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Eﬀective utilization of magnetic nano-coupled
cloned b-xylanase in sacchariﬁcation process
Attia Hamid, †a Asma Zafar, b Iram Liaqat, c Muhammad Sohail Afzal,d
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 bxylanase exhibited maximal enzyme activity at pH 7 and 90

Received 22nd December 2021
Accepted 16th February 2022



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.
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Immobilized b-xylanase exhibited 96% residual activity on 96 days' storage at 4  C that showed excellent
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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 environment. Since enzymes reveal numerous important properties
such as specicity, 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 aer immobilization (covalent attachment,
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simple adsorption or encapsulation), their stability can improve
signicantly.2,3 Enzyme immobilization reduces several limitations via improving enzyme stability, specicity 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-Xylanase 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 saccharication 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
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nanoparticles suggests diﬀerent benets 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 modication and large surface area.10–12
Fe3O4 magnetic nanoparticles are one of the mostly used
magnetic materials because of the super-paramagnetic materials bearing magnetic properties and biocompatibility.13 Use of
magnetic nanoparticles (MNPs) is gaining outstanding attention 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 purication,16
hyperthermia,17 enhancement of contrast in magnetic resonance imaging18 and drug delivery.19
Whereas, some other elds that obtained benets from
utilization of magnetic nanoparticles are waste water processing20,21 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 crosslinking 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 monosaccharides or other chemicals by saccharication and then
aer 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 recombinant puried b-xylanase enzyme from Thermotoga naphthophila
onto magnetic nanoparticles (Fe3O4) coated with silica via carbodiimide for recurrence re-use to make the process economical. Furthermore, immobilization of b-xylanase on MNPs was
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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 saccharication 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
conrm 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 ml1)
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 incubated 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 puried by
utilizing heat treatment method and immobilized metal ion
aﬃnity chromatography. The puried enzyme thus obtained
was utilized to determine the b-xylanase enzyme activity and
immobilization of puried b-xylanase with the magnetic nanoparticles (MNPs).
Immobilization of b-xylanase onto magnetic nanoparticles
Magnetic nanoparticles were obtained from Dr Muller, Germany. b-xylanase enzyme was immobilized onto MNPs by
following the method of Jordan et al.26 with some modications.
For b-xylanase binding, almost 50 mg magnetic nanoparticles
was added into a 5 ml solution containing 8 mg ml1 1-(3dimethylaminopropyl)-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 aer
every 1 hour intervals in a way to assure uniform dispersion.
Aer 2 hours, the reaction mixture was sonicated and then
heated for 10 minutes at 30  C. b-xylanase bound magnetic
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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
Aer enzyme immobilization, determination of enzyme activity
and protein were characterized.
The enzyme activity was calculated aer xylose production
during a reaction of nanoparticles-bound-b-xylanase with xylan
from beechwood as a substrate. Aer 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 determined aer 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 aer sonication for ve
minutes. Prepared sample was loaded on copper grid and air
dried and then examined under TEM machine that was operating 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
aer generating an optical signal with all IR frequencies encoded and calculated the values. The signal was decoded using
Fourier transform, a map of the spectral information was
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produced by a computer-generated process. The graph was the
spectrum and was identied 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 modications. 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. Aer 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
saccharication process. The procedure of saccharication 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 saccharication
procedure was analyzed by method of Miller.34 Aer the process,
magnetic nanoparticles were removed with the help of strong
magnet. b-xylanase-MNPs were used again in saccharication
process with new pre-treated biomass. The b-xylanase-MNPs
were used repeatedly in saccharication process. The process
was stopped until enzyme action was signicantly reduced.
Saccharification ð%Þ ¼

Reducing sugars mg ml1  0:9  total reaction volume  100

Substrate concentration mg ml1

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 estimated to be 4.25  0.27 mg ml1.
Immobilization of b-xylanase onto magnetic nanoparticles
b-xylanase enzyme was immobilized onto magnetic nanoparticles 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 mechanism 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
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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 determined aer 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 ml1. 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. Aer 5
times usage, the enzyme-MNPs activity was retained by 89% 
0.76. However, the enzyme-MNPs complex retained 70%  0.76
residual activity aer 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. Aer 1 hour, the
immobilized MNPs showed 99.5%  0.75, 98.7%  0.63 and
98.1%  0.57 aer 50  C, 60  C and 70  C respectively. The
immobilized MNPs showed 80%  0.91 residual activity at 80  C
aer 4 hours of incubation (Fig. 2A). Reasonably signicant
residual activity was demonstrated by immobilized b-xylanase 3
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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 aer 2 hours of incubation. Similarly,
at 90  C aer 4 hours of incubation, the immobilized b-xylanase
enzyme activity was reduced to 29.89%  0.72. No signicant
reduction in immobilized b-xylanase activity was observed at
50  C and 60  C and 70  C aer 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 immobilized MNPs were reduced to 34%  1.24, 21%  1.10 and 16% 
1.01 aer 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 bxylanase was determined to be 91%  1.91 at pH 7 aer 1 hour
of incubation. Similarly, high residual activity of 86%  0.48
and 78%  1.48 was observed aer 2 and 3 hours respectively. At
pH 6 the residual activity of immobilized MNPs was reduced to
56%  0.65 aer 2 hours of incubation. Similarly, at pH 8 aer 3
hours of incubation the immobilized MNPs residual activity was
reduced to 30%  0.67. However, at pH 9, aer 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 concentrations 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 1 mM K1+, Na1+, Cu2+,
Ni2+ and EDTA respectively. At higher concentration (10 mM) of
Mg2+, Cu2+, K1+, Ca2+, Na1+,and Ni2+, a drop in residual activity

Fig. 1 (a) Repeated assays to determine the activity of immobilized b-xylanase performed at 50  C; (b) residual activity of immobilized b-xylanase
enzyme after repeated enzyme assays.
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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 (1–10 mM) of metal ions
and EDTA on immobilized b-xylanase enzyme (1–10 mM for 1–3 hours).

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 approximately 50 nm. The comparison of TEM images of MNPs at two
diﬀerent scales represents the accurate magnication 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 immobilized b-xylanase on MPNs (b-xylanase-MNPs) are shown in
Fig. 6. The absorption bands nearly 1088 cm1 and 808 cm1
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-
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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) cm1. 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 reected in the magnetic nanoparticles having
immobilized b-xylanase enzyme. The appearance of absorbance
frequencies associated with the main functional groups of bxylanase enzyme in b-xylanase bound magnetic nanoparticles
conrms the attachment of the enzyme on magnetic nanoparticles. The primary structure analysis of b-xylanase proteins
reveals the amino acid conguration 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 specic 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 nanoparticles surface (specically, C–O to C–N). The pure magnetic
nanoparticles also showed some particular IR frequencies.
These peaks are not found in immobilized magnetic nanoparticles, 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
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TEM Analysis (A). Pure MNPs (B) MNPs-immobilized with b-xylanase enzyme (25–30 nm carbon ﬁlm, 80 kV).

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
saccharication 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 mL1) was also added in order to stop any
microbial contamination. Aer the hydrolysis at optimized
conditions, reducing sugar was calculated by DNS method. The
reusability of the immobilized magnetic nanoparticles (with bxylanase) was evaluated. It was found that immobilized
magnetic nanoparticles can be reused for 8 times for saccharication process (Fig. 6). The residual activity up to 78%  0.98
was observed aer 4 times of usage of b-xylanase immobilized
MNPs. However, 56%  1.06 residual activity was retained aer
5th time usage and residual activity was dropped to 10%  0.38
aer 8th usage. The saccharication potential of immobilized
MNPs was calculated to be 17.32% aer 5th time of usage.
However, a sight change in the saccharication potential was
might be because of washing of the immobilized MNPs to start
up the new saccharication reaction. Table 1 shows the residual
activity and saccharication 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) aer IPTG induction.21 Aer the
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successful expression of recombinant b-xylanase enzyme,
further purication was carried out by two diﬀerent strategies
i.e. heat treatment method and immobilized metal ion aﬃnity
chromatography. Aer purication 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 (specically, the C–O to C–N conversion).
Aer immobilization of enzyme, catalytic activity was analyzed
by DNS method. Further, reusability of the immobilized enzyme
to determine saccharication 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 oen 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 immobilize 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
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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 cm1), comparison of FTIR spectra of these
three samples showing bond shift particularly from C–O to C–N.

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 immobilized enzyme, which can signicantly 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
aer 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
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and repetitively used for 10th time with a reduction in Superoxide 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%
 0.56 might 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% aer the 8th cycle of
reusage.45 Various strategies were employed for the immobilization 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 Cuaminofunctionlized MNPs.47 The immobilized enzyme aer
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 aer 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 aer 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 aer 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 temperature.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
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Fig. 5 SEM analysis of (A) control (without pre-treated) (SEM HV: 10.0 KV, SEM MAG: 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-xylanase immobilized with magnetic nanoparticles in sacchariﬁcation of
pretreated rice straw (at 50  C, 150 rpm for 6 hours).

enzyme mobility, while also preventing the unfolding of the
enzyme protein.62 This is because the three-dimensional structure 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 insignicant loss of enzyme
activity was because of the leakage of very small amount of
enzyme during its consecutive usage. The laccase enzyme

Table 1

immobilized onto magnetic b-cyclodextrin-modied 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 signicantly active at 7.0 pH (Fig. 2B). Immobilized bxylanase 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 prole.66 The pH
stability could be associated to diﬀusion constraints or the
secondary interaction between the immobilized enzyme molecules 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 presence of Ca2+ and Mg2+. This stability was because of the activation of Ca2+ and Mg2+ ions as cofactor for the immobilized bxylanase 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

Sacchariﬁcation potential of immobilized MNPs

Resuse of immobilized
b-xylanase in saccharication

Residual activity (%)

Saccharication (%)

Reducing sugar (mg ml1)

1st cycle
2nd cycle
3rd cycle
4th cycle
5th cycle
6th cycle
7th cycle
8th cycle

100
96
90
78
56
36
27
11

17.32
17.14
16.87
17.06
16.61
16.13
16.02
15.52

3.85
3.73
3.65
3.77
3.59
3.62
3.47
3.14
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Diﬀerent enzyme immobilization onto MNPs

S. no.

Enzyme

Nanoparticle type

Reagent used for immobilization

References

1
2
3
4
5
6
7
8

Cloned b-xylanase
Xylanase
Cellulase
Chitosinase
Lacasse
Cellulase
b-Glucosidase
Cellulase

Fe3O4 MNPs coated with SiO2
Chitosan-coated magnetic particles
Fe3O4 MNPs
Fe3O4 MNPs
Chitosan(C)-MNPs
Cu-aminofunctionlized MNPs
Fe3O4MNPs
Fe2O3MNPs

EDC (carbodiimide)
Gluteraldehyde
EDC (carbodiimide)
APTES (3-aminopropyltriethoxysilane)
Gluteraldehyde
APTES (3-aminopropyltriethoxysilane)
Gluteraldehyde
PEG (polyethylene glycol)

This study
49
32
69
50
47
77
48

Table 3

Storage stability of various immobilized enzymes

S. no.

Enzyme-nanoparticle

Storage

Residual activity

References

1

Cloned b-xylanase

96%
73%

This study

2
3
4
5
6
7
8
9
10

Pectinase
Laccase
a-Amylase
Xylanase
Hydrolase
Peroxidase
a-Amylase
Alcohol dehydrogenase
Pectinase

90 days (4  C)
15 days (room
temperature)
15 days
12 days (25  C)
Upto 8 weeks (4  C)
Upto 6 weeks (4  C)
60 days (4  C)
60 days (25  C)
Upto 6 weeks (4  C)
21 days (4  C)
30 days (4  C)

89%
70%
65%
93%
76%
77.2%
60%
75%
87%

52
53
54
55
60
59
56
57
58

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 immobilization and aer 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 aer 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 analysis.73 Tyrosinase enzyme revealed a semi-spherical shape with
an average size of 17 nm.68
FTIR analysis conrmed 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 structure of b-xylanase enzyme revealed the conguration 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) cm1 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 aer 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, aer 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 characteristics in this research work also proves to be benecial in the
bioethanol industry. Further studies could also provide benet
aer analysis of superparamagnetism and eﬀects of binding on
saturation magnetization.
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C. Regalado, R. Núñez and A. Amaro-Reyes,
Characterization of magnetic nanoparticles coated with
chitosan: A potential approach for enzyme immobilization,
J. Nanomater., 2018, 2018, 1–11, DOI: 10.1155/2018/9468574.
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