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Abstract 

Hybrid nanostructures of polyaniline, magnetic iron oxide nanoparticles, and nonclay have been synthesized to serve as 

nanocarriers for the covalent immobilization of β-glucosidase (β-Glu), fructosyltransferase (FTase) and carboxymethyl 

cellulase (CMCase) individually. The resulting nano polyaniline iron oxide@Clays has been characterized by scanning 

electron microscopy (SEM), EDX and Fourier transform infrared (FTIR). Each immobilized enzyme supported on the 

produced nanocarrier underwent rounds of evaluation of its activity using each enzyme substrate. The immobilization process 

showed that enzyme recycling was influenced by the type and properties of the nano mixture and the enzyme itself. The 

immobilized β-Glu was shown to be reusable and retained approximately 100% of its activity after repeated use for 20 cycles. 

Whereas for FTase, only 30% of the biocatalyst's activity was lost after 10 more cycles, demonstrating the remarkable 

operational stability of the immobilized FTase. These properties and the facile separation from the reaction medium by 

application of a magnetic field demonstrate that the polyaniline-iron oxide@Clays nanoparticles can be used as efficient 

carriers for both enzymes. On the other hand, CMCase could only be reused four times on all types of immobilizations 

supports. 
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1. Introduction 

The majority of enzymes are difficult to employ in an 

industrial setting since they are generally relatively 

labile, poorly stable, technically difficult to recover 

and reuse, and have sluggish recycling processes. The 

enzyme immobilization technique overcomes these 

limitations and is suitable for a wide range of 

applications due to its frequent and continuous 

application, which reduces process costs [1]. In 

recent years, new enzyme-targeted materials have 

become increasingly important in the field of enzyme 

immobilization. One such material is nanoparticles, 

which are new materials of both inorganic and 

organic nature, and they have recently been the 

subject of intense research as prospective carriers for 

immobilizing enzymes [2, 3]. Nanoparticles offer a 

significant surface area for enzymes binding, 

resulting in increased enzyme immobilization yields 

and more enzyme loading on the matrix surface [4]. 

The ability of nanoparticles to minimize diffusional 

constraints, however, is their main advantage. Both 

organic and inorganic materials have very good 

mechanical characteristics and outstanding thermal 

and chemical stability [5]. These nanomaterials, in 

particular, are manufactured in a number of ways, 

have variable particle sizes (mainly in the nano 

range), and can be employed with enzymes. 

Additionally, an unexpected broad spectrum of 

functional groups that match the chemical residues on 

proteins is present in these materials, improving 

enzyme binding and surface modification [5]. 

Much research has been done with the aim of 

combining both organic and inorganic nanoparticles 

to maximize their benefits. Hybrids and complexes 

typically stabilize the interactions between enzymes 

and supports, increase the mechanical resistance of 

biocatalysts, make them stable and reusable, and 

protect biocatalysts from conformational changes 

during storage under reaction conditions [6, 7]. 

Hybrid nanoparticles can be synthesized by 

combining: (i) organic-organic; (ii) inorganic-
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inorganic precursors; or (iii) organic-inorganic 

precursors. Organic-organic hybrids can be 

synthesized by combining two synthetic materials [8, 

9]. Synthetic macromolecules, including 

biomacromolecules [10–12] or two biopolymers [13, 

14]. The prepared nanoparticles, fibers, beads, tubes, 

membranes, and films can all be utilized for enzyme 

immobilization [15, 16]. Because the organic parts of 

both synthetic and biological polymers comprise a 

variety of functional units that can interact with the 

chemical groups of the biocatalyst, they have a better 

ability to bind enzymes [17]. The resultant nano 

supports exhibit good catalytic characteristics and are 

long-lastingly stable and reusable [18]. On the other 

hand, hybrid nano supports for immobilizing 

enzymes have been made by combining organic 

(synthetic and natural biopolymers) and inorganic 

(minerals, silica, carbon compounds, and magnetic 

nanoparticles) nanomaterials [19]. The characteristics 

of the inorganic nano support play a major role in the 

high stability and frequent chemical inertness of the 

final product. For the development of effective nano 

organic-inorganic hybrids for enzymes 

immobilization, several combinations of organic and 

inorganic materials have been employed. Due to the 

organic structure of these carriers, they possess a 

greater capacity for binding enzymes [17]. In addition 

to the kinds mentioned above, hybrid and composite 

inorganic-inorganic materials have a number of other 

characteristics that make them attractive prospective 

supports for enzymes immobilization. Inorganic 

hybrids frequently have strong mechanical toughness, 

chemical inertia, and pH and temperature stability. In 

addition, their manufacturing is typically 

straightforward and uncomplicated, making them 

comparatively cheap [20]. 

From organic nanoparticles, polyaniline nanoforms 

(PANFs) offer high surface area, high stability at 

extreme temperatures and pHs, resistance to 

microorganisms, and a unique electrical conduction 

mechanism. PANF has been used to immobilize and 

stabilize various enzymes [21–23]. It offers low 

production effort and high yield in synthetics using 

nanofiber matrices and high electronic conductivity 

[24].The use of magnetic nanoparticles as carriers for 

enzymes immobilization has been quite common. 

They are a really fascinating family of nanoscale 

materials. [19, 25–28]. 

Clay minerals have recently been exploited as 

appealing inorganic carriers for enzymes 

immobilization owing to their inexpensive nature, 

chemical inertness, thermal stability, clearly 

established layers, and ion exchange capability [29, 

30]. Enzymes can be immobilized on clay minerals 

through covalent bonding or non-covalent adsorption 

(van der Waals forces, hydrogen bonds, electrostatic 

and hydrophobic interactions, and hydrophobic 

interactions) [31]. Clay minerals had been chemically 

modified, and attaching components were added in 

order to improve enzyme immobilizations and 

enhance the charge, activity, and stability of the 

enzyme. The existence of cations that can be 

exchanged (Na+ or Ca2+) in the interlayer cavity of 

clay minerals, particularly smectite, enables them to 

possess a significant affinity for protein adsorption. 

These cations can be changed by cation exchange 

processes into positively charged enzyme molecules 

[31]. Kaolin clay has also been mentioned as a 

potential support material for packaging purposes due 

to its stability, suitable degree of porosity, 

mechanical strength, and ability to control 

temperature [32].  

The covalent immobilization of β-Glu, FTase, and 

CMCase in the current study has been achieved using 

hybrid nanomaterials consisting of PANI, magnetic 

iron nanoparticles, and nano clay hydrophilic 

bentonite. 

 

2. Materials and methods 

Materials 

Nano clay (hydrophilic bentonite), magnetic iron 

oxide (Fe II, Fe III), glutaraldehyde (GA), bovine 

serum albumin (BSA), ammonium persulphate 

(APS), p-nitrophenyl-β-D-glucopyranoside (pNPG) 

substrates and aniline were purchased from Sigma 

Aldrich Chemicals (St. Louis, USA). 

Aminopropyltriethoxysilane (APTES) from abcr 

GmbH - Karlsruhe, Germany. Fructosyltransferase 

(FTase) from a complex enzyme mixture Pectinex® 

Ultra SP-L, β-glucosidase and Carboxymethyl 

cellulase (CMCase) from cellulase Trichoderma 

reesei Novozymes were obtained from Novozymes 

(Bagsvaerd, Denmark). All other chemicals were of 

high purity available commercially. 

 

Synthesis of polyaniline nanofibers (PANI) 
Polyaniline nanofibers (PANI) were synthesized 

according to Zakaria et al. [33] and Zhang et al. [34], 

with some modifications. Aniline is often chemically 

polymerized in the presence of ammonium persulfate 

to create polyaniline. The following method was 

adopted for preparing PANI nanofibers: 4 mmol 

(0.36 mL) of aniline and 1.0 mmol (0.23 g) of APS 

were dissolved in two glass vials containing 10.0 mL 

of 1 M HCl at room temperature (25 °C). The 

solutions were poured rapidly into a 30 mL glass vial 

and shaken vigorously for about 15 seconds. One 

mixture was precipitated by the same chemical 

oxidative polymerization in the presence of Triton-X 

100. The second one was made without adding 

Triton-X 100. Both mixtures were agitated at 100 

rpm for 24 hours. To get rid of extra acid and other 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwi8xvqcwoaBAxUeTqQEHeq5A5YQFnoECBwQAQ&url=https%3A%2F%2Fwww.bionity.com%2Fen%2Fcompanies%2F10061%2Fabcr-gmbh.html&usg=AOvVaw360oxIDAMGtJDwd4Fm_PiB&opi=89978449
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byproducts, the crude product was cleaned using 

dialysis against deionized water for three days. 

 

Pretreatment of nano clays 
In order to remove the remaining sodium and carbon 

ions from the clay surface, the nano clays were 

activated using ultrasonication for 1 hour in a 2 M 

HCl solution at 30 °C. Following in-depth analysis, 

the nano clays were separated by gravity 

sedimentation, washed repeatedly with distilled water 

until the pH of the supernatant approached neutral, 

and then the activated nano clays were dried for 24 

hours at 50 °C in a vacuum. After desiccating, 

grinding the sample in an agate mortar, and allowing 

it to pass through a 47µm sieve, the sample was ready 

to be used [35, 36]. 

 

Nano clay magnetization  
Magnetic clay nanoparticles were prepared in 

accordance with the study by Cabrera et al. [21] with 

a few minor modifications. Briefly, 0.5 g of magnetic 

iron oxide powder was added to the nano clay 

preparation (0.5% w/v). The final pH magnetization 

was adjusted with a citrate phosphate buffer solution 

(50 mM, pH 5.0) up to 5.0. After this, the magnetic 

solution was kept in a sonicating water bath for 15 

minutes. The magnetic clay nanoparticles (Fe@Clay) 

obtained were washed with distilled water until pH 

7.0 by using a potent magnet. The Fe@Clay magnetic 

clay nanoparticles were stored at 4 °C until later use. 

 

Preparation of Fe@Clay@PANI nanoparticles 
The Fe@Clay@PANI was prepared according to the 

procedure described by Cabrera et al. [21], with some 

modifications. Before the PANI-coating process, 

Fe@Clay was washed with sufficient distilled water 

until the pH became neutral and was recovered using 

a magnet. Coating was achieved by oxidative 

polymerization of aniline on the Fe@Clay surface 

using ammonium persulfate as an oxidizing agent. 

Fe@Clay nanoparticles (1.0 g) were treated with 0.23 

g of ammonium persulfate (10 ml 1.0 M HCl), and 

the magnetic suspension was immediately 

supplemented with 0.36 mL of aniline solution (10 

ml 1.0 M HCl). The polymerization process was 

performed in the dark at 4°C for 30 min. It is 

important to note that after each step of the 

polymerization process, magnetic nanoparticles were 

successively washed (fifteen times) with distilled 

water to remove any residual reagent. Finally, the 

Fe@Clay@PANI nanoparticles were dried at 50 °C 

for 4 hours until later use. 

 

Preparation of Fe@Clay-APTES@PANI 
The Fe@Clay nanoparticles (0.1 g) were submerged 

in a silane coupling agent solution (1 mL APTES, 

prepared in acetone, 2.5%) and incubated in a 

sonicating water bath for 3 min. Next, (Fe@Clay-

APTES) were washed with distilled water until the 

pH became neutral and recovered using a magnet. 

Subsequently, Fe@Clay-APTES were then coated 

with PANI nanoparticles to prepare Fe@Clay-

APTES@PANI nanoparticles. 

 

Scanning electron microscope analysis 
Tescan SEM (Tescan Vega 3 SBU, Czech Republic) 

was used for the scanning electron microscopy study. 

Using carbon tape to mount the samples, aluminum 

microscope stubs were coated with gold (Au) for 150 

s using a sputter coater from Quorum Techniques 

Ltd. (Q150t, England). 

 

Fourier-transform infrared spectroscopy (FTIR) 
Fourier-transform infrared spectroscopy in the 

frequency range of 4000–400 cm
−1

 was used. 

to detect the major structural groups of the prepared 

nanocarriers. Each sample of PANI and 

Fe@Clay@PANI before and after enzyme loading 

was pressed into a KBr pellet and recorded on a FT-

IR spectrophotometer (JASCO FT/IR 4600 FT-IR, 

Germany). 

 

Enzyme immobilization 
Firstly, glutaraldehyde, as a spacer, was utilized to 

activate the PANI, Fe@Clay@PANI, and Fe@Clay-

APTES@PANI carriers, according to [21]. An 

appropriate amount of the Fe@Clay-APTES@PANI, 

Fe@Clay@PANI, and PANI was submerged into a 

GA (0.5%, v/v) solution and shaken overnight at 

room temperature. The active supports for Fe@Clay-

APTES@PANI and Fe@Clay@PANI were 

eliminated by magnetic separation while PANI fibers 

by centrifugation (10000 rpm, 5 min). Carriers were 

washed several times with deionized water to remove 

excess GA and then washed with a citrate-phosphate 

buffer solution (50 mM, pH 5.0). The immobilization 

process for each enzyme was carried out at 30 °C in a 

shaking air bath overnight. After this, the 

immobilized enzyme was recovered by magnetic 

separation or centrifugation and thoroughly rinsed 

with a citrate-phosphate buffer solution (50 mM, pH 

5.0) two times to remove the unbound enzyme. The 

washed solution was collected to assay the amount of 

residual enzyme. The resulting immobilized enzyme 

was stored at 4 °C prior to use. All the data used in 

this formula are the average of duplicate experiments. 

 

Enzyme assay 

Extracellular β-glucosidase activity 
The β-glucosidase activity was determined using p-

nitrophenyl-β-D glucopyranoside (p-NPG) as a 

substrate according to the method reported by Otieno 

and Shah [37] with some modifications. The reaction 

mixture, in a total volume of 1.5 ml, was composed 
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of 0.5 ml of 0.1% p-NPG in 0.05 M citrate phosphate 

buffer with pH 5.0 and 1 ml of enzyme-loaded 

carrier. After 30 min of incubation at 37°C, the 

reaction mixture was centrifuged (model 5415D; 

Eppendorf, Hamburg, Germany) at 10000 rpm for 5 

min. 0.5 ml of 1M cold sodium carbonate was added 

to the supernatant to stop the reaction. The amount of 

released p-nitrophenol was measured using a 

spectrophotometer (SP-2000UV; Spectra, USA) at a 

wavelength of 401nm. A unit of enzyme activity was 

defined as the amount of enzyme that would liberate 

1 mM p-nitrophenol per minute under assay 

conditions. 

 

Fructosyltransferase activity 
FTase activity was measured by estimating the 

liberated reducing sugar released from sucrose as 

described by Duan et al. [38], using glucose as a 

standard. The assay mixture contained appropriately 

0.1 ml of enzyme-loaded carrier (0.15 M Mcllvaine 

buffer pH 5.5) and 0.4 ml of 50% sucrose solution. 

The reaction mixture was incubated at 55 °C for one 

hour. At the end of the incubation period, the reaction 

was stopped by adding a copper reagent. The amount 

of reducing sugar liberated was determined according 

to the Somogyi method [39]. 

 

Carboxymethyl cellulase assay 
CMCase activity was estimated using 1.0 ml of 

substrate (0.5% CMC in 50 mM citrate phosphate 

buffer pH 5.00) added to 0.5 ml of enzyme-load 

carrier and incubated at 30 ◦C for 30 min [40]. The 

reaction was stopped by adding 1.0 ml of DNS, and 

reducing sugars were estimated [41]. One unit (IU) of 

CMCase activity was defined as the amount of 

enzyme required to release 1.0 mol of glucose per 

minute. 

 

Reusability of immobilized enzymes 
The three immobilized carriers for each enzyme were 

stored in the appropriate enzyme buffer at 4 °C and 

were reused for repeated batches. After each batch, 

the enzymatic preparation was washed several times 

with the appropriate enzyme buffer, and a new 

substrate solution was added for the next activity 

cycle. The relative activity was determined by 

measuring enzyme activity, as previously mentioned. 

 

Results and discussion 

Physical and chemical characterization of 

nanocarriers 

SEM analysis  
The nanocomplex morphologies of PANI, 

Fe@Clay@PANI, and immobilized enzymes 

nanocomplexes were studied using SEM images. 

PANI has a rod-like shape with an average diameter 

of 57.88 nanometers, and the surface of the 

nanofibers is significantly rough (Fig. 1 a and b), 

where aggregation and irregular particles occur [42]. 

This structure also explains many of the properties 

that occur in many environments where polyaniline 

acts as an immobilization aid for enzymes. The SEM 

image of the modified Fe@Clay@PANI shows a 

PANI-coated flaky clay structure and numerous 

individual particles, indicating a PANI coating layer 

on and between the surfaces of the clay nanoparticles. 

Platelets are shown (Figs. 1c and d). The clay layer 

size range was 84–153 nm. This finding indicated 

that PANI easily inserted between clay layers and 

expanded to push the layers apart, forming 

intercalated, layered silicate PANI particles. In the 

enzymatic loading process, fructosyltransferase and 

β-Glu were immobilized on the porous matrix of 

Fe@Clay@PANI nanoparticles. SEM images of 

immobilized enzymes (FTase and β-Glu) were 

indistinguishable from those of PANI Fe@Clay. This 

suggests that adsorption of both enzymes 

significantly improved enzyme loading on PANI 

Fe@Clay. On the other hand, SEM images of β-Glu 

show thickly coated PANI and inter-fiber pores of 

PANI filled by enzyme aggregates (Fig. 1 e, f, g, h) 

[22]. 

 

EDX analysis 

To find the anticipated elements, the EDX analyses 

of PANI, PANI Fe@Clay, PANI Fe@Clay-FTase, 

and PANI Fe@Clayβ-Glu have been carried out 

(Table 1). The EDX spectrum clearly shows that the 

produced nano-supports and immobilized enzymes 

contain elements such as carbon, nitrogen, iron, 

oxygen, silicon, and aluminium. Higher nitrogen 

levels (7.28 & 9.16% w/w) proved that the FTase and 

β-Glu enzymes were linked to the PANI Fe@Clay 

carrier, respectively. 

Enzyme activity of β-Glu, FTase, and CMCase 

immobilized on different nano supports 

The immobilized yield (Table 2) of Fe@Clay@PANI 

crosslinked with glutaraldehyde was higher than that 

of Fe@Clay-APTES@PANI and other PANI 

supports (PANI 1, PANI 4). The immobilization 

yields (%) for the biocatalysts PANI β-Glu, PANI 

CMCase, and PANI FTase treated with 

glutaraldehyde were around 202.45, 281.43, and 

101.19, respectively. In the presence of 

Fe@Clay@PANI, the immobilized yields of β-Glu, 

CMCase, and FTase were 234.35, 207.05, and 

100.56, respectively. The immobilized yields of β-

Glu, CMCase, and FTase using Fe@Clay@PANI 

crosslinked with GA were 365.74, 257.13, and 99.48, 

respectively. 
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Fig. 1. SEM images of PANI (a, and b), Fe@Clay @PANI (c, and d), PANI Fe@Clay-FTase (e, and f), and PANI 

Fe@Clay-β-Glu (g, and h). 
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Table (1) Elemental composition of PANI, Fe@Clay@PANI, Fe@Clay@PANI  

               @FTase and Fe@Clay@PANI β-Glu. 

 

Element 

PANI 

 

Fe@Clay@PANI Fe@Clay@PANI 

FTase 

Fe@Clay@PANI 

β-Glu 

Atom (%) 

Carbon 56.90 59.85 55.62 54.82 

Oxygen 24.69 26.80 33.17 32.39 

Nitrogen 17.93 8.82 7.28 9.16 

Iron 0.04 1.38 1.16 1.00 

     

Silicon 0.30 1.74 1.59 1.49 

Aluminium 0.13 1.40 1.18 1.13 

Sum 100 100 100 100 

 

During enzyme immobilization on clay minerals, 

several physical and chemical interactions take place, 

such as cation exchange, electrostatic interactions, 

hydrogen bonding, hydrophobic affinity, and van der 

Waals forces, which are involved in the adsorption 

and binding of protein molecules by clay minerals 

[43]. Since the surface charge of clay minerals is 

permanently negative, the adsorption of charged 

protein molecules to clay minerals via electrostatic 

interactions is dependent on the positively and 

negatively charged states of the protein molecules in 

adsorptive pH environments [43]. For a number of 

reasons, enzymes immobilized on NPs might 

improve their performance. These include (a) NP 

form, (b) interactions between surface functional 

groups of nanoparticles, (c) enzyme orientation for 

interactions with substrates, (d) mass transfer, and (e) 

an improvement in localized avidity and enzyme 

density. The increased activity of the immobilized 

enzymes may potentially result from conformational 

changes of the enzyme brought on by ionic 

interactions with the polyaniline nanofiber [23]. 

These enhancements have been noted in a number of 

nanoparticles, like graphene and carbon nanotubes, 

metal/metal oxides, polymer nanocrystals and even 

semiconductor nano crystals [44]. 

The low immobilization yield of biocatalysts may be 

due to the fact that supports functionalized with 3-

APTES showed reduced surface area and pore 

volume. This is probably due to the binding of silane 

molecules to clay minerals in the interlayer space. 

The large molecule of APTES might block some 

pores, resulting in a reduced effective surface area 

and pore volume [45]. Several factors influence the 

immobilization yield, including mass transfer, fiber 

diameter, nature of enzymatic interactions, enzymatic 

autolysis during the immobilization process, 

availability of active groups on nano fibers, and 

compatibility of fibers with immobilization 

conditions [46, 47].

Table (2) Immobilization yield of β-Glu, FTase and CMCase immobilized on different supports. 

Carrier With 

glutaraldehyde 

β-Glu 

Immobilization yield 

I/ (A – B) x100 

CMCase 

Immobilization yield 

I/ (A – B) x100 

FTase 

Immobilization yield 

I/ (A – B) x100 

PANI 1 202.45 281.43 

 

101.19 

PANI 4  234.35 

 

207.05 100.56 

Fe@Clay-APTES@PANI  251.95 

 

207.65 

 

101.64 

Fe@Clay @PANI   365.74 

 

257.13 

 

99.48 

Carrier Without 

glutaraldehyde 

   

PANI 1 132.0496 

 

127.23 

 

78.88 

PANI 4 

 

234.3502 

 

126.62 

 

94.03 

Fe@Clay-APTES@PANI 140.1278 

 

70.71 

 

84.75 

Fe@Clay @PANI  141.2498 113.50 

 

79.27 
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FTIR analysis of PANI, iron oxide, nano clay, 

hybrid nano supports, and immobilized enzymes 

 

The presence of surface functional groups was 

investigated by FTIR spectroscopy. The magnetic 

Fe@Clay@PANI composite, as illustrated in Fig. 2 a, 

contains the distinctive PANI infrared vibration 

bands as well. The large absorption bands in the 

range of 3400–2800 cm
-1

 are attributable to 

interactions between aligned polymeric chains and 

nitrogen-containing groups of PANI forms, such as 

protonated imine NH+ and secondary amine NH (46). 

At 2848 and 2920 cm
-1

, the C-H bond's typical 

stretching vibration then takes place. A signature for 

the ring stretching vibrations of the hexagonal carbon 

rings from PANI in their respective quinoid (Q) and 

benzenoid (B) structures is thought to be the two 

small peaks located at 1631 and 1495 cm
-1

 [48]. 

Fig. 2a (c) represents the FTIR spectrum of the iron 

oxide NPs. It displays several bands at 460, 590, 

1460, 1630, and 3415 cm
-1

. Fe-O-Fe stretching 

vibrations (462 and 560 cm
-1

), O=C=O stretching 

vibrations (1481 cm
-1

), O-H stretching (3415 cm
-1

), 

and O-H bending vibrations (1630 cm
-1

) all can be 

attributed to the observed vibration bands. Due to 

their mesoporous nature, nanomaterials typically 

absorb carbon dioxide and water from the 

atmosphere, leading to absorption bands at 1460, 

1630, and 3415 cm
-1

 [49]. The characteristic FTIR 

spectrum of nano clay (Fig 2 a–d) shows a doublet at 

2890 and 2928 cm
-1

, broad peaks at 1043 and 1085 

cm
-1

, and another doublet at 450–600 cm
-1

. 

A protein's peptide groups, which are structural 

repeating units, can give rise to up to nine distinctive 

bands known as amides A, B, I, II, and VII. The 

Fermi resonance between the first overtone of amide 

II and the N-H stretching vibration gives birth to the 

amide A band, which is 3500 cm
-1

 in wavelength, and 

the amide-B band, which is 3100 cm
-1

. The amide I 

and amide II bands are the two major bands in the 

infrared spectrum of proteins. The amide I band 

(1600–1700 cm
-1

) is mainly associated with the C=O 

stretch (70–85%) and is directly related to the 

backbone conformation [50]. In the current study on 

β-Glu enzymes, it ranges from 1612 to 1633 cm-1 for 

both solid and soluble enzymes. Amide II (1448–

1580 cm
-1

) arises from N-H bending and C-N 

stretching vibrations (Fig. 2b). Amides III and IV are 

highly complex ribbons resulting from a mixture of 

multiple coordinate shifts. Out-of-plane motion is 

seen in amides V, VI, and VIII [50]. Therefore, 

characteristic peaks of β-Glu carbonyl stretching are 

also shown at 1654, 2920, and 2977 cm
-1

. 

As can be seen in Fig. 2c (FTIR spectra of Glu, 

Fe@Clay@PANI, and Glu Fe@Clay@PANI) and 2d 

(Fe@Clay@PANI FTase), nanoparticles revealed 

iron oxide Fe3O4 by exhibiting absorption peaks 

about 581 cm
-1

. This wavelength corresponds to the 

stretching vibration of the Fe-O bond. The presence 

of β-Glu on the magnetic nanoparticles was 

confirmed by the FTIR spectra of enzyme-magnetic 

nanoparticles, which displayed an absorption peak of 

about 1543 cm
-1

 (-N-H stretch vibrations) that could 

only be attributed to the β-Glu in all added materials. 

As a result, the FTIR spectra also display the 

distinctive peak of the carbonyl stretch of β-Glu at 

1656 cm
-1

 [51]. From the FTIR spectra, it was shown 

that Fe@Clay@PANI β-Glu underwent a strong 

conformational modification. Bands at 1454, 2908, 

and 2964 cm
-1

 for β-Glu disappeared in the 

immobilized Fe@Clay@PANI β-Glu. 

 

Reusability assay of immobilized enzymes 

Reusability of immobilized β-glucosidase 

The main purpose of enzyme immobilization is to 

reuse the enzyme several times without losing its 

catalytic activity. There are many approaches to 

determining enzyme stability, substrate specificity, or 

their successful use in industrial processes such as 

immobilization, modification, protein design and 

media engineering [2, 3, 52, 53]. The relative activity 

of the immobilized enzymes over successive 

application cycles is shown in Figures 3, 4, and 5. In 

the current study, catalyst reusability studies of the β-

Glu loaded on PANI 1, PANI 4, Fe@Clay@PANI, 

and Fe@Clay-APTES@PANI, were performed under 

the above optimum assay conditions. At the 20
th

 

cycle, the immobilized β-Glu on Fe@Clay@PANI 

and crosslinked with glutaraldehyde retained 108% of 

its original activity (Fig. 3). The total activity of the 

immobilized β-Glu on Fe@Clay@PANI over 20 

cycles was 1935/g carrier. Consequently, compared 

to the other carriers, our findings turned out to be 

encouraging. As previously reported, the formation of 

a large complex consisting of interconnected 

hydrolytic enzyme molecules increased the stability 

of the generated biocatalyst by demonstrating high 

retention activity of β-Glu on glutaraldehyde-treated 

Fe@Clay@PANI [54]. As a result, an excess 

substrate solution (pNPG) microenvironment might 

have evolved around this complex, facilitating the 

diffusion of substrate molecules and increasing the 

likelihood of enzyme-substrate interactions.  

Covalently immobilized β-Glu on the nanoparticle 

carrier has been studied by many authors. Singh et al. 

[55] demonstrated that β-Glu immobilized on 

fictionalized silica nanoparticles showed residual 

activity up to 95% after 25 cycles, significantly 

higher than other β-Glu/nanoparticle bioconjugates.     
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Fig. 2. (a) FTIR spectra of PANI (a); Fe@Clay@PANI (b); Nano iron oxide (c); Nano clay (d). 

          (b) FTIR spectra of β-glucosidase solution and solid β-glucosidase. 

          (c) FTIR spectra of β-glucosidase, Fe@clay@PANI and Fe@clay@PANI@B-glucosidase. 

          (d) FTIR spectra of PANI, Fe@clay@PANI and Fe@clay@PANI@Fr-transferase 

 

 

According to Verma et al. [56], until the ninth reuse, 

β-Glu immobilized on magnetic nanoparticles 

preserved more than 80% of its original activity. 

After an additional eight hydrolysis cycles, Zheng et 

al. [57] reported that 84.4% of the initial activity of β-

Glu immobilized on chitosan microspheres had been 

recovered. The separation of immobilized β-Glu is 

substantially facilitated in these situations by the 

magnetic beads. Instead, Agrawal et al. [58] revealed 

that after 10 cycles of reuse, β-Glu still had 70% of 

its initial activity, which is consistent with our 

findings. 

 

 
Fig. 3. Reusability of immobilized β-glucosidase on different carriers (with glutaraldehyde treatment), (PAN1) 

nano-polyaniline fibers No. 1, and (PAN4) nano-polyaniline fibers No. 4., Fe@Clay-APTES@PANI, and 

Fe@Clay@PANI 
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Reusability of immobilized fructosyltransferase 

Pectinex Ultra SP-L with fructosyltransferase activity 

has been used to hydrolyze sucrose producing 

fructooligosaccharides [59, 60]. At the 10
th

 cycle, 

FTase immobilized on PANI 4, Fe@Clay@PANI and 

Fe@Clay-APTES@PANI retained 105.5, 90.3 and 

99.3% of its initial activity, respectively. (Fig. 4) This 

high performance of FTase immobilized on PANI 4 

would be an advantage for industrial application. 

High sucrose concentrations and low water content 

enhance the fructosylation reaction [61]. The 

hydrophobic nature of the immobilization matrix, 

which provides low water content for the enzyme, 

may be to blame for the rise in product quantity. 

  

Reusability of immobilized CMCase 

By contrast, immobilized CMCase could only be 

reused four times with all types of immobilized 

supports crosslinked with glutaraldehyde (Fig. 5), 

achieving with the reticulated enzyme a maximum of 

25% on the fourth cycle. Due to many considerations, 

such as deformation of the original protein structure, 

steric hindrance, and slow diffusion of the incidental 

substrate to the main surface, immobilization of an 

enzyme on a planar surface can limit enzyme 

performance [44, 62]. The loss of CMCase activity 

following its immobilization on PANI supports can 

be attributed to a number of causes, such as the 

potential for strong interactions between the amino 

acids of the enzyme which are crucial for catalysis or 

bonding and the surface of natural clay minerals. The 

disruption of the enzyme protein's three-dimensional 

structure, the steric restriction on the approach of the 

substrate (CMC), and the diffusional limitations on 

solute transport near particles may all contribute to 

the observed behavior [63]. Due to the 

immobilization process, the CMCase active center 

may be near the clay support's surface, which may 

result in a more hydrophobic environment around the 

active center than the watery environment did for the 

free enzyme. 
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Fig. 4. Reusability of immobilized FTase on different carriers (with glutaraldehyde treatment), (PAN1) nano-

polyaniline fibers No. 1, and (PAN4) nano-polyaniline fibers No. 4., Fe@Clay-APTES@PANI, and 

Fe@Clay@PANI. 

Thus, the hydrophobicity of the support or its internal 

morphology might alter the CMCase's capacity for 

adsorption, the shape of the area around the active 

center, and ultimately the CMCase's final catalytic 

properties [64]. Because clay minerals have a 

persistently negative surface charge, they can bind 

and adsorb protein molecules via a variety of physical 

and chemical processes, such as hydrogen bonds, 

Van der Waals forces, hydrophobic affinity, cation 

exchange, and static electricity. In a medium with an 

adsorbent pH, it depends on the positively and 

negatively charged states of protein molecules [65]. 

Many of the adsorption sites on clay minerals are 

influenced by clay minerals as well as the structure, 

size, and characteristics of protein molecules. 

Through cation exchange, a few small, positively 

charged protein molecules may be adsorbed into the 

montmorillonite interlayers. Between layers of 

montmorillonite, small protein molecules associated 

with wine [66] and chicken egg white lysozyme [67] 
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are joined by cation exchange. Through hydrophobic 

interactions between layers, some proteins containing 

hydrophobic groups are incorporated into clay 

minerals. Therefore, the weight and size of proteins 

must be considered in the adsorption of proteins to 

clay minerals. Ralla et al. [68] mentioned that the 

adsorption capacity for ovalbumin (43.5–45 kDa), 

trypsinogen (23.9 kDa), and hemoglobin (64.5 kDa) 

was somewhat greater than alkaline phosphatase (AP) 

because the average pore diameter of the smectitic 

clay mineral is less than the AP hydrodynamic 

diameter, which led to limited access for the 

relatively large AP. The adsorption of three distinct 

proteins, bovine serum albumin (BAS, 68 kDa), α-

lactalbumin (28.4 kDa), and β-lactglobulin (18.4 

kDa), on the surface of kaolinite was studied by 

Barral et al. [69]. They mentioned that the size of the 

protein and the degree of adsorption were clearly 

correlated, with the largest BSA proteins being the 

least adsorbed. 

Clay, on the other hand, is inherently very porous. 

Montmorillonite functionalized with 3-APTES and 

glutaraldehyde shows reduced surface area and pore 

volume. This is likely due to the binding of silane and 

glutaraldehyde molecules to clay minerals in the 

interlayer space [70]. 

Several factors influence the activity, stability, and 

abundance of charged enzymes. These include mass 

transfer [71], fiber diameter, type of enzymatic 

interaction, enzymatic autolysis during the 

immobilization process, availability of active groups 

on nanofibers, and compatibility of the 

immobilization condition with fibers [46, 47]. 

External mass transfer, i.e., moving the substrate 

from the environment to the enzyme's surface, and 

internal mass transfer, i.e., diffusion of the substrate 

into the support or carrier media, have been identified 

as two types of mass transfer that affect the function 

of an immobilized enzyme [71].
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 Fig. 5. Reusability of immobilized CMCase on different carriers (with glutaraldehyde treatment), (PAN1) nano-

polyaniline fibers No. 1, and (PAN4) nano-polyaniline fibers No. 4., Fe@Clay-APTES@PANI, and 

Fe@Clay@PANI. 

 

Another element determining the activity and 

stability of an enzyme is the type of interaction with 

nanofibers. By increasing the surface-to-volume 

ratio, nanofibers increased mass transfer and enzyme 

activity [72, 73]. Since the loaded enzyme in 

aggregation is more excellent than the covalent 

approach, Lee et al. [74] found that the stability and 

activity of β-glucosidase immobilized by the 

aggregation method are higher than those of the 

enzyme immobilized by the covalent method. 

Enzyme autolysis during the immobilization process 

generates amino acids, which compete for active sites 

on the nanofibers, resulting in reduced enzyme 

loading, stability, and activity. In some cases, the 

active groups are covered by other nanofibers, 

making them unavailable to the enzyme and reducing 

enzyme loading [47].  

 

Conclusion 
An efficient preparation of a composite based on 

nanomagnet oxide, nano clay, and nano polyaniline 

(Fe@Clay@PANI) crosslinked with glutaraldehyde 

was used as a matrix for immobilizing three enzymes: 

β-glucosidase, fructosyltransferase, and 

carboxymethyl cellulase. The immobilized 
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derivatives of β-glucosidase, fructosyltransferase, 

have shown improved catalytic efficiency and good 

reusability, making them attractive for a number of 

biotechnological applications. While carboxymethyl 

cellulase did not. Structural analysis indicates that the 

enzymes is intercalated in the prepared hybrid nano 

particles. 
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