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Abstract
Enzymes are gradually increasingly preferred over chemical processes, but commercial en-
zyme applications remain limited due to their low stability and low product recovery, so the
application of an immobilization technique is required for repeated use. The aims of this work
were to produce stable enzyme complexes of cross-linked xylanase on magnetic chitosan, to
describe some characteristics of these complexes, and to evaluate the thermal stability of the
immobilized enzyme and its reusability. A xylanase was cross-linked to magnetite particles
prepared by in situ co-precipitation of iron salts in a chitosan template. The effect of
temperature, pH, kinetic parameters, and reusability on free and immobilized xylanase was
evaluated. Magnetization, morphology, size, structural change, and thermal behavior of
immobilized enzyme were described. 1.0 ± 0.1 μg of xylanase was immobilized per milligram
of superparamagnetic chitosan nanoparticles via covalent bonds formed with genipin.
Immobilized xylanase showed thermal, pH, and catalytic velocity improvement compared to
the free enzyme and can be reused three times. Heterogeneous aggregates of 254 nm were
obtained after enzyme immobilization. The immobilization protocol used in this work was
successful in retaining enzyme thermal stability and could be important in using natural
compounds such as Fe3O4@Chitosan@Xylanase in the harsh temperature condition of rele-
vant industries.

Keywords Xylanase . Immobilization . Cross-linking .Magnetic nanoparticles . Chitosan

Applied Biochemistry and Biotechnology (2019) 188:395–409
https://doi.org/10.1007/s12010-018-2928-7

* Aldo Amaro-Reyes
aldo.amaro@uaq.edu.mx

1 Facultad de Química, Universidad Autónoma de Querétaro, Centro Universitario, Cerro de las
Campanas s/n Col. Las Campanas, 76010 Querétaro, Querétaro, Mexico

2 DIPA, PROPAC, Facultad de Química, Universidad Autónoma de Querétaro, Centro Universitario,
Cerro de las Campanas s/n Col. Las Campanas, 76010 Querétaro, Querétaro, Mexico

3 Departmento de Biotecnología, Universidad Autonoma Metropolitana, Av. San Rafael Atlixco No.
186. Col. Vicentina, Iztapalapa, 09340 Mexico City, Mexico

http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-018-2928-7&domain=pdf
http://orcid.org/0000-0001-6520-5742
mailto:aldo.amaro@uaq.edu.mx


Introduction

Lignocellulosic materials, mostly composed of lignin, cellulose, and hemicelluloses, are
considered as the most abundant organic residues to be used as renewable sources for food
and biofuel production [1]. Hemicellulose is a heteropolysaccharide showing xylan as a major
carbohydrate component with 25–30% of the dry weight of plant cell wall [2]. Xylan is
considered the second most widely available polysaccharide in nature after cellulose and can
be enzymatically degraded [3]. Wide application of xylan hydrolysis into beneficial sugars,
such as xylose, xylitol, and xylooligosaccharides by the enzymatic reaction of xylanase, has
encouraged new efforts to improve xylan degradation efficiency [4]. Enzyme application as
biocatalysts is gradually preferred over conventional chemical processes due to their high
specificity and mild reaction conditions, biodegradability, and catalytic efficiency, increasing
sugar yields, potentially saving costs, and making them highly competitive for industrial-scale
production [5]. Nevertheless, commercial enzyme applications remain limited because of their
low stability, low product recovery, and low repeated use, so the application of an immobili-
zation technique is required [6]. Different methods, namely covalent binding, adsorption,
adhesion, aggregation, entrapment, and cross-linking using diverse supports like inorganic
(bentonite, ceramics, and silica) or organic materials (chitosan, alginate, polyacrylamide,
agarose, cellulose, and dextrans), are available to immobilize enzymes. To date, approaches
of integrating enzymes with both inorganic and organic materials, mostly comprising metal
node and organic ligands as a composite, have emerged as an ideal platform for enzyme
immobilization [7, 8]. In addition, integrating enzymes with composites, maintaining biolog-
ical function and protecting them against denaturing conditions, mainly includes surface
attachment, covalent linkage, co-precipitation, and biomimetic mineralization [9]. However,
the effectiveness of each method depends on reaction conditions, product formation process-
ing, and its cost evaluation [10]. Chitosan is characterized by being biocompatible, nontoxic,
stable, sterilizable, and biodegradable. In addition, it can be prepared in a variety of forms such
as powders, microparticles, and nanofibers [11, 12]. A few recent works have reported the
successful immobilization of enzymes on chitosan particles leading to improved thermal and
operational stability as well as safety, food, and pharmaceutical compatibility, by using the
naturally occurring cross-linking agent genipin [13, 14]. Although significant efforts have been
devoted to understanding the behavior of genipin as a cross-linker with chitosan in pharma-
ceutical and medical applications, only a few works have been devoted to exploring and
correlating them with catalytic properties of enzymes [12, 14, 15]. The cross-linking technique
is performed by formation of intermolecular cross-linkages of enzymes by means of bi- or
multifunctional reagents. Genipin is a hydrolytic product of a geniposide extract from the fruit
of Gardenia jasminoides Ellis. It has been proposed as a cross-linking agent because it can be
up to 10,000 times less cytotoxic than conventional agents like glutaraldehyde [16]. Besides,
green chemicals or natural cross-linking agents show superiority in many aspects, especially in
terms of cytotoxicity [14]. On the other hand, magnetic Fe3O4 nanoparticles have received
increasing attention in the field of immobilized enzymes due to their numerous advantages,
such as simple preparation, superparamagnetism, small size, and easy separation from the
reaction solution for reuse [17]. However, Fe3O4 magnetic nanoparticles are chemically inert;
hence, they cannot be directly linked with enzymes and should be pre-coated by natural
cationic macromolecules such as chitosan to obtain active functional groups for direct covalent
bonding with enzymes [18]. Since xylanase also plays a crucial role in the bioconversion of
hemicellulose-containing materials to monomeric sugars or xylooligosaccharides, safe
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biocatalyzers and natural compounds used in their obtention process can be appreciated by
food and pharmaceutical industries. The aims of this work were to produce stable enzyme
complexes of cross-linked xylanase on magnetic chitosan through genipin and to evaluate its
thermal properties and reusability.

Materials and Methods

Chemicals

Genipin (90% purity) was purchased from Guangxi SYBiochemical Science & Technology
Co., Liuzhou, Guangxi, China. Xylanase (EC 3.2.1.8 from Thermomyces lanuginosus,
21.3 kDa (≥ 2500 units g−1)) and all chemicals were of analytical grade and purchased from
Sigma-Aldrich (St. Louis, MO, USA), except those indicated.

Preparation of Magnetite Particles and Cross-Linked Magnetite–Xylanase
(Fe3O4@Chitosan@Xylanase)

The magnetite particles (Fe3O4@Chitosan) were prepared by in situ co-precipitation of iron
salts in a polymer template by modifying the protocol described by Morales et al. [19]. An
amount of 3.6 × 10−3 mol of iron from a mixture in a molar ratio 2:1 (Fe3+:Fe2+) of ferric nitrate
and ferrous sulfate was mixed at 100 rpm with 100 mg chitosan dissolved in 3% (v v−1) acetic
acid at 70 °C. The chitosan–iron mixture was dispersed by an ultrasonic processor (70%
amplitude, VC505, Sonics & Materials, Newtown, CT, USA) for 8 min, and the generated
emulsion was precipitated by adding a solution of 28% (v v−1) NH4OH:96% (v v−1) ethanol in
4:1 volume ratio. The alkaline mixture was homogenized using a vortex for 30 s and then was
kept under gentle shaking (60 rpm) for 18 h, followed by centrifugation for 5 min at 7000×g.
The precipitate was washed with 50 mM phosphate buffer pH 7.0 and 96% (v v−1) ethanol in
1:1 volume ratio, until neutralization; oven dried at 80 °C for 5 h; and ground to obtain a
powder using a mortar and pestle. One gram of the powder suspended in 1 g mL−1 of xylanase
was cross-linked with 25 mg mL−1 of genipin in 50 mM acetate buffer pH 4.5. The reaction
was stirred for 5 min and then kept under rest for 60 min at room temperature. Then, the cross-
linked magnetite–xylanase (Fe3O4@Chitosan@Xylanase) was separated from the reaction
mixture by an external permanent neodymium magnet (1.2 T, Imancitos.com, Queretaro,
Mexico), washed once with 70% (v/v) ethanol and then two times with Milli-Q water, and
dried under vacuum at 60 °C. The immobilization yield, efficiency, and activity recovery were
calculated for the Fe3O4@Chitosan@Xylanase according to [20]. Enzyme loading (weight %)
was calculated by subtracting the protein concentration that remained in the enzyme solution
after immobilization from the initial protein concentration. Screening experiments evaluating
the effect of the weight ratio of total iron and chitosan, sonication time over magnetic
attraction, and protein loading were conducted (data not shown). The immobilized xylanase
was stored at 4 °C.

Enzyme Activity Assay

The endo-1,4-β-D-xylanase activity was assayed by measuring the amount of reducing
sugars (xylose equivalent) liberated from beechwood xylan (10 mg mL−1) in 10 min
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using 3,5-dinitrosalicylic acid (DNS) reagent, at the assay temperature [21]. The reaction
was prepared according to [22] using 2.39 μM (50 mg of support per mL) and 3.75 μM
of immobilized and free xylanase, respectively. At the end of the reaction,
Fe3O4@Chitosan@Xylanase nanoparticles were separated by the application of an ex-
ternal magnetic field and the enzymatic reaction was interrupted by the addition of the
DNS reagent. Control experiments were performed with the nanoparticles but without the
enzyme. One unit (U) of xylanase activity was defined as the amount of enzyme
catalyzing the release of 1 μmol of reducing sugar as xylose equivalent per minute
under the specified assay conditions.

Effect of Temperature and pH on endo-1,4-β-D-Xylanase Activity

To determine the optimal temperature of either free or immobilized xylanase, activity
determinations were conducted by incubating at a temperature range of 30 to 90 °C, with
10 °C intervals, using 50 mM citrate–phosphate buffer pH 5.0. The activation energy
(Ea) and deactivation energy (Ed) of xylanase enzymes were calculated using the
Arrhenius equation [23], by plotting ln (activity) vs (absolute temperature, K)−1. Ea
was calculated in the range of temperature where the activity rises to a maximum, and
Ed was calculated in the range of temperature where the activity was lower than the
maximum. The slope of this plot indicates (–Ea R−1 and –Ed R−1), where R is the
universal gas constant. Xylanase activity was assayed at the temperature of maximum
activity, using 50 mM citrate–phosphate buffer for pH values 3.0 to 7.0, 50 mM
phosphate buffer for pH 8.0, and 50 mM glycine buffer for pH 9.0 and 10.0.

Kinetic Parameters of endo-1,4-β-D-Xylanase

The kinetic parameters of free and immobilized xylanase were determined by measuring the
initial reaction velocity of xylanase over beechwood xylan concentrations of 0–30 mg mL−1, at
the optimum pH and temperature. The apparent Michaelis–Menten constant (Km) and max-
imum catalytic velocity (Vmax) values were calculated based on the Lineweaver–Burk plot
method [24] for free and immobilized enzymes using the SigmaPlot 13.0 software (Systat
Software, San Jose, CA, USA).

Reusability of Immobilized Xylanase

The reusability was determined by incubating the immobilized xylanase at 50, 60, and
70 °C at the pH of maximum activity and quantifying enzymatic activity. After the
reaction, the immobilized enzyme was removed from the reaction medium, with an
external permanent neodymium magnet (1.4 T), thoroughly rinsed with phosphate buffer
(50 mM, pH 7.0), and then added to a fresh substrate solution to start a new enzymatic
reaction cycle. The specific activity of the first reaction was set to 100%. Additionally,
the separation/recollection rate of Fe3O4@Chitosan@Xylanase after the reaction was
tested. Ten milligrams of Fe3O4@Chitosan@Xylanase was suspended in 1 mL of dis-
tilled water. The suspension of nanoparticles was mixed by vortexing for 10 s and
immediately was placed in contact with a permanent neodymium magnet (1.2 T) in a
range of time (3 to 15 s). The suspended solids not attracted by the magnet were
removed by pippeting and the weight difference was recorded.
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Characterization of Fe3O4@Chitosan@Xylanase

Magnetic susceptibility and magnetization studies were carried out at room temperature
(20 °C) using a Microsense EV7 vibrating sample magnetometer with a maximum field of
± 18 kOe. Micrographs were taken by scanning electron (SE) microscopy in high vacuum at
15 kV using a Carl Zeiss microscope (EVO-50, Zeiss, Jena, Germany) to observe the
morphology of the immobilized xylanase. A sample of Fe3O4@Chitosan@Xylanase
dehydrated at 80 °C for 8 h was coated with gold by sputtering for 60 s and 30 mA (Desk
II, Denton Vacuum, NJ, USA). The particle sizes of the magnetic support, immobilized
enzyme, and chitosan were measured by dynamic light scattering (Brookhaven Instruments,
Model B1-200 SM) by diluting the samples in a mixture of ethanol:water (1:1) and sonicated
for 5 min. The Fourier transform-infrared spectroscopy (FT-IR) spectra were acquired from 16
scans on a Spectrum 100 infrared spectrometer (PerkinElmer, MA, USA) using 650–
4000 cm−1, at 1 cm−1 intervals, and excluding background air. Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were performed by a DSC822e (Mettler-
Toledo, OH, USA) equipment with a heating rate of 10 °C min−1. High-purity indium was
used as standard and dry nitrogen as purge gas. The thermal curves were obtained in the range
33 to 600 °C for TGA and 20 °C to 150 °C for DSC using the STARe Software (Mettler-
Toledo).

Results and Discussion

Preparation of Magnetite Particles and Fe3O4@Chitosan@Xylanase

Xylanase was immobilized on magnetic chitosan nanoparticles via covalent bonds formed
between the amino groups of chitosan and xylanase with genipin. This was a result of the
formation of amide and tertiary amine mediated by complex reactions [15, 25]. Thermomyces
lanuginosus xylanase has three Lys and eight Arg in its structure, and two Lys (119 and 144)
and two Arg (145 and 161) are in the protein surface, which represent potential docking points
to genipin. The immobilization yield, efficiency, and activity recovery calculated at pH 7.0 and
70 °C for the Fe3O4@Chitosan@Xylanase were 22.94%, 275.9%, and 63.27%, respectively.
The enzyme loading was 1.0 ± 0.1 μg mg−1 of magnetic support.

To the best of our knowledge, enzyme immobilization with genipin is scarcely reported.
Natural cross-linking agents are currently preferred over synthetic chemicals, especially in
terms of cytotoxicity when compared to traditional cross-linking reagents, such as glutaric
dialdehyde, epichlorohydrin, carbodiimides, and chlorides of dicarboxylic acids [16]. Genipin
is widely used for covalent cross-linking of polysaccharides featuring glucosamine units, such
as chitosan, as well as proteins containing lysine and arginine [25].

Effect of Temperature and pH on endo-1,4-β-D-Xylanase Activity

The effect of temperature on relative xylanolytic activity for free and immobilized xylanase
showed a similar behavior (Fig. 1a) with a 10 °C displacement in the maximum activity for
immobilized xylanase. The temperature for maximum catalytic activity of free and
immobilized xylanase was 60 °C and 70 °C with an activity of 64.9 μmol xylose (mg
protein)−1 min−1 and 38.1 μmol xylose (mg protein)−1 min−1, respectively. A further
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temperature rise caused a significant decrease in relative activity for the free and immobilized
enzyme which might be due to conformational changes of the enzyme leading to denaturation
at high temperatures. The minimal xylanolytic activity was 25.0% and 16.1% at 30 °C,
whereas at 90 °C activity was 35.1% and 16.6% for free and immobilized xylanase, respec-
tively. Following Arrhenius-type behavior, a determination coefficient (R2) was obtained, and
from the slope, the Ea and Ed were 42.0 kJ mol−1 (R2 = 0.95) and 29.6 kJ mol−1 (R2 = 0.96) and
29.1 kJ mol−1 (R2 = 0.99) and 33.7 kJ mol−1 (R2 = 0.97) for free and immobilized xylanase,

Fig. 1 Effect of temperature (a) and pH (b) on the relative activity of free and immobilized endo-β-1,4-xylanase
(mean ± SD, n = 3). Xylanolytic activity was determined by hydrolyzing 10 mg mL−1 of beechwood xylan for
10 min
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respectively. Thus, more energy is required to start the xylanolytic activity and less energy to
stop the xylanolytic activity in the free enzyme when compared to the immobilized enzyme.
The temperature of maximum activity for free xylanase used in this study of T. lanuginosus is
in agreement with those previously reported [26–28]. It was evident that the immobilization
protocol used in this work successfully increased protein thermal stability, and could be
important for application of Fe3O4@Chitosan@Xylanase in the harsh temperature condition
of relevant industries.

In relation to the effect of pH activity, the immobilized xylanase showed more stability at
pH variations (4 to 7) in the reaction medium, opposite to free xylanase activity (Fig. 1b). A
maximum enzymatic activity of 38.1 μmol xylose (mg protein)−1 min−1 and 64.9 μmol xylose
(mg protein)−1 min−1 was observed at pH 7.0 for the free and immobilized xylanase, respec-
tively. The activity of free xylanase decreased as the pH changed from 7.0, exhibiting the
common bell shape. The immobilized enzyme retained about 10% more activity than the free
xylanase in the pH range of 4.0 to 6.0. These results suggest that cross-linking onto the
magnetic support provided a shelter to xylanase at acid pH, associated to alterations in the
general physical nature of the enzyme. Xylanolytic activity for Fe3O4@Chitosan@Xylanase
was 80% of the maximum in the pH range of 8.0 to 10.0, whereas in this pH range, free
xylanase only showed from 70 to 50% of its maximum activity. Thus, enzymatic activity can
be well retained when xylanase is cross-linked to the magnetic support and should be
considered in practical issues. Reviews about the immobilization of different enzymes suggest
that the effect of temperature and pH on the catalytic behavior of an enzyme varies with the
type of matrix and immobilization method used [29–31].

The enhanced thermal and pH stability showed by Fe3O4@Chitosan@Xylanase is probably
due to a large number of interactions between the magnetic composite and xylanase. These
interactions may provide a more rigid external backbone for enzyme binding and proper
hydrophilic/hydrophobic balance and surface chemistry [31]. Thus, the effect of high temper-
ature or extreme pH values on the removal of interactions or unfolding of the secondary/
tertiary structures of enzymes is minimized [30]. In addition, in polyionic matrices such as
chitosan, a partitioning effect of protons between the bulk phase and the enzyme microenvi-
ronment during the hydrolysis has been reported, causing less effect to catalysis by the acidic
conditions [18]. Additional studies are needed to validate this hypothesis.

Kinetic Parameters of endo-1,4-β-D-Xylanase

The apparent Michaelis–Menten constants (Km) and maximum activity (Vmax) of free and
Fe3O4@Chitosan@Xylanase were 19.06 mg mL−1 and 8.07 μmol min−1 mL−1, and
4.26 mg mL−1 and 10.34 μmol min−1 mL−1, respectively (Fig. 2). The Km for xylanase
activity of Fe3O4@Chitosan@Xylanase was 4.47 times lower than that of the free enzyme,
whereas the Vmax of the nanoparticles was 0.28 times higher than that of the free enzyme.
Generally, enzyme immobilization negatively affects both Km and Vmax values, compared to
the free enzymes, mainly due to external and substrate diffusion limitations, steric hindrance of
the active site by the support or loss of enzyme flexibility necessary for substrate binding [32,
33]. In this work, a low Km suggested strong enzyme–substrate affinity, so the best stabiliza-
tion of the transition state resulted when the substrate bound to the active site of the
immobilized enzyme than of the free enzyme. Besides, the decrease in Km value is likely to
occur due to the fact that the local concentration of the negative charge of the substrate
increases because of the positively charged matrix near the immobilized enzyme [34]. On the
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other hand, the increase in Vmax indicates a higher efficiency of the immobilized enzyme.
These results were in agreement with the immobilization efficiency value.

Reusability of Immobilized Xylanase

The Fe3O4@Chitosan@Xylanase was reused for three successive cycles retaining 50% of its
initial activity when incubated at 70 °C (Fig. 3). Additionally, 78% and 69% loss in initial

Fig. 2 Michaelis–Menten curves for the free (a) and immobilized (b) xylanase. Inset: The Hanes–Wolf plots of
free (a) and immobilized (b) xylanase for calculating kinetic parameters
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activity was observed in the third cycle when incubated at 60 and 50 °C, respectively,
suggesting better stability at higher temperatures. The maximum separation/recollection rate
of Fe3O4@Chitosan@Xylanase recorded after the reaction was 2.06 mg of support per second
in the first 3 s, which represents more than 50% of the mass attracted by the magnet. From 5 to
15 s, the separation/recollection rate decelerated to half of the maximum rate. Activity losses
have been attributed to enzyme inactivation during repeated recycling, despite the fact that
immobilization processes have been developed to improve enzyme stability [35, 36]. The
reusability of the immobilized enzyme is a key factor for practical applications to reduce cost
and simplify the processes.

Characterization of Fe3O4@Chitosan@Xylanase

The sa tura t ion magnet iza t ion (Ms) of the Fe3O4, Fe3O4@Chi tosan and
Fe3O4@Chitosan@Xylanase particles was 54.1 emu (g of sample)−1, 41.9 emu (g of sam-
ple)−1, and 33.89 emu (g of sample)−1, respectively. There was a scarce remanent magnetiza-
tion of 0.7186 emu (g of sample)−1, 0.3197 emu (g of sample)−1, and 0.1919 emu (g of
sample)−1 and a small coercive field of 12.8 Oe, 3.61 Oe, and 6.16 Oe for Fe3O4,
Fe3O4@Chitosan, and Fe3O4@Chitosan@Xylanase particles, respectively. These data in ad-
dition to the magnetization curve indicated the existence of superparamagnetism in the
nanoparticles (Fig. 4). A wide range of Ms values 98–30 emu (g of sample)−1 was reported
for uncoated and coated Fe3O4 particles which depend on the synthesis method and nature of
the coating [37, 38]. Thus, values of Ms around 30 emu (g of sample)−1 indicated the presence
of nonmagnetic polymer coating on the surface of magnetic iron oxide [39]. The magnetic
particles preferentially should be superparamagnetic so that they are magnetic only under an
external magnetic field and then become inactive once the magnetic field is removed [40].

Fig. 3 Reusability of Fe3O4@Chitosan@Xylanase over six consecutive cycles incubated at 70 °C, 60 °C, and
50 °C with phosphate buffer (50 mM, pH 7.0) (mean ± SD, n = 3). The immobilized xylanase was incubated
again with a fresh substrate to initiate the next cycle of hydrolysis. Each hydrolysis cycle lasted 10 min
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Recently, magnetite nanoparticles have been used for the preparation of immobilized enzymes,
which can be easily separated using magnetic fields, thereby eliminating the need for filtration
and centrifugation techniques [41].

Micrographs of Fe3O4@Chitosan@Xylanase were taken to obtain information on their
morphology. Figure 5 shows different magnifications of mainly defined shapes of particles
with a wide range in size forming heterogeneous aggregates. The particle size of
Fe3O4@Chitosan, Fe3O4@Chitosan@Xylanase, and chitosan was determined by dynamic
light scattering. The histograms of Fe3O4@Chitosan showed a narrow particle size distribution
with an average of 32.5 nm contrasting with the Fe3O4@Chitosan@Xylanase which showed a
bimodal histogram, with two different particle distributions and with an average particle size of
254 nm. This can be attributed to the fact that the particles form aggregates as shown in the SE
micrographs. Finally, the chitosan shows a wider distribution (200 to 800 nm), with an average
particle size of 395.5 nm.

The FT-IR spectra (Fig. 6) reveal characteristic bands of the chemical groups found in
xylanase, Fe3O4@Chitosan, and Fe3O4@Chitosan@Xylanase. The spectra of xylanase
showed signals around 3200 and 3400 cm−1, corresponding to C–H and OH bonds as well
as the NH stretching. Also, the characteristic bands at approximately 1650 and 1540 cm−1 were
assigned to vibration of the amide I (C=O) and II (N–H), present in the protein backbone.
Signals between 950 and 1150 cm−1 can be assigned to C–C, C–O, and C–N bonds which
were present in xylanase and chitosan. Signals around 650 cm−1 identified as Fe–O bonds,
characteristic of magnetite, were observed in all spectra. Peaks between 1350 and 1650 cm−1

are related to the stretching vibrations of the amide (OC−NH) bonds present in both chitosan
and xylanase. The structural change in FT-IR spectra confirmed the successful cross-linking of
the xylanase to the Fe3O4@Chitosan via formation of amide bonds between carboxyl and
amino groups. These descriptive results agree with the literature [38, 42, 43].

The free enzyme, magnetic support, and immobilized enzyme were subjected to a thermal
analysis technique that allows measuring weight loss and energy changes in the temperature

Fig. 4 Magnetization curve of Fe3O4@Chitosan@Xylanase
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range of 33 to 600 °C. However, the effect of the energy on the enzyme was significant up to
100 °C (Fig. 7). The thermogram profiles of free xylanase and Fe3O4@Chitosan@Xylanase
show similar weight loss behavior, of approximately 15% and 10%, respectively, at temper-
atures ranging from 33 to 190 °C. In contrast, weight loss of 7% was observed for
Fe3O4@Chitosan. The weight loss in this range of temperatures is mainly due to the loss of
low molecular mass compounds and adsorbed and partly bound water. From 250 to 350 °C, a
rapid weight loss down to 36% in free xylanase is shown. In contrast, the weight lost for
Fe3O4@Chitosan and Fe3O4@Chitosan@Xylanase was 25%. This behavior corresponds to
the degradation of the chitosan, genipin, proteins, and structurally bound water. The complete
degradation of organic compounds is shown from 350 to 600 °C. Among the samples, the free
xylanase was more susceptible to the effect of applied energy. Moreover, free xylanase and
Fe3O4@Chitosan@Xylanase thermograms show the first shift in weight loss profile at 67 °C
and 97 °C, respectively. Furthermore, a structural change can be observed at approximately 62
and 63 °C for the free and immobilized enzyme, respectively, in DSC profiles. These inflection
points were consistent with the optimal temperature of the free and immobilized enzyme. The
broad endotherms are indicative of polydispersity of the molecular interactions, consistent with

Fig. 5 SE micrographs of Fe3O4@Chitosan@Xylanase at ×100 (a), ×1000 (b), ×5000 (c), and ×20,000 (d)
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dynamic light scattering observations. The apparent melting temperature (Tm) related to the
first structural change in the samples could be calculated and compared given the irreversibility
of denaturation in the free and immobilized xylanase. The melting point was around 63 °C for
free xylanase and Fe3O4@Chitosan@Xylanase. In the case of magnetic support, the first
structural change was observed at approximately 75 °C. Additionally, the immobilized enzyme
requires 1.4 times more energy to present the first structural change compared to the free
enzyme. These results were in agreement with that of other authors [30, 32] who demonstrated
that the cross-linking of enzymes to a support provides thermal protection for a longer time and
further enhanced the thermal stability of the immobilized enzyme. Besides, other authors [4,
31, 44] have demonstrated that cross-linking can provide a more effective conformational

Fig. 6 FT-IR spectra of the Fe3O4@Chitosan, free xylanase, and Fe3O4@Chitosan@Xylanase

Fig. 7 Thermogravimetric and differential scanning calorimetry profiles of free xylanase,
Fe3O4@Chitosan@Xylanase, and Fe3O4@Chitosan
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stabilization of enzymes due to the rigidity of the structure making it to require more energy to
break down. The multipoint attachment of the immobilized enzyme molecules prevented
enzyme denaturation compared to the free enzyme.

Conclusion

Fe3O4@Chitosan was successfully prepared by alkaline co-precipitation and was cross-linked
to a xylanase using genipin. The synthesized Fe3O4@Chitosan@Xylanase using natural
compounds could be attractive to produce xylooligosaccharides with food and pharmaceutical
applications. The immobilized xylanase could be recycled by extraction from the reactor using
magnetism and exhibited improved stability during thermal and pH treatments. Cross-linking
mediated by genipin can provide a more effective conformational stabilization of enzymes, and
more energy is required to break down this active conformation compared to free enzymes. A
process involving biocatalyzers which can be simply and rapidly separated from the reaction
solution by an ordinary magnet can be economical and feasible.
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