
PLOS One | https://doi.org/10.1371/journal.pone.0333803  October 15, 2025 1 / 26

 

 OPEN ACCESS

Citation: Makki HH, Jaafar NR, Jailani N, 
Rahmat Z, Illias RM (2025) Oxidized dextran 
coated magnetic nanoparticles to develop 
magnetic cross-linked Bacillus lehensis G1 
endolevanase aggregates for levan-type 
fructooligosaccharides synthesis. PLoS One 
20(10): e0333803. https://doi.org/10.1371/
journal.pone.0333803

Editor: Elingarami Sauli, Nelson Mandela 
African Institute of Science and Technology, 
TANZANIA, UNITED REPUBLIC OF

Received: March 8, 2025

Accepted: September 18, 2025

Published: October 15, 2025

Copyright: © 2025 Makki et al. This is an open 
access article distributed under the terms of 
the Creative Commons Attribution License, 
which permits unrestricted use, distribution, 
and reproduction in any medium, provided the 
original author and source are credited.

Data availability statement: All relevant data 
are within the manuscript and its Supporting 
Information files.

RESEARCH ARTICLE

Oxidized dextran coated magnetic nanoparticles 
to develop magnetic cross-linked Bacillus 
lehensis G1 endolevanase aggregates for  
levan-type fructooligosaccharides synthesis

Hotaf Hassan Makki 1,2*, Nardiah Rizwana Jaafar3, Nashriq Jailani3, Zaidah Rahmat2, 
Rosli Md. Illias3

1  Biology Department, Faculty of Science, University of Tabuk, Umluj, Saudi Arabia, 2  Faculty of Science, 
Universiti Teknologi Malaysia, Skudai, Johor, Malaysia, 3  Faculty of Chemical and Energy Engineering, 
Universiti Teknologi Malaysia, Skudai, Johor, Malaysia 

* hhmakki@ut.edu.sa

Abstract 

Endolevanase from Bacillus lehensis G1 (rlevblg1) is an enzyme that hydrolyzes 

levan for the production of levan-type fructooligosaccharides (L-FOS). To maximize 

the industrial utility of enzymes, it is essential to find effective immobilization tech-

niques that preserve their activity and stability. This study introduced the use of in 

silico analysis to predict the attachment site in order to perform site-directed cross- 

linking and develop efficient magnetic cross-linked enzyme aggregates (M-CLEAs). 

According to the computational analysis, dextran with aldehyde groups has attached 

far from the active site of rlevblg1 compared to dextran with acetyl functional groups. 

Oxidized dextran (Odex) was prepared and used to coat the magnetic nanoparticles 

(MNPs). The coated-MNPs (OdexM) exhibited super-paramagnetic behavior (78.9 

emu/g), which was applied to develop M-CLEAs of rlevblg1. The biocatalyst  

(rlevblg1-OdexM-CLEAs) was easily separated from the reaction medium and 

acquired a recovered activity of 74.7%, maintaining substrate affinity similar to that 

of the free enzyme. Moreover, rlevblg1-OdexM-CLEAs exhibited great mechanical 

stability and potential reusability for 10 cycles with more than 50% recovered activity 

up to the 5th cycle. The optimum temperature of rlevblg1-OdexM-CLEAs has shifted 

from 30 to 40 °C resulting in a significant improvement in the thermal stability which 

was 8.9-fold higher than that of free rlevblg1 after 1 h of incubation at 40 °C. After 

8 min of incubation at 45 °C, the activity recovery of free rlevblg1 was completely lost, 

whereas rlevblg1-OdexM-CLEAs retained almost 20% of its initial activity recovery. In 

addition to the enhanced operational characteristics, M-CLEAs of rlevblg1 hydrolyzed 

levan into a high yield of L-FOS, proving the suitability of rlevblg1-OdexM-CLEAs as 

a biocatalyst for industrial production of L-FOS from levan.
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Introduction

The role of enzymes as biocatalysts have been well established in various manufac-
turing bioprocesses due to their operational, economical and environmental advan-
tages. Enzymes catalyze reactions under mild conditions with fewer operating steps, 
lower cost, less waste and minimal use of toxic chemicals compared to the typical 
chemical approach [1,2]. Levansucrase [3], levan fructotransferase (LFTase) [4] and 
endolevanase [5] are enzymes used for the production of levan-type fructooligosac-
charides (L-FOS), which are applied as sugar substitutes without contributing to cal-
ories along with being dietary fibers with prebiotic properties that improve gut health 
and overall well-being [6,7]. These enzymes can be used individually or in combina-
tion to optimize the yield and structure of L-FOS.

Regarding to reaction specificity and product profiles, levansucrase catalyzes 
sucrose, releasing glucose and forming levan that would be partially hydrolyzed to 
L-FOS [3], whereas LFTase converts levan into cyclic difructose anhydride IV (DFA 
IV) with a trace of FOS [4]. Moreover, a fusion combining the enzymes’ levansucrase 
and endolevanase activities was developed to streamline the production process of 
L-FOS [8,9]. However, this technique presents several issues, including imbalanced 
enzymatic activities, reduced catalytic efficiency, expression challenges, and limited 
control over the product profiles, thus leading to the accumulation of levan and an 
insufficient yield of L-FOS in the final product. On the other hand, endolevanase 
demonstrates distinct advantages over levansucrase and LFTase in the biosynthesis 
of L-FOS, particularly in terms of catalytic efficiency, high product purity, and suitabil-
ity for large-scale industrial applications [10].

Endolevanase secreted by Bacillus lehensis G1 (rlevblg1), among other enzymes 
with potential viability for industrial and commercial purposes [11], is a significant 
enzyme that belongs to glycoside hydrolases and is classified in the GH32 family 
[12]. The rlevblg1 operates by cleaving the β (2 → 6) glycosidic bonds in levan for the 
production of L-FOS [5,12]. Due to its high catalytic activity toward levan and capabil-
ity to generate L-FOSs with defined degrees of polymerization (DP) ranging from 2 to 
10 [7,13], rlevblg1 is a valuable biocatalyst for the development of functional sweet-
eners in the food industry [14]. However, native enzymes demonstrate poor stability 
and lack of reusability under harsh industrial conditions, including certain levels of pH 
and temperature, which hinder the efficient synthesis of the product and increase the 
production cost [15,16]. Enzyme immobilization is a widely recognized technique that 
develops operationally stable and reusable biocatalysts, which are advantageous for 
many industrial bioprocesses [17].

The carrier-free immobilization technique, cross-linked enzyme aggregates 
(CLEAs) method has attracted increasing attention due to its simplicity in preparation 
and robustness in industrial applications [18,19]. CLEAs is a practical method that 
offers several advantages including high catalytic activity, sustainable stability against 
extreme operating conditions, low production cost due to the exclusion of carriers, 
ease of synthesis, facile recovery and reusability, as well as the fact that no extensive 
purification of enzymes is needed [18]. However, formation of CLEAs is challenging for 
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enzymes with a small quantity of external lysine residues [20] that could cause inefficient cross-linking and low mechanical 
stability of CLEAs, hence leaching of the aggregates and loss of the activity [21]. Moreover, the use of the micromolecular 
cross-linking agents, such as glutaraldehyde (GA), may lead to the formation of a compact cluster of enzyme aggregates 
[22] and the interaction with the catalytic amino acids [23], which hinder the internal diffusion of substrate and cause 
enzyme inactivation [24]. To overcome these limitations, different macromolecular polysaccharide-based cross-linkers have 
been used to develop CLEAs [25]. However, each cross-linker has a distinct nature and structural characteristics, leading to 
unique intermolecular interactions, thus varying the level of activity recovery of the formed CLEAs [26].

In our previous study [27], the impact of different macromolecular cross-linkers was investigated to develop efficient 
CLEAs of rlevblg1 through the combination of computational and experimental analyses. Due to the distanced bonding of 
dextran from the active site, rlevblg1 cross-linked with dextran (rlevblg1-dex-CLEAs) exhibited the highest binding affinity 
(−7.1 kcal/mol) and activity recovery compared to six other cross-linkers. The activity recovery of rlevblg1-dex-CLEAs 
continued to increase and reached 90.5% at the optimum condition with higher thermal tolerance, storage stability, and 
affinity towards substrates in comparison to the free enzyme. However, the reusability of rlevblg1-dex-CLEAs was limited 
to five cycles due to enzyme leakage during the separation process. Even though CLEAs generates stable enzymes with 
a straightforward procedure, separation through centrifugation is costly and challenging to be performed on a large-scale, 
thus limiting CLEAs application in industrial processes [28].

Fortunately, the separation issue can be overcome via the magnetically recoverable CLEAs, known as magnetic CLEAs 
(M-CLEAs), where cross-linking is performed in the presence of magnetic nanoparticles (MNPs). M-CLEAs have facili-
tated the recovery of CLEAs particles from the reaction medium through the adoption of an external field of magnet rather 
than filtration or centrifugation [29]. Therefore, M-CLEAs generate biocatalysts that are stable with maximized potential of 
repeated use in continuous processes [30]. After 10 cycles of reuse, glutamyl transpeptidase-M-CLEAs maintained a con-
tinuous initial activity (100%) [31] and acylamidase-M-CLEAs retained more than the half (60%) of its initial activity [32].

Nevertheless, the use of native MNPs resulted in leaching of the iron into the medium, especially in acidic environ-
ments, making it unsuitable for industrial food related applications [21]. Iron leaching can be prevented by pre-activating 
the MNPs, followed by subsequently cross-linking the aggregates [33]. However, due to improper activation of the MNPs, 
the catalytic activity of M-CLEAs can be inhibited by the complicated and undesirable interactions among the MNPs, 
cross-linker and enzyme molecules, which hinder the access of the substrate into the active site region of the enzyme 
[34]. In addition, a reduction in the enzymatic recovery could occur due to the weak saturation magnetizability of the 
MNPs, which makes the magnetic recovery challenging in large-scale processes [28]. These findings justify the need to 
cover the MNPs and determine the region of the formed linkages to prevent iron leakage and improve substrate accessi-
bility, respectively, in M-CLEAs formation.

Although, dextran was proven to be the optimal cross-linker for rlevblg1, the application of native dextran coated 
MNPs was withdrawn in some industrial production as a consequence of its weak bonding on the surface of the MNPs 
[35], hence leaving the bare MNPs in the surrounding environment [36]. In contrast, various studies have reported an 
enhanced stability of the MNPs when coated with dextran derivatives functionalized with specific chemical groups [37,38]. 
However, experimentally evaluating the effects of the functionalized dextran derivatives on the activity recovery of the 
immobilized enzyme is costly and tedious. Furthermore, predicting the binding sites and intermolecular interactions of the 
cross-linker and MNPs with the enzyme molecules remains a significant challenge in M-CLEA development [34]. Hence-
forth, the aim of this study is to conduct dextran functionalization based on the findings of computational analysis and then 
use it to coat the MNPs, thus performing a site-directed cross-linking which guarantees distanced interactions from the 
active site of the enzyme (Fig 1).

In the current study, modified dextran, with two different functional groups (Acetyl and aldehyde), was docked with the 
enzyme through in silico analysis to identify the best chemical group that can be used to functionalize dextran derivatives 
prior to coating the MNPs. Due to the distanced attachment from the catalytic region, oxidized dextran was selected as a 
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coating material for the MNPs. The coated-MNPs were used to develop M-CLEAs of rlevblg1, which were then character-
ized for their optimum pH and temperature, functional group and kinetic analysis, thermal and pH stability, L-FOS pro-
duction, reusability and mechanical stability. The free rlevblg1 and previous CLEA [39] were used as the primary controls 
throughout the study. The rlevblg1-M-CLEAs facilitated the recovery of the enzyme, improved thermostability, maximized 
the reusability and L-FOS production compared to that of the free and CLEA forms of rlevblg1, which confirms the poten-
tial of this novel technique to generate promising biocatalysts for L-FOS synthesis from levan.

Materials and methods

All used reagents and chemicals were of analytical grade and sourced from Thermo Fisher Scientific (USA), Sigma- 
Aldrich (USA), and Merck (Germany), unless otherwise specified.

Molecular docking for dextran functionalization

The homology model of endolevanase from Bacillus lehensis G1 (rlevblg1) was constructed as described in our previous 
study [27]. Briefly, the amino acid sequence of rlevblg1 was subjected to similarity search using NCBI–BLAST and HHpred 
servers to identify suitable structural templates. Fructofuranosidase from Schwanniomyces occidentalis (PDB ID: 3KF3) was 
selected as the template based on its low expectation value (E-value) and >30% sequence identity, which is considered 

Fig 1.  Scheme of the preparation of magnetic cross-linked endolevanase aggregates (rlevblg1-OdexM-CLEAs) with the aid of computational 
analysis. 

https://doi.org/10.1371/journal.pone.0333803.g001

https://doi.org/10.1371/journal.pone.0333803.g001
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sufficient for generating an accurate model [40,41]. Protein sequences of both the target and template were aligned using 
ClustalW, and the homology modeling was performed using Modeller 9.13. Among the numerous generated models, the 
one with the lowest discrete optimized protein energy (DOPE) score and molecular probability density function (PDF) was 
selected. The final model was evaluated using the root mean square deviation (RMSD) and Ramachandran plot analysis [42].

For suitable functionalization, the.pdb 2D file of dextran acquired from the PubChem database was designed with two 
different functional groups (acetyl at C

2
-C

3
, C

2
 and C

4
 [43] and aldehyde across C

3
-C

4
 [44]) using the ChemSketch pro-

gram. Based on the SMILES (https://cactus.nci.nih.gov/translate/), the acquired mol documents were transformed into pdp 
documents. The formerly established 3D rlevblg1 homology model [27] was docked with acetyl-dextran and aldehyde- 
dextran (pdp formats) through the AutoDock Vina (1.5.6, 2014) software [45]. Meanwhile, this study demonstrated the 
PyMOL [46] utilization for all graphical representations of the 3D models. The 2D cross-linker (ligands) non-covalent inter-
action diagrams with the residues on the surface of rlevblg1 were pictured based on the LigPlus program (version 2.2.4) 
[47]. Moreover, the functionalization of dextran derivatives was established, corresponding to the non-covalent pre- 
association regions interactions between the receptor and ligands, which would predict the site of the subsequent cova-
lent bond formation observed experimentally [40,48,49].

Dextran oxidation

Oxidation of dextran was performed as described by Muangsiri and Kirsch [50] with some modifications. Briefly, 10 g of 
dextran was dissolved in 800 mL of deionized water (dH

2
O). Subsequently, varying quantities of sodium periodate (0.25, 

0.5, 0.75, and 1 M) were mixed with 200 mL dH
2
O. The resulting solutions were continuously stirred with the dextran 

solution. Furthermore, the reactions occurred without light at room temperature for different reaction periods (0.5, 1, 2, 
and 4 h). The oxidizing process was halted by combining 95% ethanol with the reaction solution, precipitating the oxidized 
dextran (Odex). The powder form of the solution was then produced by precipitating Odex through (95%) ethanol washing 
and filtration. Lastly, the resulting Odex was placed to dry in the oven overnight at 50 °C and kept in the dark for further 
utilization. The highest aldehyde content determined the best value for each parameter.

Aldehyde content determination

The aldehyde group amount generated during the reaction between sodium periodate and dextran was calculated using 
a modified hydroxylamine hydrochloride method [50]. Approximately 0.1 g of oxidized dextran (Odex) was mixed with 
hydroxylamine hydrochloride (0.25 M, 25 mL). Subsequently, the solution was adjusted to pH 5 with 5 M sodium hydrox-
ide (NaOH) and incubated at 50 °C in a water bath for 2 h at 100 rpm. The reaction mixture was titrated rapidly with 
standardized 5 M NaOH to the endpoint of pH 5. The V

control
 (mL) of native dextran was utilized as a control to measure 

the consumption of NaOH. Afterwards, the aldehyde content was determined using equation (1) by observing the NaOH 
consumption of V

sample
 (mL) at pH 5 as follows:

	
Aldehyde content (%) =

Vsample – Vblank × M × MW
m × 1000

× 100%
	 (1)

where V is the NaOH titrating amount and M is the NaOH concentration. The MW stands for the average molecular weight 
of the dextran repeating unit and m is the dextran mass used for quantification. In this study, M was 0.1 mol L-1, MW was 
504.438 g mol-1, and m was 0.1 g.

Magnetic nanoparticles (MNPs) preparation

Magnetic nanoparticles (MNPs) were prepared as previously described by Khalil [51] with minor modifications. Anhydrous 
ferric chloride (FeCl

3
, 6.48 g) was thoroughly dissolved in dH

2
O (150 mL) to prepare aqueous solution A. On the other 

https://cactus.nci.nih.gov/translate/
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hand, aqueous solution B was produced by dissolving 6.584 g of potassium iodide (KI) in dH
2
O (50 mL). The two solutions 

were combined at room temperature and agitated at 600 rpm for 1 h to attain equilibrium. Subsequently, the iodine compo-
nent was filtered and washed with dH

2
O. The 25% NaOH was added dropwise while stirring continuously (600 rpm) to the 

entire filtrate volume for hydrolysis. This process was performed until the black MNPs were completely precipitated and 
the pH of the mixture was between pH 9–11. Lastly, the mixture was centrifuged at 3000 × g for 10 min at 27 °C; the MNPs 
were washed with dH

2
O until the pH was adjusted to pH 7 and dried at 70 °C.

Coating of the MNPs

Coating of the MNPs with Odex was performed as previously described by Predescu et al. [52]. Various concentrations of 
dried MNPs (0.025, 0.05, 0.1, 0.2, and 0.4% (w/v)) were added to 1% (v/v) of the solution of Odex and placed in a water 
bath at 100 °C for 1 h. After the solution was cooled to room temperature, centrifugation of the mixture was performed at 
800 × g for 15 min to separate the newly produced components. The finished product of coated MNPs with Odex (OdexM) 
was magnetically separated, washed with methanol, and left to dry for overnight at room temperature.

Construction of rlevblg1-OdexM-CLEAs

Expression and purification of rlevblg1 were conducted as described in our previous reports [27,39]. Moreover, M-CLEAs 
of rlevblg1 was prepared, using the optimal condition of rlevblg1-dex-CLEAs [39], by the addition of 60% (v/v) ammonium 
sulfate into 0.6 mg/mL of the enzyme with continued agitation (200 rpm) for 1 h at 4 °C. Next, the precipitated rlevblg1 was 
cross-linked with 1% (w/v) of OdexM, using different Odex (mg/mL) to MNPs (mg/mL) (1:0.025, 1:0.05, 1:0.1, 1:0.2, and 
1:0.4) ratios in 1 mL total volume with a buffer of pH 10 (50 mM glycine-NaOH buffer). The cross-linking step was per-
formed at 4 °C for 2 h under 200 rpm of shaking. The formed rlevblg1-OdexM-CLEAs was then separated using an exter-
nal magnetic field at room temperature, washed with glycine-NaOH buffer (50 mM, pH 8), and stored in the same buffer 
at 4 °C for further analysis. The rlevblg1-OdexM-CLEAs with the highest activity recovery, calculated from equation (2), 
determined the optimal concentration of OdexM that can be used to form M-CLEAs.

	

Recovery activity (%) =
Activity of M – CLEAs

(
U
mg

)

Activity of free enzyme
(

U
mg

) × 100 %

	 (2)

where the enzyme activity was calculated by dividing (sugar released (μmol) × total volume of assay (mL)) by (volume of 
enzyme (mL) × time of assay (min) × volume in cuvette (mL)).

TEM and VSM analyses

The MNPs and OdexM morphologies were evaluated by transmission electron microscopy (TEM), utilizing a JEOL 2000 
FX instrument, to investigate the efficacy of the oxidized dextran polysaccharide coating on the MNPs surface. Using a 
vibrating sample magnetometer (VSM), the magnetic characteristics of MNPs and OdexM were evaluated. The samples 
were magnetized by having them situated in a consistent magnetic field and then mechanically vibrated sinusoidally with 
a piezoelectric material. The hysteresis plot of the samples was obtained by field calculation of an external electromag-
net. Furthermore, the samples underwent a concentration process under vacuum with an Eppendorf Concentrator PlusTM 
(Eppendorf AG, Hamburg, Germany) to eliminate additional H

2
O, before TEM and VSM.

FT-IR, FESEM and particle size analyses

The surface morphology of Odex, MNPs, OdexM, and rlevblg1-OdexM-CLEAs was investigated using a field emission 
scanning electron microscope (FESEM), (Hitachi SU8020, USA). FESEM images were taken at 3,000 × magnification. 
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Meanwhile, the Fourier Transform-infrared (FT-IR) spectroscopy (Perkin Elmer, Ohio, USA) (500–4000−1) determined the 
functional components of Odex, MNPs, OdexM, and rlevblg1-OdexM-CLEAs. The materials underwent vacuum concen-
tration to eliminate additional H

2
O through the Eppendorf Concentrator PlusTM (Eppendorf AG, Hamburg, Germany) before 

being subjected to FESEM and FT-IR. In addition, the dynamic light scattering (DLS) analysis via the Malvern Zetasizer 
Nano ZSP was used to measure the particle sizes of Odex, MNPs, OdexM, and rlevblg1-OdexM-CLEAs (Malvern Pana-
lytical, Malvern, UK).

Operational characterization

Optimum temperature and pH.  The optimal temperature for rlevblg1-OdexM-CLEAs was determined by testing 
temperatures from 20 °C to 50 °C over 10 min. Similarly, the optimal pH for M-CLEAs of rlevblg1 was assessed across 
pH values from 6 to 11 at 30 °C for 10 min. The experimental buffers used included 50 mM sodium acetate (pH 5.0), 
50 mM potassium phosphate (pH 6.0–7.0), and 50 mM glycine-NaOH (pH 8.0–11.0) [53]. The activity levels at different 
temperatures and pH values were calculated relative to the optimal condition, which was set at 100%.

Thermal and pH stability.  The thermal stability of free and M-CLEAs of rlevblg1 was assessed by measuring their 
residual activity after being incubated in a 50 mM glycine-NaOH buffer (pH 8.0) without a substrate (levan) at 35 and 40 °C 
for 1 h, meanwhile, for the duration of 12 min at 45 °C. The enzymatic activity was recorded at intervals of 10 min at 35 and 
40 °C, while it was observed every 2 min at 45 °C. Residual rlevblg1 activity was then determined through enzyme assays 
and expressed as a percentage of the initial activity, which was considered 100%.

For pH stability, the rlevblg1-OdexM-CLEAs was pre-incubated without a substrate (levan) in different pH buffers 
ranging from pH 6–11 at 4 °C for 1 h. The stability across pH levels was evaluated using enzyme assays, with the relative 
activity calculated against the optimal condition set at 100%.

Kinetic and effectiveness factor analyses.  At various levan concentrations (1.0 to 25.0% (w/v)), the kinetic 
characteristics of rlevblg1-OdexM-CLEAs were measured, including maximum velocity (V

max
), Michaelis-Menten constant 

(Km), turnover number (k
cat

), and catalytic efficiency (k
cat

/Km). The V
max

 and Km computations utilized a Lineweaver-Burk plot 
of 1/v versus 1/s. In addition, the same concentrations of levan (1.0 to 25.0% (w/v)) were used to test the initial reaction 
rates and calculate the effectiveness factor (η) of rlevblg1-OdexM-CLEAs. Equation (3) measures η for M-CLEAs as 
follows:

	
(η) =

VM–CLEAs
Vfree enzyme 	 (3)

Mechanical stability and leaching-out analyses.  Mechanical stability and leaching analyses of rlevblg1-OdexM-
CLEAs were performed as previously reported by Abd Rahman et al. [53]. The M-CLEAs of rlevblg1 was subjected to a 
continuous stirring under different agitation speeds (100, 150, 200, and 250 rpm), at 30 °C, in 2 mL of glycine-NaOH buffer 
(50 mM, pH 8). After 30 min of agitation, rlevblg1-OdexM-CLEAs was recovered by the use of an external magnetic field 
and the catalytic activity in the supernatant was measured via enzyme assay to determine the amount of enzyme leakage. 
The leaching out percentage of rlevblg1 was calculated using equation (4) as follows:

	

Leached out (%) =
rlevblg1 activity in supernatant

(
U
mg

)

Initial activity of immobilized rlevblg1
(

U
mg

) × 100%

	 (4)

Reusability.  The recyclability attribute of M-CLEAs was successfully evaluated for ten cycles. Each cycle finished with 
the immobilized rlevblg1 being recovered using an external magnetic field, cleaned in a glycine-NaOH buffer (50 mM, pH 
8), and undergoing resuspension in a new reaction solution. Under conventional enzyme assay conditions, the activities 
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of M-CLEAs were assessed. At 100%, the enzyme activity from the initial cycle was measured. After every subsequent 
cycle, the remaining enzyme activity was computed.

L-FOS production

The stability and kinetics of levan-type fructooligosaccharides (L-FOS) conversion using M-CLEAs of rlevblg1 were exam-
ined following the method established by Abd Rahman et al. [5]. A 0.5% levan solution (1100–1600 kDa) was added to 
rlevblg1-OdexM-CLEAs, which were then incubated in a thermomixer (Eppendorf, Hamburg, Germany) for 1, 2, and 3 h at 
30 °C while stirring at 850 rpm. The conversion of levan to L-FOS and reducing sugars was analyzed using high- 
performance liquid chromatography (HPLC) with a refractive index detector (Waters, Milford, MA, USA). For separation, 
a Cosmosil Sugar-D column (4.6 mm × 250 mm) was utilized, kept at a temperature of 30 °C. The detector sensitivity and 
internal temperature were adjusted to 64 MV and 37 °C, respectively. The mobile phase consisted of a 70:30 acetoni-
trile–water mixture, flowing at a rate of 1.0 mL/min. The concentrations of monosaccharides and oligosaccharides were 
calculated using an equation derived from a standard calibration curve (S1-S6 Figs). Standards included a mixture of 
monosaccharides (fructose) and oligosaccharides (levanbiose; DP2, levantriose; DP3, levantetraose; DP4, and levanpen-
taose; DP5), sourced from Sigma-Aldrich with a HPLC purity of 99%. All standards and samples underwent centrifugation 
at 10,652 × g for 15 min at 25 °C and were filtered through a 0.22 μm syringe filter before injecting 20 μL samples into the 
column. The extent of bioconversion was determined by measuring the substrate consumption.

Statistical analysis

Statistical analyses for dextran oxidation and M-CLEAs characterization were conducted using analysis of variance 
(ANOVA) and Tukey’s multiple comparison post-test with GraphPad Prism 5.0 (GraphPad Software, Inc., San Diego, CA). 
Differences between the analysis groups were considered not significant (indicated by “ns”) at a P value greater than 0.05. 
All tests were performed in triplicates with a significance level of 95%.

Results and discussion

Molecular docking analysis

Coating of the magnetic nanoparticles (MNPs) is substantial, especially in food related industrial productions, owing to 
their cytotoxicity. Even though native dextran is the optimal cross-linker for endolevanase from Bacillus lehensis G1 (rlev-
blg1), as a coating material, it forms weak interactions with the surface of the MNPs that could easily break and expose 
iron oxide to the reaction mixture [35,36]. On the other hand, several studies discussed the improvement in the stability of 
coated-MNPs with functionalized dextran with different functional groups [37,38]. However, screening the effect of design-
ing dextran derivatives with multiple functional groups on the activity recovery consumes time, effort and material. Addi-
tionally, predicting the binding site and intermolecular interaction to avoid complex interactions with the enzyme molecules 
is challenging [34].

Herein, docking simulations were utilized to predict the non-covalent bindings between the ligands and specific amino 
acid residues of the previously constructed 3D structure of rlevblg1 [27], which served as the receptor molecule. These 
interactions identify the potential attachment sites of the covalent cross-linking, which would be located in close proximity 
within the predicted non-covalent regions [40,48,49]. Accordingly, the modification of dextran derivatives with two different 
functional groups (acetyl at C

2
-C

3
, C

2
 & C

4
 [43] and aldehyde at C

3
-C

4
 [44]) was performed using the ChemSketch program 

(Fig 2). The 3D structures of the modified dextran were used as ligands to generate the conformation of ligand-rlevblg1 
complexes and determined their free binding energy values. Based on the computational analysis, the binding affinity of 
rlevblg1 interacting with acetyl-dextran (−6.3) was lower than that of aldehyde-dextran (−5.8). The protein-ligand complex 
with lower binding energy demonstrates better affinity and stability compared to that of higher binding energy [54,55].
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Fig 2.  Docking analysis between rlevblg1 and modified dextran with two different functional groups.  (A) acetyl and (B) aldehyde. (i) 2D structure 
of the modified dextran generated by ChemSketch, where functionalization sites are represented in green, (ii) 3D schematic diagram of the cross-linker 
interacting with the homology model of rlevblg1 through the AutoDock Vina software, where the catalytic site appears in yellow and cross-linker binding 
site is in red, and (iii) 2D schematic diagram interaction devaloped by LigPlus program, where the purple line represents the ligand, green dashed line 
represents hydrogen bond, and red dashed line represents hydrophobic interaction.

https://doi.org/10.1371/journal.pone.0333803.g002

https://doi.org/10.1371/journal.pone.0333803.g002
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Further analyses of the non-covalent binding sites and amino acids involved in the intermolecular interactions were 
performed to pre-determine the regions of covalent linkage during cross-linking reactions [40,48,49]. These analyses were 
investigated to prevent any interference of the cross-linker with the active site, causing substrate diffusion problem and 
enzyme inactivation [56]. Acetyl-dextran interacted with amino acids that were close to the catalytic site of rlevblg1, indi-
cating possible enzyme deactivation and substrate inaccessibility. On the other hand, aldehyde-dextran interacted with dif-
ferent amino acids. As shown in Fig 2, aldehyde-dextran established interactions associated with Asp733, Asn732, Thr614 
Asn612, Glu731, Thr730, Trp737, Leu663 and His611 of rlevblg1, which were also involved in the interactions of native 
dextran (the optimal cross-linker for rlevblg1) [27]. Importantly, all of these interactions were distanced from the catalytic 
region, thus substrate accessibility and diffusion would not be affected or interfered with. Therefore, aldehyde-dextran 
was chosen to act as a coating material for MNPs due to the role of the attachment site of the cross-linker on the enzyme 
kinetic and performance after immobilization [57].

Dextran oxidation

Dextran oxidation with sodium periodate is a commonly used method to introduce aldehyde groups onto dextran mole-
cules [58]. In a mild oxidation process, sodium periodate reacts with the vicinal diol functional groups of dextran polymer 
and breaks the C-C bond between C

2
-C

3
 or C

3
-C

4
 to form two aldehyde groups [59]. However, the cleavage of C

3
-C

4
 is 

more dominant during dextran oxidation [44]. On the other hand, double oxidation may occur on account of the second 
attack to the vicinal hydroxyl group in the aldehyde at C

3
, resulting in the separation of C

3
 from dextran molecules as a 

side product (formic acid) [60,61]. Therefore, the influence of sodium periodate concentration and reaction time was inves-
tigated to determine the optimal reaction condition for dextran oxidation. The level of oxidation was measured using the 
hydroxylamine hydrochloride method at which the amount of aldehyde groups represents the number of carbonyl groups 
per 100 glucose units of dextran [62].

Based on Fig 3 (A), the highest degree of oxidation and maximum aldehyde content on the surface of dextran (74.6%) 
was observed as 0.5 M of sodium periodate was applied. However, the aldehyde content gradually decreased with a 
higher concentration of sodium periodate. The reduction in the oxidation level is attributed to the initiation of double oxida-
tion process as the increase of sodium periodate concentration would lead to further oxidation for formic acid formation, 
resulting in the decline of aldehyde content [60,63]. After the proper periodate concentration (0.5 M) was determined, the 
effective oxidation time was investigated. The highest aldehyde content was (90.7%) at 1 h of reaction and decreased to 
20.1% at 4 h of reaction (Fig 3 (B)). Short oxidation time caused insufficient oxidation, whereas long reaction time led to 
the formation of tightly bound molecules [58], hence hindering the oxidation process. As a result, 1 h was chosen as the 
optimal reaction time.

Coating of magnetic nanoparticles (MNPs) and development of rlevblg1-OdexM-CLEAs

The oxidized dextran (Odex) was used to coat the formed MNPs and develop oxidized dextran coated MNPs (OdexM), 
which maintained superior magnetic activity and was easily recovered using an external magnetic field. However, the best 
coating ratio was determined based on the retained activity recovery of the immobilized rlevblg1. Therefore, the formation 
of M-CLEAs was performed using the optimized condition of rlevblg1-dex-CLEAs [39]. However, the aggregated enzyme 
was cross-linked with 1% (w/v) of OdexM that was prepared with different ratios of Odex (mg/mL) to MNPs (mg/mL) 
(1:0.025, 1:0.05, 1:0.1, 1:0.2, and 1:0.4).

Based on Fig 4, the highest activity recovery (74.7%) was obtained using 1% (w/v) of the ratio of 1 mg/mL Odex: 
0.2 mg/mL MNPs to cross-link rlevblg1. However, the activity recovery has decreased using below or above the optimal 
ratio due to insufficient or excessive cross-linking [64], respectively. Low concentration of the cross-linker forms unstable 
CLEAs leading to enzyme leaching into the reaction mixture and causing a reduction in the activity recovery [65]. On the 
other hand, at a high concentration of the cross-linker, multi-interactions are formed which could oversaturate and distort 
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the enzyme as well as block the active site and limit substrate accessibility, resulting in decreasing the activity recovery 
[37]. Thus, 1:0.2 of Odex (mg/mL) to MNPs (mg/mL) is the optimal ratio to develop OdexM and form efficient M-CLEAs of 
rlevblg1.

Fig 3.  Optimization of oxidized dextran (Odex) formation.  Effect of (A) sodium periodate concentration and (B) reaction time. The experiments 
were performed in triplicate, and error bars indicate standard deviations. Average values that show significant differences are highlighted with varying 
numbers of asterisks. This is based on the results from a one-way ANOVA followed by Tukey’s multiple comparisons test, using a 95% confidence inter-
val: p < 0.05 (*) indicates significance; p < 0.01 (**) indicates a more significant difference; p < 0.001 (***) denotes high significance, while (ns) signifies a 
non-significant result.

https://doi.org/10.1371/journal.pone.0333803.g003

Fig 4.  The influence of the cross-linker concentration on the activity recovery of rlevblg1-OdexM-CLEAs.  The experiments were performed in 
triplicates, error bars indicating standard deviations. Average values that show significant differences are highlighted with varying numbers of asterisks. 
This is based on the results from a one-way ANOVA followed by Tukey’s multiple comparisons test, using a 95% confidence interval: p < 0.05 (*) indi-
cates significance; p < 0.01 (**) indicates a more significant difference; p < 0.001 (***) denotes high significance; p < 0.0001 (****) indicates an extremely 
significant difference, while (ns) signifies a non-significant result.

https://doi.org/10.1371/journal.pone.0333803.g004

https://doi.org/10.1371/journal.pone.0333803.g003
https://doi.org/10.1371/journal.pone.0333803.g004
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Characterization of OdexM

The quality of surface coating and magnetic properties of OdexM were observed using TEM and VSM analyses, respec-
tively, then were compared to bare MNPs. Based on TEM images (Fig 5 (A&B)), both samples have spherical and mostly 
monodispersed shapes. However, MNPs appeared as dark regions due to their high electron density [52], whereas coated 
MNPs (OdexM) displayed clear crystalline nanostructures, confirming successful coating of the particles. Furthermore, 
according to the VSM analysis in Fig 5 (C), both samples exhibited a superparamagnetic nature at 300 K, which was 
confirmed with the absence of the hysteresis [66,67]. However, there was a reduction in the saturation magnetization 
value of OdexM due to the presence of the non-magnetic material [66] (oxidized dextran). Coating of MNPs minimizes 
the magnetic strength and stimulates inert behavior to the final nanostructure [68]. Despite the coverage effect, the value 

Fig 5.  TEM and VSM analyses.  TEM images of (A) bare MNPs and (B) MNPs coated with oxidized dextran (OdexM). (C) Magnetization curves of bare 
MNPs and OdexM using vibrating sample magnetometer (VSM).

https://doi.org/10.1371/journal.pone.0333803.g005

https://doi.org/10.1371/journal.pone.0333803.g005
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of saturation magnetization of OdexM was found at 78 emu/g, which is sufficient for magnetic separation with an external 
magnetic field. Since the magnetic strength is particularly measured by the saturation magnetization value [67], OdexM 
holds a superparamagnetic property that would facilitate the recovery of the aggregates using an external magnetic force, 
thus reducing the risk of enzyme leaching into the reaction environment.

Morphological changes and particle size distribution

Surface morphology of Odex, MNPs, OdexM, and M-CLEAs of rlevblg1 was investigated by FESEM images at 
3,000 × magnification (Fig 6 (A-D)). The structural changes in Odex were compared with the morphology of native 
dextran [39]. Based on Fig 6 (A), oxidized dextran (Odex) appeared with a rougher surface compared to native dex-
tran, which is consistent with the study conducted by Rai et al. [69]. Moreover, in comparison to bare MNPs (Fig 6 (B)), 
oxidized dextran coated MNPs (OdexM) (Fig 6 (C)) exhibited larger shapes with rougher surfaces owing to the formation 
of a compact composition and the existence of biopolymer shells [70]. FESEM images of rlevblg1-OdexM-CLEAs (Fig 
6 (D)) showed that M-CLEAs had more porous and spherical structures with rougher surface than that of rlevblg1-dex-
CLEAs [39].

In addition, the morphology alteration of the samples was confirmed by the changes in the particle size (Fig 6 (E)). 
Odex exhibited 100-fold higher particle size distribution compared to native dextran [39]. The difference in surface mor-
phology and particle size is attributed to the influence of sodium periodate that changes the structural integrity of the 
polysaccharides, thus affecting their particle size after the oxidation process [53]. Furthermore, the average particle size 
distribution of OdexM was 2-fold higher than that of uncoated MNPs due to the layer of oxidized dextran attached to the 
surface of MNPs [37,66]. In accordance with these results, a successful coating was confirmed, which would ensure the 
occurrence of site directed and efficient cross-linking process of M-CLEAs. Moreover, the particle size of rlevblg1-OdexM-
CLEAs was 10-fold larger than that of rlevblg1-dex-CLEAs [39], which is in compliance with the lower Km value and higher 
effectiveness factor obtained in rlevblg1-OdexM-CLEAs. These results are consistent with the findings of Ifko et al. [28], 
where M-CLEAs of cellulase had a similar morphology but larger particle size than that of CLEAs as a result of the addi-
tion of the MNPs.

Functional group analysis

Characterization of the chemical structure and functional group compositions of Odex, MNPs, OdexM, and rlevblg1-
OdexM-CLEAs were investigated using FT-IR. Based on Fig 7, compared to the spectrum of native dextran [39], there 
is a change in the intensity of the characteristic peaks at the regions 3600−3200 cm−1 and 1150–1085 cm−1 associated 
to the O–H and C–O–C stretching vibrations [66], respectively, which could be due to the conversion into C–H–O group 
after the oxidation process. Moreover, oxidized dextran displayed a decrease in the intensity of peak 2920 cm−1 correlated 
to C–H stretching vibrations [63,66]. The oxidation of dextran was confirmed by the increase in the intensity of the peak 
near 1630 cm−1 that corresponded to the C = O stretching vibration [63], and the presence of the new shoulder peak at 
1653 cm−1 [53] due to the introduction of carbonyl groups, thus indicating the successful functionalization of dextran.

FT-IR spectrum of uncoated MNPs demonstrated Fe–O bands in the area 580−540 cm−1 [34], whereas the coating of 
MNPs and formation of OdexM was confirmed by the broad peak in the area 3600–3200 cm−1 corresponding to the O–H 
stretching of the polysaccharide [63]. In addition, the presence of peak 2920 cm−1 assigned to C–H stretching vibrations 
in OdexM [63,66], which was absent in the spectra of uncoated MNPs. Coating with oxidized dextran was also deter-
mined via the peak at 1700 cm−1 assigned to C = O bend of the aldehyde group [71] and the adsorption bands in the region 
1150−1085 cm−1, which corresponds to the stretching of C–O–C [66]. The results of FT-IR spectrum indicate a successful 
coating of the MNPs.

The spectrum of rlevblg1-OdexM-CLEAs demonstrated a broad peak at the region 3300–2700 cm−1 assigned to the 
O–H stretching vibration [72]. The peak near 1060 cm−1 is associated with the C–O stretching vibration of C–O–C linkages 
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Fig 6.  Surface morphology and particle size distribution.  FESEM images of (A) oxidized dextran (Odex), (B) bare magnetic nanoparticles (MNPs), 
(C) oxidized-dextran-coated MNPs (OdexM), and (D) rlevblg1-OdexM-CLEAs at 3,000 × magnification. (E) The particle size distribution using Dynamic 
light scattering (DLS).

https://doi.org/10.1371/journal.pone.0333803.g006

https://doi.org/10.1371/journal.pone.0333803.g006
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[73], whereas the peak close to 1393 cm−1 is corresponded to the C–N bend of amide III [74]. Compared to the spectrum 
of rlevblg1-dex-CLEAs [39], M-CLEAs of rlevblg1 displayed a more intense peak at 1393 cm−1 indicating the formation of 
more amide interactions between the enzyme and OdexM.

Operational stability of rlevblg1-OdexM-CLEAs

Optimum pH and pH stability.  The optimum pH of rlevblg1-OdexM-CLEAs was determined by performing the enzyme 
activity assay in solutions with different pH values ranging from pH 6–11 (Fig 8 (A)). M-CLEAs of rlevblg1 exhibited the 
highest enzymatic activity at pH 8, which is equivalent to the optimum pH of free rlevblg1 [39]. However, above pH 8, 
the attained activity of rlevblg1-OdexM-CLEAs was higher than that of the free enzyme. At pH 11, immobilized rlevblg1 
retained 5.8-fold higher catalytic activity than the free enzyme. Thus, after cross-linking process, the newly formed 
linkages between the enzyme molecules and cross-linker (OdexM) has influenced the structural conformation and altered 
the microenvironment surrounding the active sit of the enzyme [75], that of which are responsible for the catalytic activity 
and sensitivity to pH [76]. This trend is consistent with the findings of Cui et al. [19], where phenylalanine ammonia lyase-
M-CLEAs exhibited higher relative activity in a wide pH range of 8–10 compared to its free form.

The pH stability of rlevblg1-OdexM-CLEAs was evaluated after incubation for 1 h with the absence of the substrate at 
different pH values ranging from pH 6–11. Based on Fig 8 (B), rlevblg1-OdexM-CLEAs was most stable at the slightly 
alkaline condition, pH 8. Moreover, at acidic (pH 6), natural (pH 7) and alkaline (pH 9–10) environments, rlevblg1-OdexM-
CLEAs maintained excellent stability with the retain of more than 80% of its initial activity. Additionally, at pH 11, rlevblg1-
OdexM-CLEAs retained 60.7% of its relative activity. In contrast, laccase-M-CLEAs [77] and M-CLEAs combining  
horseradish peroxidase and glucose oxidase [78] exhibited a narrower pH tolerance, with a decline in the activity outside 
their optimal pH range.

Furthermore, rlevblg1-OdexM-CLEAs displayed greater stability in acidic and alkaline environments compared to the 
free enzyme and rlevblg1-dex-CLEAs [39]. At pH 6, M-CLEAs of rlevblg1 exhibited 1.1-fold higher pH stability than that 
of free enzyme and CLEAs. At extremely alkaline conditions (pH 11), rlevblg1-OdexM-CLEAs exhibited 2 and 3.4-fold 
greater pH resistance than free and CLEAs of rlevblg1, respectively. The increase in tolerance to variations of pH is due to 

Fig 7.  Fourier Transform-infrared (FT-IR) analysis.  FT-IR of oxidized dextran (Odex), magnetic nanoparticles (MNPs), oxidized-dextran-coated MNPs 
(OdexM) and M-CLEA of rlevblg1.

https://doi.org/10.1371/journal.pone.0333803.g007

https://doi.org/10.1371/journal.pone.0333803.g007
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the formation of strong covalent interactions between OdexM and rlevblg1 [18,79], which altered the configuration of the 
enzyme, thus improving its relative activity in a wide range of pH adaptability [76,80].

Optimum temperature and thermal stability of rlevblg1-OdexM-CLEAs.  The optimum temperature of rlevblg1-
OdexM-CLEAs was observed by measuring the enzymatic activity at particular temperatures ranging from 20 °C to 50 
°C. As shown in Fig 9 (A), the optimum temperature of rlevblg1-OdexM-CLEAs was 40 °C to reach the maximum activity. 
Interestingly, rlevblg1 cross-linked with OdexM represented a higher optimal temperature than that cross-linked with 
dialdehyde starch (DAS) (30 °C) [53] and native dextran (35°C) [39]. This could be due to the occurrence of different 
intermolecular interactions between the enzyme molecules and each cross-linker, which led to the varying conformational 
change of the immobilized rlevblg1, thus altering the required temperature for the initiation of the catalytic reaction [81]. 
Accordingly, OdexM has formed strong bonding with the enzyme molecules, hence possessing higher temperature 
resistance [79]. Therefore, the optimum temperature of rlevblg1-OdexM-CLEAs has shifted from 30 °C of the free 
enzyme to 40 °C, which is consistent with the study by Feng et al. [76], where the optimum temperature of immobilized 
aminoacylase with MNPs is 10 °C higher than that of the free enzyme.

The thermal stability of free rlevblg1 and M-CLEAs was evaluated after incubation at various temperatures (35 °C, 40 
°C and 45 °C) for different time intervals (Fig 9 (B-D)). After 1 h of incubation at 35 °C, rlevblg1-OdexM-CLEAs retained 
almost 70% of its initial activity. At 40 °C, the residual activity decreased to 51.1% and 36.4% after 30 min and 1 h of incu-
bation, respectively.

Compared to free rlevblg1, M-CLEAs exhibited a significant improvement in the thermal stability. After 30 min and 1 h 
of incubation at 40 °C, the residual activity of rlevblg1-OdexM-CLEAs was 3.9 and 8.9-fold higher than that of the free 
enzyme, respectively. In addition, at 45 °C, rlevblg1-OdexM-CLEAs retained almost 20% of its initial activity, whereas all of 
the free enzyme activity was lost after 8 min of incubation. The improvement in the thermal stability after immobilization is 
due to the formed intermolecular interactions between the enzyme molecules and cross-linker [82] that provided additional 
structural stabilization to the enzyme [83], and protected its conformation from heat distortion [79]. Several studies have 
reported that M-CLEAs of different enzymes such as acylamidase [32], l-arabinose isomerase [84], lipase [85], laccase 
[77,86], and cellulase [28] had higher thermal stability than their free enzymes. The ability of M-CLEA to withstand and 
function under elevated temperatures enhances the bioprocess efficiency and allows its use as a biocatalyst in various 
industrial applications.

Fig 8.  pH optimum and pH stability. (A) The pH optimum of rlevblg1-OdexM-CLEAs. (B) The pH stability of rlevblg1-OdexM-CLEAs. The highest 
activity of rlevblg1-OdexM-CLEAs was defined as 100% of relative activity. The experiments were performed in triplicate, and error bars indicate stan-
dard deviations. Average values that show significant differences are highlighted with varying numbers of asterisks. This is based on the results from a 
one-way ANOVA followed by Tukey’s multiple comparisons test, using a 95% confidence interval: p < 0.05 (*) indicates significance; p < 0.01 (**) indicates 
a more significant difference; p < 0.001 (***) denotes high significance, while (ns) signifies a non-significant result.

https://doi.org/10.1371/journal.pone.0333803.g008

https://doi.org/10.1371/journal.pone.0333803.g008
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Kinetic and effectiveness factor analyses.  The kinetic parameters of enzymes, including Km, V
max

, k
cat

, and 
k

cat
/Km, provide important information about the catalytic efficiency and evaluate the performance of the biocatalyst [87]. 

Therefore, the kinetic analysis of rlevblg1-OdexM-CLEAs was measured using Lineweaver Burk plot. The resulting kinetic 
parameters were listed in S1 Table and compared to the performance of the free and CLEAs forms of rlevblg1 reported in 
our previous study [39]. The V

max
 value of M-CLEAs (4.46 mM.min−1) was lower than that of rlevblg1-dex-CLEAs (8.38 mM.

min−1) and free enzyme (10.26 mM.min−1). The turnover number (k
cat

) of rlevblg1-OdexM-CLEAs (5.16 s−1) was also lower 
than that of rlevblg1-dex-CLEAs (9.70 s−1) and free enzyme (11.88 s−1). Despite M-CLEAs having a reduced value of 
V

max
 and k

cat
, influenced by its 74.7% activity retention, rlevblg1-OdexM-CLEAs demonstrated a stronger affinity for the 

substrate, indicated by a lower Km value. The Km value of rlevblg1-OdexM-CLEAs (7.32 mM) was significantly lower than 
that of CLEAs (13.79 mM) and the free enzyme (14.80 mM). The decrease in the Km value of M-CLEAs confirms a higher 
affinity toward the substrate, which is presumably due to the changes in the enzyme conformation after the aggregation 
and cross-linking processes [88]. Compared to CLEAs of rlevblg1, M-CLEAs exhibited a further increase in the substrate 
affinity, indicating that the use of OdexM provided a more suitable conformational and micro-environmental alteration [75], 

Fig 9.  Optimum temperature and thermal stability.  (A) Optimum temperature of rlevblg1-OdexM-CLEAs. The optimum temperature was adjusted as 
100%. Thermal stability of free and M-CLEAs of rlevblg1 at (B) 35 °C, (C) 40 °C, and (D) 45 °C. The initial activity was adjusted as 100%. The exper-
iments were performed in triplicate, and error bars indicate standard deviations. Average values that show significant differences are highlighted with 
varying numbers of asterisks. This is based on the results from a one-way ANOVA followed by Tukey’s multiple comparisons test, using a 95% confi-
dence interval: p < 0.05 (*) indicates significance; p < 0.01 (**) indicates a more significant difference; p < 0.001 (***) denotes high significance; p < 0.0001 
(****) indicates an extremely significant difference, while (ns) signifies a non-significant result.

https://doi.org/10.1371/journal.pone.0333803.g009

https://doi.org/10.1371/journal.pone.0333803.g009
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which improved the interaction between the immobilized enzyme and substrate. Thus, rlevblg1-OdexM-CLEAs exhibited 
an enhancement in the substrate accessibility and displayed an excellent catalytic efficiency, which is better than that of 
free enzyme, considering its activity recovery.

Furthermore, the study of the effectiveness factor is particularly important when using cross-linked enzyme aggre-
gates (CLEAs) or magnetic-CLEAs, which provides insights into the mass transport limitations that affect the immobilized 
enzyme activity and performance. Therefore, the effectiveness factor (ƞ) of rlevblg1-OdexM-CLEAs was investigated by 
applying different concentrations of levan ranging from 1.0 to 25.0 mg/mL. As demonstrated in Table 1, the effectiveness 
factor was low at minimal concentration of levan (1, 2, and 4 mg/mL), which could be due to internal mass transfer lim-
itations or slow diffusion of the substrate into the active site of the immobilized enzyme [87]. With a higher than 4 mg/mL 
concentration of levan, the effectiveness factor drastically increased and was equivalent to that of the free enzyme. Thus, 
the diffusion of the levan into the active site of rlevblg1-OdexM-CLEAs has been accelerated with increasing substrate 
concentration.

Moreover, rlevblg1-OdexM-CLEAs had a higher effectiveness factor, especially at high levan concentrations (6.0–
25.0 mg/mL) compared to rlevblg1-dex-CLEAs [39]. This is assumed to be due to the added benefit of OdexM, which 
provides a higher surface-to-volume ratio that increases immobilization efficiency as well as reduces diffusional and mass 
transfer limitations [76,89]. Therefore, rlevblg1-OdexM-CLEAs had a lower Km value than that of rlevblg1-dex-CLEAs 
which indicates a higher binding towards the substrate, thus increasing substrate accessibility and improving catalytic 
efficiency, as a result highlighting its potential for L-FOS industrial production.

Mechanical stability.  Mechanical analysis is essential to measure the maintaining catalytic activity and stability of the 
immobilized enzyme. The mechanical stability of M-CLEAs particles is mainly affected by the efficiency of the cross-linking 
process between the enzyme molecules and the cross-linking agent [90,91]. Mechanically unstable M-CLEAs particles 
would cause enzyme leaching from the aggregates, resulting in the reduction of the recovered activity and reusability of 
the immobilized enzyme [22]. Therefore, in this study, computational analysis was used to improve the efficiency of cross-
linking by predicting the intermolecular interactions between the enzyme and cross-linker (Fig 2), thus enhancing the 
mechanical stability.

The mechanical and leaching analyses of rlevblg1-OdexM-CLEAs were investigated using different agitation speeds 
(100, 150, 200 and 250 rpm) to determine its stability and suitability for industrial applications. As illustrated in Fig 10, at 
100 rpm, rlevblg1-OdexM-CLEAs was remarkably stable and retained its full recovery activity (74%) at the optimal condi-
tion (Fig 4), therefore, there was no sign of any enzymatic activity in the supernatant. At 150 rpm, a slight reduction in the 
activity recovery with minimal leakage of the aggregates were detected. In addition, more than 40% of the initial activity 

Table 1.  Effectiveness factors (ƞ) of rlevblg1-OdexM-CLEAs at different levan concentrations.

Levan mg/mL Velocity (μmole/mg.min) ƞ

1 0.14 ± 0.10 0.29

2 0.95 ± 0.45 0.67

4 1.51 ± 0.71 0.53

6 2.97 ± 0.27 0.99

8 3.20 ± 0.38 0.94

10 4.05 ± 0.34 0.92

12 4.66 ± 0.04 1.00

14 4.69 ± 0.00 0.97

20 4.81 ± 0.06 0.97

25 3.50 ± 0.18 0.90

https://doi.org/10.1371/journal.pone.0333803.t001

https://doi.org/10.1371/journal.pone.0333803.t001
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and 20% of leaching were observed at 200 rpm. At 250 rpm, about half (35%) of the full activity was recovered and 25.8% 
of rlevblg1 has leached into the reaction mixture. The excellent mechanical resistance of rlevblg1-OdexM-CLEAs is 
attributed to the strong bonding between rlevblg1 and OdexM as well as to the applications of an external magnetic field 
for the separation process [21].

Separation of the immobilized biocatalyst via centrifugation increases the compactness of CLEAs and compromises its 
mechanical robustness leading to enzyme leaching and loss of the enzymatic activity [28,92]. On the other hand, mag-
netic separation allows easy separation and reduces the risk of mechanical stress on the aggregates; therefore M-CLEAs 
exhibits better mechanical stability than CLEAs and similar catalytic performance to that of the free enzyme [21,28]. 
Herein, M-CLEAs of rlevblg1 demonstrated a greater mechanical stability and less leaching out at all agitation speeds 
compared to rlevblg1-CLEAs (rlevblg1 cross-linked with dialdehyde starch (DAS)) [53]. Cross-linking rlevblg1 with DAS 
retained up to 50% of its initial activity with almost 40% leaching of the enzyme at 150 rpm. By increasing the agitation 
speed to 250 rpm, less than 20% of the enzyme was recovered while 45% leached out. Beside the effect of centrifugation 
on the mechanical stability, the continuous decrease in the recovered activity and high percentage of enzyme leaching 
might be due to the inefficient cross-linking and weak binding affinity (−4.7 kcal/mol) between rlevblg1 and DAS, which 
was predicted earlier through molecular docking [27].

Reusability.  Reusability of immobilized enzymes is a substantial characteristic due to the provided economic viability 
and practical application in industrial bioprocesses [83]. M-CLEAs displayed the potential in developing robust, easily 
recovered and recyclable biocatalysts that could be used in many industrial applications [21,31]. As presented in Fig 11, 
rlevblg1-OdexM-CLEAs was reused for ten cycles and retained similar activity as its initial activity for four consecutive 
cycles. Using an immobilized enzyme that maintains its activity and selectivity for several cycles is exemplary for industrial 
applications [80]. At the fifth cycle, the retained activity was almost 60% and continued to gradually reduce as the number 
of the cycles increased. After ten cycles of reuse, the remaining activity was between 10.5–11%. The decrease in the 
activity after multiple cycles of use might be attributed to enzyme leaching during the washing at the end of each cycle 
[93]. Moreover, the solution environment presumably caused changes in the integrity of the enzyme conformation, and 
OdexM was dismantled from rlevblg1 molecules resulting in the reduction in the activity [76].

Fig 10.  Mechanical and leaching analyses of rlevblg1-OdexM-CLEAs after shaking at various agitation speeds for 30 min at 30 °C.  The experi-
ment was conducted in triplicate and error bars represent standard deviations. Average values that show significant differences are highlighted with vary-
ing numbers of asterisks. This is based on the results from a one-way ANOVA followed by Tukey’s multiple comparisons test, using a 95% confidence 
interval: p < 0.05 (*); p < 0.0001 (****) indicates an extremely significant difference, while (ns) signifies a non-significant result.

https://doi.org/10.1371/journal.pone.0333803.g010

https://doi.org/10.1371/journal.pone.0333803.g010
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Nevertheless, using OdexM to cross-link rlevblg1 has expanded the cycle numbers of reuse to ten cycles compared 
to that of cross-linked with dextran (5 cycles) [39] and DAS (7 cycles) [53]. Moreover, M-CLEAs of rlevblg1 retained 
better residual activity than that of CLEAs. Concluding the fifth cycle, M-CLEAs of rlevblg1 retained 5.4- and 1.5-fold 
higher residual activity than that of CLEAs formed using dextran and DAS as cross-linkers, respectively. In addi-
tion, rlevblg1-OdexM-CLEAs retained 34%, whereas less than 20% of the initial activity of rlevblg1-DAS-CLEAs was 
obtained after the seventh cycle. The increase in the cycle numbers and retained activity observed in M-CLEAs is due 
to the formation of stronger intermolecular interactions between the enzyme molecules and OdexM than those formed 
between rlevblg1 and dextran or DAS. In addition, the replacement of centrifugation with a magnetic force during the 
separation process of rlevblg1-OdexM-CLEAs would increase the cycle numbers of reuse; excessive or repeated 
centrifugation may cause structural damage to CLEAs particles, potentially weakening the bonding and reducing the 
reusability [64]. With the features of magnetic separation and enhanced reusability, endolevanase-M-CLEAs is partic-
ularly valuable in continuous bioprocessing and large-scale productions of L-FOS, where enzyme cost and recovery 
are major concerns.

L-FOS production

The hydrolysis of levan via M-CLEAs of rlevblg1 for L-FOS was analyzed under the standard condition (30 °C, pH 8, 
850 × g) at different reaction times (1, 2 and 3 h) (Table 2). At all reaction times, rlevblg1-OdexM-CLEAs mostly hydrolyzed 
levan to levanpentaose (DP5) followed by levanbiose (DP2) and levantriose (DP3). Notably, fructose and levantetraose 
(DP4) were not present among the final products even after extending the reaction time to 3 h, indicating the high specific-
ity and selectivity of the developed biocatalyst in hydrolyzing levan [8].

Based on previous studies, using different cross-linkers to immobilize rlevblg1 influenced the hydrolysis reaction of 
levan, resulting in the alteration of the main product of L-FOS. Cross-linking rlevblg1 with glutaraldehyde [5] and DAS 
[53] produced DP2 and DP3 as their main product, respectively. Interestingly, rlevblg1 cross-linked with dextran [39] and 
OdexM retained the same main product (DP5) of L-FOS. The production of L-FOS with higher DP is attributed to the 

Fig 11.  Reusability of rlevblg1-OdexM-CLEAs for ten cycles.  The initial activity was adjusted as 100%. The experiments were performed in tripli-
cate, and error bars indicate standard deviations. Average values that show significant differences are highlighted with varying numbers of asterisks. 
This is based on the results from a one-way ANOVA followed by Tukey’s multiple comparisons test, using a 95% confidence interval: p < 0.05 (*) indi-
cates significance; p < 0.01 (**) indicates a more significant difference; p < 0.001 (***) denotes high significance; p < 0.0001 (****) indicates an extremely 
significant difference, while (ns) signifies a non-significant result.

https://doi.org/10.1371/journal.pone.0333803.g011

https://doi.org/10.1371/journal.pone.0333803.g011


PLOS One | https://doi.org/10.1371/journal.pone.0333803  October 15, 2025 21 / 26

strong binding between the cross-linker (dextran/ OdexM) and rlevblg1 which formed porous structures, hence facilitating 
substrate accessibility, affecting water activity and increasing hydrophobicity at the active site, potentially leading to the 
reduction in the hydrolysis and the formation of longer L-FOS.

Nevertheless, compared to rlevblg1-dex-CLEAs [39], the total percentage of levan bioconversion by M-CLEAs of 
rlevblg1 was 1-fold higher at all reaction times. Furthermore, the structure of rlevblg1-OdexM-CLEAs was more porous 
(as confirmed by the particle size distribution); hence mass transfer limitation was decreased, substrate accessibility was 
increased and catalytic properties were improved, which was confirmed by the lower Km and higher effectiveness factor 
values. Importantly, M-CLEAs exhibited significantly better thermal stability than that of CLEAs, thus it resisted the high 
temperature of the reaction, slowed the hydrolysis rate and prevented any re-hydrolysis activity for the final product. 
Therefore, rlevblg1-OdexM-CLEAs hydrolyzed levan to only L-FOS, whereas fructose was detected in the final product of 
rlevblg1-dex-CLEAs after 2 and 3 h of reaction.

In addition, compared to other L-FOS producing enzymes, including levansucrase and LFTase, M-CLEAs of rlevblg1 is 
a superior biocatalyst for the efficient, high-purity and scalable production of L-FOS. Levansucrase produces an inconsis-
tent L-FOS profile with glucose as a by-product [3], which can inhibit further enzyme activity and complicate downstream 
processing. On the other hand, LFTase catalyzes the conversion of levan into a modified L-FOS compound (difructose 
anhydride IV (DFA IV)) [4], potentially altering their functional properties. Herein, M-CLEAs of endolevanase exhibits 
specificity in generating monosaccharide-free L-FOS during levan hydrolysis, which is crucial for tailoring prebiotic func-
tionalities. Thus, rlevblg1-M-CLEAs provides a novel combination of easily recovered biocatalysts that can be reused in 
multiple catalytic cycles to produce well-defined L-FOS profiles efficiently, with no by-products and an enhanced suitability 
for industrial applications.

Conclusion

The immobilization of rlevblg1 into magnetic cross-linked enzyme aggregates (M-CLEAs) was successfully achieved 
using a combination of computational aids to avoid undesired bonding and produce L-FOS. Compared to acetyl - 
dextran, oxidized dextran (Odex) displayed distanced interactions from the active site of the enzyme. Therefore, it was 
used to cover the magnetic nanoparticles (MNPs) and develop OdexM, which was applied as a cross-linking agent. 
The formed rlevblg1-OdexM-CLEAs was magnetically recovered with a high recovery rate of over 74.7%. In terms 
of operational properties, M-CLEAs had the same optimum pH and kinetic performance as the free and CLEA forms 
of rlevblg1. However, M-CLEAs exhibited a higher optimum temperature and improved the thermal and pH stability, 
which ensure sustained catalytic activity under the harsh operational conditions commonly encountered in industrial 
processes. Moreover, rlevblg1-OdexM-CLEAs obtained an enhanced mechanical stability and reusability, highlight-
ing their potential as promising biocatalysts for applications in the food industry, particularly for large-scale L-FOS 
productions.

Table 2.  L-FOS synthesis through the hydrolysis of 0.5% (w/v) of soluble levan by rlevblg1-OdexM-CLEAs at 30 °C for 1, 2, and 3 h of reaction 
time.

Time (h) Fructose (mg/g) DP2 (mg/g) DP3 (mg/g) DP5 (mg/g) Total reducing sugar (mg/g) Total L-FOS (mg/g) Product ratio

1 0.0 ± 0.00 150.2
± 0.21

49.3
± 5.75

1450.8
± 1.56

1650.5 1650.5 1.0

2 0.0 ± 0.00 286.9
± 13.10

39.1
± 1.73

1465.5
± 1.07

1791. 6 1791. 6 1.0

3 0.0 ± 0.00 257.2
± 4.83

120.8
± 16.45

1602.1
± 0.08

1980.2 1980.2 1.0

https://doi.org/10.1371/journal.pone.0333803.t002

https://doi.org/10.1371/journal.pone.0333803.t002


PLOS One | https://doi.org/10.1371/journal.pone.0333803  October 15, 2025 22 / 26

Supporting information

S1 Fig.  HPLC standard curve for fructose. 
(DOCX)

S2 Fig.  HPLC standard curve for glucose. 
(DOCX)

S3 Fig.  HPLC standard curve for levanbiose (DP2). 
(DOCX)

S4 Fig.  HPLC standard curve for levantriose (DP3). 
(DOCX)

S5 Fig.  HPLC standard curve for levantetraose (DP4). 
(DOCX)

S6 Fig.  HPLC standard curve for levanpentaose (DP5). 
(DOCX)

S1 Table.  Kinetic parameters of rlevblg1-OdexM-CLEAs. 
(DOCX)

S1 Data.  Raw Data. 
(DOCX)

Author contributions

Conceptualization: Rosli Md. Illias.

Funding acquisition: Nardiah Rizwana Jaafar, Rosli Md. Illias.

Investigation: Hotaf Hassan Makki, Rosli Md. Illias.

Methodology: Hotaf Hassan Makki, Nardiah Rizwana Jaafar, Nashriq Jailani, Zaidah Rahmat, Rosli Md. Illias.

Project administration: Hotaf Hassan Makki, Rosli Md. Illias.

Resources: Nardiah Rizwana Jaafar, Rosli Md. Illias.

Software: Hotaf Hassan Makki, Nashriq Jailani.

Supervision: Nardiah Rizwana Jaafar, Zaidah Rahmat, Rosli Md. Illias.

Validation: Hotaf Hassan Makki, Rosli Md. Illias.

Writing – original draft: Hotaf Hassan Makki.

Writing – review & editing: Hotaf Hassan Makki, Nashriq Jailani.

References
	1.	 Sheldon RA, Schoevaart R, Van Langen LM. Cross-linked enzyme aggregates (CLEAs): A novel and versatile method for enzyme immobilization (a 

review). Biocatalysis and Biotransformation. 2005;23(3–4):141–7. https://doi.org/10.1080/10242420500183378

	2.	 Madhavan A, Sindhu R, Binod P, Sukumaran RK, Pandey A. Strategies for design of improved biocatalysts for industrial applications. Bioresour 
Technol. 2017;245(Pt B):1304–13. https://doi.org/10.1016/j.biortech.2017.05.031 PMID: 28533064

	3.	 Lekakarn H, Phusiri N, Komonmusik T, Jaikaew P, Trakarnpaiboon S, Bunterngsook B. Novel Cold-Active Levansucrase (SacBPk) from Priestia 
koreensis HL12 for Short-Chain Fructooligosaccharides and Levan Synthesis. Catalysts. 2025;15(3):216. https://doi.org/10.3390/catal15030216

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333803.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333803.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333803.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333803.s004
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333803.s005
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333803.s006
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333803.s007
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0333803.s008
https://doi.org/10.1080/10242420500183378
https://doi.org/10.1016/j.biortech.2017.05.031
http://www.ncbi.nlm.nih.gov/pubmed/28533064
https://doi.org/10.3390/catal15030216


PLOS One | https://doi.org/10.1371/journal.pone.0333803  October 15, 2025 23 / 26

	 4.	 Hang H. Recent advances on the difructose anhydride IV preparation from levan conversion. Appl Microbiol Biotechnol. 2017;101(20):7477–86. 
https://doi.org/10.1007/s00253-017-8500-5 PMID: 28905094

	 5.	 Abd Rahman NH, Jaafar NR, Abdul Murad AM, Abu Bakar FD, Shamsul Annuar NA, Md Illias R. Novel cross-linked enzyme aggregates of leva-
nase from Bacillus lehensis G1 for short-chain fructooligosaccharides synthesis: Developmental, physicochemical, kinetic and thermodynamic 
properties. Int J Biol Macromol. 2020;159:577–89. https://doi.org/10.1016/j.ijbiomac.2020.04.262 PMID: 32380107

	 6.	 Sabater-Molina M, Larqué E, Torrella F, Zamora S. Dietary fructooligosaccharides and potential benefits on health. J Physiol Biochem. 
2009;65(3):315–28. https://doi.org/10.1007/BF03180584 PMID: 20119826

	 7.	 Porras-Domínguez JR, Ávila-Fernández Á, Rodríguez-Alegría MElena, Miranda-Molina A, Escalante A, González-Cervantes R, et al. Levan-
type FOS production using a Bacillus licheniformis endolevanase. Process Biochemistry. 2014;49(5):783–90. https://doi.org/10.1016/j.
procbio.2014.02.005

	 8.	 Ávila-Fernández Á, Montiel S, Rodríguez-Alegría ME, Caspeta L, López Munguía A. Simultaneous enzyme production, Levan-type FOS synthesis 
and sugar by-products elimination using a recombinant Pichia pastoris strain expressing a levansucrase-endolevanase fusion enzyme. Microb Cell 
Fact. 2023;22(1):18. https://doi.org/10.1186/s12934-022-02009-7 PMID: 36703199

	 9.	 Porras-Domínguez JR, Rodríguez-Alegría ME, Ávila-Fernández Á, Montiel-Salgado S, López-Munguía A. Levan-type fructooligosaccharides 
synthesis by a levansucrase-endolevanase fusion enzyme (LevB1SacB). Carbohydr Polym. 2017;177:40–8. https://doi.org/10.1016/j.carb-
pol.2017.08.040 PMID: 28962785

	10.	 Hövels M, Kosciow K, Deppenmeier U. Characterization of a novel endo-levanase from Azotobacter chroococcum DSM 2286 and its application 
for the production of prebiotic fructooligosaccharides. Carbohydr Polym. 2021;255:117384. https://doi.org/10.1016/j.carbpol.2020.117384 PMID: 
33436213

	11.	 Noor YM, Samsulrizal NH, Jema’on NA, Low KO, Ramli ANM, Alias NI, et al. A comparative genomic analysis of the alkalitolerant soil bacterium 
Bacillus lehensis G1. Gene. 2014;545(2):253–61. https://doi.org/10.1016/j.gene.2014.05.012 PMID: 24811681

	12.	 Dominguez AL, Rodrigues LR, Lima NM, Teixeira JA. An Overview of the Recent Developments on Fructooligosaccharide Production and Applica-
tions. Food Bioprocess Technol. 2013;7(2):324–37. https://doi.org/10.1007/s11947-013-1221-6

	13.	 Mardo K, Visnapuu T, Vija H, Aasamets A, Viigand K, Alamäe T. A Highly Active Endo-Levanase BT1760 of a Dominant Mammalian Gut Commen-
sal Bacteroides thetaiotaomicron Cleaves Not Only Various Bacterial Levans, but Also Levan of Timothy Grass. PLoS One. 2017;12(1):e0169989. 
https://doi.org/10.1371/journal.pone.0169989 PMID: 28103254

	14.	 Zhang W, Xu W, Ni D, Dai Q, Guang C, Zhang T, et al. An overview of levan-degrading enzyme from microbes. Appl Microbiol Biotechnol. 
2019;103(19):7891–902. https://doi.org/10.1007/s00253-019-10037-4 PMID: 31401753

	15.	 Rodrigues RC, Ortiz C, Berenguer-Murcia Á, Torres R, Fernández-Lafuente R. Modifying enzyme activity and selectivity by immobilization. Chem 
Soc Rev. 2013;42(15):6290–307. https://doi.org/10.1039/c2cs35231a PMID: 23059445

	16.	 Sheldon RA. Cross-linked enzyme aggregates (CLEAs): stable and recyclable biocatalysts. Biochem Soc Trans. 2007;35(Pt 6):1583–7. https://doi.
org/10.1042/BST0351583 PMID: 18031271

	17.	 Aggarwal S, Chakravarty A, Ikram S. A comprehensive review on incredible renewable carriers as promising platforms for enzyme immobilization & 
thereof strategies. Int J Biol Macromol. 2021;167:962–86. https://doi.org/10.1016/j.ijbiomac.2020.11.052 PMID: 33186644

	18.	 Sheldon RA. Characteristic features and biotechnological applications of cross-linked enzyme aggregates (CLEAs). Appl Microbiol Biotechnol. 
2011;92(3):467–77. https://doi.org/10.1007/s00253-011-3554-2 PMID: 21887507

	19.	 Cui J, Cui L, Zhang S, Zhang Y, Su Z, Ma G. Hybrid magnetic cross-linked enzyme aggregates of phenylalanine ammonia lyase from Rhodotorula 
glutinis. PLoS One. 2014;9(5):e97221. https://doi.org/10.1371/journal.pone.0097221 PMID: 24825453

	20.	 Barbosa O, Ortiz C, Berenguer-Murcia Á, Torres R, Rodrigues RC, Fernandez-Lafuente R. Glutaraldehyde in bio-catalysts design: a useful cross-
linker and a versatile tool in enzyme immobilization. RSC Adv. 2014;4(4):1583–600. https://doi.org/10.1039/c3ra45991h

	21.	 Sheldon RA. CLEAs, Combi-CLEAs and ‘Smart’ Magnetic CLEAs: Biocatalysis in a Bio-Based Economy. Catalysts. 2019;9(3):261. https://doi.
org/10.3390/catal9030261

	22.	 Garcia‐Galan C, Berenguer‐Murcia Á, Fernandez‐Lafuente R, Rodrigues RC. Potential of Different Enzyme Immobilization Strategies to Improve 
Enzyme Performance. Adv Synth Catal. 2011;353(16):2885–904. https://doi.org/10.1002/adsc.201100534

	23.	 Mateo C, Palomo JM, van Langen LM, van Rantwijk F, Sheldon RA. A new, mild cross-linking methodology to prepare cross-linked enzyme aggre-
gates. Biotechnol Bioeng. 2004;86(3):273–6. https://doi.org/10.1002/bit.20033 PMID: 15083507

	24.	 Dalal S, Kapoor M, Gupta MN. Preparation and characterization of combi-CLEAs catalyzing multiple non-cascade reactions. Journal of Molecular 
Catalysis B: Enzymatic. 2007;44(3–4):128–32. https://doi.org/10.1016/j.molcatb.2006.10.003

	25.	 Dawlee S, Sugandhi A, Balakrishnan B, Labarre D, Jayakrishnan A. Oxidized chondroitin sulfate-cross-linked gelatin matrixes: a new class of 
hydrogels. Biomacromolecules. 2005;6(4):2040–8. https://doi.org/10.1021/bm050013a PMID: 16004443

	26.	 Jadhav SB, Singhal RS. Polysaccharide conjugated laccase for the dye decolorization and reusability of effluent in textile industry. International 
Biodeterioration & Biodegradation. 2013;85:271–7. https://doi.org/10.1016/j.ibiod.2013.08.009

	27.	 Makki HH, Jaafar NR, A. Rahman R, Rahmat Z, Tri Puspaningsih NN, Md. Illias R. Protein interaction studies of cross-linked endolevanase aggre-
gates from Bacillus lehensis G1. Jurnal Teknologi. 2024;86(2):159–67. https://doi.org/10.11113/jurnalteknologi.v86.20888

https://doi.org/10.1007/s00253-017-8500-5
http://www.ncbi.nlm.nih.gov/pubmed/28905094
https://doi.org/10.1016/j.ijbiomac.2020.04.262
http://www.ncbi.nlm.nih.gov/pubmed/32380107
https://doi.org/10.1007/BF03180584
http://www.ncbi.nlm.nih.gov/pubmed/20119826
https://doi.org/10.1016/j.procbio.2014.02.005
https://doi.org/10.1016/j.procbio.2014.02.005
https://doi.org/10.1186/s12934-022-02009-7
http://www.ncbi.nlm.nih.gov/pubmed/36703199
https://doi.org/10.1016/j.carbpol.2017.08.040
https://doi.org/10.1016/j.carbpol.2017.08.040
http://www.ncbi.nlm.nih.gov/pubmed/28962785
https://doi.org/10.1016/j.carbpol.2020.117384
http://www.ncbi.nlm.nih.gov/pubmed/33436213
https://doi.org/10.1016/j.gene.2014.05.012
http://www.ncbi.nlm.nih.gov/pubmed/24811681
https://doi.org/10.1007/s11947-013-1221-6
https://doi.org/10.1371/journal.pone.0169989
http://www.ncbi.nlm.nih.gov/pubmed/28103254
https://doi.org/10.1007/s00253-019-10037-4
http://www.ncbi.nlm.nih.gov/pubmed/31401753
https://doi.org/10.1039/c2cs35231a
http://www.ncbi.nlm.nih.gov/pubmed/23059445
https://doi.org/10.1042/BST0351583
https://doi.org/10.1042/BST0351583
http://www.ncbi.nlm.nih.gov/pubmed/18031271
https://doi.org/10.1016/j.ijbiomac.2020.11.052
http://www.ncbi.nlm.nih.gov/pubmed/33186644
https://doi.org/10.1007/s00253-011-3554-2
http://www.ncbi.nlm.nih.gov/pubmed/21887507
https://doi.org/10.1371/journal.pone.0097221
http://www.ncbi.nlm.nih.gov/pubmed/24825453
https://doi.org/10.1039/c3ra45991h
https://doi.org/10.3390/catal9030261
https://doi.org/10.3390/catal9030261
https://doi.org/10.1002/adsc.201100534
https://doi.org/10.1002/bit.20033
http://www.ncbi.nlm.nih.gov/pubmed/15083507
https://doi.org/10.1016/j.molcatb.2006.10.003
https://doi.org/10.1021/bm050013a
http://www.ncbi.nlm.nih.gov/pubmed/16004443
https://doi.org/10.1016/j.ibiod.2013.08.009
https://doi.org/10.11113/jurnalteknologi.v86.20888


PLOS One | https://doi.org/10.1371/journal.pone.0333803  October 15, 2025 24 / 26

	28.	 Ifko D, Vasić K, Knez Ž, Leitgeb M. (Magnetic) Cross-Linked Enzyme Aggregates of Cellulase from T. reesei: A Stable and Efficient Biocatalyst. 
Molecules. 2023;28(3):1305. https://doi.org/10.3390/molecules28031305 PMID: 36770972

	29.	 Bílková Z, Slováková M, Horák D, Lenfeld J, Churácek J. Enzymes immobilized on magnetic carriers: efficient and selective system for protein 
modification. J Chromatogr B Analyt Technol Biomed Life Sci. 2002;770(1–2):177–81. https://doi.org/10.1016/s1570-0232(02)00037-5 PMID: 
12013224

	30.	 Kopp W, da Costa TP, Pereira SC, Jafelicci Jr M, Giordano RC, Marques RFC, et al. Easily handling penicillin G acylase magnetic cross-linked 
enzymes aggregates: Catalytic and morphological studies. Process Biochemistry. 2014;49(1):38–46. https://doi.org/10.1016/j.procbio.2013.09.024

	31.	 Chi M-C, Huang Y-F, Lu B-Y, Lin M-G, Wang T-F, Lin L-L. Magnetic Cross-Linked Enzyme Aggregates of a Transpeptidase-Specialized Vari-
ant (N450D) of Bacillus licheniformis γ-Glutamyl Transpeptidase: An Efficient and Stable Biocatalyst for l-Theanine Synthesis. Catalysts. 
2021;11(2):243. https://doi.org/10.3390/catal11020243

	32.	 Bedade DK, Muley AB, Singhal RS. Magnetic cross-linked enzyme aggregates of acrylamidase from Cupriavidus oxalaticus ICTDB921 for bio-
degradation of acrylamide from industrial waste water. Bioresour Technol. 2019;272:137–45. https://doi.org/10.1016/j.biortech.2018.10.015 PMID: 
30336395

	33.	 Zheng D, Wang S, Qiu S, Lin J, Diao X. Synthesis of butyl oleate catalyzed by cross-linked enzyme aggregates with magnetic nanoparticles in 
rotating magneto-micro-reactor. J Biotechnol. 2018;281:123–9. https://doi.org/10.1016/j.jbiotec.2018.07.011 PMID: 29990568

	34.	 Hojnik Podrepšek G, Knez Ž, Leitgeb M. The Synthesis of (Magnetic) Crosslinked Enzyme Aggregates With Laccase, Cellulase, β-Galactosidase 
and Transglutaminase. Front Bioeng Biotechnol. 2022;10:813919. https://doi.org/10.3389/fbioe.2022.813919 PMID: 35309987

	35.	 Szekeres M, Tóth IY, Illés E, Hajdú A, Zupkó I, Farkas K, et al. Chemical and colloidal stability of carboxylated core-shell magnetite nanoparticles 
designed for biomedical applications. Int J Mol Sci. 2013;14(7):14550–74. https://doi.org/10.3390/ijms140714550 PMID: 23857054

	36.	 Yu M, Huang S, Yu KJ, Clyne AM. Dextran and polymer polyethylene glycol (PEG) coating reduce both 5 and 30 nm iron oxide nanoparticle cyto-
toxicity in 2D and 3D cell culture. Int J Mol Sci. 2012;13(5):5554–70. https://doi.org/10.3390/ijms13055554 PMID: 22754315

	37.	 Vasić K, Knez Ž, Leitgeb M. Immobilization of alcohol dehydrogenase from Saccharomyces cerevisiae onto carboxymethyl dextran-coated mag-
netic nanoparticles: a novel route for biocatalyst improvement via epoxy activation. Sci Rep. 2020;10(1):19478. https://doi.org/10.1038/s41598-
020-76463-x PMID: 33173138

	38.	 Azadpour B, Kashanian F, Habibi-Rezaei M, Seyyed Ebrahimi SA, Yazdanpanah R, Lalegani Z, et al. Covalently-Bonded Coating of L-Arginine 
Modified Magnetic Nanoparticles with Dextran Using Co-Precipitation Method. Materials (Basel). 2022;15(24):8762. https://doi.org/10.3390/
ma15248762 PMID: 36556567

	39.	 Makki HH, Jaafar NR, Jailani N, Alqasem AA, Rahmat Z, Illias RMd. Strategy in Synthesizing Longer-Chain Levan-Type Fructooligosaccharides by 
Selective Dextran Macromolecular Cross-Linked Bacillus lehensis G1 Endolevanase Aggregate Immobilization. Catalysts. 2024;14(9):584. https://
doi.org/10.3390/catal14090584

	40.	 Jailani N, Jaafar NR, Suhaimi S, Mackeen MM, Bakar FDA, Illias RM. Cross-linked cyclodextrin glucanotransferase aggregates from Bacillus 
lehensis G1 for cyclodextrin production: Molecular modeling, developmental, physicochemical, kinetic and thermodynamic properties. Int J Biol 
Macromol. 2022;213:516–33. https://doi.org/10.1016/j.ijbiomac.2022.05.170 PMID: 35636531

	41.	 Goh KM, Mahadi NM, Hassan O, Rahman RNZRA, Illias RM. A predominant β-CGTase G1 engineered to elucidate the relationship between 
protein structure and product specificity. Journal of Molecular Catalysis B: Enzymatic. 2009;57(1–4):270–7. https://doi.org/10.1016/j.
molcatb.2008.09.016

	42.	 Prajapat R, Gaur RK, Marwal A. Homology Modeling and Docking Studies Between AC1 Rep Protein of Begomovirus and Whey α-lactalbumin. 
Asian J of Biological Sciences. 2011;4(4):352–61. https://doi.org/10.3923/ajbs.2011.352.361

	43.	 Dueramae I, Yoneyama M, Shinyashiki N, Yagihara S, Kita R. Self-assembly of acetylated dextran with various acetylation degrees in aqueous 
solutions: Studied by light scattering. Carbohydr Polym. 2017;159:171–7. https://doi.org/10.1016/j.carbpol.2016.12.026 PMID: 28038746

	44.	 Ishak MF, Painter TJ. Kinetic evidence for hemiacetal formation during the oxidation of dextran in aqueous periodate. Carbohydrate Research. 
1978;64:189–97. https://doi.org/10.1016/s0008-6215(00)83700-3

	45.	 Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of docking with a new scoring function, efficient optimization, and multithread-
ing. J Comput Chem. 2010;31(2):455–61. https://doi.org/10.1002/jcc.21334 PMID: 19499576

	46.	 DeLano W. The PyMOL Molecular Graphics System, Version 2.3. Schrö dinger LLC. 2020. p. There is no corresponding record for this reference. 
2014.

	47.	 Laskowski RA, Swindells MB. LigPlot: multiple ligand–protein interaction diagrams for drug discovery. ACS Publications. 2011.

	48.	 Ai Y, Yu L, Tan X, Chai X, Liu S. Discovery of Covalent Ligands via Noncovalent Docking by Dissecting Covalent Docking Based on a “Steric- 
Clashes Alleviating Receptor (SCAR)” Strategy. J Chem Inf Model. 2016;56(8):1563–75. https://doi.org/10.1021/acs.jcim.6b00334 PMID: 27411028

	49.	 Tang X, Bruce JE. Chemical cross-linking for protein-protein interaction studies. Methods Mol Biol. 2009;492:283–93. https://doi.org/10.1007/978-
1-59745-493-3_17 PMID: 19241040

	50.	 Muangsiri W, Kirsch LE. The protein-binding and drug release properties of macromolecular conjugates containing daptomycin and dextran. Int J 
Pharm. 2006;315(1–2):30–43. https://doi.org/10.1016/j.ijpharm.2006.02.016 PMID: 16546333

https://doi.org/10.3390/molecules28031305
http://www.ncbi.nlm.nih.gov/pubmed/36770972
https://doi.org/10.1016/s1570-0232(02)00037-5
http://www.ncbi.nlm.nih.gov/pubmed/12013224
https://doi.org/10.1016/j.procbio.2013.09.024
https://doi.org/10.3390/catal11020243
https://doi.org/10.1016/j.biortech.2018.10.015
http://www.ncbi.nlm.nih.gov/pubmed/30336395
https://doi.org/10.1016/j.jbiotec.2018.07.011
http://www.ncbi.nlm.nih.gov/pubmed/29990568
https://doi.org/10.3389/fbioe.2022.813919
http://www.ncbi.nlm.nih.gov/pubmed/35309987
https://doi.org/10.3390/ijms140714550
http://www.ncbi.nlm.nih.gov/pubmed/23857054
https://doi.org/10.3390/ijms13055554
http://www.ncbi.nlm.nih.gov/pubmed/22754315
https://doi.org/10.1038/s41598-020-76463-x
https://doi.org/10.1038/s41598-020-76463-x
http://www.ncbi.nlm.nih.gov/pubmed/33173138
https://doi.org/10.3390/ma15248762
https://doi.org/10.3390/ma15248762
http://www.ncbi.nlm.nih.gov/pubmed/36556567
https://doi.org/10.3390/catal14090584
https://doi.org/10.3390/catal14090584
https://doi.org/10.1016/j.ijbiomac.2022.05.170
http://www.ncbi.nlm.nih.gov/pubmed/35636531
https://doi.org/10.1016/j.molcatb.2008.09.016
https://doi.org/10.1016/j.molcatb.2008.09.016
https://doi.org/10.3923/ajbs.2011.352.361
https://doi.org/10.1016/j.carbpol.2016.12.026
http://www.ncbi.nlm.nih.gov/pubmed/28038746
https://doi.org/10.1016/s0008-6215(00)83700-3
https://doi.org/10.1002/jcc.21334
http://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1021/acs.jcim.6b00334
http://www.ncbi.nlm.nih.gov/pubmed/27411028
https://doi.org/10.1007/978-1-59745-493-3_17
https://doi.org/10.1007/978-1-59745-493-3_17
http://www.ncbi.nlm.nih.gov/pubmed/19241040
https://doi.org/10.1016/j.ijpharm.2006.02.016
http://www.ncbi.nlm.nih.gov/pubmed/16546333


PLOS One | https://doi.org/10.1371/journal.pone.0333803  October 15, 2025 25 / 26

	51.	 Khalil MI. Co-precipitation in aqueous solution synthesis of magnetite nanoparticles using iron(III) salts as precursors. Arabian Journal of Chemis-
try. 2015;8(2):279–84. https://doi.org/10.1016/j.arabjc.2015.02.008

	52.	 Predescu AM, Matei E, Berbecaru AC, Pantilimon C, Drăgan C, Vidu R, et al. Synthesis and characterization of dextran-coated iron oxide nanopar-
ticles. R Soc Open Sci. 2018;5(3):171525. https://doi.org/10.1098/rsos.171525 PMID: 29657763

	53.	 Abd Rahman NH, Jaafar NR, Shamsul Annuar NA, A Rahman R, Abdul Murad AM, El-Enshasy HA, et al. Efficient substrate accessibility of 
cross-linked levanase aggregates using dialdehyde starch as a macromolecular cross-linker. Carbohydr Polym. 2021;267:118159. https://doi.
org/10.1016/j.carbpol.2021.118159 PMID: 34119133

	54.	 Fan J, Fu A, Zhang L. Progress in molecular docking. Quant Biol. 2019;7(2):83–9. https://doi.org/10.1007/s40484-019-0172-y

	55.	 Fu Y, Zhao J, Chen Z. Insights into the Molecular Mechanisms of Protein-Ligand Interactions by Molecular Docking and Molecular Dynamics 
Simulation: A Case of Oligopeptide Binding Protein. Comput Math Methods Med. 2018;2018:3502514. https://doi.org/10.1155/2018/3502514 PMID: 
30627209

	56.	 Liu J, Wei B, Che C, Gong Z, Jiang Y, Si M, et al. Enhanced stability of manganese superoxide dismutase by amino acid replacement designed via 
molecular dynamics simulation. Int J Biol Macromol. 2019;128:297–303. https://doi.org/10.1016/j.ijbiomac.2019.01.126 PMID: 30685308

	57.	 Gao Y, Roberts CC, Zhu J, Lin J-L, Chang CA, Wheeldon I. Tuning Enzyme Kinetics through Designed Intermolecular Interactions Far from the 
Active Site. ACS Catal. 2015;5(4):2149–53. https://doi.org/10.1021/acscatal.5b00130

	58.	 Miksa D, Irish ER, Chen D, Composto RJ, Eckmann DM. Dextran functionalized surfaces via reductive amination: morphology, wetting, and adhe-
sion. Biomacromolecules. 2006;7(2):557–64. https://doi.org/10.1021/bm050601o PMID: 16471930

	59.	 Su H, Zhang W, Wu Y, Han X, Liu G, Jia Q, et al. Schiff base-containing dextran nanogel as pH-sensitive drug delivery system of doxorubicin: 
Synthesis and characterization. J Biomater Appl. 2018;33(2):170–81. https://doi.org/10.1177/0885328218783969 PMID: 29940809

	60.	 Maia J, Ferreira L, Carvalho R, Ramos MA, Gil MH. Synthesis and characterization of new injectable and degradable dextran-based hydrogels. 
Polymer. 2005;46(23):9604–14. https://doi.org/10.1016/j.polymer.2005.07.089

	61.	 Cabral JD, Roxburgh M, Shi Z, Liu L, McConnell M, Williams G, et al. Synthesis, physiochemical characterization, and biocompatibility of a chi-
tosan/dextran-based hydrogel for postsurgical adhesion prevention. J Mater Sci Mater Med. 2014;25(12):2743–56. https://doi.org/10.1007/s10856-
014-5292-3 PMID: 25085242

	62.	 Zhao H, Heindel ND. Determination of degree of substitution of formyl groups in polyaldehyde dextran by the hydroxylamine hydrochloride method. 
Pharm Res. 1991;8(3):400–2. https://doi.org/10.1023/a:1015866104055 PMID: 1711201

	63.	 Kedaria D, Vasita R. Bi-functional oxidized dextran-based hydrogel inducing microtumors: An in vitro three-dimensional lung tumor model for drug 
toxicity assays. J Tissue Eng. 2017;8:2041731417718391. https://doi.org/10.1177/2041731417718391 PMID: 35003617

	64.	 Rehman S, Bhatti HN, Bilal M, Asgher M. Cross-linked enzyme aggregates (CLEAs) of Pencilluim notatum lipase enzyme with improved activity, 
stability and reusability characteristics. Int J Biol Macromol. 2016;91:1161–9. https://doi.org/10.1016/j.ijbiomac.2016.06.081 PMID: 27365121

	65.	 Kartal F, Kilinc A. Crosslinked aggregates of Rhizopus oryzae lipase as industrial biocatalysts: preparation, optimization, characterization, and 
application for enantioselective resolution reactions. Biotechnol Prog. 2012;28(4):937–45. https://doi.org/10.1002/btpr.1571 PMID: 22685034

	66.	 Gao S, Torrente-Rodríguez RM, Pedrero M, Pingarrón JM, Campuzano S, Rocha-Martin J, et al. Dextran-coated nanoparticles as immunosens-
ing platforms: Consideration of polyaldehyde density, nanoparticle size and functionality. Talanta. 2022;247:123549. https://doi.org/10.1016/j.
talanta.2022.123549 PMID: 35609483

	67.	 Zhao X, Shi Y, Wang T, Cai Y, Jiang G. Preparation of silica-magnetite nanoparticle mixed hemimicelle sorbents for extraction of several typical 
phenolic compounds from environmental water samples. J Chromatogr A. 2008;1188(2):140–7. https://doi.org/10.1016/j.chroma.2008.02.069 
PMID: 18329033

	68.	 Abdo NI. Comparative Study between Magnetite Nanoparticles and Magnetite/Silver as a Core/Shell Nanostructure. ANP. 2021;10(04):115–22. 
https://doi.org/10.4236/anp.2021.104008

	69.	 Rai S, Kureel AK, Dutta PK, Mehrotra GK. Phenolic compounds based conjugates from dextran aldehyde and BSA: Preparation, characterization 
and evaluation of their anti-cancer efficacy for therapeutic applications. Int J Biol Macromol. 2018;110:425–36. https://doi.org/10.1016/j.ijbio-
mac.2017.11.049 PMID: 29129629

	70.	 Asey MN, Mohd Esa N, Che Abdullah CA. Synthesis and Characterization of Magnetic Nanoparticles (MNP) and MNP-Chitosan Composites. 
MJoSHT. 2019. https://doi.org/10.33102/mjosht.v4i.83

	71.	 D’Souza L, Devi P, Shridhar DMP, Naik CG. Use of Fourier Transform Infrared (FTIR) spectroscopy to study cadmium-induced changes in Padina 
tetrastromatica (Hauck). Anal Chem Insights. 2008;3:135–43. https://doi.org/10.4137/117739010800300001 PMID: 19609397

	72.	 Pan C, Qian J, Zhao C, Yang H, Zhao X, Guo H. Study on the relationship between crosslinking degree and properties of TPP crosslinked chitosan 
nanoparticles. Carbohydr Polym. 2020;241:116349. https://doi.org/10.1016/j.carbpol.2020.116349 PMID: 32507176

	73.	 Sanden KW, Kohler A, Afseth NK, Böcker U, Rønning SB, Liland KH, et al. The use of Fourier-transform infrared spectroscopy to characterize con-
nective tissue components in skeletal muscle of Atlantic cod (Gadus morhua L.). J Biophotonics. 2019;12(9):e201800436. https://doi.org/10.1002/
jbio.201800436 PMID: 31162834

https://doi.org/10.1016/j.arabjc.2015.02.008
https://doi.org/10.1098/rsos.171525
http://www.ncbi.nlm.nih.gov/pubmed/29657763
https://doi.org/10.1016/j.carbpol.2021.118159
https://doi.org/10.1016/j.carbpol.2021.118159
http://www.ncbi.nlm.nih.gov/pubmed/34119133
https://doi.org/10.1007/s40484-019-0172-y
https://doi.org/10.1155/2018/3502514
http://www.ncbi.nlm.nih.gov/pubmed/30627209
https://doi.org/10.1016/j.ijbiomac.2019.01.126
http://www.ncbi.nlm.nih.gov/pubmed/30685308
https://doi.org/10.1021/acscatal.5b00130
https://doi.org/10.1021/bm050601o
http://www.ncbi.nlm.nih.gov/pubmed/16471930
https://doi.org/10.1177/0885328218783969
http://www.ncbi.nlm.nih.gov/pubmed/29940809
https://doi.org/10.1016/j.polymer.2005.07.089
https://doi.org/10.1007/s10856-014-5292-3
https://doi.org/10.1007/s10856-014-5292-3
http://www.ncbi.nlm.nih.gov/pubmed/25085242
https://doi.org/10.1023/a:1015866104055
http://www.ncbi.nlm.nih.gov/pubmed/1711201
https://doi.org/10.1177/2041731417718391
http://www.ncbi.nlm.nih.gov/pubmed/35003617
https://doi.org/10.1016/j.ijbiomac.2016.06.081
http://www.ncbi.nlm.nih.gov/pubmed/27365121
https://doi.org/10.1002/btpr.1571
http://www.ncbi.nlm.nih.gov/pubmed/22685034
https://doi.org/10.1016/j.talanta.2022.123549
https://doi.org/10.1016/j.talanta.2022.123549
http://www.ncbi.nlm.nih.gov/pubmed/35609483
https://doi.org/10.1016/j.chroma.2008.02.069
http://www.ncbi.nlm.nih.gov/pubmed/18329033
https://doi.org/10.4236/anp.2021.104008
https://doi.org/10.1016/j.ijbiomac.2017.11.049
https://doi.org/10.1016/j.ijbiomac.2017.11.049
http://www.ncbi.nlm.nih.gov/pubmed/29129629
https://doi.org/10.33102/mjosht.v4i.83
https://doi.org/10.4137/117739010800300001
http://www.ncbi.nlm.nih.gov/pubmed/19609397
https://doi.org/10.1016/j.carbpol.2020.116349
http://www.ncbi.nlm.nih.gov/pubmed/32507176
https://doi.org/10.1002/jbio.201800436
https://doi.org/10.1002/jbio.201800436
http://www.ncbi.nlm.nih.gov/pubmed/31162834


PLOS One | https://doi.org/10.1371/journal.pone.0333803  October 15, 2025 26 / 26

	74.	 Lv B-H, Tan W, Zhu C-C, Shang X, Zhang L. Properties of a Stable and Sustained-Release Formulation of Recombinant Human Parathyroid 
Hormone (rhPTH) with Chitosan and Silk Fibroin Microparticles. Med Sci Monit. 2018;24:7532–40. https://doi.org/10.12659/MSM.911203 PMID: 
30345994

	75.	 Gupta K, Jana AK, Kumar S, Maiti M. Immobilization of amyloglucosidase from SSF of Aspergillus niger by crosslinked enzyme aggregate onto 
magnetic nanoparticles using minimum amount of carrier and characterizations. Journal of Molecular Catalysis B: Enzymatic. 2013;98:30–6. 
https://doi.org/10.1016/j.molcatb.2013.09.015

	76.	 Feng J, Yu S, Li J, Mo T, Li P. Enhancement of the catalytic activity and stability of immobilized aminoacylase using modified magnetic Fe 3 O 4 
nanoparticles. Chemical Engineering Journal. 2016;286:216–22. https://doi.org/10.1016/j.cej.2015.10.083

	77.	 Escalante Morales LK, Sengar P, Dorado Baeza A, Vazquez‐Duhalt R, Chauhan K. Enhanced Laccase Activity and Stability as Crosslinked 
Enzyme Aggregates on Magnetic Copper Ferrite Nanoparticles for Biotechnological Processes. ChemCatChem. 2023;15(22). https://doi.
org/10.1002/cctc.202301071

	78.	 Zhang Q, Li N, Hou Y, Fan M, Zhang Y, Dang F. Co-immobilization of crosslinked enzyme aggregates on lysozyme functionalized magnetic 
nanoparticles for enhancing stability and activity. Int J Biol Macromol. 2024;273(Pt 2):133180. https://doi.org/10.1016/j.ijbiomac.2024.133180 
PMID: 38880453

	79.	 Kumar VV, Sivanesan S, Cabana H. Magnetic cross-linked laccase aggregates--bioremediation tool for decolorization of distinct classes of recalci-
trant dyes. Sci Total Environ. 2014;487:830–9. https://doi.org/10.1016/j.scitotenv.2014.04.009 PMID: 24785303

	80.	 Mateo C, Palomo JM, Fernandez-Lorente G, Guisan JM, Fernandez-Lafuente R. Improvement of enzyme activity, stability and selectivity via immo-
bilization techniques. Enzyme and Microbial Technology. 2007;40(6):1451–63. https://doi.org/10.1016/j.enzmictec.2007.01.018

	81.	 Zhang L, Zhu X, Zheng S, Sun H. Photochemical preparation of magnetic chitosan beads for immobilization of pullulanase. Biochemical Engineer-
ing Journal. 2009;46(1):83–7. https://doi.org/10.1016/j.bej.2009.04.024

	82.	 Vinoth Kumar V, Prem Kumar MP, Thiruvenkadaravi KV, Baskaralingam P, Senthil Kumar P, Sivanesan S. Preparation and characterization of 
porous cross linked laccase aggregates for the decolorization of triphenyl methane and reactive dyes. Bioresour Technol. 2012;119:28–34. https://
doi.org/10.1016/j.biortech.2012.05.078 PMID: 22728178

	83.	 Talekar S, Ghodake V, Ghotage T, Rathod P, Deshmukh P, Nadar S, et al. Novel magnetic cross-linked enzyme aggregates (magnetic CLEAs) of 
alpha amylase. Bioresour Technol. 2012;123:542–7. https://doi.org/10.1016/j.biortech.2012.07.044 PMID: 22944488

	84.	 de Sousa M, Silva Gurgel B, Pessela BC, Gonçalves LRB. Preparation of CLEAs and magnetic CLEAs of a recombinant l-arabinose isomerase for 
d-tagatose synthesis. Enzyme Microb Technol. 2020;138:109566. https://doi.org/10.1016/j.enzmictec.2020.109566 PMID: 32527533

	85.	 Paitaid P, H-Kittikun A. Magnetic Cross-Linked Enzyme Aggregates of Aspergillus oryzae ST11 Lipase Using Polyacrylonitrile Coated Magnetic 
Nanoparticles for Biodiesel Production. Appl Biochem Biotechnol. 2020;190(4):1319–32. https://doi.org/10.1007/s12010-019-03196-7 PMID: 
31754983

	86.	 Primožič M, Kravanja G, Knez Ž, Crnjac A, Leitgeb M. Immobilized laccase in the form of (magnetic) cross-linked enzyme aggregates for sustain-
able diclofenac (bio)degradation. Journal of Cleaner Production. 2020;275:124121. https://doi.org/10.1016/j.jclepro.2020.124121

	87.	 Talekar S, Joshi A, Joshi G, Kamat P, Haripurkar R, Kambale S. Parameters in preparation and characterization of cross linked enzyme aggregates 
(CLEAs). RSC Adv. 2013;3(31):12485. https://doi.org/10.1039/c3ra40818c

	88.	 Jaafar NR, Jailani N, Rahman RA, Öner ET, Murad AMA, Illias RM. Protein surface engineering and interaction studies of maltogenic amylase 
towards improved enzyme immobilisation. Int J Biol Macromol. 2022;213:70–82. https://doi.org/10.1016/j.ijbiomac.2022.05.169 PMID: 35644316

	89.	 Rao MA, Scelza R, Acevedo F, Diez MC, Gianfreda L. Enzymes as useful tools for environmental purposes. Chemosphere. 2014;107:145–62. 
https://doi.org/10.1016/j.chemosphere.2013.12.059 PMID: 24411841

	90.	 Cui JD, Liu RL, Li LB. A facile technique to prepare cross-linked enzyme aggregates of bovine pancreatic lipase using bovine serum albumin as an 
additive. Korean J Chem Eng. 2016;33(2):610–5. https://doi.org/10.1007/s11814-015-0190-z

	91.	 Sheldon RA. Cross-Linked Enzyme Aggregates as Industrial Biocatalysts. Org Process Res Dev. 2010;15(1):213–23. https://doi.org/10.1021/
op100289f

	92.	 Talekar S, Nadar S, Joshi A, Joshi G. Pectin cross-linked enzyme aggregates (pectin-CLEAs) of glucoamylase. RSC Adv. 2014;4(103):59444–53. 
https://doi.org/10.1039/c4ra09552a

	93.	 Gürdaş S, Güleç HA, Mutlu M. Immobilization of Aspergillus oryzae β-Galactosidase onto Duolite A568 Resin via Simple Adsorption Mechanism. 
Food Bioprocess Technol. 2010;5(3):904–11. https://doi.org/10.1007/s11947-010-0384-7

https://doi.org/10.12659/MSM.911203
http://www.ncbi.nlm.nih.gov/pubmed/30345994
https://doi.org/10.1016/j.molcatb.2013.09.015
https://doi.org/10.1016/j.cej.2015.10.083
https://doi.org/10.1002/cctc.202301071
https://doi.org/10.1002/cctc.202301071
https://doi.org/10.1016/j.ijbiomac.2024.133180
http://www.ncbi.nlm.nih.gov/pubmed/38880453
https://doi.org/10.1016/j.scitotenv.2014.04.009
http://www.ncbi.nlm.nih.gov/pubmed/24785303
https://doi.org/10.1016/j.enzmictec.2007.01.018
https://doi.org/10.1016/j.bej.2009.04.024
https://doi.org/10.1016/j.biortech.2012.05.078
https://doi.org/10.1016/j.biortech.2012.05.078
http://www.ncbi.nlm.nih.gov/pubmed/22728178
https://doi.org/10.1016/j.biortech.2012.07.044
http://www.ncbi.nlm.nih.gov/pubmed/22944488
https://doi.org/10.1016/j.enzmictec.2020.109566
http://www.ncbi.nlm.nih.gov/pubmed/32527533
https://doi.org/10.1007/s12010-019-03196-7
http://www.ncbi.nlm.nih.gov/pubmed/31754983
https://doi.org/10.1016/j.jclepro.2020.124121
https://doi.org/10.1039/c3ra40818c
https://doi.org/10.1016/j.ijbiomac.2022.05.169
http://www.ncbi.nlm.nih.gov/pubmed/35644316
https://doi.org/10.1016/j.chemosphere.2013.12.059
http://www.ncbi.nlm.nih.gov/pubmed/24411841
https://doi.org/10.1007/s11814-015-0190-z
https://doi.org/10.1021/op100289f
https://doi.org/10.1021/op100289f
https://doi.org/10.1039/c4ra09552a
https://doi.org/10.1007/s11947-010-0384-7

