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INTRODUCTION 

 

Today's most industrially used enzymes are derived from 

mesophilic organisms, and their use is limited in harsh 

conditions (Sarmiento et al. 2015). Therefore, there is a need 

for improved enzymes which can stand against extremes of 

pH, temperatures, salinity, and substrate specificity (Akanbi et 

al. 2020). Enzymes derived from extremophile organisms that 

are well adapted to extreme conditions might be a better 

alternative than mesophilic enzymes (Elleuche et al. 2014; Li 

et al. 2018). The commonly used methods are divided into 

rational designs and irrational designs. At present, more fixed-

point mutation techniques are being used in rational designs. 

The recent interest in nanotechnology has provided a wide 

variety of nano scaffolds, which may support enzyme 

immobilization due to its potential applications in 

biotechnology and biomedicine (Ansari and Husain 2012). 

Immobilization of enzymes is useful for commercial 

applications owing to the simplicity of handling, ease of 

separating enzymes from reaction mixtures and reusing, a 

lower transfer resistance to solve the diffusion problem, 

lower operating cost, and a potential increase in heat and pH 

stability (Tischer and Wedekind 1999; Ansari and Husain 

2012; Verma et al. 2013; Vaghari et al. 2016; Alnadari et al. 

2020; Alnadari et al. 2021; Abdalmegeed et al. 2022). 

Biological systems and their components have a significant 

impact because biotechnology involves nano-sized molecules 

such as proteins and nucleic acids. Researchers use existing 

technology to develop modern applications that use 

nanoparticles to immobilize enzymes (Dyal et al. 2003). 

Several nanoparticles have been widely used to produce 

nanostructures, such as nanorings, nanowires, nanotubes, 

nanorods, etc. (Ni et al. 2007; Ali and Winterer 2010). 

Several bio-nano processes have been developed using 

nanostructures with biomolecules as nano-blocks (Ansari and 

Husain 2012).   

Improving the efficiency of enzymatic hydrolysis has become a 

hot spot in current research. The operation stability of free 

enzyme is poor, it is difficult to reuse, and the production 

cost is high, limiting its large-scale industrial application. 

Enzyme immobilization is considered one of the methods to 

overcome the above shortcomings in applying free enzymes 

(Rodrigues et al. 2013; Rueda et al. 2016; Arana-Peña et al. 

2021). Previous research involved optimizing enzymes 

immobilized on a few cells and further improving 

immobilization efficiency. β-glucosidase is immobilized on 

various forms of magnetic nanoparticles (MNPs), such as 

chitin-coated MNPs and chitosan-based MNPs. Finally, the 

economic development and application prospects of MNPs 

are discussed, and a summary and outlook are given. 
 

β-Glucosidases 
 

β-Glucosidases (E.C. 3.2.1.21) are the major glycoside 

hydrolases ubiquitous in bacteria, archaea, and eukaryotes. β-

Glucosidases play a crucial role in biological processes such as 

metabolizing cellulose and other carbohydrates, 

developmental regulation, and defense mechanisms against 
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pathogen invasion and other industrial applications (Cairns 

and Esen 2010). Based on the amino acid sequence similarity, 

which reflects structural and catalytic mechanisms, β-

glucosidases are grouped by CAZy into glycoside hydrolase 

(GH) families 1 and 3 (Aspeborg et al. 2012). GH3 family 

members have aspartic acids as nucleophile/base in the active 

center, whereas GH1 β-glucosidases have glutamic acids as 

nucleophile/base in the active center (McCarter and Withers 

1994). β-Glucosidases show activity with natural substrates, 

as well as with synthetic aryl-glycosides and some aglycons. 

According to the substrate specificity, β-glucosidases are 

classified into three groups: (1) aryl-β-glucosidases with high 

specificity for substrates such as pNPG, (2) true cellobiases 

with high specificity towards cellobiose, and (3) broad 

substrate specificity enzymes. Most β-glucosidases are 

members of the broad substrate specificity family with diverse 

catalytic mechanisms, including cleavage of β-1,4, β-1,6, β-1,2, 

α-1,3, α-1,4, and α-1,6 glycosidic bonds (Cairns et al. 2015; 

Tokpohozin et al. 2016). 

 

Structure of β-glucosidase 

 

Since the discovery of β-glucosidase from bitter almond juice 

by Wohler et al. in (1837), researchers have conducted 

intensive research on β-glucosidase over the past 100 years. 

With the development of computational biology, scientists 

have used X-ray crystal derivation technology to study 

complex three-dimensional structures of proteins (Gloster et 

al. 2007). The type of β-glucosidase is enormous, and its 

molecular structure is also different. There are various types 

of β-glucosidases, such as monomers, dimers, trimers, 

tetramers, pentamers, and hexamers (Alnadari et al. 2020). 

The structure of the enzyme is highly similar. Figure 1. shows 

the three-dimensional structure of the Thermotoga Maritima 

β-glucosidase A (Tm-BglA) in the form of a tetramer and the 

three-dimensional structure of a single subunit. T.Maritima is 

a thermophilic and halophilic gram-negative bacterium. It 

grows at temperature up to 90°C., It is the only bacterium 

known to grow at this high temperature and NaCl 

concentrations of 5-10% (Robert Huber). Tm-BglA is an 

unspecific β-glycosidase with diverse substrates and principal 

activity with various galactosides such as lactose. The enzyme 
is highly active and stable within a broad pH range (Xue et al. 

2015). The T. Maritima genome contains genes for β-

glucosidases (strain ATCC 43589 / MSB8 / DSM 3109 / JCM 

10099) with a length of 446 amino acids. β-Glucosidase A 

gene (ATCC-43589) was previously crystallized and 

biochemically characterized. The purified recombinant protein 
over-expressed in E. coli appears as 52 KDa when analyzed by 

SDS-PAGE (Xue et al. 2015; Guo et al. 2018). E351 acts as a 

nucleophile, E166 as acid/base catalyst, and E408 as a 

substrate-binding site in Tm-BglA (Figure 1). The main 

transgalactosylation products from Tm-BglA are 6'-galactosyl 

lactose [β-D-Gal-(1→6)-D-Lac] and 3'-galactosyl lactose [β-

D-Gal-(6→1)-D-Lac] (Sun et al. 2014). 

 

Physicochemical Properties of β-glucosidase 

 

The group of β-glucosidase is comprised of two types of 

intracellular and extracellular enzymes. Most organisms 

contain only intracellular or extracellular enzymes, but very 

few microorganisms contain/ produce both intracellular and 

extracellular β-glucosides. Physicochemical properties of β-

glucosidase like amino acid sequence, molecular weight, 

isoelectric point, specific enzyme activity, optimum pH, pH 

stability, optimum reaction temperature, and thermal stability 

are greatly influenced by the source of enzyme. Table 1 enlists 

the differences in relative molecular mass, isoelectric point, 

optimum pH, and optimum temperature for different sources 

of beta-glucosidase. 

Studies have shown few isoelectric points (pI) of β-

glucosidases, which are not much different. Their pI generally 

lies in the acidic range ranging from 3.5 to 5.5 (Bauer et al. 

1996). The isoelectric point of a few β-glucosidases is in the 

alkaline range (Hósel and Barz 1975). In most cases, β-

glucosidase is suitable for reactions under acidic conditions, 

and some are suitable for reactions under neutral conditions. 

Generally, β-glucosidases are stable at pH 4.0 to 9.0 (Cairns 

and Esen 2010). The enzyme's optimum pH and pH stability 

are influenced by its source and structure. These are among 

the factors needed to be considered when characterizing the 

physicochemical properties of the enzyme. 

 

 
 

Figure 1: Three-dimensional structure of Tm-BglA: In this crystal 

structure of monomeric Tm-BglA, the red part represents the α-

helix; the yellow part represents the β-fold; the green part 

represents the loop; the rose-red stick represents the acid-base 

group E166 and the nucleophilic group E351 (this figure was 

generated by Pymol software). 

 

The activity of β-glucosidase is primarily affected by the 

temperature. The difference in the enzyme source will lead to 

a significant difference in optimal reaction temperature and 

thermal stability. The optimum reaction temperature for β-

glucosidase ranges from 40 to 110 °C. Most of the 

psychrophilic β-glucosidase exist in the deep sea and are 

purified from the cold-adapted Micrococcus antarcticus (Fan 

et al. 2011), and the optimum reaction temperature is 25 °C. 

Mesophilic β-glucosidase is more common. Generally, the 

optimum reaction temperature of plant-derived β-glucosidase 

is about 40 °C, and the optimum reaction temperature of β-

glucosidase derived from fungi is deviates from 50 to 60 °C. 

Once the temperature exceeds 60 °C, the enzyme activity 

rapidly decreases within a short time (Nagano et al. 2005). 

The optimum reaction temperature for thermophilic β-

glucosidase generally varies from 70 to 90 °C. The optimal 

reaction temperature of the thermophilic T. Maritima-derived 

β-glucosidase is in the range of 75-80 °C (Nagano et al. 2005). 

However, the optimum reaction temperature and thermal
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Fig. 2: Schematic representation of the immobilization of enzyme with the biopolymer-coated Fe3O4 MNPs. 

 

 
 

Fig. 3: Schematics of the two most common enzyme immobilization techniques: (A) Covalent attachment/cross-linking, (B) Entrapment and 

adsorption. 
 
Table 1: The physicochemical properties of β- glucosidase from different organisms 

Strain Relative molecular 

mass (kDa) 

Isoelectric 

point 

Optimum pH Optimum temperature 

(℃) 

Reference 

Micrococcus antarcticus 48  6.5 25 (Fan et al. 2011) 

Paecilomyces thermophila 56.7  6.0 55 (Yang et al. 2013) 

Thermoanaerobacter ethanolicus 48  7.0 75 ~ 80 (Song et al. 2011) 

Thermotoga Maritima 48  6.2 90 (Gabelsberger et al. 1993) 

Pyrococcus furious 230 4.4 5.0 102 ~ 105 (Kengen et al. 1993) 

Pichia etchellsii 186  6.0 50 (Wallecha and Mishra 2003) 

Cicer arietinum 13.5 5.9 ~ 7.1 7.0 30 (Hósel and Barz 1975) 

Apis mellifera 72 4.5 ~ 4.8 5.0 20 ~ 50 (Pontoh and Low 2002) 

 

stability of β-glucosidase derived from common archaea are 

higher than those of β-glucosidase derived from 

hyperthermophilic bacteria. The optimal reaction 

temperature of β-glucosidase released by Pyrococcus furious 

is 102-105 °C, and its half-life can reach 85h at 100°C. Both 

thermophilic and hyperthermophilic bacteria have good 

industrial application value and are often the focus of 

development and transformation. 

 

Advancements in Techniques for Preparation of 

Magnetic Nanoparticles 

 

MNPs have garnered extensive interest in recent decades as 

potential carriers for enzyme immobilization due to their 

large surface area and presence of surface hydroxyl groups, 

making it easier to functionalize and attach to enzyme 

molecules (Bilal et al. 2018). Reduced steric hindrance is 

characterized by low porosity and excellent mechanical 

stability, which are critical for constructing a stable enzyme 

matrix catalytic system (Li et al. 2013; Al-Dherasi et al. 2021). 

These qualities result in a significant improvement in enzyme 

or biomolecule loading capacity. The magnetic features of 

these carrier materials allow the encapsulated enzyme to be 

readily isolated from the reaction media, allowing the enzyme 

reaction to be promptly terminated and the enzyme to be 

recovered for further use. This eliminates the time-consuming 

centrifugation step, considerably simplifying the enzyme 

immobilization and recovery process (Liu et al. 2018). Figure 
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2 shows a list of magnetic nanoparticles that may be used as 

carrier materials to immobilize various industrially relevant 

enzymes and their biotechnological uses. 

Because of the benefits of superior solubility in many solvents, 

high surface area, and strong magnetic properties, the 

synthesis of magnetic nanoparticles has been aggressively 

explored for diverse applications in recent years. Many uses 

of magnetic nanoparticles rely on manipulating their 

characteristics using magnetic fields, which is dependent on 

the efficacy of the particle's magnetic moment and magnetic 

field gradients (Xie et al. 2014). Multiple magnetic domains 

with evenly magnetized patches exist in bulk ferromagnets. A 

non-uniform magnetization distribution (magnetic domain 

wall) with a distinct magnetization vector separates each 

magnetic domain (Usov and Nesmeyanov 2020). Since the 

vector of each magnetic domain is not aligned, the net 

magnetization is low. The interaction between the magnetic 

dipole-dipole and the dipole field may cause aggregation and 

formation of relatively large micrometer-sized linear 

aggregates; a sharp decrease in specific surface area may 

cause capillary clogging (Mohammed et al. 2017). As a result, 

MNPs may be efficiently functionalized with thioester 

molecules and carboxyl groups, then conjugated to amino 

groups. Therefore, magnetic nanoparticles give a high surface-

to-volume ratio, which aids in the enzyme's high binding 

capacity and catalytic selectivity. Due to the small diameter 

and magnetic moment of single-core superparamagnetic 

nanoparticles, the effect of the force applied to them is poor 

(Ansari and Husain 2012). 

Although there are many pure iron oxide phases in nature, 

the most popular manganese oxides are nanoscale zero-valent 

iron (nZVI), Fe3O4, and γ-Fe2O3 (Chekli et al. 2016). They 

have different physical and chemical properties because of 

their iron oxidation state and ability to remove pollutants. 

Nevertheless, in the case of multi-core composites, the 

induced magnetic field is high enough to allow medium field 

strengths and gradient values for magnetic targeting. 

 

Enzyme Immobilization Methods 

 

Choosing the proper immobilization technique is a crucial 

aspect of the immobilization process as it determines the 

enzyme activity and properties in a particular reaction (Chiou 

and Wu 2004). The synchronization of two general classes of 

models describes complex networks. There is a general 

method for immobilizing enzymes, namely, the physical-

chemical method (Mohamad et al. 2015). The physical-

chemical method is characterized by weaker, monovalent 

interactions such as hydrogen bonds, covalent bonds, affinity 

binding, van der Waals forces, hydrophobic interactions,  

ionic bonding of the enzyme with the support material, 

mechanical containment of enzyme within the support (Costa 

et al. 2005; Guisan 2006; Pan et al. 2022). There are also 

three principal techniques for immobilization of enzymes, 

namely, entrapment (encapsulation), binding to a support 

(matrix or carrier), and cross-linking (Figure 3). 

However, due to the fundamentally complicated nature of the 

enzyme structure, no single approach is optimal for all 

compounds or goals. The formulae may be used to determine 

the predicted immobilization yield (Alnadari et al. 2021).   

 

Immobilization yield = ¬((Pt-(Ps+Pw)))/Pt×100                  (1) 

Where Pt is the total protein content of the enzyme 

preparation, Ps and Pw are the supernatants after 

immobilization and protein concentrations of washed 

fractions, respectively. 

 

Applications of Enzyme Immobilization on MNPs 

Immobilization of β-glucosidases on Magnetic 

Particles 

 

Currently, many enzymes used in biotechnology, including β-

glucosidases, have been covalently immobilized to MNPs using 

various ligands (Alnadari et al. 2021). According to kinetic 

tests, the stability and activity of the enzyme and the 

nanoparticles are greatly enhanced under pH, temperature, 

and substrate concentration when compared to free enzymes 

(Abraham et al. 2014). Furthermore, magnetic field 

capabilities showed an enzyme complex recovery efficiency, 

preventing enzyme contamination of the final product. 

(Gencic and Grahame 2003). Similarly, a new and efficient 

approach for immobilizing β-galactosidase of Aspergillus 

oryzae has been devised employing magnetic Fe3O4-chitosan 

nanoparticles as a carrier (Pan et al. 2009). Using lactose as a 

substrate and immobilized enzyme as a biocatalyst to prepare 

galacto-oligosaccharides, the maximum yield of galacto-

oligosaccharides is 15.5% (w/v) at a 50% hydrolysis rate of 

lactose (Pan et al. 2009). As a result, this approach might offer 

a novel and economically viable strategy for immobilizing 

thermostable enzymes to produce nanoparticle enzyme 

complexes (Atacan et al. 2016). 

 

Immobilization of β-glucosidases on Chitin 

 

Chitin is a natural polysaccharide. It is the second most 

abundant renewable natural polysaccharide after cellulose. 

Chemically, chitin is connected by β (1→4) to 2-acetylamino-

2-deoxy-β-D-glucose units (or N-acetyl-D-glucosamine) to 

form a long-chain linear polymer. It is insoluble in most 

solvents. Alnadari et al. (2020) reported using magnetic nano 

Fe3O4 to immobilize the marine thermoform β-glucosidase on 

three different biopolymers, such as chitin and chitosan, and 

sodium alginate. Chitin shows the strongest binding affinity by 

fusing the target protein with a new thermostable chitin-

binding domain. Chitin is also the highest enzyme that 

restricts space binding through chitin. In addition, the results 

showed that the production of galacto-oligosaccharides 

increased significantly, and the maximum production of 

galacto-oligosaccharides was 31.23% after the second delivery 

cycle. Compared with free enzymes, the immobilized β-

glucosidase on chitin nanoparticles maintains 79% activity and 

produces 31.23% galacto-oligosaccharides after 10 repeated 

cycles, showing high efficiency and reusability (Alnadari et al. 

2020). It is worth noting that magnetic separation technology 

has been successfully used to repeatedly use immobilized β-

glucosidase to obtain repeated batches of galacto-

oligosaccharides without significant activity loss. 

 

Immobilization of β-glucosidases on Chitosan 

 

Chitosan is a copolymer of N-acetyl-glucosamine and D-

glucosamine. N-deacetylation generates it to varying degrees, 

distinguished by the degree of deacetylation. Chitosan is 

insoluble in water and acidic solutions below pH 6.5 due to 
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amino groups (Krajewska 2004). Chitosan possesses a wide 

range of biological and chemical properties (Sha et al. 2011). It 

is frequently utilized as enzyme immobilization supports in 

powders, flakes, and gels of various geometrical 

configurations. Alnadari et al. (2021) reported effective 

immobilization and enhanced stability of β-glucosidases on 

chitosan surfaces. By combining target proteins with MNPs, 

Chitosan displayed the highest binding affinity. Chitosan was 

also the highest enzyme linking throughout the chitosan-

restricting space, in addition to the enzyme kinetics. Alnadari 

et al. (2020) reported considerably higher output (i.e., 26%) of 

galacto-oligosaccharides after passing the fifth cycle. 

Compared with free enzyme, which produced 24 percent 

galacto-oligosaccharides after 12 hours, the immobilized-

glucosidases maintained 40 percent activity. They 

manufactured a maximum of 28.67 percent galacto-

oligosaccharides after six repeated cycles demonstrating great 

effectiveness and reusability. Compared to free enzymes, 

immobilized β-glucosidases processing using magnetic 

separation technique for monotonous batch-wise galacto-

oligosaccharides exhibited excellent qualities as it was highly 

efficient with minimum activity loss. 

 

Immobilization of β-glucosidases on Sodium Alginate 

 

Sodium alginate is a polysaccharide product derived from 

brown seaweed that thrives in colder climates. Due to its 

biocompatibility and processability, a polysaccharide 

containing glucuronic acid and mannuronic acid groups is a 

priority matrix (Chan et al. 2002; Abdin et al. 2021). In the 

presence of calcium, it is a reversibly insoluble polymer that 

changes solubility. (Smidsrød and Skja 1990). Many biological 

compounds have been successfully encapsulated using cross-

linked alginate to date. (Mittal et al. 2005; Chi et al. 2008). β-

Glucosidase was immobilized by using sodium alginate as a 

carrier. The immobilized enzyme was used to hydrolyze 

cellobiose and cellulose further. The best immobilization 

efficiency was obtained using the crosslinking-embedding 

method when sodium alginate concentration was 3.5%, the β-

glucosidase dosage was 100 U/g carrier, glutaraldehyde 

concentration was 1%, CaCl2 concentration was 2%, and 

immobilized time was 2 hr. In the repeated batch process of 

cellobiose hydrolysis, the yield was maintained higher than 

90% during 20 batches` (Zhao et al. 2007). 

 

Conclusions and Future Outlook 

 

Immobilization is one of the most frequent strategies for 

enhancing the utilization of enzyme catalysts in various 

industrial applications. This technology is widely used in 

biotechnology to recover the reproducibility of catalysts and 

products and develop more durable and stable natural 

biocatalysts. Immobilization is influenced by the support 

material, biocatalyst, and immobilization process. Because of 

its ease of separation, recycling from magnetic fields, greater 

specific surface area, and high mass transfer capacity, MNP is 

particularly appealing for the immobilization of enzymes 

among the known supports. In enzyme catalysis, the right mix 

of biocatalysts and MNP opens up a world of possibilities. 

However, success is contingent on their interaction, and an 

optimized scheme is required to boost the enzyme's catalytic 

activity, stability, and recovery. After being optimized for 

immobilization, magnetic enzyme bioconjugates can be used in 

a range of applications, including detection of environmental 

pollutants, monitoring glucose and cholesterol levels, and 

generating different metabolites of economically important 

medications and biodegradation of hazardous substances. The 

magnetic-enzymes bio-conjugates can be used in a range of 

sectors, including environmental pollutant detection and bio-

sensing, glucose and cholesterol monitoring, pharmaceutical 

metabolite synthesis, and hazardous substance 

biodegradation. Despite various attempts in recent years to 

collect comprehensive information on immobilization, joint 

efforts are still needed to examine the surface-function link, 

the nanoparticle-enzyme binding site, and the significance of 

conformational changes in the immobilization process. The 

usage of MNP provides a highly effective approach for 

enzymatic immobilization and opens new horizons.  
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