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ion of immobilized naringinase on
polyethyleneimine-modified Fe3O4 magnetic
nanomaterials with high activity

Chan Yu,a Qian Li, *a Jing Tian,a Honglei Zhan,a Xinyu Zheng,a Shujing Wang,a

Xitong Sun*b and Xiyan Sun*c

Polyethyleneimine-modified Fe3O4 nanoparticles (Fe3O4-PEI) were synthesized by the one-step co-

precipitation method, and the resulting material was used to immobilize naringinase from the

fermentation broth of Aspergillus niger FFCC uv-11. The immobilized naringinase activity could reach up

to 690.74 U per g-support at the conditions of initial naringinase activity of 406.25 U mL�1,

immobilization time of 4 h, glutaraldehyde concentration of 40% (w/v), immobilization temperature of

35 �C, and pH value of 5.5, with naringinase-carrying rate and naringinase activity recovery of 92.93%

and 20.89%, respectively. In addition, the immobilized naringinase exhibited good pH and temperature

stability in a pH range of 3.5–6.0 and temperature range of 40–70 �C, and the optimal reaction pH and

reaction temperature were optimized as 5.5 and 60 �C, respectively. Besides, the immobilized

naringinase could maintain 60.58% of the original activity after 10 reuse cycles, indicating that the

immobilized naringinase had good reusability. Furthermore, the immobilized naringinase also performed

excellent storage stability, 87.52% of enzyme activity still remained as stored at 4 �C for one month. In

conclusion, the Fe3O4-PEI could be considered as a promising support for naringinase immobilization,

with the advantages of high enzyme activity loading, good reusability, storage stability and rapid recovery.
1. Introduction

The bitterness of citrus fruits (mainly grapefruit) is one of the
major limiting factors in the development of the juice industry.1

The hydrolysis of bitter components by naringinase was
considered as a promising method for the juice debittering,
since it not only enhanced the sensory properties, but also
preserved the properties of health promotion,2 which had
attracted more and more interest of biological researchers.
Naringinase is composed of a-L-rhamnosidase (EC 3.2.1.40) and
b-D-glucosidase (EC 3.2.1.21) to form a hydrolytic multi-enzyme
complex,3 and the a-L-rhamnosidase catalyzes the hydrolysis of
naringin (naringenin 7-rhamnoglucoside) into rhamnose and
prunin (4,5,7-trihydroxy avanone-7-glucoside); the prunin is
then altered to naringenin (4,5,7-trihydroxy avanone) and
glucose by the b-D-glucosidase activity at the same time.4,5

Because hydrolyzed products from naringin could effectively
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promote health, naringinase is widely used in the pharmaceu-
tical, cosmetic and food industries.6 However, there were many
practical problems in the use of free enzymes, including not
repeating use of enzymes, environmental sensitivity and diffi-
culty in enzyme separation. Compared with free enzymes, the
immobilized enzymes had the advantages of easy separation,
low total reaction cost, and could enhance the stability and
reusability of the enzymes, especially in the large-scale appli-
cations. In recent years, several methods for immobilizing
enzymes have been developed, such as covalent, multicovalent,
ionic binding, adsorption or cross-linking and encapsulation
(encapsulation) methods.7 In the food industry, cheap immo-
bilization conditions and easily available immobilized enzymes
were the important choice for the use of immobilized enzymes,
which meant that the support must contain readily available
reactive groups to achieve simple and inexpensive activation,
and must be completely non-toxic and have sufficient stability.1

Up to now, naringinase had been successfully immobilized
on different types of carriers, such as porous glass beads, chitin,
diatomaceous earth, glutaraldehyde-coated wood chips, alginic
acid salt,8–10 mesoporous silica materials, polyvinyl alcohol and
other polymeric materials.11 Recently, in the progress of
immobilization technology and materials,12 the rapid and
extensive development of nano-sized particles (NPs) attracted
a lot of attention.13 Among them, iron oxide nanoparticles were
of great interest in the food industry due to the outstanding
© 2021 The Author(s). Published by the Royal Society of Chemistry
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features including super paramagnetism and low toxicity. The
magnetic nanoparticles (MNP) could be coated with biocom-
patible and diamagnetic materials (such as organic polymers or
silica shells) to inhibit the formation of large aggregates of
MNP, which could be further used to promote the function of
adhesion.14 The high specic surface area of MNP improved the
binding efficiency of enzymes, and the super paramagnetic
behavior supported the rapid and selective recovery using
magnet.15–19 Naringinase and lysine-assisted magnetic nano-
particles were covalently combined to produce nano magnetic
cross-linked enzyme aggregates (NM-NGase-CLEAs).18 Cross-
linking agents used for surface modication of magnetic
nanoparticles, such as silanization or carbodiimide activation,
contributed to enzyme binding and stabilization.20 Poly-
ethyleneimine (PEI), as polycationic polymer, had many
advantages, including good water solubility, high functional
group content, t molecular weight, and good physical and
chemical stability.21,22 PEI could be used to modify enzymes
through its amine groups,23 and could also be transplanted to
the support and then cross-linked by bifunctional agent, which
would be widely used to immobilize various enzymes.24

In this study, we focused on the immobilized enzyme formed
by covalent linking between Fe3O4 nanoparticles modied by
PEI (marked as Fe3O4-PEI) and naringinase. The material was
rst prepared by one-step co-precipitation method, and subse-
quently characterized including transmission electron micros-
copy, infrared spectroscopy, elemental analysis, magnetic
property and zeta potential. In order to further understand the
characteristics and hydrolysis performance of naringinase
immobilized on this material, the optimization experiments
including initial enzyme activity, immobilization temperature,
immobilization pH, glutaraldehyde concentration and immo-
bilization time was investigated. In addition, the temperature
and pH stability, reusability and storage stability of the immo-
bilized enzyme were also studied.

2. Materials and methods
2.1 Materials

Aspergillus niger FFCC uv-11 was stored in our laboratory, and
the naringinase fermentation broth was produced via the strain
with a naringinase activity of 650.0 U mL�1. Naringin (mass
fraction $ 98%) was purchased from Baoji Fang Sheng Bio-
logical development Co., Ltd, China. Polyethyleneimine (M.W.
10 000 Da, 99%) was obtained from Aladdin Inc. Sodium
hydroxide, anhydrous ethanol, citric acid, disodium hydrogen
phosphate, diethylene glycol, glutaraldehyde (50% by mass),
Scheme 1 Schematic diagram of the preparation process and mechani
nanoparticles (Fe3O4-PEI-naringinase).

© 2021 The Author(s). Published by the Royal Society of Chemistry
trisodium titrate and ammonia (NH3$H2O, 25%, w/v) were
purchased from Tianjin Damao Chemical Reagent Co., Ltd.
Anhydrous ferric chloride (FeCl3) and ferrous sulfate heptahy-
drate (FeSO4$7H2O) were supplied by Sinopharm Chemical
Reagent Co., Ltd.
2.2 Preparation of Fe3O4-PEI material

The PEI modied Fe3O4 material (Fe3O4-PEI) was prepared by
the one-step co-precipitation method (Scheme 1). First, an
amount of 400 mL of deionized water was added into a 1000 mL
round bottom ask, and 5.63 g of anhydrous ferric chloride and
5.0 g of ferrous sulfate heptahydrate were then added into the
ask. The mixture was heated up to 85 �C for 30 min under
nitrogen atmosphere. Subsequently, 100 mL of NH3$H2O was
added into the above mixture under vigorous stirring. Aer one
minute, 0.306 g of trisodium citrate was quickly added into the
mixture. Finally, 10.4 g of PEI (molecular weight of 10 000) was
added into the mixture, and kept reacting for 2 hours.25 The
resulting PEI-modied Fe3O4 magnetic nanoparticles (marked
as Fe3O4-PEI) were separated by an magnet and washed three
times with ethanol and deionized water, and then stored in
deionized water at 4 �C.
2.3 Preparation of immobilized naringinase

An amount of 0.2 g of Fe3O4-PEI material was mixed with 2 mL
of naringinase fermentation broth, and then 6 mL of citrate
buffer was added to adjust the pH to 4.5. Then 1 mL of glutar-
aldehyde was added for cross-linking. In addition, the mixture
was shaken at a constant temperature of 160 rpm for 4 hours,
and was separated by magnet precipitation. Furthermore, the
separated material was washed with deionized water for three
times. Aer that, the material was marked as Fe3O4-PEI-
naringinase and stored in deionized water at 4 �C for later use.
2.4 Determination of immobilized naringinase activity

The modied Davis method was used for the determination of
naringinase activity:26 0.8 mL of naringin solution (naringin
concentration of 0.8 g L�1, pH of 4.5) was added to 30 mg of
immobilized naringinase or 0.2 mL of free naringinase, and
then the mixture was placed in a water bath at 50 �C for 30
minutes. Finally, 0.1 mL of the above mixture and 0.1 mL of
NaOH solution (with the concentration of 4 mol L�1) were
added into 5 mL of diethylene glycol (90%, v/v), and the
absorbance of the solution was measured at 420 nm.
sm for the immobilized naringinase on PEI-modified Fe3O4 magnetic

RSC Adv., 2021, 11, 14568–14577 | 14569

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01449h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 1

/1
2/

20
26

 6
:3

5:
53

 A
M

. 
 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
Denition of naringinase activity (U). The amount of nar-
inginase required to degrade 1 mg of naringin per minute at pH
4.5 and 50 �C was dened as one unit of naringinase activity.
The denition of specic enzyme activity (U per g-support or U
mL�1): the enzyme activity that degrades 1 g of immobilized
naringinase (or 1 mL of free naringinase) per minute at pH 4.5
and 50 �C. The experiments were carried out in triplicate.11,27,28
2.5 Study on the enzymatic properties of immobilized
naringinase

The effect of reaction temperature on immobilized naringinase:
30 mg of immobilized naringinase (or 0.2 mL of free nar-
inginase) was added to 0.8 mL of naringin solution with the pH
value of 4.5. The mixture was subjected to the hydrolysis
temperature of 40, 45, 50, 55, 60, 65 and 70 �C, respectively, and
the relative enzyme activity was measured.

The effect of pH on immobilized naringinase: 30 mg
immobilized naringinase (or 0.2 mL free naringinase) was
added to 0.8 mL naringin solution (the pH value of the solution
was adjusted to 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0 by citric acid buffer,
respectively). The mixture was kept at 50 �C for the hydrolysis
reaction, and then the relative enzyme activity was measured.

Storage stability of immobilized naringinase: immobilized
naringinase and free naringinase were stored at 4 �C for 30 days,
and the activities of them were measured every 5 days.

Repeated use of immobilized naringinase: the operational
stability of the immobilized enzyme was determined to quantify
the reduction in naringin. At 55 �C, 30 mg of immobilized
naringinase was mixed with 0.8 mL of naringin solution (pH of
5.5) for 30 minutes, and it was continuously reused. Aer each
cycle, the immobilized naringinase are separated with a strong
magnet, and then proceed to the next cycle.
Fig. 1 TEM images of Fe3O4 (A), Fe3O4-PEI (B) and Fe3O4-PEI-nar-
ingase (C).
2.6 Calculation of naringinase-carrying rate and naringinase
activity recovery

Naringinase-carrying rate (B) was determined by the following
equation:29

B/% ¼ (A0 � A1)/A0 � 100 (1)

wherein, B represents the carrying rate of naringinase, A0 refers
to the total enzyme activity in the enzyme solution before xa-
tion, and A1 refers to the total enzyme activity remaining in the
supernatant aer xation.

Immobilized naringinase activity recovery (R) was obtained
by the following equation:

R/% ¼ A2/(A0 � A1) � 100 (2)

where R represents the recovery rate of naringinase, A0 and A1
are the same as eqn (1). A2 refers to the total activity of the
immobilized naringinase in the enzymatic reaction, that is, the
total enzyme activity measured in the enzymatic hydrolysis
reaction.

Relative naringinase activity (Q) was calculated by the
following equation:
14570 | RSC Adv., 2021, 11, 14568–14577
Q/% ¼ P/K � 100 (3)

wherein, Q represents the relative enzyme activity, P refers to the
enzyme activity under certain conditions, and K refers to the
highest enzyme activity under the same conditions.
2.7 Characterization of materials

The morphology of Fe3O4-PEI magnetic particles were charac-
terized by transmission electron microscopy (TEM, JEOL JEM-
2100F). A Spectrum 10 spectrophotometer (PerkinElmer, USA)
was used to record the Fourier transform infrared (FT-IR)
spectra of Fe3O4, Fe3O4-PEI and Fe3O4-PEI-naringinase
between 400 and 4000 cm�1 with a resolution of 2 cm�1. The
elemental composition (N, C and H) of Fe3O4-PEI and Fe3O4-
PEI-naringinase material were tested by using an elemental
analyzer (Elementar: Vario EL cube). A vibrating sample
© 2021 The Author(s). Published by the Royal Society of Chemistry
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magnetometer (LakeShore-7400S) was used to measure the
magnetic hysteresis loop of Fe3O4-PEI. The zeta potential of
Fe3O4-PEI was analyzed by using a laser particle size analyzer
(Zetasizer 3000HSA). The nitrogen adsorption/desorption
isotherms were measured on a QuantaChrome Quadrasorb SI
analyzer (USA) aer vacuum degassing at 120 �C for 6 h, and the
specic surface areas were calculated using the Brunauer–
Emmett–Teller (BET) method. X-ray diffractometer (D/max3B)
was used to characterize the crystal structure of Fe3O4-PEI.
The thermogravimetric analysis of Fe3O4-PEI-naringiase (TGA,
Netzsch STA 449C, Germany) was carried out under the condi-
tions of air atmosphere from room temperature to 1000 �C with
a heating rate of 10 �C min�1.
Fig. 3 FT-IR spectra of Fe3O4, Fe3O4-PEI and Fe3O4-PEI-naringinase.
3. Results and discussion
3.1 Characterization of materials

The TEM images of Fe3O4 (A), Fe3O4-PEI (B) and Fe3O4-PEI-
naringase (C) were shown in Fig. 1. The average diameter of
Fe3O4 and Fe3O4-PEI nanoparticles were estimated about
10 nm, which was smaller than the theoretical diameter of the
single domain superparamagnetic Fe3O4 particles (25 nm),
indicating that the Fe3O4-PEI nanoparticles had super-
paramagnetic characteristics. It could be seen from Fig. 1C that
the surface morphology of Fe3O4-PEI-naringinase was similar
with those of Fe3O4 and Fe3O4-PEI. In addition, it suggested in
Fig. 2 that the magnetic hysteresis loop of Fe3O4-PEI had no
hysteresis. The enlarged view of M–H of Fe3O4-PEI was shown in
Fig. 2C. When the external magnetic eld H ¼ 0, the remanence
magnetization (Mr) and the variations of coercivity (Hc) were
both nearly zero, proving that the Fe3O4-PEI nanoparticles had
good superparamagnetism. The saturation magnetization (Ms)
was evaluated as 65.385 emu g�1. With such high Ms, the
microspheres showed a high magnetic responsiveness and
could be quickly separated from the aqueous solution by
a magnet.

It could be seen that the strong band at 582 cm�1 vibration
was corresponded to the Fe–O bond,30 and the bands at
Fig. 2 Magnetic hysteresis loop of Fe3O4-PEI; the inset (C) demon-
strates the magnetic separation of Fe3O4-PEI magnetic particles from
aqueous solution under an external magnetic field and the time from
(A) to (B) was less than 20 s.

© 2021 The Author(s). Published by the Royal Society of Chemistry
2925 cm�1 and 2858 cm�1 were characteristics of C–H bond.30,31

In contrast, in the FT-IR spectrum of Fe3O4-PEI-naringinase, the
absorbance peaks of C–H band increased to a large degree,
indicating that naringinase had been successfully immobilized
on the Fe3O4-PEI. In addition, the new band appeared at
1575 cm�1 might be corresponding to the N–H vibration in the
FT-IR spectrum of Fe3O4-PEI.32 It was shown that Fe3O4 particles
were successfully modied with PEI through covalent bands
(Fig. 3).

The results of zeta potential of Fe3O4-PEI nanoparticles at the
pH range of 8–12 was shown in Fig. 4. It was obvious that the
zeta potential increased with the decrease of pH value. The
isoelectric point (pI) was found at 10, which was attributed to
the protonation of a large number of amino groups on the PEI
molecule. This result also revealed that the PEI was successfully
modied on the Fe3O4 nanoparticles.

The result of elemental analysis was shown in Table 1. It was
clear that the Fe3O4-PEI had a high amino group content, with
the N content of 3.945%. Compared with the Fe3O4-PEI, the
contents of N, C and H in Fe3O4-PEI-naringinase remarkably
Fig. 4 Zeta potential of Fe3O4-PEI at variable pH values.

RSC Adv., 2021, 11, 14568–14577 | 14571
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Table 1 Elemental analysis and specific surface area of Fe3O4, Fe3O4-
PEI and Fe3O4-PEI-naringinase

Samples N (%) C (%) H (%)
Specic surface
area (m2 g�1)

Fe3O4 N.A. N.A. N.A. 137.7
Fe3O4-PEI 3.945 6.690 1.847 108.1
Fe3O4-PEI-naringinase 4.582 18.957 2.789 91.0

Fig. 6 The TGA curves of Fe3O4-PEI (A) and Fe3O4-PEI-naringinase
(B).
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increased up to 4.582%, 18.957%, 2.789%, respectively,
implying that naringinase was successfully immobilized on
Fe3O4-PEI material. In addition, the specic surface area of
Fe3O4, Fe3O4-PEI and Fe3O4-PEI-naringinase was characterized
by the nitrogen adsorption/desorption isotherms. It was clear
that the Fe3O4-PEI had a high specic surface area, and was
suitable for the enzyme immobilization. Besides, the specic
surface area decreased from 137.7 (Fe3O4) to 108.1 m2 g�1

(Fe3O4-PEI), suggesting that the PEI was effectively modied on
the surface of Fe3O4, and the lowest specic surface area of
Fe3O4-PEI-naringinase indicated that the naringinase was
successfully immobilized on the material.

The X-ray diffraction pattern of Fe3O4-PEI was shown in
Fig. 5, which was used to characterize its crystal structure. The
six characteristic peaks appeared in Fe3O4-PEI at 30.1�, 35.5�,
43.1�, 53.9�, 57.1� and 62.8� were assigned to (220), (311),
(400), (422), (511) and (440) planes of the pure Fe3O4 (JCPDS
card no. 65-3107).33 In addition, the thermogravimetric anal-
ysis of Fe3O4-PEI and Fe3O4-PEI-naringinase were also inves-
tigated. As shown in Fig. 6A, it could be seen that the weight
loss occurred in two different stages in the TGA curve of Fe3O4-
PEI, and the residual weight was 84.49%. In the rst stage,
from 30 �C to 180 �C, the weight loss was about 3.55%, which
was equivalent to the loss of adsorbed and bound water on the
nanoparticles. The second stage of weight loss of 11.96%
started at about 180 �C and ended at 840 �C, which was
attributed to the thermal decomposition of the surface citric
acid and polyethyleneimine. Fig. 6B showed the TGA curve of
Fe3O4-PEI-naringinase, the weight loss occurred also in two
Fig. 5 XRD patterns of Fe3O4-PEI.

14572 | RSC Adv., 2021, 11, 14568–14577
different stages, and the residual weight was 63.93%, which
was much lower than that of Fe3O4-PEI. From the above data, it
could be preliminarily calculated that the content of nar-
inginase on Fe3O4-PEI nanoparticles was 24.33%, with the
naringinase loading amount of 0.32 g per g-support. This
results also proved that the synthetic method was feasible and
the immobilization was successful.
3.2 Optimization of immobilization parameters

3.2.1 Effect of the initial naringinase activity. As shown in
Fig. 7A, the immobilized naringinase activity increased with the
initial naringinase activity increased from 162.50 U mL�1 to
406.25 U mL�1. When the initial naringinase activity was 406.25
U mL�1, the immobilized naringinase activity reached the
maximum of 624.86 U per g-support. Additionally, the activity of
immobilized naringinase decreased as the initial naringinase
activity increased from 406.25 U mL�1 to 650.00 U mL�1. It
might because a large number of naringinase was bound to the
carrier, which increased the steric hindrance and diffusion
restriction among enzyme molecular, and further induced the
difficulty of contact between enzyme and substrate. As a result,
the immobilized naringinase activity increased slowly or even
decreased.34
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The effect of initial naringinase activity (A), immobilization time
(B), glutaraldehyde concentration (C), immobilization pH (D) and
immobilization temperature (E) on Fe3O4-PEI-naringinase activity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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3.2.2 Effect of immobilization time. The effect of immo-
bilization time on immobilized naringinase activity was shown
in Fig. 7B and the optimized immobilization time was 4 h. It
could be seen that in the immobilization time range of 2–4 h,
the immobilized naringinase activity was increased. It was
illuminated that free naringinase required sufficient time to
bind to the material. However, when the immobilization time
exceeded 4 h, the immobilized naringinase activity decreased
rapidly. It might because when the immobilization time
reached 4 h, the amount of immobilized naringinase on the
carrier was saturated, and longer immobilization time would
cause more naringinase attach to the surface of the material. It
might increase the steric hindrance between the naringinase
molecules and cover part of the active center of naringinase,
which made the immobilized naringinase activity reduced.35

3.2.3 Effect of glutaraldehyde concentration. The effect of
glutaraldehyde concentration on immobilized naringinase
activity was shown in Fig. 7C. As the concentration of glutaral-
dehyde gradually increased from 10% to 40% (w/v), the nar-
inginase activity gradually increased and reached the maximum
of 655.08 U per g-support at the glutaraldehyde concentration of
40%. Glutaraldehyde concentrations below 40% could not
provide sufficient binding sites for naringinase, and resulted in
lower naringinase activity. When the glutaraldehyde concen-
tration was further increased from 40% to 50%, the naringinase
activity was not further increased. On one hand, it might be due
to the deactivation of the enzyme by excessive glutaraldehyde.
On the other hand, high glutaraldehyde concentration might
cause uncontrolled reaction, which induced polymerization of
glutaraldehyde in the solution and decreased the immobiliza-
tion efficiency.36

3.2.4 Effect of immobilization pH. It could be seen from
Fig. 7D that the immobilized naringinase showed the highest
naringinase activity at the pH value of 5.5. The ionization of
certain groups in proteins could be affected by pH value. Under
acidic condition, the positively charged naringinase would form
a stable and insoluble co-aggregate with the positively charged
PEI through covalent linkage. When the pH was too high or too
low, aggregates could not be well formed due to the repulsion
between the same charges, resulting in a decrease in the activity
of the immobilized enzyme.37

3.2.5 Effect of immobilization temperature. The effect of
immobilization temperature on immobilized naringinase
activity was shown in Fig. 7E. It could be seen the immobilized
naringinase activity increased as the temperature increased
from 25 �C to 35 �C, and the optimized immobilization
temperature was 35 �C. In the temperature range from 35 �C to
45 �C, the immobilized naringinase activity decreased slightly,
which might be due to the temperature sensitivity of nar-
inginase. Soria et al.8 obtained a similar course of sensitivity
characteristics of immobilized a-L-rhamnosidase on ferromag-
netic supports.

As mentioned above, the optimal parameters for naringinase
immobilization were as follows: initial naringinase activity of
406.25 U mL�1, immobilization time of 4 h, glutaraldehyde
concentration of 40% (w/v), immobilization temperature of
RSC Adv., 2021, 11, 14568–14577 | 14573
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Table 2 Comparison of enzyme activity of naringinase immobilized
on different materials

Immobilized carrier Naringinase activity References

Poly(vinyl alcohol) cryogels 1.10 � 0.02 U g�1 28
Chitosan microspheres 48.33 U g�1 8

�1
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35 �C, immobilization pH of 5.5. The naringinase-carrying rate,
naringinase activity recovery and maximum Fe3O4-PEI-
naringinase activity were 92.93%, 20.89% and 690.74 U per g-
support, respectively. The immobilized naringinase activity in
this work was higher than most of those in previous
reports.7,8,38,39
Silanized SBA-15 517.43 U g 39
PEI-Fe3O4 710.97 � 6.13 U g�1 This work
3.3 Hydrolysis properties of Fe3O4-PEI-naringinase

3.3.1 The optimum enzymatic reaction conditions of
Fe3O4-PEI-naringinase. Fig. 8A showed that the optimal enzy-
matic reaction temperature of immobilized naringinase was
60 �C, while the optimal enzymatic reaction temperature of free
naringinase was 50 �C under the same conditions. Compared
with the free enzyme, the immobilized naringinase exhibited
good thermal stability in the temperature range of 40–70 �C,
which might be due to the covalent cross-linking between
Fe3O4-PEI and primary amine, and glutaraldehyde promoted
the tertiary structure of the enzyme through the amino group of
the enzyme.38 The results were similar to previous studies by
Luo et al.40 and Jordan,41 because the immobilization of nar-
inginase leaded to an increase in the optimal temperature
compared to the free form.28
Fig. 8 The optimal enzymatic reaction temperature (A) and reaction
pH (B) of the Fe3O4-PEI-naringinase and free naringinase.

14574 | RSC Adv., 2021, 11, 14568–14577
In Fig. 8B, the optimal enzymatic pH of immobilized nar-
inginase was determined at a pH of 5.5, and the optimal enzy-
matic pH of free naringinase was 4.5. At the same time, it was
found that the activity of immobilized naringinase was rela-
tively stable under the same conditions, but the free enzyme
uctuated greatly. Therefore, it was indicated that Fe3O4-PEI-
naringinase had a wide application pH range and good acid
resistance.40 Compared with free enzymes, the covalent bonding
approach of immobilized enzymes provided a more stable pH-
specic biocatalyst, which might be attributed to the restric-
tion of conformational changes in pH changes.21

The enzyme activities of Fe3O4-PEI and other carriers for
immobilized naringinase were summarized in Table 2, and the
values of enzyme activity were given under the same unit.
Compared with the previous literature (Table 2), the immobi-
lized naringinase activity in this work was higher, which indi-
cated that Fe3O4-PEI had good performance in naringinase
immobilization.

3.3.2 Reusability of the Fe3O4-PEI-naringinase. The
immobilized naringinase was prepared under the optimized
immobilization conditions, and then was used for reusability
test. It was shown in Fig. 9 that aer ten cycles, 60.58% of the
original enzyme activity was still retained. That might because
large amount of multi-point covalent bonds were formed
between the surface of the Fe3O4-PEI nanoparticles and nar-
inginase, and led to the improvement of the stability of nar-
inginase. Naringinase immobilized on Fe3O4-PEI would have
great potential for development and application of
naringinase.42
Fig. 9 The recycling of Fe3O4-PEI-naringinase.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Storage stability of Fe3O4-PEI-naringinase and free
naringinase.
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3.3.3 Storage stability of immobilized naringinase. The
storage stability of the immobilized naringinase and free nar-
inginase was shown in Fig. 10, indicating that the immobilized
naringinase retained more than 80% of the relative naringinase
activity aer 30 days of storage, which may be due to the multi-
point covalent binding of naringinase on these particles, so that
naringinase maintained a stable conguration.37 On the
contrary, the enzyme activity of free naringinase was signi-
cantly reduced during storage (relative enzyme activity le was
less than 30% in 30 days of storage). The results illuminated
that Fe3O4-PEI immobilized naringinase had excellent applica-
tion potential, especially when the enzyme needed to be trans-
ported and stored for long distances.43
4. Conclusion

In this study, we prepared polyethyleneimine (PEI) modied
Fe3O4 magnetic nanoparticles using co-precipitation method,
and the magnetic nanoparticles were used for naringinase
immobilization. The immobilized naringinase activity reached
690.74 U per g-support, as the pH of 5.5, temperature of 35 �C,
immobilization time of 4 h, and the initial naringinase activity
of 406.25 U mL�1. Through the study of the enzymatic proper-
ties of the immobilized enzyme, it was found that the enzyme
activity of the immobilized enzyme could reach the highest
value of 710.97 U per g-support under the optimized reaction
temperature of 60 �C and pH of 5.5. The naringinase activity was
much higher than those of the previous works. Meanwhile, the
naringinase-carrying rate and naringinase activity recovery of
Fe3O4-PEI immobilized naringinase were 92.93% and 20.89%,
respectively. Compared with free naringinase, the pH stability
and thermal stability of Fe3O4-PEI immobilized naringinase was
greatly improved. In addition, Fe3O4-PEI-naringinase still kept
60.58% relative enzyme activity aer ten cycles use. Further-
more, the immobilized naringinase maintained 87.52% of
relative enzyme activity aer onemonth of storage at 4 �C. It was
shown that the Fe3O4-PEI immobilized naringinase had good
operational stability and storage stability. As a novel enzyme
© 2021 The Author(s). Published by the Royal Society of Chemistry
immobilization material, Fe3O4-PEI magnetic nanoparticles
had achieved signicant progress in the improvement of
enzyme activity reusability and storage stability, and made it
possible to the application of magnetic nanomaterial tech-
nology in the eld of immobilized enzymes.
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