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Abstract  
Enzymes promote various biological reactions necessary for sustaining human life by reducing activation energy required for 
reactions without causing permanent changes. Both plants and animals enzymes cannot be exploited for industrial application 
but microbial enzymes offers advantages such as easy to handle, fast multiplication and easy genetic transformation in 
specified conditions, easily immobilized, and high production yield with consistent quality. Microbial enzymes are produced 
by fermentation (submerged and solid state), worked for various bioprocesses through the inputs of rDNA technology, meta-
genomics and with protein engineering. These enzymes play crucial functions in different array of industrial resources and 
form the backbone for a large number of industrial productions. In many cases, free forms of microbial enzymes have 
demonstrated the efficient bio-industrial application. These free forms of microbial enzymes have to be utilized in highly 
controlled environments whereas immobilized forms of enzymes show greater resistance to environment variations and 
recover in easy manner in comparison to free forms. Nowadays, microbial enzymes are applied in many industrial resources 
such as medical industries, food industries, detergent, textile, wastewater treatment plants, pharmaceuticals industries, etc. 
As per the definite applications, a preferred enzyme immobilization technique and appropriate carriers are selected. These 
techniques may be covalent binding, adsorption, entrapment, encapsulation, etc. This article mainly inculdes microbial 
enzymes, especially β-mannanase, Endo-β-glucanase (cellulase), Lipase, Protease, Amylase, immobilization techniques and 
utility in various industrial applications. Also briefly includes the biotechnological applications of xylanase, pectinase and 
keratinase. Furthermore, discuss problems and limitations related to industrial enzymes and market scenarios. 
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Introduction 
The development of today’s enzyme industry we have is 

the consequence of fast development over the past few 

decades. In ancient times, enzymes that were available in 

the nature have been heavily used in food products 

productions like cheese, beer, sourdough, wine, leather, 

vinegar, indigo and linen were dependent on enzymes 

that were produced rigorously through spontaneous 

growth of microorganisms or enzymes available in 

improved added preparations. Over the past four 

decades, fermentation process made it easy to produce 

enzymes as highly purified and characterized products 

on larger scale. Since then the progress entered in the 

genera of enzymology into applied industrial value 

products with improved scientific process. The 

developments of directed evolution and protein 

engineering have more revolutionized the enzyme 

industry. These techniques offer to provide enzymes with 

improved activities and adjusted to new optimized 

conditions further allowing in expansion of bio-industrial 

applications. Recent day’s developments in enzyme 

industry are the demand for sustainable process with 

highly augmented applications as biocatalyst in various 

industries [1]. According to Krik, et al (2002), the highly 

improved and efficient manufacturing of certain 

enzymes to an analytical purity grade was credited to the 

increasing new technological development in protein 

preparation, extraction and purification along with 

definite development in protein engineering techniques 

[2]. Even though, the growing technological 

development has created the useful and prominent 

enzymes, their bio industrial applications are hindered 

due to short shelf life, poor stability, sensitivity towards 

many techniques and environmental conditions [3]. In-

order to fix the problem, advance enzyme immobilization 

techniques has led to the manufacture of targeted 

enzymes that are stable and robust [4]. These strategies 

have also enabled the recovery rate along with reusability 

of those enzymes which also improved the control of 

industrial process. Many of the disadvantages could be 

stopped and enhanced the enzyme production process by 

immobilization techniques [5]. Most of the industrial 

enzymes currently used are hydrolytic and applied for 
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the degradation of existing natural sources. In detergent 

and dairy industries, proteases are the dominant enzyme. 

Amylase and cellulose are the next industrially used 

enzymes such as the baking, starch, detergent and textile 

sectors. Usages of such enzymes in wide range industrial 

sectors is increasing rapidly in paper industries [6], 

chemical manufacturing [2], cosmetics [7], detergent [4] 

health care [8], dairy [9], baking [10], beverages (beer, 

fruit pulp and concentrate, wine industries) [2], and 

starch transformation industries [11]. Now a days 

biosensor manufacturing industries are using enzymes 

with wide specificity towards their biomarkers and also 

constantly been practiced in biofuel production and 

waste water treatment industries [4]. Figure 1 describes 

the problem related to enzyme usages and advantages of 

bio catalytic processes. 

This review will discuss the technical use of enzymes and 

technological advances, in particular, immobilization 

strategies which facilitated these developments along 

with problems and limitations of industrial enzymes and 

market scenario. 

Microbial enzymes for bio-industrial 

applications 
β-mannanase 

Generally, mannans originated from simple sugar unit 

mannose and include different types such as mannan, 

galacto- glucomannan, galactomannan and 

glucomannan,. They consist of linear backbone of β-1-4-

bonds of mannose sugar residues. The process of full 

decomposition and changes of mannans mainly involve 

exo-1-4-β-mannanase, endo-1-4-β-mannanase, and β-

mannosidase [12] [13]. The plant cell wall heteromannans 

and mannans as the main part of hemicellulose fractions. 

The mannan-endo-1,4-β-mannosidase or 1,4-β-D-

mannan mannohydrolase (EC 3.2.1.78) catalyses the 

decomposition of β-1,4-glycosidic bond to produce 

mannooligosaccharides of mannan, galactomannan, 

glucomannan and galactoglucomannan [14]. 

Particularly, mannan and mannooligosaccharides have 

drawn interest of food and pharmaceuticals industries 

due to various beneficial applications on human 

wellness. These oligosaccharides and poly-

oligosaccharides are integral component of human 

wellness [13]. Mannanases have demonstrated various 

bio-industrial applications such as bio bleaching of soft 

wood pulps in the pulp and paper industries, enhancing 

the standard of food and feed, decreasing the thickening 

of coffee extracts, hydrolytic agents in detergent industry, 

oil drilling, slime control mechanism, pharmaceuticals 

applications, fish-feed additives [15]. β-mannanases 

isolated and produced form microorganisms is 

considered more feasible because of their high enzyme 

activity, high yield, low cost, and possess wide range 

environmental factors under control conditions. Those 

microorganisms primarily includes Philippine soil isolate 

Bacillus subtilis NM-39 [16], horse feces isolate Bacillus 

amyloliquefaciens CS47 [17], alkaliphilic Bacillus sp. N16-5 

[18], Bacillus sp. MG-33 isolated from desert of Rajasthan 

(India) [19], Paenibacillus illinoisensis ZY-08 [20], 

acidophilic fungus Bispora sp MEY-1 [21], filamentous 

Figure 1: Problem associated to enzyme usages 

and advantages of bio catalytic processes. 
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fungus Aspergillus niger [22], marine bacterium Vibrio sp. 

Strain MA-138 [23], fungus Sclerotium rolfsii [24], 

Streptomyces lividans 66 [25], Streptomyces thermolilacinus 

[26], Streptomyces sp. S27 [27], our own lab grown Bacillus 

sp.CSB39 [28] and Bacillus subtilis subsp. Inaquosorum 

CSB31 [29], B. subtilis WY34 [30], B. lichenifromis  [31], etc.  

These microbial mannanases products are generally 

extracellular as well as inducible in their original states. 

Unfortunately, not all microbial mannanase are able to 

operate at any unfavorable conditions. Regmi, et al (2016) 

[28] has compared the different properties of various 

mannanase from different microorganisms resulting in 

different temperatures and pH stability and optimum 

conditions. This comparison indicates the production of 

extracellular and inducible enzyme forming stable 

mannanase can undergo the elevate production 

temperature and pH with greater shelf-life is suggested. 

Therefore, immobilization approach can be the best 

option for retaining the stable mannanase enzymes 

development. 

Endo- β-glucanase (cellulase) 

1,4 glycosidic bonds in cellulose polymers is hydrolysed 

by cellulase in-order to release glucose units. Cellulose 

considered as the most available and renewable bio-

polymer obtained in waste products from agriculture 

[32]. These renewable resources relays on microbial 

hydrolysis of lignocellulosic waste and fermentation, 

hence appropriate pre-treatments are required to 

disassociate lignin structural formation and to increase 

easy accessibility in order to catalyze the raction-rate of 

biodegradation [33]. Mainly, cellulases are developed 

from microorganism such as bacteria and fungi and the 

cellulosic reaction occurred is due to catalyzes of the 

produced cellulose enzymes. Lignocellulosic waste and 

downstream process by microbial degradation of the 

produced reducing sugars and efficient decompose of 

cellulose into glucose, cello-oligosaccharides and 

cellobiose requires the action of different enzymes such 

as endo β-1,4-glucanase(EG; EC 3.2.2.4, randomly cutting 

internal bonds), β-D-glucosidase (BG; EC 3.2.1.21, 

decomposing glucosyl parts through cello-

oligosaccharides and cello-biohydrolase (CBH; EC 

3.2.1.91, decomposing units such as cellobiosyl from non-

reducing sites) [34]. Recent microbial endoglucanase 

studies was produced by Bacillus subtilis subsp. 

inaquosorum CBS31 [35], Bacillus licheniformis C108 [36], 

Bacillus sp. CSB55 [37]. Their studies demonstrated as an 

efficient bio-catalyst for industrial application that 

enzyme catalyzed decomposition are operated and their 

results verify the change of the initial reactant to the final 

resulting product is spontaneous. They possess 

increasing hydrolysis and the greater applicability of the 

enzyme reaction. Wide ranges of cellulases that exist are 

different both spontaneously and structurally making 

them suitable for bioindustrial applications. Such 

practice is carried out in very undesirable and non-

feasible color extraction from different pulps and fruit 

juices [38]. Some of them plays great role in the cleaning 

sectors as color brightener and fabric softeners. In few 

cases, these enzymes are also deployed in penetration of 

biomass in order to improve the nutritive value of food 

items and treating industrial waste [38]. Now a days 

these enzymes have developed their utility in 

pharmaceutical, animal feed, textile, paper industries, etc 

[39]. Having all these wide range applications and 

usefulness in industries, cellulase enzymes possess low 

stable characteristics, shorter shelf-life and high 

sensitivity and resistance [39]. Enzyme immobilization 

approaches of cellulase can highly reduce these 

drawbacks to be used in industries. 

Protease 

Proteases are the most applicable enzymes for 

biotechnological applications due to their global market. 

Proteases are the integral part of the biochemical 

processes that happens not only in animals, humans, and 

plants but also in some microbes. Currently, microbial 

proteases enzymes are commonly applied in food and 

feed industries, cosmetology, textile sectors, medicine 

and pharmaceutical setups [40]. On the basis of the 

peptide bonds breakdown, proteases are basically 

classified into acid, alkaline and neutral proteases. They 

are produced, purified and characterized from various 

living creatures showing wide substrate specificity and 

stable catalytic efficiencies [41]. As per Enzyme 

Commission, Proteases are hydrolases (group 3), that 

breakdown peptide bonds (sub group 4). On the basis of 

N-terminal or C-terminal peptide bonds cleave, they 

have been classified as exopeptidases and breakdown of 

internal peptide bonds as endopeptidases. 

Endopeptidases are more commercial than 

exopeptidases on the basis of bioindustrial applications 

[42]. Based on breakdown action (proteolytic), proteases 

are classified into cysteine proteases, serine proteases, 

aspartic proteases, threonine proteases, glutamic acid 

proteases and metallo-proteases. These enzymes can 

work on specific modification sites of proteins via 

cleavages such as activation of blood clotting, zymogenic 

enzymes, and also through activating of secretory protein 

throughout the membrane layers [41]. Now days, 

examination of proteases successful on catalyzing 
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various reactions in low temperature water have 

expanded its application for detergent use at room 

temperature. Though having wide applications in 

biotechnology, uses has been limited due to short lives, 

thus immobilization can be a turning point for enzyme 

stabilization and expand its application in different 

industrial sectors. 

Amylase 

Amylases catalyze hydrolyzing starch in sugars. These 

contain glycosidic hydrolases acting on α-1, 4-glycosidic 

linkages. The 3-D orientations possessed by amylases 

bear the linkage between substrates which support the 

breakage of α-1, 4-glycosidic bonds. Microbial amylases 

possess a wide spectrum of applications because of their 

higher stable raction than those directly derived from 

plants or animals sources. Currently, various microbial 

amylases are commercially available and have been 

successfully used in the wide range of industry such as 

food industries, detergent plants, fermentation setup, 

textile industries, and pharmaceutical industries [43]. The 

production of amylases is done by the application of 

either submerged fermentation or solid-state 

fermentation. These developing techniques depend on 

selected specified physico-chemical environments. The 

major consumers of amylase in industry are detergent 

sectors which comprises about one-fourth of total 

amylase market. According to Lahmar et al., 2017, in 

about 90% of the liquid detergent formulation, amylases 

are added for high effectiveness [44]. α-amylase that are 

used in cleaning starch-based stains such as cereals, 

fruits, sauces and vegetables from various fabrics are 

detergent additives. Among many, few amylases 

demonstrated good activity under certain extreme 

environmental conditions. For instance, α-amylase 

derived from Bacillus cereus GA6 isolate showed high 

activity at pH 10 and lower temperature ranges 

[45], Zunongwangia profunda [46], and Bacillus subtilis N8 

[47] were experimented for detergent compatibility. 

There are amaylase that are available globally which are 

known for their efficient activities and applications. 

Stainzyme developed by Novozymes is one of the first 

amylase that shows significant activities at a varying 

range of temperature which is used in detergents. 

Similarly other amylases with good activities are 

Stainzymeplus which is considered as bleach tolerant 

and cold active amylase and the next one amylase named 

Preferenz S100 that is highly active at 16°C used by 

DuPont Industrial Biosciences for detergent applications. 

Microbial amylases are better adapted to extreme 

conditions in detergent industries. Various microbial 

amylases used in industrial applications include starch 

producing for the high efficient hydrolysis of starch-to-

starch along with syrup of glucose-fructose. In most of 

the cases, amylases can be primarily and selectively 

applicable for the production and refinement of fine 

chemicals [48]. Preparation of digestive aids and starch 

syrups are widely used in food processing industries [43]. 

To maximize the application and stability of amylase, 

immobilization can be a useful tool. 

Other enzymes 

Xylanase is a family of multi-element enzymes which 

contains endo-xylanase, exo-xylanase , and β-

xylosidases. Enzymatic hydrolysis of xylanase has 

showed various applications in waste treatment, food, 

textile, animal feed, ethanol production and pulp & paper 

industries [49] Xylanases as an accessory enzyme has 

demonstrated the lowering of enzymes dosage but it acts 

to remain a susbtrate-dependent reaction [50]. Low 

severe pre-treatments of lignocellulosic biomass are 

mostly used as hemicellulose characterization. Studies of 

synergism between cellulases and xylanases that take 

part to pretreatments severities ultimately increasing 

both glucose and xylose products [51] Similar studies 

were done from Streptomyces sps [52, 53]. Generally, 

keratin is a fibrous-structural polypeptide which is 

abundantly available beside chitin and cellulose [54]. 

Keratinase contains distinctive characteristics that claim 

its uses in bio-processing applications in bioconversion of 

keratin into valuable end products, treatment of textiles, 

leather depilation, and other various industrial uses [55] 

[56]. In comparison to hydrolysates obtained from other 

sources, keratinase has the greater tendency to penetrate 

the cuticles of nail and hair verifying it’s increasingly uses 

in the cosmetic itemss formulation like skin moisturizers 

and hair conditioners [57]. Wheat protein, collagen 

hydrolysates and wool keratin have found their uses in 

the manufacturing of hair-care and skin-care cosmetic 

products [58]. One study shows that keratinase isolated 

from Meiothermus taiwanensis WR-220 which was 

immobilized on modified bagasse cellulose is used in the 

final treatment of industrial wastewater demonstrated 

effective decolorization of molasses from 84.7 to 90.2% 

which shows better result than the performance of other 

commercially available immobilized enzymes [59]. 

Pectinases are extensively used in fruit juice extraction 

and clarification in many food industries [60]. These days 

pectinases have shown application in various bio-

industrial fields namely textile industries, fiber 

processing unit (plant based), oil extraction plants, 

treatment of industrial effluent and tea & coffee 
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processing units. There are evidences that showed 

pectinase application as an effective enzyme for 

whitening and great absorbance of the fabrics through 

bio scouring of cotton [61]. In this part of review we will 

discuss the application of microbial pectinase and its ease 

of handling. The fruit and vegetable processing industry 

uses pectinase for the lowering of thickness by enhancing 

the transperancy of juice as well as maceration of fruits 

and vegetables through the lowering of fermentation 

operating time [62]. In many bio-industrial processes, 

pectinase have demonstrated the vital features like the 

curing of coffee items, cocoa products, and tobacco 

leaves, canning of orange ingredients, and 

manufacturing of sugar from date fruits through 

refinement of vegetable fibers in starch producing steps 

[63]. Addition of pectinase during fruit crushing in 

winemaking aids the production of free flowing juice 

during the fruit pressing time that finally improves the 

filtration process and enhances the juice clarity which 

ultimately enhances the color and stability of red wines 

[64]. Other applications of pectinase are seen in pulp and 

paper industries, industrial waste water treatment, coffee 

and tea fermentation factories and oil extraction [65]. 

Research has shown that pectinases are promising option 

for next-generation prebiotics. Researches have shown 

that methylated pectin fermented by intestinal bacteria 

lead to the production of acetate, butyrate and propionate 

that are essential to human wellness. By enhancing the 

antioxidant potentials of diets, pectinases are employed 

to produce functional food components and 

nutraceutical products. [66]. 

Hindrance and limitations of bio industrially 

applicable enzymes. 
Bearing the huge advantages in comparison to traditional 

catalysts, few issues hinder the utilization of industrial 

enzymes in their raw states. Enzymes have been used 

with widespread applications and most of them have 

been hindered by a number of limitations such as often-

seen limited thermo stability, little substrate scope, low 

stero-regioselectivity elevated temperature, and extreme 

pH. Besides all these issues several technical and 

operational problems encounter for the applicability of 

enzymes in industrial settings that makes them 

realistically unreliable and difficult to handle with 100% 

ease for quality products. According to Bardy D. et al, 

2009, several types of enzymes perform better in 

homogeneous catalysis systems when dissolved in water 

unlike the conventional heterogeneous chemical catalysts 

[67]. These various problems can be prevented or 

reduced with directed evolution by addressing and 

solving the problems with recent developed 

methodology such as protein engineering. The 

Darwinian concept to asymmetric catalysis has 

demonstrated a number of bio-industrial applications. 

Mutasysnthesis, metabolic pathway engineering, and 

fermentation techniques enrich the enzyme chemistry. 

These developed enzymes might possess the problems 

like weak stability, fewer shelf-life, high sensitivity to 

operational processes, easily inactivated by several 

mechanisms and trouble in recovery process, reusability 

as well as recycle. These various problems can be 

addressed by immobilization techniques making 

enzymes high stable and ease in handling, both enzyme 

and support material easily recovered, enzymatic action 

can occur in non-aqueous media, and improved catalytic 

activity and recyclability. 

Immobilized enzymes in industrial processes. 
Enzyme immobilization techniques entail entrapping or 

attaching enzymes within support materials. The major 

role of the solid support material is to make stable 

structure of enzyme and save their efficacy to greater 

periphery by exhibiting them more resistant to their 

provided process environment. This technique provides 

an easy option of recovery of enzyme and support 

materials and has been useful in medical, food, and 

pharmaceutical applications. Immobilized enzymes have 

shown much stablility and easy to control in comparison 

to free forms. Their enzymatic can happen in a non-

aqueous where support materials store enzyme integrity 

making them even stronger. Moreover, the catalysts 

converted from homogenous states to different 

heterogeneous states demonstrate efficient enzymatic 

linkage [68]. Reversible methods of immobilization 

techniques include ionic bonding, adsorption, and 

affinity bonding whereas non-reversible methods of 

immobilization techniques include covalent binding 

method, entrapment technique, encapsulation process, 

and cross-linking.  

Recently, because of wide industrial applications, 

enzymes have shown their application to catalyze 

various chemical reactions in major industrial steps [69]. 

These days enzyme development and protein 

engineering have shown potent characteristic of bio 

catalytic processes where large number of molecules 

were synthesized using various enzymes. Such enzymes 

are very useful in industrial bioprocesses incorporated 

with immobilization techniques. Their benefits and scope 

of applications can be improved with protein 

engineering, facilitating to eco-friendly process from 

chemical one [70]. The implementation of engineered 
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transaminase for the production of sitagliptin is an 

excellent example of protein engineering and 

immobilization technique to develop more stable and 

catalytically efficient enzyme [71]. Similarly modified 

lipases have extended their selectivity of acrylate 

synthesis [72] and cocoa butter analogs for the synthesis 

of 1,3-triglycerides [73].  

The decision of utilizing enzyme in insoluble form or free 

soluble is primarily depends on the cost and application 

of the specific enzyme. Insoluble forms are a specialized 

type of heterogeneous catalysis where their recovery and 

subsequent reuse happens by maintaining activities over 

a longer time period ultimately showing various 

applications to a wide range of process methods [74]. In 

industrial settings, simplicity and cost-effectiveness are 

prioritized when it comes to enzyme immobilization 

methods. Currently, the most commonly employed 

techniques for immobilization involve physical methods 

(adsorption or physical entrapment), as well as chemical 

methods (covalent binding and cross-linking). As 

mentioned earlier in this review, most of the industrial 

process preferred simplicity and cost effectiveness when 

it comes to enzyme immobilization methods. Now a day, 

the most used techniques for enzyme immobilization 

includes adsorption or physical entrapment and covalent 

binding and cross-linking. Generally, enzymes are used 

in detergent, textile, medical, pharmaceutical, food, feed 

and waste water treatment processing industries. Figure 

2 shows the schematic illustration of recent industrial 

enzyme trends.  

Food industry 

The demands of enzyme in any food industries are to 

develop huge amount of cost-effective products. To be 

beneficial and cost sensitive products, most food 

industries need to have the cost of biocatalyst to be low, 

stable for a maximum number of cycles to be carried and 

continuous flow operational settings over batch 

processes are preferred. Certain types of cost effective as 

well as high stable enzymes are extensively used in large-

scale continuous processes for the development of a wide 

range of food products. As for examples, their application 

in the development of high fructose corn syrup, a popular 

sweetener found in beverages and various food items has 

deployed, or applied direct as a food component. D-

Glucose/xylose isomerase utilizing D-xylose, the native 

substrate that possess wide substrate specificity along 

with efficient catalytic properties  that can efficiently 

converts D-glucose to D-fructose in bio industrial 

application. [75, 76, 77, 78]. Allulose- “zero-calorie” 

sweetener which is considered sweetness similar to 

dextrose. CJ Cheil Jedang Corp in 2011 had demonstrated 

that the ketose – 3 - epimerases (EC 5.1.3.31) expressed in 

numerous microorganisms possesses the properties of 

interconvertable fructose and allulose [79, 80, 81]. 

Another emerging sweetener in foodstuffs is tagotose 

[82]. Galacto-oligosaccharides as sysnthesis of 

oligosaccharides have received many health benefits and 

braod range of application as prebiotics. Galacto-

oligosaccharides can be produced from B-galactosidase 

(EC 3.2.1.23) through consective translactosylation 

reactions with a terminal glucose units. [83, 84, 85, 86]. 

Lipase CalB for vitamin C esters from Lipase B 

from Candida Antarctica [87]. Triglycerides from Lipase 

from Thermomyces lanuginosus and Lipase from 

Rhizomucor miehei application as cocoa butter 

equivalents through enzymatic transesterification is used 

for commercial manufactured of different oils and fats 

with targeted physical properties through removal of 

hydrogenated trans-fats which is responsible for serious 

health issues [88, 89]. Omega-3 fatty acids, generally 

sourced from marine algal and fish oil, are taken from a 

process involving the direct esterification of free fatty 

acids in fish oil with ethanol. This process of esterification 

mostly utilizes immobilized CalB (Lipase enzyme) and is 

followed by distillation process to separate the ethyl ester 

fractions. The obtained fractions are enriched in 

eicosapentaenoic acid (C20:5), while the remaining free 

fatty acid fraction is enriched in docosahexaenoic acid 

(C22:6) from Lipase B from Candida Antarctica [90 ,[91]. 

Beta-galactosidase as hydrolysed lactose in lactose-free 

dairy products which have similar function to the human 

intestinal flora that hydrolyses in galactose and glucose. 

Now a days, industries have developed two hydrolytic 

processes using beta-galactosidase that hydrolyses 

lactose into glucose and galactose (monomers) and this 

has been applied to remove lactose from milk [92, 93]. 

Detergent industry 
Detergent’s formulation for the removal of strong stains 

enzymes have long been used those ordinary chemicals 

cannot act. Small amount of detergents based on enzyme 

formulation are able to remove stains at ambient 

temperatures. For example, amylases in detergent 

formulation aids in remove of stains like curry gravies, 

potatoes, cereals, chocolates and other starch based 

stains. In the same way, stains of blood, egg, meat, fish, 

grass and human sweat stains are easily removed with 

proteases action formulated in detergents. Similarly, 

lipases are effective against removal of oil and fat stains. 

Cellulases formulation support in improving the color 

brightening of cotton-related fabrics and softening cotton 
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final products textures [94]. Improved properties of 

immobilized enzymes not only enhance cleaning 

activities but also preserve the enzyme’s catalytic 

activities, and resulting in no harm on wool based fabric. 

Soares, J. C, et al. 2011 investigated the proteases that 

breakdown the silk and wool keratins (natural protein 

fibers) leading to irreversible damages to the fabrics’ 

quality [95], whereas immobilized protease that are 

covalently bonded with eudragit on wool fabric retain the 

more than double the original tensile strength compared 

to free enzyme (37%). Also reported enzymes that are 

immobilized showed no harms on the quality of wool 

fabrics [96]. Second to protease comes lipase as the most 

important detergent enzyme. Lipases formulated for 

laundry, dishwashing and cleaning detergents used in 

harsh oil stain removal works under wide temperature 

range and pH ranges. In normal water, free form of 

lipases possesses little cleaning effectiveness because of 

mass transfer barriers within the enzyme and oil from 

stains; therefore lipases were immobilized using 

glutaraldehyde which resulted excellent oil removal 

ability by preserving catalytic efficiency in washing 

cycles by more than 80%. [97]. In another case, lipases 

were immobilized using arylamine glass beads resulting 

to effective removal of oil stains form cotton fabrics and 

has the ability to be used for 100 wash cycles [98]. These 

reported cases showed that the immobilized enzymes 

possess more catalytic activity and stable results in bio 

industrial applications. 

Pharmaceutical industry 
To produce the enzymes that meet the demands of fast-

paced and high-volume of industries for valuable 

molecules production is a significant challenge to 

traditional way of chemical synthesis. In order to slove 

these issues, it is necessary to address the problems 

through the application of protein engineering and 

immobilization techniques. By the application of these 

techniques, industries can develop enzymes that are 

capable of producing pharmaceutical grade chiral 

molecules efficiently. In general, Lipases developed from 

lipase B of Candida antarctica (EC 3.1.1.3) are the widely 

applied catalysts for the productions various valuable 

molecules such as cosmetic additives in personal care 

products, active pharmaceutical formulation, food 

ingredient composition due to their wide selectivity 

(region-, chemo-and enantio-selectivity). In bio industrial 

process, immobilized form results wide ranges of 

applications due to its high tolerance to organic solvent, 

temperature ranges and broad selectivity. Lipase B from 

Candida antarctica (CalB) immobilization enabled 99.9% 

reduction in cost in comparison with Novozym 435,  

which is commercially available as CalB immobilized on 

a divinylbenzene/methacrylate resin. In contrast to this, 

Martell M. has reported immobilizing CalB on an 

octadecyl activated methacrylate resin demonstrated into 

high stability with huge increase in activity, which was 

due to best possible interaction of the hydrophobic 

octadecyl group with lipases [99]. Now a day, 

commercially Sofosbuvir for lipase B from Candida 

antarctica is used in treating hepatitis C capable of 

overcoming the high mutagenicity of HCV and presence 

of various genotypes and subtypes [100]. The patent from 

Gileadhas utilizes immobilized CalB during 

enantioselective hydrolysis process, forming an acetate 

ester into chiral alcohol. This particular step was used for 

the synthesis of Sofosbuvir involving multiple chemical 

process steps [101]. In the same way, industrial 

production of Penicillin G amidase for β-lactam 

antibiotics involve two different pepicillin G acylases 

engineered for the hydrolysis of benzyl-penicillin to form 

the β-lactam nucleus 6-APA and the another one for the 

development of semi-synthetic β-lactams (ampicillin or 

amoxicillin) [102]. Lastly, immobilization of 

transaminases applied in the bio industrial production of 

APIs demonestrates the first notable result of using other 

enzymes besides the hydrolases series. This was achieved 

by using a combinatorial model and direct evolution 

leading to highly active and more stable R-selective 

amine transaminase in the production of sitagliptin for 

the treatment of diabetes [103]. 

Medical device industry 
Patients with cystic fibrosis use lipase in medical device 

(pancreatic enzyme replacement therapy) in conjunction 

with meal to increase the absorption of fat and other 

nutrients. These available combinations contain 

triglycerides but fatty acids due to the weak and low 

range stability of hydrolyzed fats [104]. These devices not 

only increase life expectancy of the patients but also help 

to improve fat absorption resulting into improving 

chronic lung disease along with improving cognitive 

ability with reduced time duration needed for parenteral 

nutrition [105]. Similarly, use of urease is highly specific 

enzyme in dialysis system of an artificial kidney setup to 

remove the urea in renal failure patients. Urease catalyzes 

the hydrolysis of urea into ammonium and carbon 

dioxide [106]. Bio industrial applications of the urease are 

wide, from the hydrolysis and removal of urea in waste 

water treatment, beverages settings, foods processing 

and more confoundedly the removal of urea from blood 

for extracorporeal detoxification as well as in 
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regeneration system of dialysate in transplant kidneys. 

The use of immobilized urease is incorporated in a 

portable dialysis machines to catalyzes the hydrolysis of 

urea to ammonium and carbon dioxide, which is based 

on sorbet regenerative dialysis system [107]. Now a days, 

in medicine and clinical diagnostic, enzyme-based 

biosensors have wide an application of immobilized 

enzymes [108, 109], agriculture industries [110], 

environmental monitoring [111], food [112], and also in 

food safety [113]. Due to these high sensitivity and 

specificity of the catalytically active enzymes towards 

their target areas and molecules claimed their benefits of 

these technologies and techniques. 

Other industries 
A good number of enzymes used in textile industry have 

been noticed recently. As for example keratinase enzyme 

was immobilized with chitosan-β-cyclodextrin which 

demonstrated high thermal stability and preservation 

stability was greatly enhanced in comparison to the free 

form [114]. Cellulases are also used in textile processing 

even though poor recovery and reuse of the products. 

This is due to the capacity to modify cellulosic fibers and 

generating high quality textiles. Immobilization of 

cellulase has provided an excellent pilling resistance 

towards the fabric with more tensile, that gave a more 

recovery as well as reuse of the cellulases for few 

successive operation cycles [115]. Similarly, minimum 

decreasing of the tensile force and higher quality of 

whiteness were achieved [116], and epoxy resin with 

immobilized cellulose was incorporated in bioploishing 

of fabric in few effective cycles with no tensile strength 

reduction [117]. In general, the wool producing 

companies uses harsh chlorination technique to finally 

get shrink resistant fabric final products [95]. A research 

carried by Smith, E et al, 2010 demonstrated that use of 

proteases in place of chlorination resulted into efficient 

shrink resistance products without harming any 

environmental conditions in contrast to chlorination 

[118]. These days, immobilization technique is highly 

regarded an excellent alternative for wool shrink-

resistant fabric and could replace the standard 

chlorination procedures [119]. Untreated waste water 

form industries are causing a very big problem to the 

world. Disposal of phenolic sand dye have raised huge 

concerns form scientific communities because of their 

high carcinogenic and mutagenic properties, poor 

biodegradability plus toxicity. To solve this issue, various 

enzymes are used such as laccase, preoxidases, and azo 

reductases to clean the dyes at the time of water 

treatment procedures [120]. Several enzymes have the 

limitation of decreasing their enzyme activity and not 

clearing dye easily. Different immobilization process 

with laccase [121], and magnesium peroxidase [122] are 

used to reduce the color of effluent water. Similarly, 

phenolic compounds from industries’ untreated waste 

water are major water pollutants bearing high toxicity 

and very low biodegradability properties. Basically, use 

of high efficient and ecofriendly immobilized enzymes is 

a better option for extracting and processing phenolics 

from wastewater pollutants [123]. Various 

oxidoreductases, including laccase [124, 125], tyrosinase 

[126, 127], and horseradish peroxidase [128, 129, 130, 131] 

were immobilized to achieve higher catalytic activity, 

more selectivity, and efficient thermal stability for the 

removal of phenolic compounds. 

Industrial enzyme market size and trend. 
In 2023, the value of global industrial enzyme market was 

estimated at USD 7.42 billion and is projected to rise at a 

Figure 2: Diagrammatic representation of 
trend of industrial enzyme. 
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compound annual growth rate (CAGR) of 6.3% from 2024 

to 2030. Future of global enzyme market scale is 

anticipated to fuel the growth by increasing demand for 

bakery products, fruits juices, detergent products, textiles 

and animal feeds. The food and beverages sectors 

account the highest revenue share of 21.05% in 2023. Now 

days both the free form and immobilized form of 

enzymes are extensively used in the production of 

various food and beverages items (including cheese, 

vegetables & fruits, oils & fats, grains), also in other food 

processing sectors such as baking, brewing, and dairy. 

These days’ food and beverages sector primarily use 

proteases, lipases, and carbohydrate. Also enzymes like 

proteases, lipases, and amylases have found their wide 

application in the formulation of detergent products. In 

particular, proteases are commonly used in detergent 

products to efficiently remove protein–based stains such 

as grass, eggs, sweat, and blood. In the similar way, 

amylases find their application to remove stain 

developed by starchy food products (chocolate, custards, 

gravies, oatmeal porridge, mashed potatoes, and 

spaghetti). Enzymes that are incorporated into 

dishwashing and laundry detergents products do not 

contain chlorine. As a result, the demand for global 

industrial enzyme markets in animal feed production is 

estimated to increase in order with the projected CAGR. 

The COVID-19 pandemic has significantly impacted on 

various sectors worldwide, causing disruptions in 

supply-demand chain. The global enzyme market also 

experienced a slight decline in demand-supply gap for 

products used in biofuel and textiles as a result of 

shutdown of the automotive industry. The crises 

witnessed the overall economic slowdown. However, the 

enzyme markets as a whole witnesses a strong adoption 

of enzymes in animal feed products, food and cleaning 

items. The COVID-19 pandemic educated the importance 

of hygiene and cleanliness in human life which 

emphasized the need of enzyme-based cleaning 

products. As a result of consumers’ awareness of their 

health and lifestyle choices, there is a significant shift 

towards healthier lifestyle with hygiene and cleanliness 

products. The shift to healthier lifestyle choice have a 

positive impact on the global industrial enzyme sectors 

as it increased the demand for enzymes in various 

applications that help to maintain healthier living with 

enzyme-based cleaning and hygienic products. Other 

factors enhancing the enzyme modern market constitute 

the high market demand from various detergent 

producers, textile producing industries, pharmaceuticals 

sectors, animal feed producing industries, biofuel 

industries, cosmetics manufactures to their eco-friendly 

and safe bio-industrial processing alternatives to regular 

ordinary methodology [132]. At present, North America 

holds the highest revenue share of enzyme market with 

37.65% in 2023 followed by European Union while the 

increasing trends of enzyme market in Asia-Pacific bears 

the share of 30% of the total revenue generated in this 

sector [133].  

Conclusions 
Enzymes are proteinases in nature and are involved in 

catalyzing various biological and biochemical processes. 

The growing advancement of protein extraction and need 

for the development of more sustainable and cost 

effective process together with the rapid progress in 

protein engineering coupled with the immobilized 

enzyme technology presents a bright future for the use of 

bio catalysis in industrial settings. Enzymes provide 

essential and advantageous benefits to the industrial 

processes over orthodox chemical catalysts applications 

which not only make them favorable alternatives for 

almost all industrial applications but also provide 

efficient and durable enzyme solutions. Enzyme 

immobilization process has various benefits such as 

process simplification with ease handling, economic, 

lowered environmental impact, and technical benefits, 

covering operational constant stability and efficient 

reusability compared to chemical synthesis [134]. 

Advancement of novel and superior performing end 

products and rapid development in the technology 

would enable industrial enzyme manufactures to cash on 

the huge unseen potential in the market. In order to 

develop such prospects in all segments of bio industrial 

application, industrial enzyme manufactures are 

increasingly using the developed protein engineering 

technique alongside immobilization processes for 

developing other application-specific enzymes. Enzyme 

immobilization is hugely applied in various industrial 

segments like foods, feeds, pharmaceuticals, textiles, 

waste water treatment, medical devices, biosensors, 

detergents in addition to bioremediation or water 

remediation. Having all these benefits of immobilization 

techniques, there is still room for development new and 

novel immobilization strategies. Due to this, enzyme 

industries have been compelled to actively look into the 

development and enhancement of new and existing 

enzymes to use unconventional substrates aiming to 

broaden the range of applications in the sector of 

chemical molecules. However, overall industrial enzyme 

market saw a good demand during COVID-19 on books 

of increasing adoption of enzymes from various 
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industries including animal feed, food, and cleaning 

segments. With increasing consumer awareness on 

health and lifestyle, there is a huge shift in demand for 

healthier life style is expected to positively change in 

industrial enzymes sector. 

Conflict of Interest 
The author(s) declared that there is no potential conflicts 

of interest.  

References 
1. Ranjbari, N.; Razzaghi, M.; Fernandez-Lafuente, R.; Shojaei, F.; 

Satari, M.; Homaei, A. Improved Features of a Highly Stable 
Protease from Penaeus Vannamei by Immobilization on 
Glutaraldehyde Activated Graphene Oxide 
Nanosheets. International Journal of Biological 
Macromolecules 2019, 130, 564–572, DOI: 
10.1016/j.ijbiomac.2019.02.163.  

2. Kirk, O.; Borchert, T. V.; Fuglsang, C. C. Industrial Enzyme 
Applications. Current Opinion in Biotechnology 2002, 13 (4), 345–
351, DOI: 10.1016/s0958-1669(02)00328-2.  

3. Razzaghi, M.; Homaei, A.; Mosaddegh, E. Penaeus Vannamei 
Protease Stabilizing Process of ZnS Nanoparticles. International 
Journal of Biological Macromolecules 2018, 112, 509–515, 
DOI:10.1016/j.ijbiomac.2018.01.173.  

4. Basso, A.; Serban, S. Industrial Applications of Immobilized 
Enzymes- A Review. Molecular Catalysis 2019, 479 (110607), 
110607, DOI: 10.1016/j.mcat.2019.110607.  

5. Liu, D.-M.; Dong, C. Recent Advances in Nano-Carrier 
Immobilized Enzymes and Their Applications. Process 
Biochemistry 2020, 92, 464–475, DOI: 10.1016/j.procbio.2020.02.005.  

6. Hakala, T. K.; Liitiä, T.; Suurnäkki, A. Enzyme-Aided Alkaline 
Extraction of Oligosaccharides and Polymeric Xylan from 
Hardwood Kraft Pulp. Carbohydrate Polymers 2013, 93 (1), 102–108, 
DOI: 10.1016/j.carbpol.2012.05.013.  

7. Nisha, S.; Arun Karthick, S.; Gobi, N. A Review on Methods, 
Application and Properties of Immobilized Enzymes. Chemical 
Science Review Letters. 2012, 1, 148– 155. 

8. Apetrei, I. M.; Rodriguez-Mendez, M. L.; Apetrei, C.; de Saja, J. A. 
Enzyme Sensor Based on Carbon Nanotubes/Cobalt(II) 
Phthalocyanine and Tyrosinase Used in Pharmaceutical 
Analysis. Sensors and Actuators B: Chemical 2013, 177, 138–144, DOI: 
10.1016/j.snb.2012.10.131.  

9. Ismail, B.; Nielsen, S. S. Invited Review: Plasmin Protease in Milk: 
Current Knowledge and Relevance to Dairy Industry. Journal of 
Dairy Science 2010, 93 (11), 4999–5009, DOI: 10.3168/jds.2010-3122.  

10. Gomes-Ruffi, C. R.; Cunha, R. H. da; Almeida, E. L.; Chang, Y. K.; 
Steel, C. J. Effect of the Emulsifier Sodium Stearoyl Lactylate and 
of the Enzyme Maltogenic Amylase on the Quality of Pan Bread 
during Storage. LWT 2012, 49 (1), 96–101, DOI: 
10.1016/j.lwt.2012.04.014.  

11. Bai, Y.; Huang, H.; Meng, K.; Shi, P.; Yang, P.; Luo, H.; Luo, C.; 
Feng, Y.; Zhang, W.; Yao, B. Identification of an Acidic α-Amylase 
from Alicyclobacillus Sp. A4 and Assessment of Its Application in 
the Starch Industry. Food Chemistry 2012, 131 (4), 1473–1478, DOI: 
10.1016/j.foodchem.2011.10.036.  

12. Yoon, K.-H.; Lim, B.-L. Cloning and Strong Expression of a Bacillus 
Subtilis WL-3 Mannanase Gene in B. 
Subtilis. PubMed 2007, 17 (10), 1688–1694. 

13. Moreira, L. R. S.; Filho, E. X. F. An Overview of Mannan Structure 
and Mannan-Degrading Enzyme Systems. Applied Microbiology 
and Biotechnology 2008, 79 (2), 165–178, DOI: 10.1007/s00253-008-
1423-4.  

14. Stålbrand, H.; Saloheimo, A.; Vehmaanperä, J.; Henrissat, B.; 
Penttilä, M. Cloning and Expression in Saccharomyces Cerevisiae 
of a Trichoderma Reesei Beta-Mannanase Gene Containing a 
Cellulose Binding Domain. Applied and Environmental 
Microbiology 1995, 61 (3), 1090–1097, DOI: 10.1128/aem.61.3.1090-
1097.1995.  

15. Chauhan, P. S.; Puri, N.; Sharma, P.; Gupta, N. Mannanases: 
Microbial Sources, Production, Properties and Potential 
Biotechnological Applications. Applied Microbiology and 
Biotechnology 2012, 93 (5), 1817–1830, DOI: 10.1007/s00253-012-
3887-5.  

16. Mendoza, N. S.; Arai, M.; Kawaguchi, T.; Yoshida, T.; Joson, L. M. 
Purification and Properties of Mannanase from Bacillus 
Subtilis. World Journal of Microbiology & Biotechnology 1994, 10 (5), 
551–555, DOI: 10.1007/bf00367665.  

17. Cho, S. J. Isolation and Characterization of Mannanase Producing 
Bacillus Amyloliquefaciens CS47 from Horse Feces. Journal of Life 
Science 2009, 19 (12), 1724–1730, DOI: 5352/jls.2009.19.12.1724. 

18. Ma, Y.; Xue, Y.; Dou, Y.; Xu, Z.; Tao, W.; Zhou, P. Characterization 
and Gene Cloning of a Novel β-mannanase from Alkaliphilic 
Bacillus sp. N16-5. Extremophiles 2004, 8, 447-454. 

19. Singh, G.; Bhalla, A.; Hoondal, G. S. Solid State Fermentation and 
Characterization of Partially Purified Thermostable Mannanase 
from Bacillus sp. MG-33. BioResources 2010, 5(3), 1689–1701, DOI: 
10.15376/biores.5.3.1689-1701. 

20. Lee, Y. S.; Zhou, Y.; Park, I. H.; Chandra, M. R. G. S.; Ahn, S. C.; 
Choi, Y. L. Isolation and Purification of Thermostable β-
mannanase from Paenibacillus illinoisensis ZY-08. Journal of the 
Korean Society for Applied Biological Chemistry 2010, 53, 1-7, DOI: 
10.3839/jksabc.2010.001. 

21. Luo, H.; Wang, Y.; Wang, H.; Yang, J.; Yang, Y.; Huang, H.; Yang, 
P.; Bai, Y.; Shi, P.; Fan, Y.; Yao, B. A Novel Highly Acidic β-
Mannanase from the Acidophilic Fungus Bispora Sp. MEY-1: Gene 
Cloning and Overexpression in Pichia Pastoris. Applied 
Microbiology and Biotechnology 2009, 82 (3), 453–461, DOI: 
10.1007/s00253-008-1766-x.  

22. Ademark, P.; Varga, A.; Medve, J.; Harjunpää, V.; Torbjörn 
Drakenberg; Tjerneld, F.; Stålbrand, H. Softwood Hemicellulose-
Degrading Enzymes from Aspergillus Niger: Purification and 
Properties of a β-Mannanase. Journal of Biotechnology 1998, 63 (3), 
199–210, DOI: 10.1016/s0168-1656(98)00086-8.  

23. Tamaku, Y.; Akaki, T.; Morishita, T.; Kimura, T.; Sakka, K.; 
Ohmiya, K. Cloning, DNA Sequencing, and Expression of the β-1, 
4-mannanase Gene from a Marine Bacterium, Vibrio sp. strain MA-
138. Journal of Fermentation and Bioengineering 1997, 83(2), 201-205, 
DOI: 10.1016/s0922-338x(97)83584-2. 

24. Sachslehner, A. Hydrolysis of Isolated Coffee Mannan and Coffee 
Extract by Mannanases of Sclerotium Rolfsii. Journal of 
Biotechnology 2000, 80 (2), 127–134, DOI: 10.1016/s0168-
1656(00)00253-4.  

25. Wittmann, S. K.; François Shareck; Dieter Kluepfel; Morosoli, R. 
Purification and Characterization of the CelB Endoglucanase from 
Streptomyces Lividans 66 and DNA Sequence of the Encoding 
Gene. Applied and Environmental Microbiology 1994, 60 (5), 1701–
1703, DOI: 10.1128/aem.60.5.1701-1703.1994.  

26. Kumagai, Y.; Hirokazu Usuki; Yamamoto, Y.; Akihiro Yamasato; 
Arima, J.; Takafumi Mukaihara; Hatanaka, T. Characterization of 
Calcium Ion Sensitive Region for β-Mannanase from Streptomyces 
Thermolilacinus. Biochimica et Biophysica Acta (BBA) - Proteins and 
Proteomics 2011, 1814 (9), 1127–1133, DOI: 
10.1016/j.bbapap.2011.04.017.  

27. Shi, P.; Yuan, T.; Zhao, J.; Huang, H.; Luo, H.; Meng, K.; Wang, Y.; 
Yao, B. Genetic and Biochemical Characterization of a Protease-
Resistant Mesophilic β-Mannanase from Streptomyces Sp. 
S27. Journal of Industrial Microbiology & Biotechnology 2010, 38 (3), 
451–458, DOI: 10.1007/s10295-010-0789-3. 

28. Regmi, S.; Pradeep, G. C.; Choi, Y. H.; Choi, Y. S.; Choi, J. E.; Cho, 
S. S.; Yoo, J. C. A Multi-tolerant Low Molecular Weight mannanase 
from Bacillus sp. CSB39 and its Compatibility as an Industrial 
Biocatalyst. Enzyme and Microbial Technology 2016, 92, 76-85, DOI: 
10.1016/j.enzmictec.2016.06.018. 

29. Regmi, S.; Yoo, H. Y.; Choi, Y. H.; Choi, Y. S.; Yoo, J. C.; Kim, S. W. 
Prospects for Bio-Industrial Application of an Extremely Alkaline 
Mannanase fromBacillus Subtilis Subsp. Inaquosorum 
CSB31. Biotechnology Journal 2017, 12 (11), 1700113, DOI: 
10.1002/biot.201700113 

30. Jiang, Z.; Wei, Y.; Li, D.; Li, L.; Chai, P.; Kusakabe, I. High-level 
Production, Purification and Characterization of a Thermostable 
β-mannanase from the Newly Isolated Bacillus subtilis 

https://doi.org/10.1016/j.ijbiomac.2019.02.163
https://doi.org/10.1016/j.ijbiomac.2018.01.173
https://doi.org/10.1016/j.procbio.2020.02.005
https://doi.org/10.1016/j.lwt.2012.04.014
https://doi.org/10.1007/s00253-008-1423-4
https://doi.org/10.1007/s00253-008-1423-4
https://doi.org/10.1007/bf00367665
https://doi.org/10.1016/s0168-1656(98)00086-8
https://doi.org/10.1128/aem.60.5.1701-1703.1994
https://doi.org/10.1007/s10295-010-0789-3
https://doi.org/10.1002/biot.201700113
https://doi.org/10.1002/biot.201700113


Nepal J Biotechnol. 2025  Jul ;  13(1 ) :  90 -102     Regmi and Yoo.  

©NJB, BSN   100 

WY34. Carbohydrate Polymers 2006, 66(1), 88-96, DOI: 
10.1016/j.carbpol.2006.02.030. 

31. Zhang, J.; He, Z.; Hu, K. Purification and Characterization of β-
mannanase from Bacillus licheniformis for Industrial 
Use. Biotechnology Letters 2000, 22, 1375-1378, DOI: 
10.1016/j.carbpol.2006.02.030. 

32. Bhat, M. K.; Bhat, S. Cellulose Degrading Enzymes and Their 
Potential Industrial Applications. Biotechnology Advances 
1997, 15(3-4), 583-620, DOI: 10.1016/s0734-9750(97)00006-2. 

33. Lynd, L. R.; Weimer, P. J.; Van Zyl, W. H.; Pretorius, I. S. Microbial 
Cellulose Utilization: Fundamentals and 
Biotechnology. Microbiology and Molecular Biology Reviews 
2002, 66(3), 506-577, DOI: 10.1128/mmbr.66.4.739.2002. 

34. Pérez, J.; Munoz-Dorado, J.; De la Rubia, T. D. L. R.; Martinez, J. 
Biodegradation and Biological Treatments of Cellulose, 
Hemicellulose and Lignin: An Overview. International Microbiology 
2002, 5, 53-63, DOI: 10.1007/s10123-002-0062-3. 

35. Regmi, S.; Choi, Y. S.; Kim, Y. K.; Khan, M. M.; Lee, S. H.; Cho, S. 
S.; Jin, Y.-Y.; Lee, D. Y.; Yoo, J. C.; Suh, J.-W. Endoglucanase 
Produced by Bacillus Subtilis Strain CBS31: Biochemical 
Characterization, Thermodynamic Study, Enzymatic Hydrolysis, 
and Bio-Industrial Applications. Biotechnology and Bioprocess 
Engineering 2020, 25 (1), 104–116, DOI: 10.1007/s12257-019-0338-5.  

36. Ashabil A.; Lutfiye K.; Burhan A. Alkaline Thermostable and 
Halophilic Endoglucanase from Bacillus Licheniformis 
C108. African Journal of Biotechnology 2011, 10 (5), 789–796, DOI: 
10.5897/ajb10.1559. 

37. Regmi, S.; Choi, Y.S.; Kim, Y. K.; Khan, M.M.; Lee, S.H.; Choi, Y.H.; 
... Suh, J.W. Industrial Attributes of β-glucanase Produced by 
Bacillus sp. CSB55 and its Potential Application as Bio-industrial 
Catalyst. Bioprocess and Biosystems Engineering 2020, 43, 249-259, 
DOI: 10.1007/s00449-019-02221-7. 

38. Ejaz, U.; Sohail, M.; Ghanemi, A. Cellulases: From Bioactivity to a 
Variety of Industrial Applications. Biomimetics 2021, 6 (3), 44, DOI: 
10.3390/biomimetics6030044.  

39. Chapman, J.; Ismail, A.; Dinu, C. Industrial Applications of 
Enzymes: Recent Advances, Techniques, and 
Outlooks. Catalysts 2018, 8 (6), 238, DOI: 10.3390/catal8060238.  

40. Singhal, P.; Nigam, V.K.; Vidyarthi, A.S. Studies on Production, 
Characterization and Applications of Microbial Alkaline 
Proteases. International Journal of Advanced Biotechnology and 
Research 2012, 3(3), 653-669. 

41. Johnvesly, B.; Naik, G. R. Studies on Production of Thermostable 
Alkaline Protease from Thermophilic and Alkaliphilic Bacillus Sp. 
JB-99 in a Chemically Defined Medium. Process 
Biochemistry 2001, 37 (2), 139–144, DOI: 10.1016/s0032-
9592(01)00191-1.  

42. Shamsi, T. N.; Parveen, R.; Fatima, S. Characterization, Biomedical 
and Agricultural Applications of Protease Inhibitors: A 
Review. International Journal of Biological Macromolecules 2016, 91, 
1120–1133, DOI: 10.1016/j.ijbiomac.2016.02.069.  

43. Mobini-Dehkordi, M.; Afzal Javan, F. Application of Alpha-
Amylase in Biotechnology. Journal of Biology and Today’s 
World 2012, 1 (1) 39-50, DOI: 10.15412/j.jbtw.01010104.  

44. Lahmar, I.; Radeva, G.; Marinkova, D.; Velitchkova, M.; Belghith, 
H.; Abdallah, F. B.; ... Belghith, K. Valorization of a Plant β-
amylase: Immobilization and Dataset on the Kinetic Process. Data 
in Brief 2018, 16, 386-391, DOI: 10.1016/j.dib.2017.11.071. 

45. Kuddus, M. Cold-active Detergent-stable Extracellular α-amylase 
from Bacillus cereus GA6: Biochemical Characteristics and its 
Perspectives in Laundry Detergent Formulation. Journal of 
Biochemical Technology 2013, 4(4). 

46. Qin, Y.; Huang, Z.; Liu, Z. A Novel Cold-active and Salt-tolerant 
α-amylase from Marine Bacterium Zunongwangia profunda: 
Molecular Cloning, Heterologous Expression and Biochemical 
Characterization. Extremophiles 2014, 18, 271-281. 

47. Arabacı, N.; Arıkan, B. Isolation and Characterization of a Cold-
Active, Alkaline, Detergent Stable α-Amylase from a Novel 
Bacterium Bacillus Subtilis N8. Preparative Biochemistry and 
Biotechnology 2018, 48 (5), 419–426, DOI: 
10.1080/10826068.2018.1452256. 

48. Chitradon, L.; Mahakhan, P.; Bucke, C. Oligosaccharide Synthesis 
by Reversed Catalysis Using α-Amylase from Bacillus 

Licheniformis. Journal of Molecular Catalysis B: 
Enzymatic 2000, 10 (1-3), 273–280, DOI: 10.1016/s1381-
1177(00)00110-7.  

49. Collins, T.; Gerday, C.; Feller, G. Xylanases, Xylanase Families and 
Extremophilic Xylanases. FEMS Microbiology Reviews 2005, 29 (1), 
3–23, DOI: 10.1016/j.femsre.2004.06.005.  

50. Hu, J.; Arantes, V.; Pribowo, A.; Saddler, J. N. The Synergistic 
Action of Accessory Enzymes Enhances the Hydrolytic Potential 
of a “Cellulase Mixture” but Is Highly Substrate 
Specific. Biotechnology for Biofuels 2013, 6 (1), DOI: 10.1186/1754-
6834-6-112.  

51. Harris, P. L.; Xu, F.; Kreel, N. E.; Kang, C.; Fukuyama, S. New 
Enzyme Insights Drive Advances in Commercial Ethanol 
Production. Current Opinion in Chemical Biology 2014, 19, 162–170, 
DOI: 10.1016/j.cbpa.2014.02.015.  

52. G.C., P.; Choi, Y. H.; Choi, Y. S.; Seong, C. N.; Cho, S. S.; Lee, H. J.; 
Yoo, J. C. A Novel Thermostable Cellulase Free Xylanase Stable in 
Broad Range of PH from Streptomyces Sp. CS428. Process 
Biochemistry 2013, 48 (8), 1188–1196, DOI: 
10.1016/j.procbio.2013.06.007. 

53. Mander, P.; Yun Hee Choi; Pradeep, G. C.; Yun Seok Choi; Joon 
Hee Hong; Cho, S.; Jin Cheol Yoo. Biochemical Characterization of 
Xylanase Produced from Streptomyces Sp. CS624 Using an Agro 
Residue Substrate. Process Biochemistry 2014, 49 (3), 451–456, DOI: 
10.1016/j.procbio.2013.12.011.  

54. Hossain, M.S.; Azad, A.K.; Sayem, S.A.; Mostafa, G.; and Hoq, 
M.M. Production and Partial Characterization of Feather-
Degrading Keratinolytic Serine Protease from Bacillus 
licheniformis MZK-3. Journal of Biological Sciences 2007, 7, 599–606, 
DOI: 10.3923/jbs.2007.599.606. 

55. Santha Kalaikumari, S.; Vennila, T.; Monika, V.; Chandraraj, K.; 
Gunasekaran, P.; Rajendhran, J. Bioutilization of Poultry Feather 
for Keratinase Production and Its Application in Leather 
Industry. Journal of Cleaner Production 2019, 208, 44–53, DOI: 
10.1016/j.jclepro.2018.10.076.  

56. Fang, Z.; Zhang, J.; Liu, B.; Du, G.; Chen, J. Biochemical 
Characterization of Three Keratinolytic Enzymes from 
Stenotrophomonas maltophilia BBE11-1 for Biodegrading Keratin 
Wastes. International Biodeterioration & Biodegradation 2013, 82, 166–
172, DOI: 10.1016/j.ibiod.2013.03.008. 

57. Sanghvi, G.; Patel, H.; Vaishnav, D.; Oza, T.; Dave, G.; Kunjadia, 
P.; Sheth, N. A Novel Alkaline Keratinase from Bacillus Subtilis 
DP1 with Potential Utility in Cosmetic Formulation. International 
Journal of Biological Macromolecules 2016, 87, 256–262, DOI: 
10.1016/j.ijbiomac.2016.02.067.  

58. Kshetri, P.; Roy, S. S.; Chanu, S. B.; Singh, T. S.; Tamreihao, K.; 
Sharma, S. K.; Ansari, M. A.; Prakash, N. Valorization of Chicken 
Feather Waste into Bioactive Keratin Hydrolysate by a Newly 
Purified Keratinase from Bacillus Sp. RCM-SSR-102. Journal of 
Environmental Management 2020, 273, 111195, DOI: 
10.1016/j.jenvman.2020.111195. 

59. Zhang, Z.; Li, D.; Zhang, X. Enzymatic Decolorization of 
Melanoidins from Molasses Wastewater by Immobilized 
Keratinase. Bioresource Technology 2019, 280, 165–172, DOI: 
10.1016/j.biortech.2019.02.049.  

60. Jayani, R. S.; Saxena, S.; Gupta, R. Microbial Pectinolytic Enzymes: 
A Review. Process Biochemistry 2005, 40 (9), 2931–2944, DOI: 
10.1016/j.procbio.2005.03.026.  

61. Anand, G.; Yadav, S.; Gupta, R.; Yadav, D. Pectinases: From 
Microbes to Industries. Microorganisms for Sustainable Environment 
and Health 2020, 287–313, DOI: 10.1016/b978-0-12-819001-2.00014-
0.  

62. Saharan, R.; Sharma, K.P. Industrial Applications of Thermophilic 
Pectinase: A Review. International Journal of Current Research, 2018, 
10, 70762–70770. 

63. Al-Maqtari, Q.A.; Waleed, A.A.; Mahdi, A.A. Microbial Enzymes 
Produced by Fermentation and Their Applications in the Food 
Industry-A Review. International Journal of Agriculture Innovations 
and Research 2019, 8, 1.   

64. Lavanya, S.; Gayatri, R. A. Review on Microbial Production of 
Amylase and Pectinase from Agricultural Waste: Biotechnology 
and Scope. Asian Journal of Science and Technology 2021, 12, 1, 11468–
11479. 

https://doi.org/10.5897/ajb10.1559
https://doi.org/10.3390/biomimetics6030044
https://doi.org/10.1016/j.ijbiomac.2016.02.069
https://doi.org/10.1080/10826068.2018.1452256
https://doi.org/10.1016/j.cbpa.2014.02.015
https://doi.org/10.1016/j.procbio.2013.06.007
https://doi.org/10.1016/j.procbio.2013.06.007
https://doi.org/10.1016/j.jenvman.2020.111195
https://doi.org/10.1016/j.jenvman.2020.111195
https://doi.org/10.1016/j.procbio.2005.03.026


Nepal J Biotechnol. 2025  Jul ;  13(1 ) :  90 -102     Regmi and Yoo.  

©NJB, BSN   101 

65. Hassan, B.; Ali, S. A Review on Biotechnological Impact of 
Pectinases in Industries. Journal of Pharmaceutical, Chemical and 
Biological Sciences 2016, 1, 16. 

66. Ravindran, R.; Sharma, S.; Jaiswal, A. Enzymes in Processing of 
Functional Foods Ingredients and Nutraceuticals. Functional Foods 
for Chronic Diseases 2016, 60–385. 

67. Brady, D.; Jordaan, J. Advances in Enzyme 
Immobilisation. Biotechnology Letters 2009, 31 (11), 1639–1650, DOI: 
10.1007/s10529-009-0076-4.  

68. Jesionowski, T.; Zdarta, J.; Krajewska, B. Enzyme Immobilization 
by Adsorption: A Review. Adsorption 2014, 20 (5-6), 801–821, DOI: 
10.1007/s10450-014-9623-y.  

69. Mohamad, N. R.; Marzuki, N. H. C.; Buang, N. A.; Huyop, F.; 
Wahab, R. A. An Overview of Technologies for Immobilization of 
Enzymes and Surface Analysis Techniques for Immobilized 
Enzymes. Biotechnology & Biotechnological Equipment 2015, 29 (2), 
205–220, DOI: 10.1080/13102818.2015.1008192.  

70. Karim, Z.; Adnan, R.; Husain, Q. A β-Cyclodextrin–Chitosan 
Complex as the Immobilization Matrix for Horseradish Peroxidase 
and Its Application for the Removal of Azo Dyes from Textile 
Effluent. International Biodeterioration & Biodegradation 2012, 72, 10–
17, DOI: 10.1016/j.ibiod.2012.04.008.  

71. Savile, C. K.; Janey, J. M.; Mundorff, E. C.; Moore, J. C.; Tam, S.; 
Jarvis, W. R.; Colbeck, J. C.; Krebber, A.; Fleitz, F. J.; Brands, J.; 
Devine, P. N.; Huisman, G. W.; Hughes, G. J. Biocatalytic 
Asymmetric Synthesis of Chiral Amines from Ketones Applied to 
Sitagliptin Manufacture. Science 2010, 329 (5989), 305–309, DOI: 
10.1126/science.1188934. 

72. Hauer, B.; Branneby, C.K.; Hult, K.; Magnusson, A.; Hamberg, A. 
2014, U.S. Patent Application No. 14/220, 301. 

73. Sellappan, S.; Akoh, C.C. Applications of Lipases in Modifications 
of Food Lipids. Handbook of Industrial Biocatalysis 2005, 1-39. 

74. Tufvesson, P.; Fu, W.; Jensen, J. S.; Woodley, J. M. Process 
Considerations for the Scale-up and Implementation of 
Biocatalysis. Food and Bioproducts Processing 2010, 88 (1), 3–11, DOI: 
10.1016/j.fbp.2010.01.003.  

75. DiCosimo, R.; McAuliffe, J.; Poulose, A. J.; Bohlmann, G. Industrial 
Use of Immobilized Enzymes. Chemical Society 
Reviews 2013, 42 (15), 6437, DOI: 10.1039/c3cs35506c.  

76. Chen, W. P. Glucose Isomerase. A Review. Proccess Biochemistry 
1980, 15, 30-35. 

77. Bhosale, S. H.; Rao, M. B.; Deshpande, V. V. Molecular and 
Industrial Aspects of Glucose Isomerase. Microbiological 
reviews 1996, 60 (2), 280–300, DOI: 10.1128/mmbr.60.2.280-
300.1996.  

78. Jensen, V.J.; Rugh, S. Industrial-scale Production and Application 
of Immobilized Glucose Isomerase. In Methods in Enzymology 1987, 
136, 356-370. Academic Press. 

79. Oh, D.K.; Kim, H.J.; Lee, Y.J.; Song, S.H.; Park, S.W.; Kim, J.H.; 
Kim, S.B. U.S. Patent No. 8,030,035. Washington, DC: U.S. Patent 
and Trademark Office. 

80. Maruta, K.; Yamamoto, K.; Nishimoto, T.; Chaen, H.; Nakada, T. 
2011 U.S. Patent No. 8,008,058. Washington, DC: U.S. Patent and 
Trademark Office. 

81. Hong, Y. H.; Kim, J.H.; Kim, S.B.; Kim, J.H.; Lee, Y.M.; Park, S.W. 
2014. U.S. Patent No. 8,735,106. Washington, DC: U.S. Patent and 
Trademark Office. 

82. Chini, J.; Febbruari, B.; Matulli, M.; Vagnoli, L. 2014. Enzymes 
Immobilized on Styrene-divinyl Benzene Matrices and the Use 
Thereof in Industrial Productions. WO2014/006606 A1. 

83. Kovacs, Z.; Benjamins, E.; Grau, K.; Ur Rehman, A.; Ebrahimi, M.; 
Czermak, P. Recent Developments in Manufacturing 
Oligosaccharides with Prebiotic Functions. Biotechnology of Food 
and Feed Additives 2014, 257-295. 

84. Park, A.-R.; Oh, D.-K. Galacto-Oligosaccharide Production Using 
Microbial β-Galactosidase: Current State and Perspectives. Applied 
Microbiology and Biotechnology 2009, 85 (5), 1279–1286, DOI: 
10.1007/s00253-009-2356-2.  

85. Camara, M.; Fernandez-Ruiz, V.; Morales, P.; Sanchez-Mata, M. C. 
Fiber Compounds and Human Health. Current Pharmaceutical 
Design 2017, 23 (19), 2835–2849, DOI: 
10.2174/1381612823666170216123219. 

86. Xavier, J. R.; Ramana, K. V.; Sharma, R. K. β-Galactosidase: 
Biotechnological Applications in Food Processing. Journal of Food 
Biochemistry 2018, 42 (5), e12564, DOI: /10.1111/jfbc.12564. 

87. Villeneuve, P. Lipases in Lipophilization Reactions. Biotechnology 
Advances 2007, 25 (6), 515–536, DOI: 
1016/j.biotechadv.2007.06.001.  

88. Stevenson, R. W.; Luddy, F. E.; Rothbart, H. L. Enzymatic Acyl 
Exchange to Vary Saturation in Di- and Triglycerides. Journal of the 
American Oil Chemists’ Society 1979, 56 (7), 676–680, DOI: 
10.1007/bf02660072.  

89. Asif, M. Process Advantages and Product Benefits of 
Interesterification in Oils and Fats. International journal of Nutrition, 
Pharmacology, Neurological Diseases 2011, 1 (2), 134-138, DOI: 
10.4103/2231-0738.84203.  

90. Darwish, A.M.G.; Abo Nahas, H.H.; Korra, Y.H.; Osman, A.A.; El-
Kholy, W.M.; Reyes-Córdova, M.; ... Abdel-Azeem, A.M. Fungal 
Lipases: Insights into Molecular Structures and Biotechnological 
Applications in Medicine and Dairy Industry. Industrially 
Important Fungi for Sustainable Development. Bioprospecting for 
Biomolecules 2021, 2, 461-514. 

91. Nettleton, J. A.; Nettleton, J. A. Omega-3 Fatty Acids and Health 
1995, 64-76, Springer US. 

92. Panesar, P. S.; Kumari, S.; Panesar, R. Potential Applications of 
Immobilizedβ-Galactosidase in Food Processing 
Industries. Enzyme Research 2010, 2010, 1–16, DOI: 
10.4061/2010/473137. 

93. Griffiths, M. W.; Muir, D. D.; Phillips, J. D. 1982 U.S. Patent No. 
4,332,895. Washington, DC: U.S. Patent and Trademark Office. 

94. Mine, Y. Enhanced Enzyme Activity and Enantioselectivity of 
Lipases in Organic Solvents by Crown Ethers and 
Cyclodextrins. Journal of Bioscience and Bioengineering 2003, 95 (5), 
441–447, DOI: 10.1016/s1389-1723(03)80042-7.  

95. Soares, J. C.; Moreira, P. R.; Queiroga, A. C.; Morgado, J.; Malcata, 
F. X.; Pintado, M. E. Application of Immobilized Enzyme 
Technologies for the Textile Industry: A Review. Biocatalysis and 
Biotransformation 2011, 29 (6), 223–237, DOI: 
10.3109/10242422.2011.635301.  

96. Vasconcelos, A.; Silva, C. J. S. M.; Schroeder, M.; Guebitz, G. M.; 
Cavaco-Paulo, A. Detergent Formulations for Wool Domestic 
Washings Containing Immobilized Enzymes. Biotechnology 
Letters 2006, 28 (10), 725–731, DOI: 10.1007/s10529-006-9050-6. 

97. An, J. D.; Patterson, D. A.; McNeil, S.; Hossain, M. M. 
Immobilization of Lipase on Woolen Fabrics: Enhanced 
Effectiveness in Stain Removal. Biotechnology Progress 2014, 30 (4), 
806–817, DOI: 10.1002/btpr.1912.  

98. Sharma, M.; Kumar, V.; Pundir, C.S. Immobilization of porcine 
pancreas lipase onto free and affixed arylamine glass beads and its 
application in removal of oil stains 2008. 

99. Basso, A.; Hesseler, M.; Serban, S. Hydrophobic 
Microenvironment Optimization for Efficient Immobilization of 
Lipases on Octadecyl Functionalised 
Resins. Tetrahedron 2016, 72 (46), 7323–7328, DOI: 
10.1016/j.tet.2016.02.021.  

100. Martell, M.; Esteban, J. I.; Quer, J.; Genescà, J.; Weiner, A.; Esteban, 
R.; Guardia, J.; Gómez, J. Hepatitis c Virus (HCV) Circulates as a 
Population of Different but Closely Related Genomes: 
Quasispecies Nature of HCV Genome Distribution. Journal of 
Virology 1992, 66 (5), 3225–3229, DOI: 10.1128/jvi.66.5.3225-
3229.1992. 

101. Basso, A.; Serban, S. Overview of Immobilized Enzymes’ 
Applications in Pharmaceutical, Chemical, and Food 
Industry. Immobilization of Enzymes and Cells: Methods and Protocols 
2020, 27-63. 

102. Bruggink, A.; Roos, E. C.; de Vroom, E. Penicillin Acylase in the 
Industrial Production of β-Lactam Antibiotics. Organic Process 
Research & Development 1998, 2 (2), 128–133, DOI: 
10.1021/op9700643. 

103. Savile, C. K.; Janey, J. M.; Mundorff, E. C.; Moore, J. C.; Tam, S.; 
Jarvis, W. R.; Colbeck, J. C.; Krebber, A.; Fleitz, F. J.; Brands, J.; 
Devine, P. N.; Huisman, G. W.; Hughes, G. J. Biocatalytic 
Asymmetric Synthesis of Chiral Amines from Ketones Applied to 
Sitagliptin Manufacture. Science 2010, 329 (5989), 305–309, DOI: 
/10.1126/science.1188934.  

https://doi.org/10.1016/j.ibiod.2012.04.008
https://doi.org/10.1126/science.1188934
https://doi.org/10.1039/c3cs35506c
https://doi.org/10.2174/1381612823666170216123219
https://doi.org/10.2174/1381612823666170216123219
https://doi.org/10.1111/jfbc.12564
https://doi.org/10.4103/2231-0738.84203
https://doi.org/10.4061/2010/473137
https://doi.org/10.1007/s10529-006-9050-6
https://doi.org/10.1128/jvi.66.5.3225-3229.1992
https://doi.org/10.1128/jvi.66.5.3225-3229.1992
https://doi.org/10.1021/op9700643
https://doi.org/10.1021/op9700643


Nepal J Biotechnol. 2025  Jul ;  13(1 ) :  90 -102     Regmi and Yoo.  

©NJB, BSN   102 

104. Zolin, A.; Mckone, E.F.; Van Rens, J. 2016, ECFS Patient Registry: 
Annual data report: 2014 data. 

105. Freedman, S. D.; Orenstein, D. M.; Black, P.; Brown, P.; McCoy, K.; 
Stevens, J. C.; Grujić, D.; Clayton, R. G. Increased Fat Absorption 
from Enteral Formula through an In-Line Digestive Cartridge in 
Patients with Cystic Fibrosis. Journal of Pediatric Gastroenterology 
and Nutrition 2017, 65 (1), 97–101, DOI: 
10.1097/mpg.0000000000001617.  

106. Chen, J. P.; Chiu, S. H. Preparation and Characterization of Urease 
Immobilized onto Porous Chitosan Beads for Urea 
Hydrolysis. Bioprocess Engineering 1999, 21, 323-330. 

107. AGAR, J. W. Review: Understanding Sorbent Dialysis 
Systems. Nephrology 2010, 15 (4), 406–411, DOI: 1111/j.1440-
1797.2010.01321.x.  

108. Hosu, O.; Mirel, S.; Sandulescu, R.; Cristea, C. Minireview: Smart 
Tattoo, Microneedle, Point-Of-Care, and Phone-Based Biosensors 
for Medical Screening, Diagnosis, and Monitoring. Analytical 
Letters 2018, 52 (1), 78–92, DOI: 10.1080/00032719.2017.1391826.  

109. Habimana, J. de D.; Ji, J.; Sun, X. Minireview: Trends in Optical-
Based Biosensors for Point-Of-Care Bacterial Pathogen Detection 
for Food Safety and Clinical Diagnostics. Analytical 
Letters 2018, 51 (18), 2933–2966, DOI: 
10.1080/00032719.2018.1458104.  

110. Verma, M. L. Nanobiotechnology Advances in Enzymatic 
Biosensors for the Agri-Food Industry. Environmental Chemistry 
Letters 2017, 15 (4), 555–560, DOI: 10.1007/s10311-017-0640-4. 

111. Hart, J. P.; S. Şerban; Jones, L.; Biddle, N.; Pittson, R.; Drago, G. A. 
Selective and Rapid Biosensor Integrated into a Commercial 
Hand‐Held Instrument for the Measurement of Ammonium Ion in 
Sewage Effluent. Analytical Letters 2006, 39 (8), 1657–1667, DOI: 
10.1080/00032710600713545.  

112. Serban, S.; Danet, A. F.;  El Murr, N. Rapid and Sensitive 
Automated Method for Glucose Monitoring in Wine 
Processing. Journal of Agricultural and Food Chemistry 2004, 52 (18), 
5588–5592, DOI: 10.1021/jf0494229.  

113. Gazel, N.; Yildiz, H. B. Enzyme‐Based Biosensors in Food Industry 
via Surface Modifications. Surface Treatments for Biological, 
Chemical, and Physical Applications 2017, 227-252. 

114. Srivastava, B.; Singh, H.; Khatri, M.; Singh, G.; Arya, S. K. 
Immobilization of Keratinase on Chitosan Grafted-β-Cyclodextrin 
for the Improvement of the Enzyme Properties and Application of 
Free Keratinase in the Textile Industry. International Journal of 
Biological Macromolecules 2020, 165, 1099–1110, DOI: 
10.1016/j.ijbiomac.2020.10.009.  

115. de, J.; Paula, A.; Henrique, P.; Débora de Oliveira. Cellulase 
Immobilized on Kaolin as a Potential Approach to Improve the 
Quality of Knitted Fabric. Bioprocess and Biosystems 
Engineering 2022, 45 (4), 679–688, DOI: 10.1007/s00449-021-02686-
5.  

116. Sankarraj, N.; Nallathambi, G. Enzymatic Biopolishing of Cotton 
Fabric with Free/Immobilized Cellulase. Carbohydrate 
Polymers 2018, 191, 95–102, DOI: 10.1016/j.carbpol.2018.02.067. 

117. Kumar, V. S.; Meenakshisundaram, S.; Selvakumar, N. 
Conservation of Cellulase Enzyme in Biopolishing Application of 
Cotton Fabrics. Journal of the Textile Institute 2008, 99 (4), 339–346, 
DOI: 10.1080/00405000701476351. 

118. Smith, E.; Schroeder, M.; Guebitz, G.; Shen, J. Covalent Bonding of 
Protease to Different Sized Enteric Polymers and Their Potential 
Use in Wool Processing. Enzyme and Microbial 
Technology 2010, 47 (3), 105–111, DOI: 
10.1016/j.enzmictec.2010.05.011.  

119. Silva, C. J. S. M.; Prabaharan, M.; Gübitz, G.; Cavaco-Paulo, A. 
Treatment of Wool Fibres with Subtilisin and Subtilisin-
PEG. Enzyme and Microbial Technology 2005, 36 (7), 917–922, DOI: 
10.1016/j.enzmictec.2005.01.017. 

120. Berradi, M.; Hsissou, R.; Khudhair, M.; Assouag, M.; Cherkaoui, 
O.; El Bachiri, A.; El Harfi, A. Textile Finishing Dyes and Their 
Impact on Aquatic Environs. Heliyon 2019, 5 (11), e02711, DOI: 
10.1016/j.heliyon.2019.e02711.  

121. Antecka, K.; Zdarta, J.; Siwińska-Stefańska, K.; Sztuk, G.; 
Jankowska, E.; Oleskowicz-Popiel, P.; Jesionowski, T. Synergistic 
Degradation of Dye Wastewaters Using Binary or Ternary Oxide 
Systems with Immobilized Laccase. Catalysts 2018, 8 (9), 402, DOI: 
10.3390/catal8090402. 

122. Siddeeg, S. M.; Tahoon, M. A.; Wissem Mnif; Faouzi Ben Rebah. 
Iron Oxide/Chitosan Magnetic Nanocomposite Immobilized 
Manganese Peroxidase for Decolorization of Textile 
Wastewater. Processes 2019, 8 (1), 5–5, DOI: 10.3390/pr8010005. 

123. Abdollahi, K.; Yazdani, F.; Panahi, R.; Babak Mokhtarani. 
Biotransformation of Phenol in Synthetic Wastewater Using the 
Functionalized Magnetic Nano-Biocatalyst Particles Carrying 
Tyrosinase. 3 Biotech 2018, 8 (10), DOI: 10.1007/s13205-018-1445-2.  

124. Taghizadeh, T.; Talebian-Kiakalaieh, A.; Jahandar, H.; Amin, M.; 
Tarighi, S.; Faramarzi, M. A. Biodegradation of Bisphenol a by the 
Immobilized Laccase on Some Synthesized and Modified Forms of 
Zeolite Y. Journal of Hazardous Materials 2020, 386, 121950, DOI: 
10.1016/j.jhazmat.2019.121950.  

125. Alver, E.; Metin, A. Ü. Chitosan Based Metal-Chelated Copolymer 
Nanoparticles: Laccase Immobilization and Phenol Degradation 
Studies. International Biodeterioration & Biodegradation 2017, 125, 
235–242, DOI: 10.1016/j.ibiod.2017.07.012. 

126. Wu, Q.; Xu, Z.; Duan, Y.; Zhu, Y.; Ou, M.; Xu, X. Immobilization of 
Tyrosinase on Polyacrylonitrile Beads: Biodegradation of Phenol 
from Aqueous Solution and the Relevant Cytotoxicity 
Assessment. RSC Advances 2017, 7 (45), 28114–28123, DOI: 
10.1039/c7ra03174b.  

127. Seetharam, G. B.; Saville, B. A. Degradation of Phenol Using 
Tyrosinase Immobilized on Siliceous Supports. Water 
Research 2003, 37 (2), 436–440, DOI: 10.1016/s0043-1354(02)00290-7 

128. Qiu, X.; Wang, Y.; Xue, Y.; Li, W.; Hu, Y. Laccase Immobilized on 
Magnetic Nanoparticles Modified by Amino-Functionalized Ionic 
Liquid via Dialdehyde Starch for Phenolic Compounds 
Biodegradation. Chemical Engineering Journal 2020, 391, 123564, 
DOI: 10.1016/j.cej.2019.123564.  

129. Pantić, N.; Prodanović, R.; Đurđić, K. I.; Polović, N.; Spasojević, M.; 
Prodanović, O. Optimization of Phenol Removal with Horseradish 
Peroxidase Encapsulated within Tyramine-Alginate Micro-
Beads. Environmental Technology & Innovation 2021, 21, 101211, 
DOI: 10.1016/j.eti.2020.101211.  

130. Vineh, M.B.; Saboury, A.A.; Poostchi, A.A.; Rashidi, A.M.; Parivar, 
K. Stability and Activity Improvement of Horseradish Peroxidase 
by Covalent Immobilization on Functionalized Reduced Graphene 
Oxide and Biodegradation of High Phenol 
Concentration. International Journal of Biological 
Macromolecules 2018, 106, 1314–1322, DOI: 
10.1016/j.ijbiomac.2017.08.133. 

131. Sellami, K.; Couvert, A.; Nasrallah, N.; Maachi, R.; Tandjaoui, N.; 
Abouseoud, M.; Amrane, A. Bio-Based and Cost Effective Method 
for Phenolic Compounds Removal Using Cross-Linked Enzyme 
Aggregates. Journal of Hazardous Materials 2021, 403, 124021, DOI: 
10.1016/j.jhazmat.2020.124021.  

132. Sarrouh, B. Up-To-Date Insight on Industrial Enzymes 
Applications and Global Market. Journal of Bioprocessing & 
Biotechniques 2012, s1 (01), 002, DOI: 10.4172/2155-9821.s4-002. 

133. Arbige, M.V.; Shetty, J. K.; Chotani, G. K. Industrial Enzymology: 
The next Chapter. Trends in Biotechnology 2019, 37 (12), 1355–1366, 
DOI: 10.1016/j.tibtech.2019.09.010.  

134. Sheldon, R.A.; Brady, D. Broadening the Scope of Biocatalysis in 
Sustainable Organic Synthesis. ChemSusChem 2019, 12 (13), 2859–
2881, DOI: 10.1002/cssc.201900351. 

 

https://doi.org/10.1097/mpg.0000000000001617
https://doi.org/10.1097/mpg.0000000000001617
https://doi.org/10.1080/00032719.2018.1458104
https://doi.org/10.1080/00032719.2018.1458104
https://doi.org/10.1007/s10311-017-0640-4
https://doi.org/10.1021/jf0494229
https://doi.org/10.1016/j.carbpol.2018.02.067
https://doi.org/10.1080/00405000701476351
https://doi.org/10.1016/j.enzmictec.2005.01.017
https://doi.org/10.3390/catal8090402
https://doi.org/10.3390/catal8090402
https://doi.org/10.1016/j.ibiod.2017.07.012
https://doi.org/10.1016/s0043-1354(02)00290-7
https://doi.org/10.4172/2155-9821.s4-002
https://doi.org/10.1016/j.tibtech.2019.09.010

