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rdamine violifolia selenium-
enriched peptide using immobilized Alcalase on
Fe3O4 modified by tannic acid and
polyethyleneimine

Shiyu Zhu, †ab Xin Cong,†c Zheng Sun,d Zhe Chen,d Xu Chen,*ab

Zhenzhou Zhu, *ab Shuyi Li ab and Shuiyuan Chengab

Enzymatic synthesis of selenium (Se)-enriched peptides is vital for their application in supplementing

organic Se. However, the poor stability and reusability of the free enzyme impedes the reaction. In this

work, a highly stable immobilized Alcalase was synthesized by immobilizing Alcalase on tannic acid (TA)

and polyethyleneimine (PEI) modified Fe3O4 nanoparticles (NPs). The optimal immobilization conditions

for immobilized Alcalase were found at a TA/PEI (v/v) ratio of 1 : 1, pH of 10, and temperature of 40 �C,
and the results from scanning electron microscopy (SEM), transmission electron microscopy (TEM),

Fourier Transform Infrared (FTIR) and X-ray photoelectron spectroscopy (XPS) characterization

confirmed the successful immobilization of Alcalase. The results of an enzyme property test showed that

immobilized Alcalase had higher thermal and pH stability than free Alcalase, and retained 61.0% of the

initial enzyme activity after 10 repetitions. Furthermore, the organic Se content of Se-enriched peptide

prepared through enzymatic hydrolysis of Cardamine violifolia (CV) protein with immobilized Alcalase

was 2914 mg kg�1, and the molecular weight was mainly concentrated in 924.4 Da with complete amino

acid components. Therefore, this study proposes the feasibility of immobilized enzymes for the

production of Se-enriched peptides.
1 Introduction

As a necessary micronutrient for human health, Se has the
effects of delaying aging, enhancing immune function, and
preventing cancer.1–3 A deciency in Se intake apparently affects
the function and metabolism of gut microbes and even causes
certain diseases such as Keshan disease.4 Therefore, Se
supplements in daily life have become a hotspot in nutrition
research. However, Se can't be synthesized by the body itself,
but must be obtained from various foods in the diet, which
depend mainly on the concentration of Se in the soil. Previous
studies have conrmed that organic Se is more available to the
body compared to inorganic forms due to its higher safety and
l Products Processing, Wuhan Polytechnic

hushiyuu@126.com; chxu@whpu.edu.cn;

; s-y-cheng@sina.com

ence and Engineering, Wuhan Polytechnic

gy Co., Ltd, Enshi 445000, Hubei, China.

, Wuhan Polytechnic University, Wuhan

look.com; zhechenkwy@163.com

is work.

22090
bioavailability.5 Therefore, supplementing organic Se in the diet
has attracted increasing attention over the past years.

Numerous studies have underlined that plant-based bioac-
tive molecules are excellent ingredients that can be added to
food to increase its nutrition.6,7 In addition, they are generally
suitable to act as natural carriers of organic Se.7,8 In particular,
Se-enriched peptide derived from Se-enriched plant are one of
the most promising supplements for organic Se. The combi-
nation of Se and peptide not only enables Se to be more quickly
absorbed in the body,9 but also shows stronger bioactivity than
original peptide.10 The production of highly bioactive Se-
enriched peptide by enzymatic hydrolysis of Se-enriched
protein has received increasing attention recently. For
example, Liu et al. puried Se-enriched antioxidative peptide
from Se-enriched protein hydrolysates, and further studies
revealed that the Se-enriched peptide exhibited strong anti-
oxidative activity on DPPHc, OH� and O2

�, indicating the
potential application of Se-enriched peptide as natural food
antioxidant.11 Zhang et al. prepared and identied Se-enriched
peptide (Mw < 1 kDa) from Se-enriched soybeans, which could
signicantly mitigate organic oxidative damage in response to
inammation and senescence via MAPK/NF-kB pathway.12 Tran
et al. showed that pathogenic bacteria are able to be bound by
covalent Se-labeled peptide and viruses, which are then killed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Process of immobilization Alcalase.
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because of superoxide production.13 Unlike these traditional Se-
enriched plants, whose organic Se is mainly SeMet, the Se in CV
is mainly SeCys. Our previous study found that Se polypeptide
derived from the CV is rich in dipeptides and tripeptides and
also has good antioxidant activity,14 which can further ll the
gap in the market of Se supplementation methods.

In spite of these advantages of Se-enriched peptide, the
typical method of producing Se-enriched peptide, i.e., enzy-
matic hydrolysis of Se-enriched proteins, still face some prob-
lems such as the poor reusability and inferior stability of free
enzymes. The limits caused by free enzyme can be compensated
by immobilizing the enzyme on a proper carrier, which can be
separated from the system aer the hydrolysis process is
completed. Previous studies have reported the application of
immobilized enzymes for the production of peptide through
hydrolysis of soy protein,15 rapeseed protein,16 axseed
protein,17 sunower protein,18 and corn protein,19 et al.
However, studies on the production of Se-enriched peptides via
hydrolysis with immobilized enzyme were relatively limited,
such that further research on immobilized enzyme assisted
hydrolysis of Se-enriched proteins is strongly required.

The goal of this study was to identify the feasibility of
producing Se-enriched peptides via hydrolysis of CV with Alca-
lase immobilized on tannic acid and polyethyleneimine modi-
ed Fe3O4 NPs. Fe3O4 NPs were selected as carrier owing to the
small size, magnetic, and ease of surface modication,20 while
TA and PEI modication were used to increase the biocompat-
ibility of carrier and inhibit the agglomeration and oxidation of
Fe3O4 NPs, which will facilitate the improvement the immobi-
lized enzyme activity.21,22 On the other hand, the preparation
process of immobilized Alcalase, the structure of generated
immobilized Alcalase, and their performance in enzymatic
hydrolysis of CV was identied in detail to nd a better method
for efficient and stable recovery of Se-enriched peptide from CV.
This study will aid in an improved understanding of efficient
and stable production of Se-enrich peptide.
2 Experimental section
2.1 Materials

Fe3O4 dispersion (100–300 nm), tannic acid (TA), poly-
ethyleneimine (PEI), methanol (CH3OH) was purchased from
Aladdin (Shanghai, China). Alcalase (2 � 106 U g�1) from
Bacillus licheniformis and casein (Tyr, 96%) were provided by
Solarbio Co., Ltd (Beijing, China). Anhydrous ethanol (99.5%),
boric acid (H3BO3), hydrochloric acid (HCl), trichloroacetic acid
(TCA, 10%), potassium chloride (KCl), phosphoric acid
(K2HPO4), sodium hydroxide (NaOH) and hydrochloric acid
(HCl) were supplied by Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). Tris(hydroxymethyl) aminomethane (Tirs)
was obtained from Biofroxx (Germany). All these reagents
unless specially mentioned are of analytical purity.

CV was obtained from Enshi.14 The feedstock was milled and
sieved to produce a granular powder with a particle size <150
mm before experiments.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2.2 Preparation of Fe3O4/TA/PEI carrier

The coating of TA and PEI on Fe3O4 was formed by the method
of Wu et al. with slight modications.23 Firstly, 2 g of PEI was
solubilized in 200 mL Tris–HCl buffer solution (10 mM, pH ¼
8.5) to produce 10 g L�1 PEI solution, and 2 g of TA was soluble
in the same buffer solution to fabricate 2 g L�1 TA solution.
Then, TA solution and PEI solution were mixed in a volume
ratio of 5 : 1 to congure 20 mL of TA/PEI solution. Next, Fe3O4

NPs was treated with anhydrous ethanol combining ultrasonic
treatment and then washed with deionized water to make it
disperse uniformly. Finally, 100 mg treated Fe3O4 NPs was
mixed into the mixed TA/PEI solution and then stirred at
150 rpm for 1 h at 25 �C, and washed with deionized water to
obtain a stable Fe3O4/TA/PEI carrier.

2.3 Preparation of immobilized Alcalase

8 mg of Alcalase was rstly dissolved into 20 mL H3BO3 buffer
solution (pH ¼ 10), and then the above-mentioned Fe3O4/TA/
PEI carrier was added in the solution and stirred at 45 �C with
150 rpm for 2 h (seeing in Fig. 1). Aer that, immobilized
Alcalase was isolated from the solution by applied magnetic
eld and cleaned by deionized water until no residual free
Alcalase was detected in the cleaning uids. Finally, immobi-
lized Alcalase was stored in anhydrous ethanol at 4 �C for
further use.

2.4 Optimization of the immobilization process

In this section, the inuence of TA/PEI volume ratio, tempera-
ture, and pH on immobilization process were studied. In detail,
the TA/PEI (V/V) was adjusted to 5 : 1, 2 : 1, 1 : 1, 1 : 2, and 1 : 5,
at immobilization temperature of 45 �C and pH ¼ 10 to identify
the inuence of TA/PEI volume ratio on immobilization
process. The pH was adjusted to 8, 9, 10, 11, and 12, at TA/PEI
(V/V) of 1 : 1 and immobilization temperature of 45 �C to
identify the effect of pH during immobilizing. The immobili-
zation temperature was realigned to 35 �C, 40 �C, 45 �C, 50 �C,
and 55 �C, at TA/PEI (V/V) of 1 : 1 and pH ¼ 10 to identify the
inuence of immobilization temperature on immobilization
process. The enzyme loading and enzyme activity recovery rate
of immobilized Alcalase were chosen as key evaluation indica-
tors to determine the optimal immobilization conditions.

The enzyme loading was determined by BCA protein
concentration kit using the following equation:

Enzyme loading rate ð%Þ ¼ C0 � CR � CW

C0

� 100% (1)
RSC Adv., 2022, 12, 22082–22090 | 22083
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Fig. 2 The process of enzymatic hydrolysis of CV protein (no. 1 ¼
reaction tank, 2 ¼ peristaltic pump, 3 ¼ pressure gauge, 4 ¼ ultrafil-
tration membrane, 5 ¼ retentate liquid valve, 6 ¼ circulating valve).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
2:

24
:2

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where C0, CR, and Cw are the protein concentrations (mg mL�1)
in the original solution, the remaining solution, and cleaning
uids, respectively.

The enzyme activity recovery rate was dened as the ratio of
immobilized Alcalase activity to Alcalase activity, and it was
calculated by the following equation:

Enzyme activity recovery rate ð%Þ ¼ U1

U2

� 100% (2)

where U1 and U2 are enzyme activity (U) of immobilized Alcalase
and Alcalase, respectively. The enzyme activity (U) of immobi-
lized Alcalase and Alcalase was tested with the following
process. Casein solution (20 mL, 0.2 mM) was mixed with
immobilized Alcalase or Alcalase under the same amount of
Alcalase in H3BO3 buffer solution (pH ¼ 10) and stirred at 40 �C
for 30 min, aer which the undigested casein was precipitated
by adding excessive TCA (10%) to stop the hydrolysis reaction.
Aer the reaction, the mixture was cooled to 25 �C and its
absorbance was measured at 280 nm. An enzyme activity unit
(U) was dened as the amount of tyrosine released at 1 mg per
minute.
2.5 Enzymatic properties assay of Alcalase and immobilized
Alcalase

2.5.1 Effect of hydrolysis pH and temperature on enzyme
activity. The effects of hydrolysis pH (9–13) and temperature
(30–70 �C) on enzyme activity of Alcalase and immobilized
Fig. 3 The enzyme loading and activity recovery rate under different (a)

22084 | RSC Adv., 2022, 12, 22082–22090
Alcalase were further performed, and the test procedure for
enzyme activity can be seen in Section 2.4. The optimal hydro-
lysis condition is determined by the relative activity, which is
dened as the ratio of the activity at a certain condition to the
highest value in the same group, and is obtained by the
following equation:

Relative activity ð%Þ ¼ Ai

Amax

� 100% (3)

where Ai is the enzyme activity under a certain condition and
Amax is the highest enzyme activity under a specic condition.

2.5.2 Storage stability and reusability. To evaluate the
storage stability of free and immobilized Alcalase, the enzyme was
kept in deionized water at 4 �C and its activity was tested at the
optimal condition every 5 days for up to 30 days. As to the reus-
ability of immobilized Alcalase, the consumed immobilized Alca-
lase was separated out with an applied magnetic eld and washed
several times at the end of each hydrolysis process. Then, the
collected immobilized Alcalase was used in repeated hydrolysis
procedure with the same condition. The reusability of the immo-
bilized Alcalase was ascertained by the ratio of enzyme activity per
cycle to initial activity, which was regarded as 100%.
2.6 Characterization

SEM (Quanta 450FEG, FEI, America) was used to determine the
particle size andmorphology at an acceleration voltage of 3.0 kV
and resolution of 1.4 nm@1 kV. TEM (Teenai G2 F30 S-Twin,
FEI, America) imaging was performed with an electron gun
(LaB6), at an acceleration voltage of 200 kV, point resolution of
0.248 nm, and line resolution of 0.144 nm. FTIR (Nexus 670,
ThermoFisher Scientic, China) spectra was used to determine
the main constituents present in the particles at a wavenumber
range of 4000–400 cm�1. We present the survey specture
(binding energy range of 0–1350 eV) measured at a scanning
width of 1 eV by XPS (ESCALAB 250Xi, ThermoFisher Scientic,
China) to identify the chemical composition of immobilized
Alcalase. The X-ray source is a monochromated Al Ka Alpha line.
2.7 Se-enriched peptide preparation from CV by
immobilized Alcalase assisted hydrolysis

2.7.1 Extraction of CV proteins. CV protein was extracted by
alkali-solution and acid-isolation method.24 The powder of CV
was dissolved in NaOH solution (100 mM) at a solid/liquid ratio
of 1 : 40 (g mL�1), followed by incubation at 50 �C for 8 h. The
TA/PEI ratio, (b) pH, and (c) temperature.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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extracts were then concentrated 4 times with a rotary evaporator
and le overnight at 4 �C aer the pH was regulated to 3.5, aer
which the precipitate was collected by centrifugation at
4000 rpm for 15 min and lyophilized to obtain CV protein
powder.

2.7.2 Enzymatic hydrolysis of CV proteins. The prepared
CV protein was dissolved in deionized water to obtain protein
solution with a substrate concentration of 2% (m/v). 3 L above
protein solution was added to the enzymatic reactor, and the pH
was adjusted to 11 by adding moderate NaOH solution
(2 mol L�1). Next, a certain amount (250–650 mg) of immobi-
lized Alcalase was added to the protein solution, and the enzy-
matic reaction was kept at 50 �C for 1.5 h. Then, the peristaltic
pump was turned on and worked at a pressure of 0.2 MPa for
1 h, such that the enzyme hydrolysis solution passed through
the ultraltration membrane. The retentate liquid was returned
to the reactor to continue the enzymatic hydrolysis process, and
the permeate liquid was received for subsequent experiments
(seeing in Fig. 2). To maintain the equilibrium of the reaction
system, NaOH solution (2 mol L�1) was added continually
during this process. Aer the hydrolysis process was nished,
the ultraltration membrane separation device was cleaned.
The DH (degree of hydrolysis) of CV proteins was calculated by
the pH-stat method, the details can be seen in previous study.14
Fig. 4 SEM images of the magnetic (a) Fe3O4 NPs, (b) Fe3O4/TA/PEI carrie
and (e) immobilized Alcalase.

© 2022 The Author(s). Published by the Royal Society of Chemistry
2.8 Measurement of Se content and amino acid fraction of
Se-enriched peptide

Total Se content was tested by atomic uorescence spectrometry
according to our previous study,14 and the inorganic Se amount
was determined by HPLC-AFS method with the following
detailed conditions: negative high voltage of 240 V, Se lamp
current of 45mA, atomization temperature of 200 �C, carrier gas
ow rate of 300 mL min�1, shielding gas ow rate of 800
mL min�1. The separation of Se species was realized using an
anion exchange column (PRP-X100, 4.1 mm � 250 mm, 10 mm)
at 25 �C with a ow rate of 1.0 mL min�1, and the mobile phase
is a homogeneous mixture of equal amounts of KH2PO4 (40
mM) and KCl (20 mM) using isocratic elution.

The organic Se content is calculated by total Se minus inor-
ganic Se. GB 5009.124–2016 “Determination of amino acids in
food” (Chinese national standard) was used to determine the
amino acid by automatic amino acid analyzer (L-8900), and the
details can be seen our previous study.14
2.9 Statistical analysis

All our experiments were repeated three times and the data was
analyzed by using SPSS 19.0. Deference between individual
experiments were treated using analysis of variance (ANOVA)
r, and (c) immobilized Alcalase. TEM images of magnetic (d) Fe3O4 NPs

RSC Adv., 2022, 12, 22082–22090 | 22085
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and compared by Ducan's range test to a signicance level of
5%. All results are expressed as mean � standard deviations.
3 Results and discussion
3.1 Alcalase immobilization

3.1.1 Single-factor experiment of Alcalase immobilization.
Alcalase was immobilized on Fe3O4 through the bridge of TA
coating, and the mechanical stability of the coating is improved
by the addition of PEI due to its cross-linking effect.25 Hence, it
was speculated that the ratio of TA to PEI will inuence the
enzyme loading and activity recovery rate. As can be seen in
Fig. 3a, the enzyme loading and activity recovery rate increased
rapidly with TA/PET ratio decreasing before it was up to 1 : 1,
and then decreased with TA/PET ratio decreasing further. The
results were similar to the ndings reported by Ran et al.,26 and
the possible reason for the decreased enzyme loading and
activity recovery rate of Alcalase at lower TA/PEI ratio may be
that the available adsorption sites on TA coating become satu-
rated, and excess PEI inhibits the interaction between TA
coating and Alcalase.26

As seen in Fig. 3b, the enzyme loading and activity were
peaked at pH of 10. The reason is that, under strong bases
conditions (pH 11 and 12), the biological activity of enzymes as
proteins is destroyed, since their spatial structure and
secondary bonds was disrupted. On the other hand, under weak
alkaline conditions (near pH 8.5), the pyrogallol groups in TA
oligomers is readily oxidized to quinone groups and further
cross-linked with the amine group of PEI due to Schiff base/
Michael addition reaction,27 and thus little active sides of TA
coating was le to immobilize Alcalase. In addition, the
temperature–activity curve of the enzyme (Fig. 3c) showed that
the enzyme activity increased with increasing temperature,
when the enzyme distribution on Fe3O4/TA/PEI carrier was
accelerated, so that the adsorption rate was the main limiting
factor of the enzyme activity. With further increase in temper-
ature, the enzyme activity decreases sharply, at which time the
thermal stability shi of the enzyme conformation turns to be
the main constraint.28 Overall, considering the enzyme loading
Fig. 5 FTIR of (a) magnetic Fe3O4 NPs, Fe3O4/TA/PEI carrier and immob

22086 | RSC Adv., 2022, 12, 22082–22090
and activity, a TA/PEI ratio of 1 : 1, pH of 10, and temperature of
40 �C were chosen to carry out the subsequent experiments.

3.1.2 Properties of immobilized Alcalase. The Alcalase was
immobilized under the optimal conditions mentioned above,
and scanning electron microscopy analysis was performed to
compare its surface morphologies with Fe3O4 NPs andmagnetic
Fe3O4/TA/PEI carriers. As shown in Fig. 4a, Fe3O4 NPs have
approximately spherical structure and good dispersion (average
diameter of 124 nm). Aer modifying with TA and PEI, the
spherical structure of carrier was kept and no obvious
agglomeration phenomena was found, contributing to the
efficiency of the immobilized enzyme.29 Meanwhile, the average
diameter of the NPs increased to 175 nm, which can be attrib-
uted to formation of TA/PEI coating. Similarly, the particle size
of Fe3O4/TA/PEI aer immobilization of Alcalase was further
increased to 185 nm owing to the integration of enzymes with
NPs.30 The TEM morphology of immobilized Alcalase show
a core–shell structure (Fig. 4e), and the central black area was
Fe3O4 NPs, surrounded by a very thin gray layer visible, which
should be a uniformly dispersed coating formed by TA and PEI
cross-linking.31

To conrm the successful adhesion of TA–PET coating and
the effective immobilization of Alcalase, the FTIR spectra of
Fe3O4 NPs, Fe3O4/TA/PEI carrier and immobilized Alcalase by
analyzed. As shown in Fig. 5a, two new peaks at 1342 cm�1 and
1534 cm�1 were observed aer the modication of Fe3O4 carrier
by TA and PEI. The new peaks at 1342 cm�1 and 1534 cm�1 were
assignable to phenol groups and N–H stretching vibration,29,32

respectively, suggesting the successful loading of TA and PEI on
Fe3O4 NPs. Meanwhile, the peak at 1639 cm�1 was the charac-
teristic absorption peak of C]N, which conrmed the Schiff
base reaction between TA and PEI.29,30,32 Furthermore, XPS
analysis was conducted to verify the successful preparation of
AP@ Fe3O4/TA/PEI. As shown in Fig. 5b, the stronger peak at
285.25 eV and 400.09 eV is the characteristic peak of C element
and N element, respectively, suggesting that Alcalase was
successfully immobilized on TA/PEI coated Fe3O4 NPs.

3.1.3 Performance evaluation of immobilized Alcalase. The
temperature response on the relative activity of the free and
ilized Alcalase. XPS survey spectra of (b) immobilized Alcalase.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Effect of (a) temperature, (b) pH, (c) storage time on relative enzyme activity, and (d) number of reuses.
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immobilized Alcalase is showed in Fig. 6a. The optimal
temperature for both immobilized Alcalase and free Alcalase
were 50 �C, yet immobilized Alcalase was less affected by
temperature than free Alcalase and maintained high enzyme
activity over a wider temperature range. This may be owing to
the multi-stage mesh structure of TA/PEI coating, providing
some protection to the Alcalase, thus improving the tempera-
ture resistance and inhibiting the destroy of spatial conforma-
tion of enzyme at high temperatures.33,34

The effect of pH (9–13) on the activity of free and immobi-
lized Alcalase was also investigated, and the results are
compared in Fig. 6b. The optimum pH of free Alcalase is 10,
while the optimum pH of immobilized Alcalase rises to 11 with
improved pH tolerance compared to free Alcalase. The result
was similar to previous studies wherein the optimal pH of the
enzyme increased aer immobilization, which may be
explained by the fact that the immobilization process changed
the net charge distribution of enzyme.19,35,36

Further, the storage stability of immobilized Alcalase and
Alcalase were tested by storing these enzymes at 4 �C for 30
days, during which the relative enzyme activity was identied
every 5 days. Aer one month of storage, the immobilized
Alcalase maintained 79.3 � 1.2% enzyme activity, obviously
higher than that of free Alcalase (75.8 � 1.2%). The auto-
solubility of free Alcalase may lead to a severe decrease in its
relative activity, while the interaction between Alcalase and
Fe3O4/TA/PEI may contribute to a higher conformational
stability of Alcalase.37,38
© 2022 The Author(s). Published by the Royal Society of Chemistry
It is known that the most outstanding advantage of enzyme
immobilization is that the enzyme can be easily separated from
the reaction system and reused for several times. To explore the
potential of immobilized Alcalase for industrial applications, its
reusability was further investigated. As shown in Fig. 6d, an
obvious decrease in the enzyme activity of immobilized Alcalase
was found at the rst four cycles. This may be attributed to that
part of Alcalase was not connected with the Fe3O4/TA/PEI carrier
rmly, leading to enzyme leakage during the recycling process.39

Aer the rst four cycles, the activity of immobilized Alcalase
reduced gently, probably because of the slow inactivation of
Fig. 7 Hydrolysis of CV protein at different enzyme addition.
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Fig. 8 Chromatogram of different forms of Se standard solutions.

Table 2 Analysis of amino acid fraction of CV peptidea

Amino acid type
Relative content
(%)

Aspartic acid (Asp) 2.99
Threonine* (Thr) 3.56
Serine (Ser) 5.57
Glutamic acid (Glu) 6.52
Proline (Pro) 1.42
Glycine (Gly) 10.52
Alanine* (Ala) 12.22
Cysteine (Cys) 1.26
Valine* (Val) 7.06
Methionine* (Met) 4.03
Isoleucine* (Iso) 3.15
Leucine* (Leu) 11.28
Tyrosine (Tyr) 8.06
Phenylalanine* (Phe) 9.73
Histidine (His) 2.65
Lysine* (Lys) 7.31
Arginine (Arg) 2.68

a Note: * represents essential amino acids.
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Alcalase upon use.40 Nevertheless, unlike the free Alcalase
which could only be used once, the enzyme activity of immo-
bilized Alcalase could still reach 61 � 1.2% of the initial activity
aer 10 times reuse, which greatly reduced the costs.

3.2 Se-enriched peptide preparation

The prepared immobilized Alcalase were further used for the
hydrolysis of CV protein to evaluate its application on the
production of Se-enriched peptide, and the inuence of enzyme
addition amount on the DH of CV protein was identied. The
temperature and pH were xed at 50 �C and 11 to improve the
activity of immobilized Alcalase according to the previous
results (shown in Fig. 6). It can be seen from Fig. 7 that, the DH
gradually increased with the increase of immobilized Alcalase
addition, and reached the maximum when the immobilized
Alcalase addition was between 550 mg and 650 mg, which was
due to the fact that the increase of enzyme addition would
directly promote the efficiency of enzyme hydrolysis. The
optimum immobilized Alcalase addition was determined to be
550 mg, taking into account the cost factor.

Since the total and organic Se content is an important factor
for the application of obtained se-enriched peptide, AFS and
HPLC-AFS were used in this study to determine the total Se and
distribution of Se species, respectively. Fig. 8 shows the chro-
matographs of the ve common Se forms, which indicates that
inorganic Se was well separated from the organic Se, enabling
the accurate quantication of inorganic Se content. Based on
the above discussion, the total and organic Se content of CV
protein and CV peptide were calculated and presented in Table
1. It can be found that CV peptide shows high organic Se
Table 1 Total and organic Se content of CV protein and CV peptide

Name of the sample Total Se (mg kg�1)
I
(

CV protein 5330 � 31 6
CV peptide 3130 � 19 2

22088 | RSC Adv., 2022, 12, 22082–22090
content, which reached up to 2914� 14mg kg�1, accounting for
93.1% of the total Se. In this context, CV peptide derived from
the CV protein with immobilized Alcalase is a promising Se
supplement.

On the other hand, the amino acid composition of obtained
Se-enriched peptide was analyzed, with results shown in Table
2. It can be found that the amino acids in the Se-enriched
peptide are complete, and the main amino acids are alanine,
leucine and glycine, followed by phenylalanine and tyrosine. In
particular, alanine has the highest content, accounting for 12%
of the total amino acids. Nevertheless, cysteine accounts for
a relatively low percentage, which may be undetectable as Se
substituted S is combined with cysteine amino acids.41 In
addition, the molecular weights of the Se-enriched peptide were
mainly distributed in 739.3 Da (8.0%), 942.4 Da (75.7%) and
1013.4 Da (16.3%), indicating that the products were thoroughly
enzymatically digested and the molecular weights were
uniformly distributed.

Table 3 compares the degree of hydrolysis of proteins from
different raw materials, including CV. We found that the degree
of hydrolysis while using the Alcalase on Fe3O4 modied by TA
and PEI was higher compared to other immobilized Alcalase.
Meanwhile, although the degree of hydrolysis is similar to the
free Alcalase of Wu et al.,14 it has the advantages of reusability
and economic savings, which can better enable the commercial
mass production of Se-enriched peptide.
norganic Se
mg kg�1)

Organic Se
(mg kg�1)

Percentage of
organic Se (%)

60 � 8 4670 � 23 87.6
16 � 4 2914 � 14 93.1

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Process in enzymatic hydrolysis of protein

Raw material Type of enzyme Degree of hydrolysis Reutilization Ref.

CV Immobilized Alcalase 23.2% Yes This study
CV Alkaline protease and neutral protease Not explored No 42
CV Alkaline protease 21.4% No 14
Chickpea Immobilized Alcalase 10% Yes 43
Isolated rapeseed protein Immobilized Alcalase 18.40% Yes 16
Se-enriched rice protein Se-enriched rice protein Alcalase 22.59% No 44
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4 Conclusion

In summary, we prepare an immobilized enzyme by using
Alcalase as active component and TA and PEI modied Fe3O4

NPs as carrier. SEM, TEM, FTIR, and XPS results showed the
successful synthesis of immobilize enzyme. Subsequently, aer
immobilization of Alcalase on Fe3O4/TA/PEI under optimal
conditions, the obtained immobilized enzyme showed higher
thermal and pH stability compared with the free enzyme, and
retained 61.0% of the initial enzyme activity aer 10 cycles.
Moreover, the prepared immobilized Alcalase was applied for
the preparation of Se-enriched peptide using CV protein as raw
material. The Se-enriched peptide obtained from the optimal
process shows an organic Se content of 2914 mg kg�1,
a molecular weight of 942.4 Da (75.7%), and a complete amino
acid fraction. Therefore, this study provides the fundamental
basis to immobilize Alcalase on Fe3O4 modied by TA and PEI,
and solved the problem of enzyme stability and activity in
producing Se-enriched peptides.
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