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Abstract 
Immobilization is the term that expresses something immobilized or fixed. The process involves the 
immobilized biocatalyst, enzymes or cells that are physically fixed in a defined region for catalyzing a 
specific reaction with no loss of catalytic activity and with repeated use. Immobilization techniques of 
cells have properties such as high bio catalytic activity, long term stability of cells, and possibility of 
regenerating bio catalysts and low loss of activity during immobilization. Besides they improve enzyme 
properties by increasing stabilization and rigidity of 3D structures and reduce enzyme inhibition. 
Different immobilization techniques are presently in use today viz., physical adsorption, encapsulation 
and entrapment, cross-linking method and covalent binding. Immobilization finds extensive use in food 
industry mainly for starch processing. Cheese making, food preservation, lipid hydrolysis and other 
applications. Other than food industry, immobilization technique finds tremendous applications in 
pharmaceutical and biochemical industry. Besides biological waste water treatment by immobilization of 
catalysts, microbial adhesion has been studied intensely for water pollution treatment. However, cell 
immobilization system also presents some disadvantages on account of diffusion barrier properties of 
matrix and unrestrained growth due to cell begin in different growth phase that can burst the support 
matrix employed for entrapment of organism which may contaminate the product in production media. 
 
Keywords: cell immobilization, entrapment, encapsulation, enzymes 
 
Introduction 
Immobilization, by definition, is the term that expresses of making something immobile or 
fixed. In the first Enzyme Engineering Conference that was held at Henniker, NH, USA, in 
1971, it was defined that immobilized biocatalysts, enzymes, or cells are physically fixed in a 
defined region in order to catalyze a specific reaction with no loss of catalytic activity and with 
repeated use (Katchalski-Katzir and Kraemer 2000) [34]. Immobilization can also be defined as 
a key to optimization of the operational performance of biocatalysts in industrial processes 
(Sheldon 2007) [60]. 
The nature of cells (mainly prokaryotic cells) is lean to be mobile to access the free nutrients 
for its metabolism in its microenvironment. In some phase of their life cycles, some of them 
tend to attach themselves onto surface. Since immobilization can be described as any 
technique that limits the free movement of cells, the technique could enforce them to stay 
against their nature. Most microbial cells, by its very nature, tend to attach themselves onto a 
solid surface in some growth phase of their life cycles. In nature, cell immobilization occurs 
naturally by adhesion of cells to solid surfaces. In some industrial bioprocess flocculation, 
pellet formation and surface attachment can be considered as immobilization forms (Akin 
1987) [2]. 
Immobilization of cells must have properties such as a high biocatalytic activity, long-term 
stability of cells, possibility of regenerating biocatalyst, and low loss of activity during 
immobilization and fermentation. In addition, it also has low leakage of cells, non-
compressible particles, and high resistance to abrasion. It is also very desirable to be economic 
support matrix with high resistance to microbial degradation, with low diffusional limitation, 
high surface area, and appropriate density for the reactor type (Nussinovitch 1997) [49]. 
The production carried out in most industry with cell immobilization systems has a specific 
area of application in industry and immobilization techniques vary from cell to cell. 
Biocatalyst reactions by immobilized microbial cells, compared to immobilized purified 
enzyme systems, have numerous advantages such as less expense on separation, advantageous 
isolation and purification method, allows multistep reactions, enhanced stability of the enzyme  
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in its native state, longer enzyme activity in the presence of 
co-factors, and continued biosynthesis by cell (Jack and Zajic 
1997) [31]. Immobilization allows the cells to be used 
repeatedly and continuously, which helps the maintenance the 
high cell density during process and consequently reduces the 
cost of bioprocess. Immobilized cells are more resistant to 
shear stress since there is an additional support material to 
provide protection (Akin 1987) [2]. 
Biocatalysts often suffer many disadvantages compared to 
simple inorganic catalysis. Concentration of active biomass is 
sometimes lower than expected to carry out the reaction and 
this mostly leads to low reaction rates and increase the cost of 
recovery. However, immobilization can store more active 
biocatalyst per unit of reactor volume; as a result, it can 
reduce the cost and allow more efficient reactor design 
(Atkinson et al. 1980) [7]. 
Cell immobilization systems also present disadvantages 
depending on the area of application. The cells to be 
immobilized might have different activity and be in different 
growth phase to avoid their unrestrained growth, which can 
burst the thin layer of support matrix used for mostly 
entrapment of organism and this might contaminate the 
product in production media. This matrix might also cause a 
diffusion barrier so it is very essential to choose a matrix that 
is capable of holding high cell density and allows the 
diffusion between entrapped cells and culture media (Akin 
1987) [2]. 
 
Immobilization Techniques 
Immobilization techniques improve enzyme properties by 
increasing stabilization and rigidity of 3D structure, causing 
chemical modification, generating hyper-hydrophilic 
microenvironments and reducing enzyme inhibitions (Cho et 
al. 1981) [18]. 
 
Physical adsorption 
Physical adsorption occurs by dipole-dipole and hydrophobic 
interactions, van der Waals forces, or hydrogen bonding, and 
one of these interactions is used for immobilization depending 
on the natural properties of the substrate surface and the 
adsorbate (Ligler and Taitt 2011) [40]. Physical adsorption is 
the one of the easiest techniques used for immobilization in 
industry (Cao 2006) [15]. 
Physical adsorption is a simple and less expensive technique, 
which retains high catalytic activity; therefore, it is used more 
commonly than other methods. This technique also allows the 
reuse of expensive support materials; as a result, this 
reusability of the support material brings economic 
advantages for industrial productions. On the other hand, this 
technique does not offer high stability and might cause loss of 
biomolecules that is immobilized during washing and 
operation (Salleh et al. 2006) [59] 
 
Encapsulation and entrapment 
The encapsulation process is based on the entrapment of the 
biomolecule in a polymeric matrix. The main advantage of 
this technique is that it allows the transport of low molecular 
weight (LMW) compounds through the permeable matrix 
(Guisan 2006) [24]. Entrapment matrix is generally formed 
during the immobilization process. Therefore, the properties 
of the gel matrix and the conditions used for the encapsulation 
should be compatible with the enzyme to be immobilized 
(Cao 2006) [15]. Among the immobilization methods 
applicable to plant cells, the most common and effective 

methods are entrapment or encapsulation of cells within a gel 
or in a solid support (Kuhtreiber et al. 1999) [38]. 
 
Cross-linking method 
Cross-linking is an immobilization technique that combines 
both covalent bonding and entrapment (Taylor and Schultz 
1996) [65]. Immobilization by this method requires cross-
linking agents such as glutaraldehyde and bisisodiacetamide 
(Panesar et al. 2010) [50]. The enzyme activity of immobilized 
preparations cross-linked with these reagents is dependent 
upon the degree of cross-linking (Arora 2003) [5]. 
 
Covalent binding 
Covalent binding is based on the formation of a covalent bond 
between the biomolecule and the support material (Kök et al. 
2001a, b) [37]. Covalent binding causes a tight binding so the 
biomolecule to be immobilized does not separate from 
supports during utilization. Because of this strong interaction 
between enzyme molecules and supports, there is high heat 
stability. However, this interaction, unfortunately, does not 
allow the enzyme molecules to have free movement, resulting 
in decreased enzyme activity. Enzymes immobilized with this 
technique also can easily contact with substrates since the 
enzymes are localized on the surface of the support material. 
This technique is less effective for immobilization of cells, 
and support materials are not renewable (Aehle 2006) [1]. 
 
Production systems designed with immobilized 
biocatalysts 
Most of the bioprocess has no great significance if it is not 
applicable on industrial scale. Therefore, it is very crucial to 
scale-up a laboratory production into industrial production. 
Bioreactor is the main equipment that allows us to increase 
the production volume. Furthermore, using immobilization 
systems with bioreactors will increase overall process yield to 
the maximum values since a bioreactor allows us to have 
control on bioprocess variables. The selection and specific 
design of a bioreactor system include a series of decisions to 
take into consideration. 
Immobilized enzymes are suitable to use in continuous 
systems and have easiness in separation from product for 
reuse or recycling. This easiness makes it possible to design 
continuously operated reactors with great advantage. Some of 
the continuously operated flow reactors, which are used 
frequently in bioprocess, are continuous stirred tank reactors, 
packed bed reactors, plug-flow reactors, and fluidized bed 
reactors. It is essential to use appropriate reactor in order to 
get maximum performance (Rao 2010) [55]. Some examples of 
the use of immobilization biocatalysts in different production 
systems are listed below. 
 
Continuous stirred tank reactors 
The continuous stirred tank reaction (CSTR) consists of a 
well-stirred tank into which reactants flow continuously in a 
steady state. When CSTR is connected in series, it becomes 
more advantageous since there is considerably good mixing in 
each vessel, which consequently ensures that the volume in 
reactor is completely utilized for reaction, with no dead space 
(Denbigh and Turner 1984). The CSTR is widely used for 
industrial scale production; however, in case of small-scale 
operations batch processing is preferred for a better 
production. Moreover, the continuous operation results in 
more stable products, better energy consumption, and higher 
productivity. 
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In a recent study, pre-treated sludge was inoculated into a 
CSTR as an activated sludge immobilized bioreactor by using 
granular activated carbon as support material for bio hydrogen 
production (Wei et al. 2012) [70]. It was found that both biogas 
and hydrogen yields in CSTR increased with organic loading 
rate at the range of 8–24 days. The granular activated carbon 
offered a stable biohydrogen-producing system and could be 
used as efficient support material for fermentative 
biohydrogen production with CSTR. 
Another comparative study was done by using immobilized 
bioreactor system and CSTR with suspended cell culture. 
Production of biohydrogen by immobilized cells on ceramic 
balls showed higher volumetric hydrogen production and had 
more resistance to cell-washout, whereas CSTR with 
suspended cells lost high amount of biomass. Five-fold more 
volumetric hydrogen production was achieved in 8-fold 
smaller bioreactor with immobilization system (Keskin et al. 
2012). 
 
Packed bed reactors 
A packed bed reactor is, by far, the most commonly used 
immobilized cell reactor in industry (Katchalski-Katzir 1993) 
[3]. These reactors have a simple design and consist of a 
column, which is packed with biocatalysts and is continuously 
perfused by the liquid phase. Consequently, many different 
materials for cell adsorption, even those that are fragile, can 
be used in packed bed reactors (Nedovic and Willaert 2004) 
[47]. 
Clostridium beijerinckii cells were immobilized on ceramic 
rings and pumice stones in a packed bed bioreactor for 
production of 1, 3-propanediol (1,3-PDO) by using raw 
glycerol as substrate obtained from a biodiesel production 
process. Another control bioreactor was operated with 
suspended cells for comparative analysis. It was observed that 
cell immobilization had better robustness and reliability 
compared to suspended cells. Production in packed bed 
bioreactor designed with immobilization system achieved 2.5-
fold higher productivity compared to free system, which had 
advantageous properties over free cell system (Gungormusler 
et al. 2011) [26].  
The production of lactose with β-D-galactosidase in a packed 
bed bioreactor was studied with immobilized yeast cells in 
calcium alginate gel (Panesar et al. 2010) [50]. It was observed 
that immobilization helped to overcome the problem of poor 
permeability of the cell membrane to lactose. The designed 
bioreactor system was economically viable and allowed high 
hydrolysis of milk lactose. 
A horizontal packed bed bioreactor with a free space above 
the gel bed was designed to reduce CO2 gas hold-up in the 
continuous production of ethanol by immobilized yeast cells. 
It was concluded that the horizontal packed bed bioreactor 
was 1.5 times more productive than vertical one during 
continuous operational conditions. Immobilized yeast cells 
also reached steady state much earlier. It showed that the 
horizontal packed bed bioreactor could be utilized as a very 
promising bioreactor system for the economic production of 
ethanol (Shiotani and Yamane 1981) [61]. 
 
Plug-flow reactors 
In a plug-flow reactor (PFR), all reactants are assumed to 
move through the reactor with no mixing and each particle at 
constant velocity (Harriott 2002) [28]. Concentration rate 
varies along the length of the reactor and can be related to 
reaction time. The plug-flow reactors yield higher conversions 
and this gives equal residence times; however, the plug-flow 

reactor is more difficult to control. Recycle reactors are 
mostly plug-flow reactors and are used for faster conversion 
(Bronzino 2000) [14]. 
There are a few studies done with immobilization systems in 
plug-flow bioreactors; however, most of them are not up-to 
date due to other novel immobilized reactor systems, which 
have gained importance recently. β-galactosidase was 
immobilized in cobalt alginate beads by entrapment for 
production in plug-flow reactor. The immobilization method 
in this reactor system resulted in high activity and good 
physical chemical characteristics. The use of this method also 
was considered cheap and applicable for industry by 
appropriate optimization of reactor (Ateş and Mehmetoğlu 
1997) [6]. Alcohol dehydrogenase from Lactobacillus brevis 
was immobilized on amino-epoxy support to evaluate storage 
and process stability during production in a plug-flow reactor. 
Production of (R)-phenylethanol from acetophenone could be 
operated over 10 weeks with great enzyme utilization in a 
plug-flow reactor (Hildebrand and Lutz 2006) [29]. 
 
Fluidized bed reactors 
In fluidized bed reactor, the catalysts are placed in a vessel 
that has a porous plate at the bottom, in which reactant gases 
pass. As the gas velocity is increased, the bed becomes 
fluidized and as a result, the volume is increased and gas 
bubbles become invisible. Different from fixed bed reactors, 
fluidized bed reactors allow feeding additional catalyst at the 
top of the reactor (Ross 2011) [58]. The excellent heat transfer 
is considered as one of the main benefits of this type of 
reactor that allows a safe and efficient reactor operation even 
for highly exothermic reactions (Tóta et al. 2010) [68]. 
Fluidized bed reactor was operated for the removal of 
estrogens by immobilized laccase on Eupergit® supports in 
order to increase the degradation yields and enzyme stability 
as a comparative analysis with packed bed reactors. During 16 
days of run time, high removal level and significantly 
improved stability of the biocatalysts were achieved with this 
reactor system (Lloret et al. 2012) [42]. A comparative analysis 
was performed for the biodiesel production by immobilized 
lipase from Rhizopus oryzae in magnetic chitosan 
microspheres in a magnetically stabilized fluidized bed 
reactor (MSFBR) and conventional fluidized bed reactor. 
MSFBR showed better reusability of magnetic particles and 
higher productivity compared with traditional reactor. The 
magnetic applied in the MSFBR improved the yield of 
microsphere for a more efficient immobilization (Zhou et al. 
2014) [74] 
 
Industrial applications of the immobilized biocatalysts 
Food industry 
Immobilization of enzymes has a great importance in the 
processing and analyzing of foods (Khan and Alzohairy 2010) 
[35]. The numbers of the enzymes and biocatalysts have been 
used intensely in food industry mainly for starch processing, 
cheese making, food preservation, lipid hydrolysis and other 
applications. 
Immobilization of these enzymes has been recognizable for 
commercial use since immobilization improves yield of food 
processes and consequently, minimizing process cost 
(Breguet et al. 2010) [11]. 
α-Amylase is an important industrial enzyme, mainly used in 
food industry for starch liquefaction process. The enzyme 
used in this process can suffer a lack of long-term operational 
stability and difficulty in recovery. α-Amylase immobilized 
onto ion-exchange resin beads showed better stability, and 
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time required for starch liquefaction was improved 
significantly (Gupta et al. 2013) [25]. Another thermostable α-
amylase from Bacillus licheniformis was immobilized by six 
different cross-linked enzyme aggregates for starch 
liquefaction. 
Among all, tert-butanol used as precipitant showed best 
performance for starch liquefaction. Immobilization technique 
did not alter Vmax of enzyme, however, increased the affinity 
of enzyme to substrate significantly (Torabizadeh et al. 2014) 
[66].  
The major problem in fruit industry is the browning of fruits 
and this is the main reason for quality loss during fruit juice 
processing, which is mostly caused by enzymatic reactions 
(Quevedo et al. 2009) [54]. Immobilization of pectinase using 
calcium alginate (Rehman et al. 2013) [56], entrapment in 
polyvinyl alcohol (PVA) sponge (Esawy et al. 2013) [20], 
immobilization in silica-coated magnetite nano-particles 
(Mosafa et al. 2014) [46], and magnetic cornstarch 
microspheres (Wang et al. 2013) [72] were studied for juice 
production. It is showed that for immobilization stability, pH 
and temperature tolerance of enzyme were enhanced. 
Immobilization system also allowed the enzyme to be reused 
several times for juice production. 
β-galactosidase is an important enzyme for food industry, and 
since it is an intracellular enzyme, the cells must be treated 
with chemical and physical agents to increase permeability 
prior to immobilization (Numanoğlu and Sungur 2004) [48]. β-
Galactosidase was entrapped into calcium alginate for 
hydrolysis of lactose from milk and whey in batch process 
and as well as in continuous packed bed columns. Entrapped 
cross-linked concanavalin A-β-galactosidase complex offered 
high stability against physical and chemical denaturants. 
Retention of immobilized enzyme was found to be more 
efficient and this immobilization system could be employed 
efficiently in a reactor for the continuous conversion of 
lactose in the presence of milk and whey for food industry 
(Haider and Husain 2009) [27]. 
Recombinant form of β-galactosidase originated from 
Bacillus stearothermophilus, was immobilized on a chitosan 
matrix using tris (hydroxymethyl) phosphine (THP) and 
glutaraldehyde to hydrolyze lactose of milk. As a result, THP-
immobilized recombinant β-galactosidase had high 
thermostability and showed great advantage for potential 
industrial use to produce lactose-hydrolyzed milk (Chen et al. 
2009) [17]. 
Proteases are widely used in the food industry for 
deproteinization of protein-containing foods. Alkaline 
protease immobilization on cross-linked chitosan beads was 
performed for deproteinization of natural rubber. Compared to 
other techniques, using immobilized alkaline protease reduced 
the total nitrogen level in the rubber up to 96% and enzyme 
system could be used five times without losing more than 
10% of the initial enzyme activity (Praserkittikul et al. 2013) 
[53]. A novel cysteine protease, Procerain B, was immobilized 
on glutaraldehyde activated chitosan matrix by covalent 
attachment for use in food industry. The capacity of substrate 
loading and reusability were improved and even after tenth 
use, 50%of enzyme activity remained (Singh et al. 2011) [62]. 
 
Brewing industry 
Brewing is considered as one of the oldest known 
fermentation process since 8,000 years ago. Then, in recent 
years, microbiologists concentrated on brewing process to 
understand the process more efficiently and helped us to 
develop the brewing industry, as we know it today (Leskosek- 

Cukalovic and Nedovic 2005) [41]. Brewing industry has 
already replaced traditional batch brewing operations with 
continuous batch, and the use of immobilized yeast cell 
systems in this industry became more common recently for a 
better industrial yield (Mensour et al. 1996) [44]. 
Engineering problems like optimization of process or 
bioreactor geometry, unbalanced beer flavor that might alter 
cell physiology and cell aging, and unrealized cost of 
immobilization can be the possible reasons for failure of 
continuous production of beer by immobilized yeast cells in 
bioreactor systems (Branyik et al. 2005) [13]. Hence, there 
have been several studies to achieve these problems for beer 
production with high efficiency. 
Immobilization systems have been used for high quality beer 
production. Using immobilization technology could favour 
the characteristics of beer such as color, flavor, and headspace 
compounds of stout beer. A comparative study was carried 
out for beer fermentation by using free and microencapsulated 
yeast cells in alginate. The velocity of the fermentation was 
not altered by immobilization. At the end of third day of batch 
fermentation, the amount of free viable biomass in the 
bioreactor with microencapsulated yeast had more secondary 
metabolism activity than free cells. However, immobilization 
does not alter the sensorial quality of the beer (Almonacid et 
al. 2012) [3]. 
A cryotolerant Saccharomyces cerevisiae was immobilized on 
porous cellulosic material for maltose fermentation at 5–10 
°C. Immobilized yeast cells completed the fermentation, 
while FC was unable to ferment maltose at this temperature. 
The presence of tubular cellulose as support material 
increased maltose uptake rate due to attraction by hydrogen 
bonding on cellulose surface (Ganatsios et al. 2014) [21]. The 
use of cheap support material for immobilization is very 
essential for industrial production. S. cerevisiae was 
immobilized on winemaking residues and corncobs as support 
material for ethanol production. It was found that the support 
materials used for immobilization of yeast released nutrients 
into the medium, which favoured the yeast development and 
ethanol production. Since the support materials are of low 
cost and available in large amounts, this immobilization could 
be an alternative and cheap technique for winemaking 
(Genisheva et al. 2011) [22]. The yeast S. cerevisiae was also 
immobilized in calcium alginate-magnetic nanoparticles, on 
chitosan-magnetite microparticles, and cellulose-coated 
magnetic nanoparticles for ethanol fermentation. The use of 
magnetic particles helped the cells to have more stability 
duringextended fermentation time. Each support material 
altered the production differently; however, immobilization, 
in general, improved the ethanol yield in bioreactor (Ivanova 
et al. 2011) [30]. 
 
Pharmaceutical 
The pharmaceutical industry is eventually approving the 
importance of enzyme immobilization for its applications 
principally those related to biotechnology. Chemical industry 
that mostly processes heavy and non-sensible materials 
always tried to avoid the use of biocatalysts, which are 
considered sensible; however, it has concentrated on studies 
related with immobilized enzymes for biotechnological 
products (Katchalski-Katzir 1993) [33]. 
There are several important enzymes used in pharmaceutical 
industry like cysteine proteinases, asparaginase, streptokinase, 
urokinase, deoxyribonuclease I, hyaluronidase, pegademase, 
and glucocerebrosidase. Immobilization of penicillin amidase 
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is the major applications of immobilized enzymes used in this 
industry (Parmar et al. 2000; Brar et al. 2014) [52, 12]. 
Penicillin is the most widely used antibiotics, due to their 
great spectrum of antibacterial activity, low toxicity, and 
inhibitory effect on bacterial cell wall synthesis and it shares 
about 19% of the estimated worldwide antibiotic market 
(Parmar et al. 2000) [52]. Therefore, penicillin G acylase 
(PGA) that catalyzes the hydrolysis of penicillin G to produce 
6- aminopenicillanic acid (6-APA) is very essential for the 
production of semisynthetic penicillin. It is also important to 
create efficient methods for immobilization of PGA for high 
activity and stability to make it viable for industrial 
applications. Immobilization of PGA on immobilized metal 
affinity membrane (IMAM) showed more PGA activity 
compared to those immobilized metal affinity resin. 
Immobilization gave stability to PGA in the pH range from 7 
to 9 and for temperatures from 40 to 60 °C. Immobilization 
also allowed the enzyme to be reused 16 times and caused 
very little activity loss after 40 days of storage (Chen et al. 
2011) [16].  
Penicillin G acylase was also immobilized in 
macromesoporous silica spheres prepared with a micro-
device. The silica spheres containing PGA were placed into a 
packed bed reactor in order to perform penicillin G 
production (Zhao et al. 2011) [73]. Macropores of silica 
spheres allowed high enzyme loading amount and lower 
internal mass transfer resistance. Immobilized enzymes also 
showed great stability during production (Zhao et al. 2011) 
[73]. The production of 6- aminopenicillanic acid was also 
carried out by isolated bacterial cells immobilized on κ-
carrageenan. The system allowed the continuous production 
of 6-APA from penicillin G by repeated use of bacterial cells 
(Dolui et al. 2011) [19]. 
Besides 6 - A PA, the production of 7 – amino deacetoxy 
cephalosporanic acid (7-ADCA), 7-aminocephalosporanic 
acid (7-ACA), and deacetyl-7-aminocephalosporanic acid (D-
7-ACA) has great importance since they can be utilized to 
synthesize almost all semisynthetic antibiotics of penicillins 
or cephalosporins. It should also be noted that synthesis of 
these antibiotics has been performed via biocatalysts instead 
of chemical methods because of health and environmental 
issues (Sio and Quax 2004) [63]. 
D-Amino acid oxidase is an important industrial enzyme for 
the synthesis of fine chemicals. Free D-Amino acid oxidase 
from Trigonopsis variabilis (TvDAO) is very sensitive to 
exposure to gas–liquid interfaces. Immobilization systems can 
enhance stability under bubble aeration and eliminate this 
challenge. In order to achieve this challenge, a fusion protein 
between TvDAO and the positively charged module Zbasic2 
was generated, and attached to oppositely charge of 
functionalized silica carrier. The immobilized enzyme was not 
sensitive anymore to bubble aeration and had over 10-fold 
enzyme activity stabilization compared to free enzyme. The 
system created also allowed the reuse of the enzyme for D-
amino acid oxidation (Bolivar and Nidetzky 2012) [10]. 
D-Amino acid oxidase was also immobilized in a calcium 
alginate matrix by entrapment. The immobilized enzyme 
allowed the complete conversion of CPC. This entrapment 
technique also gave good operational stability to enzyme and 
retained 90% of its initial activity. It can be concluded that 
entrapment in Ca-alginate matrix appeared to be an efficient 
method for antibiotics industry. Because of the availability of 
Ca-alginate and simplicity of the immobilization technique, 
this production can be considered economically viable (Wong 
et al. 2011) [71]. 

Another important enzyme for pharmaceutical industry is 
streptokinase, which is widely used in the treatment of deep 
vein thrombosis, pulmonary embolism, and acute myocardial 
infarction. The main challenge for the use of this enzyme is its 
short half-life in blood. Some immobilization systems have 
been tested to overcome this limitation: in chitosan 
nanoparticles (Modaresi et al. 2014) [45], coupled onto PVC-g-
PEGMA (Arenas et al. 2012) [4]. 
 
Biomedical application 
Use of enzymes in biomedical has been increasing since the 
mid-1950s. Recently, many enzymes have been isolated and 
purified for several productions, which has clinical 
importance. The immobilization of biocatalysts has been very 
attractive for biomedical applications (Reis and Román 2004) 
[57]. The use of immobilized enzymes in applied medicine has 
many promising advantages. The use of enzyme in natural 
form might have limitations for clinical use since they are 
unstable, have a short lifetime, cause toxic and immune 
reactions, and are expensive; however, immobilization 
techniques can eliminate these difficulties stated above 
(Torchilin 1987) [67]. 
Polyphosphazenes are hybrid inorganic–organic polymers 
with tunable physicochemical and biocompatible properties, 
which give them a promising role in biomedical industry as 
biosensors, controlled release, drug delivery, scaffolding 
materials, and enzyme immobilization. A core/sheath 
nanofiber membrane was prepared by using poly 
[bis(pmethylphenoxy)] phosphazene (PMPPh) via a coaxial 
electrospinning process to investigate the system as a support 
material for enzyme immobilization because of its high 
biocompatibility, high surface/volume ratio, and large 
porosity. Lipase was immobilized on the nanofiber membrane 
by adsorption. 
With the adsorption capacity of 20.4 mg/g and activity 
retention of 63.7% of the immobilized lipase, the nanofiber 
membrane system with polyphosphazenes showed great 
results to use for biomedical applications (Wang et al. 2012). 
Egg-white lysozyme was immobilized onto electrospin 
chitosan nanofiber via cross-linked enzyme aggregates to use 
as for effective antibacterial applications. Chitosan nanofibers 
were designed from a mixed chitosan/PVA solution by the 
electrospinning method. Chitosan/PVA was treated with 
NaOH solution to increase stability of nanofibers. The 
immobilized lysozyme retained more than 75.4% of its initial 
activity after 80 days of storage,whereas free lysozyme lost all 
of its activity under the same conditions. Immobilization also 
allowed the reuse of lysozyme 100 times. Immobilized 
lysozyme showed high antibacterial activity against four 
pathogenic bacteria (Park et al. 2013) [51]. 
Acetylcholinesterase (AChE) and choline oxidase (ChO) were 
co-immobilized on poly-2-hydroxyethyl methacrylate 
(pHEMA) membrane for biosensor construction. Membranes 
prepared in the presence of SnCl4 showed good porosity and 
permeability to be used as the immobilization matrix. 
Immobilization of the enzymes was carried out both by 
entrapment and surface attachment via epichlorohydrin (Epi) 
and Cibacron Blue F36A (CB) activation. Activity of the 
enzymes was increased by immobilization significantly (Kök 
et al. 2001a, b) [37]. 
 
Wastewater treatment 
Biological wastewater treatment has been applicable in 
industry since the twentieth century. Immobilization of 
biocatalysts, microbial adhesion to surfaces, has been studied 
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intensely for water pollution treatment (Bhamidimarri 1990). 
Three bacterial strains were immobilized on a unique biofilm 
for acetonitrile-containing wastewater treatment. The biofilm 
system exhibited high resistance against acetonitrile loading 
and completely depleted the initial concentration of 
acetonitrile within 24 h in a bed-biofilm reactor. Results 
demonstrated that bacteria immobilized on biofilm can 
improve the degradation of contaminants in wastewater and 
can be considered as a novel technique for enhancing 
biological oxidation of toxic pollutants in wastewater (Li et 
al. 2013) [39]. 
Horseradish peroxidase was immobilized in 
chitosanhalloysite hybrid nanotubes with cross-linking by 
using glutaraldehyde. Structure analysis showed that the 
hybrid nanotubes formed three-dimensional nanocomposites 
with high porosity. With this new support material, the 
maximum enzyme loading reached 21.5 mg/g, which is higher 
than the capacity of raw halloysite (3.1 mg/g). Immobilized 
horseradish peroxidase did not have loss in activity after 35 
days of storage, while free enzyme retained only 27% of its 
original activity in the same storage conditions. The results 
showed that the immobilized horseradish represented high 
overall phenol removal from wastewater (Zhai et al. 2013) 
[72]. Support matrices used for immobilization might have high 
cost for process; therefore, it is important to choose economic 
matrices. The use of bagasse, coconut coir, loofah sponge, 
and gunny bag (Jute) as cheap matrices for immobilization of 
Aspergillus terreus viz had positive results. A. terreus 
immobilized on the listed matrices showed great reduction in 
biological oxygen demand (BOD) and chemical oxygen 
demand (COD). Among all matrices, gunny bag (Jute) was 
the most efficient immobilizing material for A. terreus to 
decrease the pollution level and remediation of the effluent. It 
has been showed that the strain A. terreus was not only useful 
for discoloration (dye adsorption) but also for degradation of 
other organic wastes that present in the effluent (Jogdand et 
al. 2012) [32]. 
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