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on of magnetic nano-coupled
cloned b-xylanase in saccharification process
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Liangcai Peng,e Muhammad Khawar Rauf, f Ikram ul Haq,a Asad ur-Rehman,a

Sikander Alia and Muhammad Nauman Aftab †*a

The b-xylanase gene (DCE06_04615) with 1041 bp cloned from Thermotoga naphthophila was expressed

into E. coli BL21 DE3. The cloned b-xylanase was covalently bound to iron oxide magnetic nanoparticles

coated with silica utilizing carbodiimide. The size of the immobilized MNPs (50 nm) and their binding

with b-xylanase were characterized by Fourier-transform electron microscopy (FTIR) (a change in shift

particularly from C–O to C–N) and transmission electron microscopy (TEM) (spherical in shape and

50 nm in diameter). The results showed that enzyme activity (4.5 � 0.23 U per mL), thermo-stability

(90 �C after 4 hours, residual activity of enzyme calculated as 29.89% � 0.72), pH stability (91% � 1.91 at

pH 7), metal ion stability (57% � 1.08 increase with Ca2+), reusability (13 times) and storage stability (96

days storage at 4 �C) of the immobilized b-xylanase was effective and superior. The immobilized b-

xylanase exhibited maximal enzyme activity at pH 7 and 90 �C. Repeated enzyme assay and

saccharification of pretreated rice straw showed that the MNP-enzyme complex exhibited 56% � 0.76

and 11% � 0.56 residual activity after 8 times and 13 times repeated usage. The MNP-enzyme complex

showed 17.32% and 15.52% saccharification percentage after 1st and 8th time usage respectively.

Immobilized b-xylanase exhibited 96% residual activity on 96 days' storage at 4 �C that showed excellent

stability.
Introduction

Currently enzymes are mostly being used as biocatalysts in
various industries such as the energy, food and drug industries
and also have a crucial role in the protection of the environ-
ment. Since enzymes reveal numerous important properties
such as specicity, selectivity, lack of secondary reactions and
low toxicity, their use is considered to be more valuable over
traditional chemical procedures.1

Enzymes can nd applications in different industrial
procedures and elds, such as biomedicine, nanotechnology,
biosensors, protein engineering and pharmaceuticals, and the
main reason for such a broad application series is the enzyme
stability. Free enzymes are generally not stable in the buffer
solutions, but aer immobilization (covalent attachment,
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simple adsorption or encapsulation), their stability can improve
signicantly.2,3 Enzyme immobilization reduces several limita-
tions via improving enzyme stability, specicity or selectivity,
and even eliminates enzyme inhibition processes and also
improves the controlling nature of the enzymes.4,5

b-Xylanase is important industrial enzyme that has received
much attention in recent years because of its wide applications
in the wastewater treatment, feed stock improvement, food and
beverage industries and conversion of lignocelluloses biomass
into bioethanol productions.6,79,80 However, the industrial
applications of such enzymes in different elds are mostly
limited due to their low operational stability, sensitivity to the
environment conditions, short lifetime; high production costs
bring about the problems in recovery and reusability.7 b-Xyla-
nase enzyme has many applications in paper and pulp industry,
baking and brewing industry and in food and feed industry. It is
not easy to produce b-xylanase enzyme at several times, mostly
in large-scale experiments like saccharication process etc.

To reduce such a problems, immobilization of enzymes onto
different synthetic and natural supports is deliberated to be an
effective and impressive approach to improve the stability and
recovery of enzyme from the reaction mixture and ease in
recycling for reusability.8

Immobilization of various biomolecules (protein, antibodies
enzymes etc.) onto insoluble supports like magnetic
RSC Adv., 2022, 12, 6463–6475 | 6463
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nanoparticles suggests different benets that consist of
improved stability, easy separation from reaction mixture and
prevention of microbial growth.9 In recent years, attention of
utilizing nano-sized magnetic particles gain attention in several
elds such as environmental and biomedical applications,
associated to their size, magnitude, good reusability, low
toxicity, large enzyme loading capacity, easy manipulation of
surface modication and large surface area.10–12

Fe3O4 magnetic nanoparticles are one of the mostly used
magnetic materials because of the super-paramagnetic mate-
rials bearing magnetic properties and biocompatibility.13 Use of
magnetic nanoparticles (MNPs) is gaining outstanding atten-
tion for enzyme immobilization because of the ability of MNPs
to carry maximum enzymes due to the accessibility of high
surface area and better enzyme stability.14 Such a MNPs used in
enzyme and protein immobilization,15 protein purication,16

hyperthermia,17 enhancement of contrast in magnetic reso-
nance imaging18 and drug delivery.19

Whereas, some other elds that obtained benets from
utilization of magnetic nanoparticles are waste water process-
ing20,21 and textile.22 The binding of bio-molecules like proteins,
enzymes and antibodies onto magnetic nanoparticles are
generally performed through covalent bonding, surface
adsorption, inclusion in a gel phase, encapsulation and cross-
linking by bi-functional reagents.23–25 A recent method
comprising carbodiimide activation has gain popularity
because of its high efficiency and simplicity.26

Although the recovery of immobilized enzyme is limited in
industrial projects, magnetic nanoparticles have an excellent
feature because of their strong magnetic material. Enzymes
immobilized on magnetic nanoparticles easily separated from
the reaction mixture using a simple magnetic without using
expensive liquid chromatography systems, centrifugation,
ltrations etc.27

Among bioprocessing of lignocellulosic plant residues, the
focus is on using enzymes for hydrolysis and degradation of
agro-industrial waste. The conversion of biomass to mono-
saccharides or other chemicals by saccharication and then
aer fermentation their conversion to bioethanol have an
important role. Reusability of the immobilized MNPs is also
a cost effective process to avoid the repeatedly production of
enzyme.28–31

Therefore, it is required to utilize suitable support for
immobilization of enzymes that can be reused several times.
Some methods of enzymes immobilization include the binding
of enzyme via covalent bonding using carbodiimide (EDC). A
reaction between an amine group on the nanoparticle surface
and amid carboxyl group of the enzyme produced the bond to
develop immobilization.26 The magnetic core facilitates the
selective binding of protein with carbodiimide and easy
recovery of magnetic particles from media using magnets and
can be repeatedly reused for several times.

The objectives of this work was to immobilize the recombi-
nant puried b-xylanase enzyme from Thermotoga naphthophila
onto magnetic nanoparticles (Fe3O4) coated with silica via car-
bodiimide for recurrence re-use to make the process econom-
ical. Furthermore, immobilization of b-xylanase on MNPs was
6464 | RSC Adv., 2022, 12, 6463–6475
characterized. Effect of temperature, pH and metal ions was
extensively examined to achieve the outstanding results.
Further, its stability at room temperature as well as at 4 �C was
also determined. Additionally, reusability of immobilized MNPs
was also determined by performing saccharication process at
optimized conditions.
Methodology
Cloning and expression of b-xylanase gene in pET-21a(+)

The cloning of b-xylanase gene (DCE06_04615) into pET-21a(+)
and production of recombinant b-xylanase enzyme was carried
out using standard procedures as described by Hamid et al.32

Double restricted b-xylanase and plasmid pET-21a(+) with NdeI
and HindIII were ligated with T4 DNA ligase enzyme. The
ligated product was transformed into the E. coli BL21 (DE3)
competent cells. The transformed cells were then transferred to
LB agar plates supplemented with ampicillin. The colonies
obtained were marked randomly and tested for the presence of
ligated product (pET 21a(+)/b-xylanase gene) through colony
PCR. Recombinant plasmid was isolated from the positive
colonies and double restricted with NdeI and HindIII to further
conrm the ligation of b-xylanase gene with plasmid. E. coli
BL21 (DE3) bearing b-xylanase (Tnap_0700) gene was cultured
in 100 ml LB broth (1.0% tryptone, 0.5% yeast extract and 0.5%
NaCl) supplemented with containing ampicillin (100 mg ml�1)
in 250 ml ask at 37 �C and 200 rpm. E. coli cells were induced
by adding 0.5 mM IPTG in the ask. The cells were then incu-
bated at 37 �C for 4 hours. The contents of the ask were
centrifuged at 10 000 rpm for 10 minutes. The supernatant was
discarded and cells stored at �20 �C for further usage. Sodium
citrate phosphate buffer (50 mM, pH 7.0) was used to suspend
the E. coli cells and later treated with 30 cycles of sonication,
each cycle with 60% amplitude in a sonication system at 4 �C
(Bandelin, Sonoplus). The sonicated product was placed on ice
for 30 minutes and then centrifuged at 10 000 rpm for 15
minutes at 4 �C. Finally, b-xylanase enzyme was puried by
utilizing heat treatment method and immobilized metal ion
affinity chromatography. The puried enzyme thus obtained
was utilized to determine the b-xylanase enzyme activity and
immobilization of puried b-xylanase with the magnetic nano-
particles (MNPs).
Immobilization of b-xylanase onto magnetic nanoparticles

Magnetic nanoparticles were obtained from Dr Muller, Ger-
many. b-xylanase enzyme was immobilized onto MNPs by
following the method of Jordan et al.26 with somemodications.
For b-xylanase binding, almost 50 mg magnetic nanoparticles
was added into a 5 ml solution containing 8 mg ml�1 1-(3-
dimethylaminopropyl)-3ethylcarbodiimide hydrochloride
(EDC). The reaction was sonicated for 3 minutes and incubates
on ice for 30 minutes. The reaction contents was incubated for 2
hours at 4 �C and followed by sonication for 3 minutes aer
every 1 hour intervals in a way to assure uniform dispersion.
Aer 2 hours, the reaction mixture was sonicated and then
heated for 10 minutes at 30 �C. b-xylanase bound magnetic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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nanoparticles were removed with the help of strong magnet
source. MNPs were washed with distilled water and enzyme
activity and stability was determined.

Characterization of recombinant thermostable immobilized
b-xylanase enzyme

Aer enzyme immobilization, determination of enzyme activity
and protein were characterized.

The enzyme activity was calculated aer xylose production
during a reaction of nanoparticles-bound-b-xylanase with xylan
from beechwood as a substrate. Aer binding, 50 ml solution
containing b-xylanase bound magnetic nanoparticles was
added to 100 ml xylan substrate (citrate phosphate buffer (50
mM), pH 7.5), incubated at 50 �C for 10 minutes. The magnetic
nanoparticles were recovered using strong magnet source and
2 ml DNS was added to terminate the process. The reaction test
tubes were kept into the boiling water for 5 minutes. The
reducing sugar was calculated at 540 nm by spectrophotometer.
The controls were also run in the same way by using substrate
and magnetic nanoparticles, without addition of enzyme. All
reactions were run in triplicate. Magnetic nanoparticles
immobilized with b-xylanase enzyme were repeatedly utilized to
determine its reusability potential. Activity of the b-xylanase
enzyme was observed up to 13 times using xylan as substrate.

The effect of temperature on immobilized b-xylanase enzyme
was determined by incubating the enzyme at 40, 50, 60, 70, 80
and 90 �C for 3 hours. The stability of the enzyme was deter-
mined aer performing the enzyme assay. The effect of initial
pH on immobilized b-xylanase enzyme was determined by
incubating the enzyme at pH values of 4.0, 5.0, 6.0, 7.0, 8.0 and
9.0 for 3 hours. The stability of the enzyme was determined by
enzyme assay. The effect of different metal ions on immobilized
b-xylanase enzyme was determined by incubating the enzyme
with different metal ions (Mg2+, Cu2+, K1+, Ca2+, Na1+, Mn2+,
Ni2+) at different concentrations ranging from 1–10 mM for 1–3
hours. The stability of the enzyme was determined using
enzyme assay.

Characterization of magnetic nanoparticles

Transmission electron microscopy (TEM). The morphology
and size of the magnetic nanoparticles were evaluated using
TEM (JEOL JEM-1010). In this analysis, the AEI copper grids
having 900 mesh were rst coated with a thin layer of 25–30 nm
carbon lm as a support media. A suspension of magnetic
nanoparticles was prepared in ethanol aer sonication for ve
minutes. Prepared sample was loaded on copper grid and air
dried and then examined under TEM machine that was oper-
ating at 80 kV. Electron micrographs were captured and labeled.

Fourier transform infrared spectroscopy (FTIR). Based on
basic mechanism of Fourier transform infrared spectroscopy
(FTIR) that involve absorbance of different frequencies for the
bonds between various elements, it utilizes a device known as
interferometer (IRAffinity-1, SHIMADZU) to identify samples
aer generating an optical signal with all IR frequencies enco-
ded and calculated the values. The signal was decoded using
Fourier transform, a map of the spectral information was
© 2022 The Author(s). Published by the Royal Society of Chemistry
produced by a computer-generated process. The graph was the
spectrum and was identied by different reference database
houses. Various immobilized MNPs with b-xylanase, MNPs
alone and b-xylanase were analyzed by FTIR.

Pretreatment of rice straw. The pretreatment of rice straw
was performed by following the method given by Hoşgün et al.33

with some modications. Pretreatment of rice straw was carried
out by using 10% (w/v) NaOH at 30 �C for 72 hours. The rice
straw was weighed (about 2 g) and placed in an Erlenmeyer ask
(250 ml) dipped in a solution of 10% (w/v) NaOH and incubated
at 30 �C for 72 hours. Aer the incubation period, biomass was
ltered, washed with double distilled water and allowed to dry
at room temperature for two days.

Reusability of immobilized magnetic nanoparticles in
saccharication process. The procedure of saccharication was
performed in a 250 ml ask. Immobilized b-xylanase magnetic
nanoparticles were added along with pretreated plant biomass
(rice straw) and incubated at 50 �C. Experimental asks were
kept into a shaking incubator at 150 rpm for 6 hours. b-xylanase
units immobilized onto magnetic nanoparticles were used to
hydrolyze 0.05 g of pretreated rice straw biomass. To avoid
contamination of microorganisms, tetracycline (10 mg/ml) was
added with immobilized b-xylanase magnetic nanoparticles.
The production of reducing sugars in the saccharication
procedure was analyzed by method of Miller.34 Aer the process,
magnetic nanoparticles were removed with the help of strong
magnet. b-xylanase-MNPs were used again in saccharication
process with new pre-treated biomass. The b-xylanase-MNPs
were used repeatedly in saccharication process. The process
was stopped until enzyme action was signicantly reduced.

Saccharification ð%Þ ¼
Reducing sugars

�
mg ml�1

�� 0:9� total reaction volume� 100

Substrate concentration
�
mg ml�1

�

Results
Expression of recombinant enzyme

The recombinant b-xylanase enzyme activity was calculated in
the intracellular fraction, b-xylanase activity was estimated to be
4.5 � 0.23 U per ml. Total proteins were determined and esti-
mated to be 4.25 � 0.27 mg ml�1.

Immobilization of b-xylanase onto magnetic nanoparticles

b-xylanase enzyme was immobilized onto magnetic nano-
particles via development of covalent bond between magnetic
nanoparticles and enzyme via 1-(3-dimethylaminopropyl)-
3ethylcarbodiimide hydrochloride (EDC). The functional
groups present in primary structure of the enzymes bound to
magnetic nanoparticles as these functional groups have no
effective impact on the catalytic activity. The binding mecha-
nism of enzyme to magnetic nanoparticles carried out on
standard conditions that do not cause any reduction in the
enzyme activity, and the active site of the enzyme remained
stable. However, these magnetic nanoparticles showed an extra
RSC Adv., 2022, 12, 6463–6475 | 6465
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advantage as these particles can be retrieved easily by external
magnetic source.
Characterization of immobilized b-xylanase

To describe the properties of the immobilized b-xylanase
enzyme activity, the enzyme activity as well as reusability assay
was performed repeatedly using standard enzyme assay.
Determination of enzyme activity and protein

Enzyme activity of immobilized b-xylanase enzyme was deter-
mined aer calculating the reducing sugar produced by action
of immobilized enzyme with xylan (beechwood) substrate as
mentioned in methodology section. The enzyme activity of
recombinant b-xylanase immobilized on MNPs was calculated
to be 6.5 � 0.34 U per ml. Total proteins were determined and
estimated to be 5.25 � 0.18 mg ml�1. All assays were performed
in triplicate.
Reusability assay

Reusability feature of the immobilized b-xylanase enzyme was
one of the important properties of this complex that was
determined in this work. The immobilized b-xylanase enzyme
was used in the enzymatic assay for 13 consecutive times. Aer 5
times usage, the enzyme-MNPs activity was retained by 89% �
0.76. However, the enzyme-MNPs complex retained 70% � 0.76
residual activity aer 8 re-uses. Further repeated enzyme assays
for 13th time resulted in the drop of residual activity to 55% �
0.56 (Fig. 1a and b).
Effect of thermostability on immobilized b-xylanase

To determine the thermostability, the immobilized magnetic
nanoparticle (with b-xylanase enzyme) was incubated at
different temperatures ranging from 50–90 �C. Aer 1 hour, the
immobilized MNPs showed 99.5% � 0.75, 98.7% � 0.63 and
98.1% � 0.57 aer 50 �C, 60 �C and 70 �C respectively. The
immobilized MNPs showed 80%� 0.91 residual activity at 80 �C
aer 4 hours of incubation (Fig. 2A). Reasonably signicant
residual activity was demonstrated by immobilized b-xylanase 3
Fig. 1 (a) Repeated assays to determine the activity of immobilized b-xyla
enzyme after repeated enzyme assays.

6466 | RSC Adv., 2022, 12, 6463–6475
hours at 60 �C and 70 �C, resulted in 96%� 0.58 and 95%� 0.65
respectively. At 90 �C, the immobilized b-xylanase activity was
reduced to 64.89%� 0.56 aer 2 hours of incubation. Similarly,
at 90 �C aer 4 hours of incubation, the immobilized b-xylanase
enzyme activity was reduced to 29.89% � 0.72. No signicant
reduction in immobilized b-xylanase activity was observed at
50 �C and 60 �C and 70 �C aer 3 hours of incubation (Fig. 2A).
Effect of pH stability on immobilized b-xylanase

To determine the pH stability, the immobilized magnetic
nanoparticle (with b-xylanase enzyme) was incubated at
different pH value ranging from 4.0–9.0. At pH 4, the immobi-
lized MNPs were reduced to 34%� 1.24, 21%� 1.10 and 16%�
1.01 aer 1, 2 and 3 hours. Reasonable residual activity of
immobilized b-xylanase was observed at pH values 5, 6 and 8
(Fig. 2B). The maximum residual activity of immobilized b-
xylanase was determined to be 91% � 1.91 at pH 7 aer 1 hour
of incubation. Similarly, high residual activity of 86% � 0.48
and 78%� 1.48 was observed aer 2 and 3 hours respectively. At
pH 6 the residual activity of immobilized MNPs was reduced to
56%� 0.65 aer 2 hours of incubation. Similarly, at pH 8 aer 3
hours of incubation the immobilizedMNPs residual activity was
reduced to 30% � 0.67. However, at pH 9, aer 2 and 3 hours of
incubation, the residual activity of immobilized b-xylanase was
reduced to 8.9% � 0.55 and 5.5% � 0.38 respectively.
Effect of different metal ions on immobilized b-xylanase

To determine the EDTA and metal ions effect, the immobilized
b-xylanase with MNPs was incubated with different metal ions
(Mg2+, Cu2+, K1+, Ca2+, Na1+, Mn2+, Ni2+) at different concen-
trations ranging from 1–10 mM. The immobilized b-xylanase
enzyme showed 57%� 1.08 and 26%� 1.02 increase in residual
activity with Ca2+ and Mg2+ ions when incubated at 1 mM
concentration but dropped to 62% � 2.38 and 81% � 1.98 at
10 mM (Fig. 2C). The residual activity of immobilized MNPs was
calculated to be 91% � 1.34, 75% � 1.12, 95% � 1.01, 85% �
2.31 and 11%� 0.95 when incubated with 1mMK1+, Na1+, Cu2+,
Ni2+ and EDTA respectively. At higher concentration (10 mM) of
Mg2+, Cu2+, K1+, Ca2+, Na1+,and Ni2+, a drop in residual activity
nase performed at 50 �C; (b) residual activity of immobilized b-xylanase

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization (A). Determination of thermostability of immobilized MNPs (50 �C to 90 �C from 1–4 hours) (B). Determination of pH
stability of immobilized b-xylanase enzyme (pH values (4–9) after 1, 2 and 3 hours). (C) Effect of different concentrations (1–10mM) of metal ions
and EDTA on immobilized b-xylanase enzyme (1–10 mM for 1–3 hours).
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was observed that reached to 81%� 1.98, 62� 1.31 73%� 2.11,
57% � 2.31, 71% � 0.851 and 76% � 0.78respectively (Fig. 2C).
The effect of EDTA on Immobilized MNPs was very detrimental
and residual activity was reduced to 11% � 0.951, 8% � 1.31
and 4% � 0.85 at 1 mM, 5 mM and 10 mM EDTA respectively.
Determination of binding of b-xylanase on magnetic
nanoparticles by TEM analysis

The binding of the recombinant b-xylanase enzyme onto
magnetic nanoparticles was analyzed by transmission electron
microscope. Transmission electron microscopy (TEM) showed
the dimensions of b-xylanase magnetic nanoparticles. MNPs
demonstrated spherical in shape with diameter of approxi-
mately 50 nm. The comparison of TEM images of MNPs at two
different scales represents the accurate magnication and size
of these particles. However, some of the agglutination of these
MNPs is because of their magnetic nature. The small size of
magnetic nanoparticles provides more surface to volume ratio
and effective enzyme immobilization (Fig. 3).
Determination of binding of b-xylanase on magnetic
nanoparticles by FTIR analysis

b-Xylanase binding on top of CC-Fe3O4@SiO2 and presence of
surface functional groups on magnetic nanoparticles were
detected by FTIR spectroscopy. The FTIR spectra of the (Fig. 4A)
MNPs (Fe3O4@SiO2) (Fig. 4B) b-xylanase (Fig. 4C) and immo-
bilized b-xylanase on MPNs (b-xylanase-MNPs) are shown in
Fig. 6. The absorption bands nearly 1088 cm�1 and 808 cm�1

were assigned to the symmetric stretching of Si–O–Si and Si–
OH, respectively, suggesting the existence of silica shell on
MNPs. However, the FTIR spectrum of the b-xylanase and b-
© 2022 The Author(s). Published by the Royal Society of Chemistry
xylanase-MNPs (Fig. 4B and C) demonstrated characteristic
bands at 3346(O–H), 3288(N–H), 2920 (C–H aliphatic band)
1630 (C]O) and 1585(C–N) cm�1. The main characteristic
frequencies associated with the functional groups (–OH, –NH,
C–H (aliphatic), C]O, C–N etc.) present in b-xylanase enzyme
and the linker 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) are also reected in the magnetic nanoparticles having
immobilized b-xylanase enzyme. The appearance of absorbance
frequencies associated with the main functional groups of b-
xylanase enzyme in b-xylanase bound magnetic nanoparticles
conrms the attachment of the enzyme on magnetic nano-
particles. The primary structure analysis of b-xylanase proteins
reveals the amino acid conguration of various proteins with
ve predominant amino acids as threonine (9.50%), preceded
by glycine (8.80%), alanine (8.20%), serine (7.90%) and aspartic
acid (6.54%). The specic frequencies associated with these
segments are mostly characterized by –N–H, C]O, C–O and
C–H (aliphatic) groups. A change in the frequency on the
immobilized b-xylanase enzyme is mostly due to the formation
of the amide bond. Use of EDC suggests that covalent bond was
generated between a carboxyl group on the b-xylanase enzyme
and an amine group of the linker EDC on the magnetic nano-
particles surface (specically, C–O to C–N). The pure magnetic
nanoparticles also showed some particular IR frequencies.
These peaks are not found in immobilized magnetic nano-
particles, showing the formation of the amide bond.
SEM analysis of rice straw

The rice straw was pre-treated as mentioned in methodology
section. Scanning electron microscopy was used to analyze the
structures of pre-treated rice straw. The electron micrograph of
native sample revealed the woody, regular, compact and smooth
RSC Adv., 2022, 12, 6463–6475 | 6467
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Fig. 3 TEM Analysis (A). Pure MNPs (B) MNPs-immobilized with b-xylanase enzyme (25–30 nm carbon film, 80 kV).
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surface, signifying the highly well-arranged surface structure,
whereas the pretreated sample showed an irregular and uneven
structure and exhibited loosened inner zones of hemicellulose
and cellulose content (Fig. 5A and B). Pretreatment method
increased the surface area of rice straw to provide enzyme better
accessibility for hydrolysis of cellulytic contents of plant
biomass.
Reusability of immobilized magnetic nanoparticles in
saccharication process

Reusability of the enzymatic activity of b-xylanase immobilized
with magnetic nanoparticle was determined to estimate the
hydrolysis process in the pre-treated rice straw. For this
purpose, weighed rice straw was incubated with immobilized
magnetic nanoparticles along with Tris-Cl buffer (pH 8).
Tetracycline (10 mg mL�1) was also added in order to stop any
microbial contamination. Aer the hydrolysis at optimized
conditions, reducing sugar was calculated by DNS method. The
reusability of the immobilized magnetic nanoparticles (with b-
xylanase) was evaluated. It was found that immobilized
magnetic nanoparticles can be reused for 8 times for sacchari-
cation process (Fig. 6). The residual activity up to 78% � 0.98
was observed aer 4 times of usage of b-xylanase immobilized
MNPs. However, 56% � 1.06 residual activity was retained aer
5th time usage and residual activity was dropped to 10% � 0.38
aer 8th usage. The saccharication potential of immobilized
MNPs was calculated to be 17.32% aer 5th time of usage.
However, a sight change in the saccharication potential was
might be because of washing of the immobilized MNPs to start
up the new saccharication reaction. Table 1 shows the residual
activity and saccharication potential of b-xylanase enzyme
immobilized onto MNPs.
Discussion

In this research work, recombinant thermostable b-xylanase
enzyme was cloned from Thermotoga naphthophila and
expressed in E. coli BL21 (DE3) aer IPTG induction.21 Aer the
6468 | RSC Adv., 2022, 12, 6463–6475
successful expression of recombinant b-xylanase enzyme,
further purication was carried out by two different strategies
i.e. heat treatment method and immobilized metal ion affinity
chromatography. Aer purication step, the b-xylanase was
covalently bound to magnetic nanoparticles by carbodiimide
(EDC) activation. The activation was because of the formation of
an amide bond resulting from the reaction between the carboxyl
group on the b-xylanase enzyme and an amine group on the
nanoparticle surface (specically, the C–O to C–N conversion).
Aer immobilization of enzyme, catalytic activity was analyzed
by DNSmethod. Further, reusability of the immobilized enzyme
to determine saccharication potential of pretreated rice straw
was also determined.

Thermostable enzymes have an advantage as they are being
used as catalyst in different industrial processes, as high
temperatures oen promote better enzyme penetration and
cell-wall disorganisation of the raw materials. However, enzyme
production is costly and at certain temperature enzyme activity
was also reduced. These properties have fascinated scientists to
discover some support materials or carriers for immobilization
of enzymes.35–38 In various industrial processes, enzymes are
mostly used in bulk and sometimes because of high cost of
enzyme production strategy it's not possible to produce
enzymes in bulk. To overcome this problem, enzymes are
immobilized on solid supports to increase reusability and
stability. Now-a-days, magnetic nanoparticles (MNPs) prepared
by iron oxides, gain most importance because of the different
characteristics like small size, biocompatibility and super
paramagnetism.39

Previously, several enzymes have been shown to immobi-
lize onto MNPs using EDC. EDC is being used to develop the
covalent bond during immobilization of antimicrobial
peptides on biomaterial surfaces.40 Cellulase enzyme was also
immobilized onto MNPs using the carbodiimide method and
it showed the improvement in enzyme activity and stability.26

Recently, production of recombinant carbonic anhydrase
enzyme and its immobilization onto MNPs that in decline of
cost of enzyme production was demonstrated.41 In another
study, the immobilization of a-amylase was done onto MNPs
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (A) FTIR spectra of pure magnetic nanoparticles (B) FTIR spectra
of free b-xylanase enzyme (C) FTIR spectra of immobilized magnetic
nanoparticles with b-xylanase enzyme (50–100% transmittance,
3500–500 wavenumber cm�1), comparison of FTIR spectra of these
three samples showing bond shift particularly from C–O to C–N.
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via covalent attachment using carbodiimide (CDI)
molecules.42

In the present study, covalent binding of the b-xylanase with
MNPs showed 13 consecutive times repeated use of immobi-
lized enzyme, which can signicantly reduce the cost of the
industrial processing. The residual activity of the immobilized
b-xylanase was 56% � 0.56 of the initial enzyme activity even
aer 13 times re-usage (Fig. 1a and b). Our results were similar
to the ndings of a previous study,43 which had revealed the
immobilization of Mn-SOD onto supermagnetic nanoparticles
© 2022 The Author(s). Published by the Royal Society of Chemistry
and repetitively used for 10th time with a reduction in Super-
oxide dismutase enzyme activity. The loss of immobilized
enzyme activity possibly because of leakage of the enzyme from
the carriers and also because of the conformational changes in
the enzyme structure. The reduction of enzyme activity to 56%
� 0.56might be due to the failure of the enzyme activity because
of aggregation and loss of some magnetic nanoparticles during
the washing process, recovery and protein denaturation.44 In
another study, the relative activity of laccase enzyme that was
immobilized on MNPs was dropped to 40% aer the 8th cycle of
reusage.45 Various strategies were employed for the immobili-
zation of different enzymes on MNPs. In recent studies, Fe3O4

MNPs were used for immobilization of cellulose chitosinase
and b-glucosidase enzymes through covalent bonding utilizing
EDC, APTES, gluteraldehyde and PEG46–48 (Table 2). In another
strategy, chitosan coated MNPs were used for immobilization of
xylanase and laccase enzymes via gluteraldehyde.49,50 APTES
method was used to immobilize cellulose enzyme on the Cu-
aminofunctionlized MNPs.47 The immobilized enzyme aer
5th cycle of reusability retained 73% residual activity. Table 2
shows the summary of several enzymes immobilized onto
MNPs.

This study showed that immobilized b-xylanase enzyme
exhibited the 96% of residual activity aer 30 days of storage at
4 �C, however retained 90% residual activity when stored at
room temperature for 30 days that indicate excellent stability
and durability of enzyme-MNPs complex. This is due to the
covalent bonding that attaches enzymes onto the magnetic
nanoparticles was able to provide the protection to the enzymes
from denaturalization.51 The immobilization of pectinase on
chitosan MNPs using dextran as a polyaldehyde cross-linker.
They showed that immobilized enzyme retained up to 89% of
relative activity aer storage of 15th days.52 Laccase enzyme
concludes that it maintained 70% of its initial activity at 25 �C
up to 12th day from the rst day of storage.53 Many recent
studies has showed that a-amylase and xylanase enzymes
remained stable and retained 65%, 93% and 60% residual
activity aer immobilization with MNPs for up to 60 days at
4 �C.54–56 Similarly, alcohol dehydrogenase and pectinase
enzymes showed 75% and 87% residual activities when stored
at 4 �C for 21 days and 30 days respectively.57,58 However, one
study demonstrated the stability of peroxidase enzyme at 25 �C
for 60 days and hydrolase 76% for 60 days.59,60 Table 3 show the
summary of stability of various enzymes immobilized with
MNPs at different temperatures and time duration.

In the present study, a very important characteristic feature
of immobilized b-xylanase with MNPs was thermostability at
high temperature ranging from 50–90 �C. High thermostability
of the enzyme was observed at temperature 80 �C and 90 �C.
Enhancement in the thermostability of the immobilized
enzyme was due to the reason that magnetic affinity of the
MNPs provides proper protection to slow down the heat transfer
of the immobilized b-xylanase-MNPs structure at high temper-
ature.61 80% � 0.91 residual activity was observed when enzyme
was incubated at 80 �C for 4 hours (Fig. 2A). The development of
many covalent bonds between the support and the enzyme
reduces conformational exibility, thermal vibrations, and
RSC Adv., 2022, 12, 6463–6475 | 6469
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Fig. 5 SEM analysis of (A) control (without pre-treated) (SEM HV: 10.0 KV, SEMMAG: 1.50 KX, view field: 185 mm, WD: 5.48 mm, diameter 50 mm)
(B) pre-treated samples of rice straw (SEM HV: 10.0 KV, SEM MAG: 1.50 KX, view field: 184 mm, WD: 5.45 mm, diameter 50 mm).

Fig. 6 Determination of the reusability of catalytic activity of b-xyla-
nase immobilized with magnetic nanoparticles in saccharification of
pretreated rice straw (at 50 �C, 150 rpm for 6 hours).
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enzyme mobility, while also preventing the unfolding of the
enzyme protein.62 This is because the three-dimensional struc-
ture of the protein was protected from thermal denaturation by
the restriction of the enzyme mobility upon immobilization.
The loss in enzyme activity may be because of different factors
like the denaturation of protein due to its repeated use at high
temperature or as a result of the inhibition of enzyme activity by
end product of the reaction.63,64 The insignicant loss of enzyme
activity was because of the leakage of very small amount of
enzyme during its consecutive usage. The laccase enzyme
Table 1 Saccharification potential of immobilized MNPs

Resuse of immobilized
b-xylanase in saccharication Residual activity (%)

1st cycle 100
2nd cycle 96
3rd cycle 90
4th cycle 78
5th cycle 56
6th cycle 36
7th cycle 27
8th cycle 11

6470 | RSC Adv., 2022, 12, 6463–6475
immobilized onto magnetic b-cyclodextrin-modied chitosan
maintained 70% of its initial activity at the temperature 55 �C.53

In another study, the tri-enzyme co-immobilized MNPs
demonstrate the thermostability of enzyme for 4 hours at
60 �C.65

Another unique property of this complex is the stability in
wide range of pH (4.0–9.0). pH of the solution play an important
role in the enzyme stability. Immobilized b-xylanase enzyme
was less stable at pH 4.0, and 5.0 moderately stable at 6.0, 8.0
and signicantly active at 7.0 pH (Fig. 2B). Immobilized b-
xylanase enzyme showed the stability range from 6.0 to 8.0 pH.
The covalent attachment of the b-xylanase enzyme with the
MNPs reduces the conformational freedom of the enzyme and
may be responsible for the increased stability prole.66 The pH
stability could be associated to diffusion constraints or the
secondary interaction between the immobilized enzyme mole-
cules to the carriers.67 Another study described the pH stability
for immobilized tyrosinase pH 7.68 Another researcher also
described the tolerance range of pH of 5–10 of a-amylase
produced from Thermomyces dupontii.69

Metal ions effect on immobilized b-xylanase, in this study,
showed that the enzyme have much more stability in the pres-
ence of Ca2+ and Mg2+. This stability was because of the acti-
vation of Ca2+ and Mg2+ ions as cofactor for the immobilized b-
xylanase enzyme (Fig. 2C). Mohammad et al. also reported the
immobilization of amylase onto MNPs and the enhancement in
the stability of the immobilized enzyme in the presence of metal
Saccharication (%) Reducing sugar (mg ml�1)

17.32 3.85
17.14 3.73
16.87 3.65
17.06 3.77
16.61 3.59
16.13 3.62
16.02 3.47
15.52 3.14

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Different enzyme immobilization onto MNPs

S. no. Enzyme Nanoparticle type Reagent used for immobilization References

1 Cloned b-xylanase Fe3O4 MNPs coated with SiO2 EDC (carbodiimide) This study
2 Xylanase Chitosan-coated magnetic particles Gluteraldehyde 49
3 Cellulase Fe3O4 MNPs EDC (carbodiimide) 32
4 Chitosinase Fe3O4 MNPs APTES (3-aminopropyltriethoxysilane) 69
5 Lacasse Chitosan(C)-MNPs Gluteraldehyde 50
6 Cellulase Cu-aminofunctionlized MNPs APTES (3-aminopropyltriethoxysilane) 47
7 b-Glucosidase Fe3O4MNPs Gluteraldehyde 77
8 Cellulase Fe2O3MNPs PEG (polyethylene glycol) 48

Table 3 Storage stability of various immobilized enzymes

S. no. Enzyme-nanoparticle Storage Residual activity References

1 Cloned b-xylanase 90 days (4 �C) 96% This study
15 days (room
temperature)

73%

2 Pectinase 15 days 89% 52
3 Laccase 12 days (25 �C) 70% 53
4 a-Amylase Upto 8 weeks (4 �C) 65% 54
5 Xylanase Upto 6 weeks (4 �C) 93% 55
6 Hydrolase 60 days (4 �C) 76% 60
7 Peroxidase 60 days (25 �C) 77.2% 59
8 a-Amylase Upto 6 weeks (4 �C) 60% 56
9 Alcohol dehydrogenase 21 days (4 �C) 75% 57
10 Pectinase 30 days (4 �C) 87% 58
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ions.70 Xylanase from Thermomyces lanuginosus was covalently
immobilized and showed the stability in the presence of Ca2+.71

Transmission electron microscopy (TEM) analysis showed
the difference between magnetic nanoparticles without immo-
bilization and aer immobilization with b-xylanase enzyme.
MNPs are of spherical in shape and diameter of around 50 nm
(Fig. 3). In a previous study, the TEM analysis aer covalent
binding of b-xylanase with functional magnetic nanoparticles.72

The immobilization of cellulase enzyme onto MNPs enables the
enzyme to be re-used and further characterized by TEM anal-
ysis.73 Tyrosinase enzyme revealed a semi-spherical shape with
an average size of 17 nm.68

FTIR analysis conrmed enzyme binding onto MNPs. As
the characteristic IR frequencies of the pure b-xylanase
enzyme was also present in the FTIR analysis of immobilized
MNPs. The FTIR spectra for immobilized MNPs showed the
positive immobilization of b-xylanase enzyme onto MNPs
(Fig. 4A–C). Results from infrared (IR) spectroscopy revealed
a high affinity for b-sheet formation in the tertiary structure
content of enzyme molecules. The analysis of primary struc-
ture of b-xylanase enzyme revealed the conguration of
different amino acids. These amino acids have particular
functional groups like (–OH, –NH, C–H (aliphatic), C]O, C–N
etc.) present in b-xylanase enzyme and in the EDC. The
characteristic bands at 3346(O–H), 3288(N–H), 2920 (C–H
aliphatic band) 1630 (C]O) and 1585(C–N) cm�1 represents
these functional groups of amino acids in the spectra of
immobilized MNPs with b-xylanase enzyme leads to the
positive binding of b-xylanase enzyme onto MNPs.74 The
© 2022 The Author(s). Published by the Royal Society of Chemistry
amide bond developed via the reaction of carboxyl group of
enzyme with the amine group of MNPs.64 These results are
similar to a study33 that had immobilized cellulase enzyme
complex to MNPs and analyzed aer FTIR spectra. Cellulase
enzyme coated on MNPs characterized by FTIR.75 Cellulase
and b-glucosidase enzymes had covalently bounded on
magnetic nanoparticles to determine the stability and
activity.76–78

In this research work immobilized b-xylanase in hydrolysis
of pretreated rice straw showed the reusability for 8th times
(Fig. 6 and Table 1) and results were better from the previous
study26 which showed reused immobilized cellulase for six
times, aer that residual activity start to decrease.
Conclusion

In conclusion, we presented practical, easy and cost effective
approach to immobilize b-xylanase enzyme onto magnetic
nanoparticles using carbodiimide (EDC). The results proved the
stability in pH, thermostability, metal ions, reusability and
storage stability of enzyme. It is recommended that b-xylanase
immobilized on MNPs by covalent binding is appropriate for
practical application in pharmaceutical, chemical and food
industries. Determination of successful binding of b-xylanase
onto magnetic nanoparticles (MNPs) and its excellent charac-
teristics in this research work also proves to be benecial in the
bioethanol industry. Further studies could also provide benet
aer analysis of superparamagnetism and effects of binding on
saturation magnetization.
RSC Adv., 2022, 12, 6463–6475 | 6471
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5 K. Vasić, Z. Knez and M. Leitgeb, Immobilization of alcohol
dehydrogenase from Saccharomyces cerevisiae onto
carboxymethyl dextran-coated magnetic nanoparticles:
a novel route for biocatalyst improvement via epoxy
activation., Sci. Rep., 2020, 10(1), 1–17.

6 A. Manimaran, K. S. Kumar, K. Permaul and S. Singh, Hyper
production of cellulase-free xylanase by Thermomyces
lanuginosus SSBP on bagasse pulp and its application in
biobleaching, Appl. Microbiol. Biotechnol., 2009, 81, 887–
893, DOI: 10.1007/s00253-008-1693-x.
6472 | RSC Adv., 2022, 12, 6463–6475
7 M. Kapoor and R. C. Kuhad, Immobilization of xylanase
from Bacillus pumilus strain MK001 and its application in
production of xylo-oligosaccharides, Appl. Biochem.
Biotechnol., 2007, 142, 125–138, DOI: 10.1007/s12010-007-
0013-8.

8 D. A. Cowan and R. Fernandez-Lafuente, Enhancing the
functional properties of thermophilic enzymes by chemical
modication and immobilization, Enzyme Microb. Technol.,
2011, 49, 326–346, DOI: 10.1016/j.enzmictec.2011.06.023.

9 U. T. Bornscheuer, Immobilizing enzymes: how to create
more suitable biocatalysts, Angew. Chem., Int. Ed., 2003, 42,
3336–3337, DOI: 10.1002/anie.200301664.

10 T. Zhang, X. Zhang, X. Yan, L. Kong, G. Zhang, H. Liu, J. Qiu
and K. L. Yeung, Synthesis of Fe3O4@ZIF-8 magnetic core–
shell microspheres and their potential application in
a capillary microreactor, Chem. Eng. J., 2013, 228, 398–404,
DOI: 10.1016/j.cej.2013.05.020.

11 C. Cui, Y. Bai, M. Jiang, S. Hu, S. Li and Q. Zhai, Well-dened
bioarchitecture for immobilization of chloroperoxidase on
magnetic nanoparticles and its application in dye
decolorization, Chem. Eng. J., 2015, 259, 640–646, DOI:
10.1016/j.cej.2014.08.074.

12 M. Bilal, Y. Zhao, T. Rasheed and H. M. Iqbal, Magnetic
nanoparticles as versatile carriers for enzymes
immobilization: A review, Int. J. Biol. Macromol., 2018, 120,
2530–2544, DOI: 10.1016/j.ijbiomac.2018.09.025.

13 S. H. Huang, M. H. Liao and D. H. Chen, Direct binding and
characterization of lipase onto magnetic nanoparticles,
Biotechnol. Prog., 2003, 19, 1095–1100, DOI: 10.1021/
bp025587v.

14 S. S. Patil and V. K. Rathod, Combined effect of enzyme co-
immobilized magnetic nanoparticles (MNPs) and
ultrasound for effective extraction and purication of
curcuminoids from Curcuma longa, Ind. Crops Prod., 2022,
177, 114385.

15 A. K. Johnson, A. M. Zawadzka, L. A. Deobald, R. L. Crawford
and A. J. Paszczynski, Novel method for immobilization of
enzymes to magnetic nanoparticles, J. Nanopart. Res., 2008,
10, 1009–1025, DOI: 10.1007/s11051-007-9332-5.

16 H. P. Khng, D. Cunliffe, S. Davies, N. A. Turner and
E. N. Vulfson, The synthesis of sub-micron magnetic
particles and their use for preparative purication of
proteins, Biotechnol. Bioeng., 1998, 60, 419–424, DOI:
10.1002/(SICI)1097-0290(19981120)60:4<419::AID-
BIT3>3.0.CO;2-P.

17 R. H. Hilger and W. A. Kaiser, Use of magnetic nanoparticle
heating in the treatment of breast cancer. InIEE
Proceedings, J. Nanobiotechnol., 2005, 152, 33–39, DOI:
10.1049/ip-nbt:20055018.

18 A. Ito, M. Shinkai, H. Honda and T. Kobayashi, Medical
application of functionalized magneticnanoparticles, J.
Biosci. Bioeng., 2005, 100, 1, DOI: 10.1263/jbb.100.1.
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33 E. Z. Hoşgün, D. Berikten, M. Kıvanç and B. Bozan, Ethanol
production from hazelnut shells through enzymatic
saccharication and fermentation by low-temperature
alkali pretreatment, Fuel, 2017, 196, 280–287, DOI:
10.1016/j.fuel.2017.01.114.

34 G. L. Miller, Use of dinitrosalicylic acid reagent for
determination of reducing sugar, Anal. Chem., 1959, 31,
426–428, DOI: 10.1021/ac60147a030.

35 K. Endo, T. Miyasaka, S. Mochizuki, S. Aoyagi, N. Himi,
H. Asahara, K. Tsujioka and K. Sakai, Development of
a superoxide sensor by immobilization of superoxide
dismutase, Sens. Actuators, B, 2002, 83, 30–34, DOI:
10.1016/S0925-4005(01)01024-3.

36 H. A. Raee-Pour, A. Noorbakhsh, A. Salimi and
H. Ghourchian, Sensitive superoxide biosensor based on
silicon carbide nanoparticles, Electroanalysis, 2010, 22,
1599–1606, DOI: 10.1002/elan.200900577.

37 A. Salimi, A. Noorbakhsh, H. A. Raee-Pour and
H. Ghourchian, Direct Voltammetry of Copper, Zinc-
Superoxide Dismutase Immobilized onto Electrodeposited
Nickel Oxide Nanoparticles: Fabrication of Amperometric
Superoxide Biosensor, Electroanalysis, 2011, 23, 683–691,
DOI: 10.1002/elan.201000519.

38 M. Falahati, L. Ma'mani, A. A. Saboury, A. Shaee,
A. Foroumadi and A. R. Badiei, Aminopropyl-
functionalized cubic Ia3d mesoporous silica nanoparticle
as an efficient support for immobilization of superoxide
dismutase, Biochim. Biophys. Acta, Proteins Proteomics,
2011, 1814, 1195–1202, DOI: 10.1016/j.bbapap.2011.04.005.

39 E. Duguet, S. Vasseur, S. Mornet and J. M. Devoisselle,
Magnetic nanoparticles and their applications in medicine,
Nanomedicine, 2006, 1, 157–168, DOI: 10.2217/
17435889.1.2.157.

40 R. R. Silva, K. Y. Avelino, K. L. Ribeiro, O. L. Franco,
M. D. Oliveira and C. A. Andrade, Chemical
immobilization of antimicrobial peptides on biomaterial
surfaces, Front. Biosci., 2016, 8, 129–142, DOI: 10.2741/s453.

41 R. Perfetto, S. Del Prete, D. Vullo, G. Sansone, C. M. Barone,
M. Rossi, C. T. Supuran and C. Capasso, Production and
covalent immobilisation of the recombinant bacterial
carbonic anhydrase (SspCA) onto magnetic nanoparticles,
J. Enzyme Inhib. Med. Chem., 2017, 32, 759–766, DOI:
10.1080/14756366.2017.1316719.

42 Z. M. Milani, R. Jalal and E. K. Goharshadi, Carbodiimide for
covalent a-amylase immobilization onto magnetic
RSC Adv., 2022, 12, 6463–6475 | 6473

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09275h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Fe

br
ua

ry
 2

02
2.

 D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

8:
26

:1
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
nanoparticles, Int. J. Nanosci., 2017, 16, 1750015, DOI:
10.1142/S0219581X17500156.

43 C. Song, L. Sheng and X. Zhang, Preparation and
characterization of a thermostable enzyme (Mn-SOD)
immobilized on supermagnetic nanoparticles, Appl.
Microbiol. Biotechnol., 2012, 96, 123–132, DOI: 10.1007/
s00253-011-3835-9.

44 Y. Ren, J. G. Rivera, L. He, H. Kulkarni, D. K. Lee and
P. B. Messersmith, Facile, high efficiency immobilization
of lipase enzyme on magnetic iron oxide nanoparticles via
a biomimetic coating, BMC Biotechnol., 2011, 11, 1–8, DOI:
10.1186/1472-6750-11-63.

45 X. Chen, B. He, M. Feng, D. Zhao and J. Sun, Immobilized
laccase on magnetic nanoparticles for enhanced lignin
model compounds degradation, Chin. J. Chem. Eng., 2020,
28, 2152–2159, DOI: 10.1016/j.cjche.2020.02.028.

46 W. Wang, N. Guo, W. Huang, Z. Zhang and X. Mao,
Immobilization of chitosanases onto magnetic
nanoparticles to enhance enzyme performance, Catalysts,
2018, 8, 401, DOI: 10.3390/catal8090401.

47 M. Abbaszadeh and P. Hejazi, Metal affinity immobilization
of cellulase on Fe3O4 nanoparticles with copper as ligand for
biocatalytic applications, Food Chem., 2019, 290, 47–55, DOI:
10.1016/j.foodchem.2019.03.117.

48 J. Alrén and T. J. Hobley, Immobilization of cellulase
mixtures on magnetic particles for hydrolysis of
lignocellulose and ease of recycling, Biomass Bioenergy,
2014, 65(65), 72–78, DOI: 10.1016/j.biombioe.2014.03.009.

49 A. D́ıaz-Hernández, J. Gracida, B. E. Garćıa-Almendárez,
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