al. 2001).

8.2.2.3.2  Nanomaterial Synthesis Using Biomolecules as Templates
Several biomolecules such as nucleic acid, viruses, membranes, etc. are used as 
templates in the synthesis of nanomaterials. DNA is considered one of the most use-
ful templates in the synthesis process as it shows very strong affinity with the transi-
tion metal ions. Au nanoparticles are formed by incorporating gold, Au (III) metal 
ions to DNA. In this process, reduction of Au (III) occurs, and hence, the Au atoms 
and metal cluster developed which will result in the formation of nanoparticles on 
the chain of the DNA (Zinchenko et  al. 2014). Similarly, Ag nanoparticles were 
synthesized by Kundu et al. by using DNA as a template. These Ag nanoparticle 
clusters that have developed on the surface of the DNA also show good catalytic 
activities in the reduction of some aromatic nitro compounds (Kundu 2013; Kundu 
et al. 2008; Kundu and Nithiyanantham 2014).

Biological membranes are also used as templates in the synthesis of nanoparti-
cles because they are having ultrafine pores in their structure. In the synthesis of Au 
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nanoparticles, rubber membrane prepared from the Hevea brasiliensis trees is used 
as template where reduction of Au (III) takes place at 80 °C (Cabrera et al. 2013).

8.2.2.3.3  Nanomaterial Synthesis Using Plant Extracts
The generation of nanomaterials from the plant extracts is eco-friendly and a rapid 
process. Hence, this method is widely used for the synthesis of nanoparticles of 
noble metals, metal oxides and some bimetallic alloys (Iravani 2011). Gold nanotri-
angles were synthesized by using lemongrass leaf extract. For this preparation, 
Shankar et al. treated the lemongrass leaf extract with the aqueous solution of the 
AuCl ions (Shankar et  al. 2014). In a similar way, the leaf extract of Aloe vera, 
Tamarindus indica and Emblica officinalis and leaf extract of some other plants are 
also used for the synthesis of the Au nanoparticles (Chandran et al. 2006; Ankamwar 
et al. 2005a; b). Some other nanoparticles such as Pd nanoparticles and Pt nanopar-
ticles were also synthesized by using the extract taken out from different parts of 
diverse species of plants (Coccia et al. 2012; Sathishkumar et al. 2009). Shankar 
et al. also synthesized Ag nanoparticles from the leaf extract of Azadirachta indica 
and also from the fruit extract of Emblica officinalis (Ankamwar et  al. 2005b; 
Shankar et al. 2004).

8.2.2.4	 �Hybrid Method
In this category of nanomaterial synthesis method, physical, chemical and bio-
logical are all involved. Hence, it is considered a hybrid method for the synthesis 
of the nanomaterial. It involves several methods such as chemical vapour deposi-
tion, chemical vapour synthesis or arresting of the particles in the glass or zeolites 
or polymers.

8.2.2.4.1  Chemical Vapour Deposition and Chemical Vapour Synthesis
In this method, solid films are deposited from the vapour phase through chemical 
reactions taking place at high temperature. This method was earlier used for the 
production of thin films. However, nanoparticles can also be produced by this 
method if the following conditions are optimized:

	 (i)	 In the hot wall reactors, the temperature should be kept high.
	(ii)	 The partial pressure of monomers should be kept high so that high supersatura-

tion can be achieved.
	(iii)	 Residence time should be kept slow.

This modified process is then called chemical vapour synthesis (CVS) or chemi-
cal vapour reaction (CVR) or chemical vapour precipitation (CVP) or chemical 
vapour condensation (CVC). During the synthesis process, either solid, liquid or 
gaseous precursors are converted to their vapour form (Swihart 2003). Chemical 
vapour synthesis method is generally utilized for the generation of nanoparticles by 
using several material such as ZnO, iron oxide, silicon oxide and copper oxides, 
Cr-doped zinc oxide, Al-doped zinc oxide, etc. (Hartner et al. 2009; Jin et al. 2007; 
Suffner et al. 2010; Lahde et al. 2011; Lee et al. 2009). One disadvantage of this 
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method is that high temperature is required for this method, and hence, there are 
difficulties in providing such high temperature.

8.2.3	 �Synthesis of Nanoparticles

Nanoparticles show wide range of applications as they are used in number of 
optical, electronic, and magnetic devices and also they are used as catalysts, adsor-
bents, sensors and ferrofluids. Most of these applications of nanoparticles depend 
on their size as well as their shape, and hence, the synthesis of nanoparticles should 
be carried out in such a way so that well-defined shape and size of the nanoparticles 
may be obtained. One of the very common techniques used is the formation of 
metallic colloid dispersions by the reduction of metal complexes. Sizes of nanopar-
ticles depend on the type of reducing agent used during its synthesis. If the reducing 
agent is strong, then the rate of reaction will be fast. Hence, the nanoparticles formed 
are of smaller size, but the nanoparticles formed will be of larger sized when we use 
a weak reducing agent because it induces slower rate of reaction.

Aggregation of nanoparticles can be prevented by the use of some polymeric 
stabilizers. These polymeric stabilizers form a single layer on the nanoparticle 
surface, and in this way aggregation can be prevented. These polymeric stabilizers 
are also called as capping material. But when we use polymeric stabilizers, the 
growth of nanoparticles gets inhibited because the monolayer of polymer has the 
tendency to significantly affect the process of growth by blocking the growth sites. 
Polymeric stabilizers also have the tendency to affect the shape of nanoparticles 
when they are used in different amounts.

8.2.4	 �Synthesis of Nanowires, Nanorods and Nanotubes

Several monodimensional nanomaterials like nanowires, nanorods and nanotubes 
can be synthesized by different techniques:

	(a)	 Spontaneous growth  – It involves various methods such as evaporation-
condensation, vapour-liquid-solid growth and stress-induced recrystallization

	(b)	 Template-based synthesis – The methods used here are electroplating, electro-
phoretic deposition, colloid dispersion, melt or solution filling and chemical 
reaction.

	(c)	 Electrospinning
	(d)	 Lithography

In spontaneous growth due to the preferential direction for crystal growth, there 
is formation of nanowires and nanorods in their single-crystal form.

Long ribbon-like nanostructures were synthesized by Pan et al. (2001) by evapo-
rating the metal oxide powders at high temperatures, and for this they used mainly 
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zinc, tin, indium, cadmium and gallium in their oxide form having semiconducting 
behavior (Pan et al. 2001).

One method for nanowire synthesis involves filling a template having cylindrical 
holes of size ranging in nanoscale. It is one of the most straightforward and common 
methods. It involves synthesis of nanowires into the cylindrical pores present at thin 
membrane by reducing the metal salt. This method has one advantage of producing 
nanowires and nanorods of controlled size when there is availability of template 
with homogeneous pores, and for this requirement, there are a number of permeable 
templates available that can accomplish such necessities (Martin 1994; Thurn-
Albrecht et al. 2000).

By using various techniques, several nanochannel silicon membranes are pre-
pared having pores in perfectly structured form, and such membranes of silicon are 
widely used in the synthesis of modulated-diameter gold nanorods. By using elec-
trodeposition techniques, this method has been adapted for the creation of nanorods 
having different metal segments. They are widely used for tagging molecules in 
analytical chemistry and in the field of biology (Ozin and Arsenault 2006).

Some nanorods have functional molecules introduced to its some selective loca-
tions, and these functional molecules which anchored nanorods have wide applica-
tions in the today’s research. One of the applications of this method involves 
functionalization of gold nanorod end with thiolated DNA.  The complimentary 
DNA is Rhodamine labelled and is coupled to the nanorods through its end. By 
using a similar approach, gold nanorods side are also functionalized with DNA, i.e. 
gold nanorods with DNA side functionalized are also created, and these are directed 
for self-assembling on complimentary DNA-functionalized gold surface sites with 
soft lithographic pattern.

8.3	 �Enzyme Immobilization

Our main aim for immobilization of enzyme is to improve the stability of enzyme 
and its handling as well as storage properties. Enzymes are utilized for their several 
applications where indigenous form of them is not possible. Biosensors based on 
enzyme reactions are used for their certain therapies, but the enzymes used for bio-
transformation in industries are based on the use of some stable biocatalysis. These 
necessities can be fulfilled by immobilizing the enzymes (Sheldon 2007; Tran and 
Balkus 2011; Garcia-Galan et  al. 2011; Hanefeld et  al. 2009). There are certain 
techniques available for effective immobilization of enzymes, and these can be 
achieved by (i) binding the enzyme molecules with solid carrier (support), (ii) 
embedding the enzyme in an open matrix (encapsulation) or (iii) cross-linking 
through physical or chemical interactions (Singh and Gopal 2007). These different 
techniques are represented in Fig. 8.4.

	(a)	 Binding to a support (carrier) involves several interactions that may be physical 
(e.g. hydrophobic and van der Waals interactions), ionic or covalent (Sheldon 
and van Pelt 2013; Cao 2005). However, among these several interactions, 

A. K. Singh and I. Tiwari



203

physical binding has no sufficient strength to hold the enzyme with the carrier 
during the rigorous industrial environment such as high concentration of reac-
tant and product and high ionic strength. Ionic interaction is somewhat stronger; 
however, the covalent bond between the enzyme and the carrier usually does not 
allow the leaching of enzyme through its surface. However, the covalent bond-
ing between the enzyme and the support has one limitation, that is the enzymes 
become irreversibly deactivated making the enzymes and the support useless. 
Some examples of support in immobilizing the enzymes are synthetic resins, 
biopolymers such as polysaccharides or inorganic solids such as mesoporous 
silicas or zeolites.

	(b)	 Encapsulation of enzyme can be performed in matrix of organic polymer such 
as polyacrylamide or in matrix of inorganic polymer such as silica sol gel or in 
a membrane device such as hollow fibre or a microcapsule. Entrapment can be 
done after synthesizing the polymer matrix when enzymes are being there. One 
example that shows this behaviour is that when immobilization of enzymes is 
performed in mesoporous silica which is already fabricated, the enzyme would 
be located inside the mesopores but this cannot be supposed as encapsulation; 

+

+

+

Nanomaterial

Enzyme

Polymer matrix

Enzyme

Cross-linker

Enzyme

Adsorption

Encapsulation
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(b)

(c)

Immobilized Enzyme

Immobilized Enzyme

Immobilized Enzyme

Fig. 8.4  Scheme showing different techniques for enzyme immobilization
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however, when enzyme is being there during the process of synthesis of a silica 
sol gel, the enzyme would be encapsulated.

	(c)	 The carrierless macroparticles can be prepared by cross-linking the enzyme 
aggregates or crystals having the bifunctional reagent. Cross-linked enzyme 
crystals (CLECs) (Roy and Abraham 2004) and cross-linked enzyme aggre-
gates (CLEAs) (Sheldon 2011) are some carrier-free immobilized enzymes. 
These approaches provide number of advantages such as high stability of 
enzyme, high enzyme activity or low costs of production, and hence it has the 
potential to replace other expensive carrier.

8.3.1	 �Active Nanomaterials in Enzyme Immobilization

The major advantage of nanomaterials in the immobilization of enzyme is that sur-
face area-to-volume ratio is high that increases the effectiveness of the enzyme. 
Large numbers of nanoparticles are already being employed in immobilizing the 
enzymes that leads to the construction of some nanostructured systems such as 
nanofibres, nanotubes, nanomaterials, nano hollow fibre materials and some nano-
porous material (Misson et al. 2014).

	(a)	 Sol-gel networks

Enzymes can be immobilized by embedding them through this sol-gel pro-
cess. During the process of enzyme immobilization, enzyme is added first to 
the sol materials and due to this structure of enzyme would be frozen. This 
enzyme becomes entrapped into the sol-gel network and is called xerogels that 
are fine powdered substance and stable from the mechanical point of view 
(Avnir et al. 2006).

	(b)	 Protein matrices

During the creation of protein-based matrices, enzymes are connected by cova-
lent binding, and there is a generation of cross-linking between the enzymes by 
some bifunctional agents. These materials actually do not have any solid carrier, but 
they are called nanostructured immobilized enzyme. This method shows a lot of 
advantages as it is simple and cost-effective and can be applicable for a number of 
enzymes. The major benefit of this method is that immobilized enzyme can be cre-
ated without any intermediate materials and also without the need for cleaning. 
However, this method shows some disadvantages also, that is, the enzymes are 
located on the outer surface, and hence, it may come in contact to the substrate 
without any problem, but the transport of material by the enzymes located inside the 
matrix is difficult. Another problem is that binding of cross-linked agents shows 
some negative effect on the structure of enzyme by disturbing the activity of enzyme, 
making it inactive.
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	(c)	 Nanofibres

Both inside and outside of the nanofibres created by electrostatic fibre produc-
tion are used to immobilize the enzymes. After creating the nanofibres, the enzyme 
solution is allowed to mix with the polymer solution when the immobilization is 
carried out inside the nanofibres. The enzyme immobilization can show stability, 
security and some better quality for the enzyme functionality when immobilization 
is carried out inside the nanofibres in comparison to the immobilization of enzyme 
on the outer side of the nanofibres.

	(d)	 Nanotubes

Nanotubes are used in electronic, optic fibres and in different sensors due to 
their mechanical, thermal and structural properties. These are among the largely 
used enzyme carriers that are especially used in the development of biofuel cells. 
Both the single-walled and multi-walled carbon nanotubes are broadly used for 
immobilizing the enzymes. Single-walled nanotubes are used because they show 
high surface area and hence act as successful carrier material for the enzymes, 
while the multi-walled nanotubes are used because of their ease in dispersion 
property. The interactions or the type of bonding involved in immobilization are 
covalent or secondary bonding. Adsorption occurs through H-bonding or hydro-
phobic or π-π interactions, and the advantage of adsorption is that original behav-
iour of both the enzymes and the support is conserved. But it may dissolve easily 
during the applications due to which catalyst may become free; however, the cova-
lent bonding gives more robust and durable association between the enzyme and 
nanotube (Feng and Ji 2011).

	(e)	 Magnetic nanoparticles

Successful immobilization of enzymes on magnetic nanoparticles is widely uti-
lized for diagnostic purposes such as in measurement of blood sugar, biological 
transformations with stereoselectivity, etc. Nanosized magnetic particles show 
number of beneficial behaviour. Therefore, the cross-linked iron oxide particles, 
monocrystalline iron oxide nanoparticles and ultrasmall superparamagnetic iron 
oxide are used as an imaging agent in magnetic resonance imaging. Nowadays, 
magnetic nanoparticles are used for immobilizing the enzymes because they have 
the tendency to be easily separated out from the reaction mixture, they have the 
tendency to enhance the stability of bioelement and they can also increase the stabil-
ity of enzymes. These magnetic nanoparticle-immobilized enzymes illustrate sev-
eral applications in biotechnology or in analytical devices such as biosensors or in 
nanomedicine where nanoparticles are used for ease in diagnosis and disease treat-
ments (Govan and Gunko 2014). Due to the advantage of magnetic nanoparticles in 
the ease of their separation, Liang et al. tried to immobilize the Candida rugosa 
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lipase (CRL) enzyme by using magnetic iron oxide nanoparticles modified with 
citric acid (CA-Fe3O4 NPs) in the presence of nucleotide-hybrid metal coordination 
polymers (NMCPs). Hence, the activity as well as stability of the CA-Fe3O4@Zn/
AMP nanofibres-immobilized CRL enzyme gets increased (Li et al. 2017). Their 
separation behaviour is shown in Fig. 8.5.

8.3.2	 �Immobilized Enzymes in Biotechnology

Enzymes show one of the attracting roles, that is, they act as natural biocatalysts due 
to the ability of enzyme to hasten the rate of all biological reactions, but they 
themselves are not consumed during the reactions. They also do not affect the 
equilibrium between the reactants and the products. However, the immobilized 
enzymes show a number of advantages such as they show ability of easy reusability 
and lower degradation in comparison to free enzymes available in solution. In addi-
tion to these advantages, the rate of reaction can be controlled and also prevent 
contamination of the substrate with enzyme or protein. Stability of enzymes can 
also be improved by expanding their half-life through immobilizing the enzymes. 
Immobilized enzymes can work in a broader range of environments that have the 
ability to increase the stability of enzymes against temperature, pH, contaminants 
and impurities. Enzymes after their immobilization show improved biocatalytic 
activity and efficiency that make them highly attractive and therefore show high 
applicability in numerous varieties of growing biotechnologies (Gerday et al. 2000; 
Bradley and Wang 2015; Kell et al. 2015; Joshi and Satyanarayana 2015; Tavano 
2013; Hyeon et al. 2013; Yu et al. 2015; Wendisch 2015).

Fig. 8.5  The behaviour of magnetic nanoparticle-immobilized CRL enzyme, i.e. CA-Fe3O4@Zn/
AMP CPs. (a) Before separation and (b) after separation. (Li et al. 2017)
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8.3.3	 �Immobilized Enzymes in Biomedicine

Immobilized enzymes or proteins are widely used for the detection and treatment of 
several diseases, and these show their applications in the field of medicine. Several 
immobilized antibodies, receptors and enzymes are used in the form of biosensors 
for analysing different biologically active compounds in diagnosis. Other use of 
immobilized enzymes in the field of biomedicine includes synthetic cells and the 
manufacture of some systems that are used in drug delivery for dosing of proteins 
or enzymes and are well controlled. The development of some enzyme-based 
electrodes is another important application of immobilized enzymes in the field of 
biomedicine. Those enzymes that are highly specific and reactive towards its 
substrate are widely used in biosensor. Hence, the biosensor developed has high 
reliability, sensitivity and accuracy, showing ease in their handling, and is of low 
cost in comparison to the usual analytical methods.

Some important applications of bioreactors that are broadly used in the field of 
medicine for human are:

	(a)	 In the poisoning of organophosphate, degradation of organophosphate can be 
done by the use phosphotriesterases (Chatterjee et al. 2014; Petrikovics et al. 
1999).

	(b)	 Alcohol dehydrogenase (ADH) and acetaldehyde dehydrogenase are used for 
the conversion of alcohol to its acetate form in the alcohol poisoning (Pei et al. 
1995; Magnani et al. 1993).

	(c)	 Repairing of damaged DNA in aging of skin and cancer by the use of DNA 
repair enzyme (liposome) (Yarosh et al. 1999; Yarosh et al. 1996).

	(d)	 In hypercholesterolemia, hydrolysis of phospholipids can be done by the use of 
phospholipase A2 (liposome) (Jørgensen et al. 1999).

8.4	 �Applications of Nanomaterials in Enzyme 
Immobilization

Nowadays, researchers are using two types of carriers (i.e. microcarriers and nano-
carriers) for immobilizing the enzymes so that the immobilized enzymes can be 
utilized for several biotechnological, biochemical, bioanalytical or biomedical 
applications. These micro- and nanocarriers are magnetic nanoparticles and 
cross-linked enzyme aggregates (CLEAs), respectively. However, among these 
two carriers, the magnetic nanoparticles show a number of applications in biomedi-
cal, bioanalytical, biophysical and biomedical field. Magnetic nanoparticles are 
widely used in these fields because the nanosized structures have smaller size, 
excellent magnetic properties and large surface area-to-volume ratio (hence, they 
have higher surface energy). Therefore, they are used as carriers to which different 
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active substances can easily bind. Several enzyme immobilization methods such as 
adsorption, chelating or metal binding, affinity binding or covalent binding help in 
the production of some efficient and stable magnetic nanoparticles bounded with 
enzyme. The development and synthesis of such materials have immense contribu-
tion in the present-day research in the form of imaging agents, sensors, drug delivery 
targets/vehicles and diagnostic tools. The application of nanomaterial in this field 
has enhanced the scope of studies.

8.4.1	 �Gold Nanoparticles as Enzyme Immobilization Templates

Gold nanoparticles are widely used in enzyme immobilization. When the aqueous 
gold nanoparticles are assembled on the surface of polyurethane (PU) spheres, it 
leads to the formation of [gold nanoparticle shell]-[polyurethane core] structure. 
The conjugation of gold nanoparticles occurs easily on the microspheres of polymer 
because nitrogen in the polymer interacts with the nanoparticles. One essential step 
in the core-shell structure protocols based on the polymer requires performing some 
additional modification on the surface of the polymer microspheres. Finally, the 
nanogold-PU material is allowed to make conjugation with enzyme such as pepsin 
which leads to the creation of a novel category of biocatalyst. In this way, the 
enzyme-conjugated material shows some enhanced biocatalytic activity and consid-
erably improved stability to withstand broader pH and temperature range in com-
parison to the free enzyme in solution. One another advantage of this pepsin 
bioconjugated gold nanoparticle-labelled polyurethane microsphere is that it can be 
separated out from the reaction medium without any difficulty and it shows higher 
reusability of the bioconjugate up to six reaction cycles. In DNA immobilization 
and detection methodologies, the use of such gold nanoparticle shell-PU core 
structures is currently being envisaged (Phadtare et al. 2003).

8.5	 �Conclusion

Enzymes show environmental friendliness, high selectivity, high specificity, low 
cost and mild reaction conditions, and hence, they have the potential to replace sev-
eral chemical catalysts. Enzymes are used as important biocatalysts, and hence they 
show wide applications such as in biosensors, pharmaceuticals, chemicals and 
foods. Due to low operational stability and short lifetime, enzymes have only lim-
ited applications. However, these limitations can be overcome by immobilizing the 
enzymes. Several materials have been tried for immobilizing the enzymes such as 
carboxyl-functionalized grapheme oxide, polyurethane foam support, SBA-15 and 
chitosan. However, the nanostructured carriers are attracting much attention of the 
researchers and are considered as ideal material for immobilizing the enzymes due 
to their specific surface area, high dispersibility and lower mass transfer resistance. 
Many nanomaterials have been used for immobilizing the enzymes so that 
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improvement should be achieved in the enzyme activity and stability. However, the 
recovery of nanomaterials is very difficult, and hence, they cannot be recycled. 
Therefore, the magnetic nanosupport would be the most excellent alternative so that 
recovery of nanostructured immobilized enzymes may become easy by using mag-
net as the separation medium. Therefore , the magnetic nanoparticles such as iron 
oxide as well as ferric oxide have been tried successfully for immobilizing the 
enzymes. In this way, the immobilization support has the tendency to increase the 
enzyme stability, activity, specificity, lifetime, productivity and structural rigidity.
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