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Abstract In this paper, the free Phospholipase A; (PLA;)
was immobilized on a magnetic carrier. The average par-
ticle diameter of the magnetic carrier was 97 + 1.3 nm,
and the average particle diameter of the magnetically
immobilized PLA; was 105 nm £ 1.3 nm. The enzyme
activity was 1940.5 U/g. The magnetic enzyme was
chemically modified with formaldehyde, dextran-aldehyde,
and dextran-aldehyde-glycine. The proportions of primary
amino groups in the modified magnetic immobilized
enzyme PLA;| were 0, 53.5% and 47.3%, respectively. The
optimum pH of the enzyme after chemical modification
was 6.5. When the system temperature was 60 °C, the
magnetically immobilized PLA; modified with dextran-
aldehyde-glycine had the optimal activity and stability.
This chemically modified magnetic immobilized PLA; was
applied to soybean oil degumming at 60 °C, 6.5 h (reaction
time), and 0.10 mg/kg (enzyme dosage). The phosphorus
content in the degummed oil was 9.2 mg/kg. The relative
enzyme activity was 77.6% after 7 reuses which would be
potentially advantageous for industrial applications.
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Introduction

Free enzymes are widely used in food processing, but they
are difficult to recycle and reuse. The efficiency of an
enzyme can be improved by immobilization (Sheldon and
van Pelt 2013). Enzyme immobilization techniques include
adsorption, embedding, and covalent cross-linking. Mainly,
covalent cross-linking is widely used (De Simone et al.
2018; Yang et al. 2019). The high molecular organic carrier
can improve the efficiency of the enzyme, but it is difficult
to separate the substrate. The magnetic immobilized
enzyme prepared by using ferroferric oxide as a carrier can
be rapidly separated from the substrate and can be reused
for a long time (Wang et al. 2017). Especially, the nano-
magnetic immobilized enzymes have many functional
properties and they are a research hotspot of existing
immobilized enzymes (Lei et al. 2011). It has been
demonstrated that enzymes immobilized on magnetic
nanoparticles can be easily separated from the reaction
medium, stored and reused (Hu et al. 2008). Nevertheless,
after immobilization, the stability is relatively weak com-
pared to the chemically modified enzyme.

Degumming is an important part of the refining process.
In this process, different phospholipases hydrolyze ester
bonds at different positions of phospholipids to obtain
lysophospholipids and fatty acids (Xiang et al. 2020; Sun
et al. 2019). The main purpose is to reduce the phosphorus
content in the oil. Compared with other methods, enzy-
matic degumming has many advantages. Degummed oil
can meet the need of physical refining, reduce water
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consumption and wastewater generation (Sampaio et al.
2019). Furthermore, enzymatic degumming can reduce
energy consumption and achieve a higher refined oil yield
(Fang et al. 2018). With the development of enzymatic
degumming technology, many phospholipases have been
used for the degumming of vegetable oils, including
phospholipase A; (PLA;), phospholipase A, (PLA,),
phospholipase B (PLB) and phospholipase C (PLC). Par-
ticularly, PLA, is widely used in the degumming of various
vegetable oils, has wide applicability and good prospects
(Manjula et al. 2011). PLA, is an enzyme that hydrolyzes
phospholipid ester bonds at the sn-1 position to produce
2-acyl-lysophospholipids and fatty acids (Aoki et al. 2007).
PLA, can reduce the phosphorus content in soybean oil and
reach an acceptable level of physical refining (Jiang et al.
2014). Presently, degumming process using immobilized
phospholipase was widely reported in the literature, how-
ever there are few studies on the stability effect of chem-
ically modified PLA; (Fang et al. 2018).

Chemical modification of enzymes is widely used as a
tool to improve enzyme stability (Fang et al. 2018).
Aldehydes are commonly used in enzyme modification (Hu
et al. 2014) including dextran-aldehyde-glycine (Rueda
et al. 2016), dextran-aldehyde (Bi et al. 2016), formalde-
hyde (Zi-Jian et al. 2016) and so on. The content of the
primary amino group is reduced after chemical modifica-
tion, and the stability of the enzyme is improved (Ro-
drigues et al. 2009). The modification process introduces a
highly hydrophilic polymer into the enzyme molecule. This
modification improves the stability of the enzyme without
altering its activity. At present, chemical modification can
not only change the stability of the enzyme, but also the
catalytic activity and specificity of the enzyme (Bhatti et al.
2007; Siar et al. 2018). Thereby, it makes excellent char-
acteristics compared to natural enzyme, and broadens its
biological and medicinal applications (Fang et al. 2018).

In this paper, the free PLA; was immobilized on the
carrier to prepare the magnetic immobilized enzyme
Fe;0,4/Si0x-gP(GMA)-PLA ;. Then, the effects of different
chemical modification agents on magnetic immobilized
PLA, were investigated. The properties of the chemically
modified enzyme and its application for soybean oil
degumming were studied. This comparative study on the
immobilization technology of PLA; could have several
industrial applications, and in particular vegetable oils
degumming process.
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Materials and methods
Material

Phospholipase A;, was purchased from Novozymes China
Biotechnology Co., Ltd, (free enzyme activity is 8200
U/g). Formaldehyde was obtained from Wokai Chemical
Technology Co., Ltd. Glucan (30 mg/mL) was obtained
from Sinopharm Chemical Reagent Co., Ltd. Sodium
borohydride was obtained from Shanghai Aladdin Bio-
chemical Technology Co., Ltd. The dioxane (95%) was
obtained from Sinopharm Chemical Reagent Co., Ltd.
Soybean oil with free fatty acid content of 0.95 g/100 g, oil
phosphorus content of 142.4 mg/kg, soybean variety Bei-
dou No. 41, was obtained from Jiu San Group Harbin
Wellcome Food Co., Ltd.

Immobilization of PLA, and its modification
mechanism

The magnetic carrier, enzyme and its chemical modifica-
tion process are shown in Fig. 1. The modification of
magnetically immobilized PLA; with formaldehyde lead to
Fe;04/Si0x-gP(GMA)-PLA-CH,0. The modification of
the magnetically immobilized PLA; with dextran-aldehyde
lead to Fe3;04/SiOx-g-P(GMA)-PLA-Dx. The modifica-
tion of the magnetically immobilized PLA; with glucan-
aldehyde-glycine lead to Fe;0,/SiOx-g-P(GMA)-PLA;-
Dx-Gly.

Development, characterization, and modification
of magnetically immobilized PLA,

Development of magnetic carrier and magnetically
immobilized PLA;

The magnetic carrier and magnetically immobilized PLA;
were prepared by the method of (Yu et al. 2018). The
magnetic carrier Fe;0,4/SiOx-g-P(GMA) was prepared with
reference to atom transfer radical polymerization (ATRP)
method. The Fe;O,4 nanoparticles and SiOx are combined
to obtain Fe30,4/SiOx composite particles. The Fe;0,4/SiOx
composite particles were modified by APTS method.
Multifunctional groups were introduced and Fe;0,/SiOx-g-
P (GMA) carrier was obtained after the modification.

Fe;0,4/Si0x-g-P (GMA) (1 g) was placed in a beaker
and 550 U/ml PLA; phosphate buffer (pH of 6.5) was
added and stirred for 5 h. After filtration, it was washed
repeatedly with phosphate buffer solution, and finally fil-
tered to obtain magnetic immobilized PLA, named Fe;0,/
SiOx-g-P(GMA)-PLA |, dried and stored in a refrigerator at
4 °C.
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Fig. 1 Chemical modification of magnetically immobilized PLA,

Characterization of magnetic carrier and magnetically
immobilized PLA,

Fe;0,/Si0x-g-P(GMA) and Fe;0,/SiOx-g-P(GMA)-PLA
(3 g) were freeze-dried and dissolved in absolute ethanol
for 10 min, and the samples were evenly dispersed (Xie
et al. 2020; Yu et al. 2018). The particle size distribution
was measured under the following operating conditions;
the temperature of 25 °C, counting rate of 87 kCps, mea-
surement angle at 90°, and wavelength at 633 nm. The
samples were measured by using a Mastersizer 3000 laser
particle sizer (Malvern Panalytical Ltd., Malvern, UK).

Fe;04/Si0x-g-P(GMA)-PLA1 sample (3 g), was dried
in a vacuum drying box, grinded into powder, and pressed
into tablets. The Ka ray of Cu was selected, the operating
conditions were 1.5406 wavelength, voltage 40 kV, current
40 mA, scanning speed 4°/min, the samples were analyzed
by using a D2 Phaser benchtop X-ray diffractometer from
Bruker AXS Co. (Karlsruhe, Germany).

Chemical modification of Fe;0,/SiOx-g-P(GMA)-PLA;
with formaldehyde

Modification with formaldehyde was performed according
to a previously described method (Real-Guerra et al. 2013).
One gram of Fe;0,/SiOx-g-P(GMA)-PLA| was suspended
in 10 mL of 25 mM sodium phosphates at pH 7.0. Then
0.1% (v/v) of formaldehyde was added to the suspension
and gently stirred for 3 h at 25 °C. Filtration of the sus-
pension allows to obtain a solid product. This solid was
resuspended in 100 mmol/L sodium bicarbonate solutions
at pH=10 and further reduced by using sodium

N=H, NH-CH;
NaBH,
0 ——
N=H, NH-CH;
N=H, NH-CH;
Formaldehyde
NH, followed by NaBH, NH-CH;
Treatment
NH-CH;Dex - NH-CH;-Dex
NH-CH;-Dex NH-CH;-Dex

borohydride at a concentration of 1 mg/mL. The modified
and reduced solid product was filtered, washed with a
phosphate buffer of pH = 7.0, and then thoroughly washed
with distilled water to obtain Fe3;0,/SiOx-g-P(GMA)-
PLA-CH,O. The formaldehyde modified enzyme was
stored at 4 °C for further use.

Chemical modification of Fe;0,/SiOx-g-P(GMA)-PLA;
with dextran-aldehyde

Modification of Fe;0,/SiOx-g-P(GMA)-PLA, was per-
formed using dextran (MW = 70, 000 Da) with 50% oxi-
dation (Orrego et al. 2018). At 25 °C, one gram of Gx-
TLL-A was mixed with 10 mL of dextran (30 mg/mL) in
0.2 mol/L sodium phosphate buffer at pH 7.0 and incu-
bated for 12 h. After incubation, the suspension was fil-
tered, resuspended in a 100 mmol/L sodium bicarbonate
solution at pH = 10, and further reduced by using a sodium
borohydride (1 mg/mL). The reduced solid product was
modified with formaldehyde as described above in 2.3.1,
and Fe;04/SiOx-g-P(GMA)-PLA |-Dx was prepared and
stored at 4 °C.

Chemical modification of Fe;0,/SiOx-g-P(GMA)-PLA
with glucan-aldehyde-glycine

Modification of Fe;0,/SiOx-g-P(GMA)-PLA; with dex-
tran-aldehyde-glycine was performed according to a pre-
viously described method (Fuentes et al. 2004). One gram
of Fe30,4/SiOx-g-P(GMA)-PLA; was incubated with
10 mL of a solution containing dextran—aldehyde—glycine
(30 mg/mL) in 0.2 mol/L sodium phosphate at pH 7.0 and
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25 °C for 12 h. As an end point to the cross-linking reac-
tion, the samples were resuspended in 100 mmol/L sodium
bicarbonate solution at pH = 10 and further reduced by
using sodium borohydride (1 mg/mL). The obtained
Fe;0,4/Si0x-g-P(GMA)-PLA |-Dx-Gly was prepared and
stored at 4 °C.

Stability of magnetic immobilized PLA,

The magnetically immobilized PLA; was incubated in
phosphate buffers for 4 h at 60 °C to study the effect of
different pH on the relative enzymatic activity of mag-
netically immobilized PLA;. Equally, the immobilized
enzyme was incubated at 50 °C in 50 mmol/L. phosphate
buffer at pH 6.5 to study the effect of incubation time on
the relative enzymatic activity. The effect of dioxane
(95%) on the relative enzymatic activity of the magneti-
cally immobilized PLA, was also investigated. The sus-
pension was vigorously stirred and each time a sample was
taken using a pipette to obtain a more uniform magneti-
cally immobilized PLA; suspension (Kajiwara et al. 2017,
Ariaeenejad et al. 2020).

Application of magnetically immobilized PLA,

The effect of magnetically immobilized PLA; on removing
soybean oil

The magnetic immobilized PLA; with the finest stability
after chemical modification was applied to the degumming
of soybean oil. Soybean oil (300 g) was placed in 500 mL
flask, heated to 80 °C in a water bath, citric acid 45% was
added and mixed rigorously. The soybean oil mixed with
citric acid was cooled, and the pH of the whole system was
adjusted to 6.5 by adding a 4% NaOH aqueous solution.
One mg of magnetically immobilized PLA; was soaked
with deionized water and added to soybean oil (0.10 mg/
kg). The remaining mixture was stirred and lead to react at
65 °C (Yu et al. 2012). The effect of degumming was
assessed by measuring the amount of residual phosphorus
in soybean oil.

Reuse times of magnetic immobilized PLA,

Magnetically immobilized PLA; was applied for soybean
oil degumming. When the amount of residual phosphorus
is below 10 mg/kg, the relative enzyme activity was
measured. The enzyme is reused for a new degumming
cycle if the enzyme activity is higher than 80%. The
number of reuses and changes in relative enzyme activity
was recorded until the enzyme activity is less than 80%
(Yu et al. 2013b).
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Indicator determination of enzyme activity, primary
amino and phosphorus content

PLA,; enzyme activity assay

PLA, activity was determined using the method described
previously (Yu et al. 2013b). The enzyme activity was
expressed as pmol of NaOH consumed per min which is
equivalent to 1 mmol/L of fatty acid released per min
under the assay conditions. Phospholipase activity (1 unit)
is defined as the amount of phospholipase required to
hydrolyze phospholipids to produce 1 pumol of free fatty
acid within 1 min under certain conditions. The phospho-
lipase activity of a solid enzyme preparation is expressed as
a unit of phospholipase activity measured per gram (g) of
immobilized enzyme, ie U/g. The equation for the relative
activity of phospholipase is as follows:

Relative activity (%) = A/B x 100%

A: Enzyme activity under different treatment conditions.

B: Enzyme activity in the control group (Control group
is the enzyme with the highest activity in the single factor
test group).

Determination of primary amino group content

Primary amines residues were titration using the picryl-
sulfonic acid method (Liang et al. 2018). The magnetically
immobilized PLA; (100 mg) was suspended in 0.4 mL of
100 mM sodium bicarbonate at pH 9. The suspension was
incubated at 25 °C, and after 10 min 0.1 mL of picrylsul-
fonic acid (5%, w/w solution) was added. The colored
derivatives were filtered and washed consecutively with a
saturated NaCl solution, distilled water, and with 100 mM
sodium bicarbonate at pH 9. A total of 50 mg of the col-
ored preparations were then re-suspended in 2 mL of
sodium bicarbonate (100 mM, pH 9) and their spectra were
determined.

Determination of phosphorus content in oils and fats

The phosphorus content in the oil is determined according
to the AOCS method of 12-55 (AOCS. 1997).

Data processing method

All experiments were conducted in triplicate. The data
were plotted using the Origin 8.5 statistical analysis soft-
ware (Northampton, MA, USA) and Design Expert 8.0
software (Stat-Ease Inc., Minneapolis, MN, USA).
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Results and discussions

Particle size distribution of the magnetic carrier
and magnetically immobilized PLA,

The particle size distribution of Fe;0,4/SiOx-g-P(GMA)
and Fe30,4/SiOx-g-P(GMA)-PLA, is shown in Fig. 2. The
particle size distribution of Fe;0,/SiOx-g-P(GMA) parti-
cles is between 59 and 225 nm, and the average particle
size is 97 & 1.4 nm. The particle size distribution of
Fe;0,4/Si0x-g-P(GMA)-PLA, particles are in the range of
68-220 nm, and the average particle size is 105 + 1.4 nm.

X-ray diffraction analysis of magnetically
immobilized PLA,

The X-ray diffraction pattern of Fe;0,/SiOx-g-P(GMA)-
PLA, is shown in Fig. 3. The diffraction peaks of the
magnetic carrier were 18.30°, 30.20°, 35.60°, 43.20°,
53.40°, 57.10° and 62.60° at 20. The diffraction peaks of
the magnetically immobilized PLA; were 18.30°, 30.10°,
35.50°, 43.10°, 53.50°, 57.00° and 62.60° at 26. Magnetic
carrier and magnetically immobilized PLA; were consis-
tent with the characteristic peaks of the standard Fe;Oy4
particles. Fe3;0,/SiOx-gP(GMA)-PLA, has a diffraction
peak at the same position as Fe;O,. This result showed that
the crystal phase structure of Fe;O, particles was not
modified by the reaction of immobilization (Wang et al.
2014). The crystal phase peak of PLA; did not appear in
the XRD pattern, indicating that the free phospholipase A,
was uniformly distributed on the magnetic carrier.
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Fig. 3 XRD spectrum of Fe;04/SiOx-g-P(GMA)-PLA,

Effect of chemical modification of magnetically
immobilized PLA,

Effect of chemical modification on the primary amino
group content of the enzyme

The content and enzyme activity of the remaining primary
amino groups of the chemically modified magnetically
immobilized PLA, is shown in the supplementary Table 1.
Compared with the unmodified enzyme, Fe;0,/SiOx-g-
P(GMA)-PLA, showed exposed primary amino group. The
magnetically immobilized PLA; was modified with
formaldehyde, and the exposed primary amino groups were
completely transformed, and modified with dextran-alde-
hyde and dextran-aldehyde-glycine. Thus, the primary
amino group content was reduced by about 50% (Garcia-
Galan et al. 2013). The modification of magnetically
immobilized PLA; with dextran-aldehyde-glycine exhib-
ited higher enzymatic activity.

Effect of pH on relative enzyme activity of magnetic
immobilized PLA,

Magnetically immobilized PLA; was incubated in phos-
phate buffer for 4 h at a temperature of 60 °C. According
to Fig. 4) the pH of the reaction system affected the rela-
tive enzymatic activity of the magnetically immobilized
PLA,. The optimum pH values of the four magnetically
immobilized PLA; were 6.5, the range of pH withstand of
the modified magnetically immobilized PLA; was signifi-
cantly broadened. At pH 5, the relative enzyme activity
was about 84.9%, at pH 8.5, the relative enzyme activity
was 83.5%. The relative enzyme activities of the enzyme
modified with formaldehyde at lower pH (5) and higher pH
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Fig. 4 Effect of pH (a) temperature (b) and organic solvent (95%
dioxane) (¢) on the relative enzyme activity of magnetically
immobilized PLA;

(8.5) were 75.8% and 68.3%, respectively. The relative
enzyme activities of enzymes modified with dextran alde-
hyde at low and high pH were 79.7% and 80.9%, respec-
tively. The relative enzyme activities of the unmodified
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enzyme at low and high pH were 67.3% and 62.8%
respectively. The chemically modified pH range of the
enzyme is broadened, the chemical modification possibly
reduces the unstable primary amino group and changes the
environment around the enzyme molecule. In addition, the
modified enzyme has the same optimal pH value as the
original enzyme, and the modified enzyme can maintain
higher activity, indicating that the modifier does not bind to
the active center of the enzyme, but forms a protective film
around the enzyme. Chahardahcherik et al. (2020) used
carboxymethyl dextran to chemically modify L-asparagi-
nase and concluded that chemical modification had no
effect on the optimal pH. The changes in pH stability and
optimal pH are attributed to the protection of the active site
by the modification reagent. Rodrigues et al. (2011) also
showed that the barrier function of the modified hydro-
philic polymer on the enzyme surface protects the enzyme
in harsh conditions.

Effect of magnetically immobilized PLA; on thermal
stability

Magnetically immobilized PLA; at pH = 6.5, 60 °C, the
effect of incubation time on the relative enzymatic activity
of magnetically immobilized PLA, is shown in Fig. 4b.
The chemical modification of the magnetically immobi-
lized PLA; with formaldehyde induced a slight increase in
the thermal stability of the enzyme. After the incubation for
24 h, the relative enzyme activity was 55.8%. The chem-
ical modification with dextran-aldehyde also increased the
thermal stability of the immobilized enzyme. After the
incubation for 24 h, the relative enzyme activity was
46.8%. The Fe;04/Si0x-g-P(GMA)-PLA-Dx-Gly
obtained by the modification of dextran-aldehyde-glycine
exhibited the highest thermal stability of the enzyme. The
relative enzyme activity was close to 70% and the enzyme
activity of the unmodified magnetic immobilized enzyme
was 42.2% after 24 h of incubation. The chemical modi-
fication improved the thermal stability of the enzyme. This
result is consistent with those reported by Hassani and
Nourozi (2014). Different modification reagents were
applied to the modification process of Horseradish Perox-
idase, and the thermal stability of the enzyme was
improved. Several modification reagents introduce hydro-
philic groups into the enzyme, and generally higher degree
of hydrophilicity can lead to higher stability. The thermal
stability of the modified enzyme is enhanced by the pro-
tection of the hydrophilic group from contact with water,
thereby improving the stability of the enzyme after
chemical modification (Hassani and Nourozi 2014).
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Stability of magnetically immobilized PLA; in organic
solvent

Magnetically immobilized PLA; was assessed at pH = 6.5,
60 °C. The effect of incubation time on the relative enzy-
matic activity of magnetically immobilized PLA; was
incubated in 95% dioxane solvent, as showed in Fig. 4c.
Enzyme stability after chemical modification has been
improved. The stability of the enzyme modified with
dextran-aldehyde-glycine is the finest, after 70 h of incu-
bation in an organic solvent, the relative enzyme activity is
still 66.8%. The relative enzyme activity of magnetically
immobilized enzymes modified with formaldehyde and
dextran-aldehyde were 53.1% and 47.5%, respectively. The
relative activity of unmodified magnetically immobilized
enzymes was 43.8%. It shows that the stability of enzymes
in organic solvents is improved after chemical modifica-
tion. Previous study showed that the stability of lipase was
improved in an organic solvent system. The hydrophilic
polymer surface-modified by the immobilized enzyme can
prevent organic solvents to reach the active center of the
enzyme, thus improving its stability (Jia et al. 2013).
Kajiwara et al. (2019) chemically modified the lipase with
dextran. After modification, lipase showed higher stability
in the presence of different organic solvents, which is
consistent with our results. In the presence of organic
solvents, the hydrophilicity around the enzyme molecule is
linked to the stability of the enzyme. If the hydrophilicity
around the enzyme is low, the enzyme is easily inactivated
in the presence of an organic solvent. However, if the
hydrophilicity around the enzyme is very high, the tightly
bound water molecules will form a good aqueous
microenvironment around the enzyme, and the frequency
of direct contact between organic solvent molecules and
enzyme molecules will be reduced. As a result, the enzyme
can maintain its activity in the presence of organic solvents
(Kajiwara et al. 2019).

Application effect of magnetic immobilization PLA

Effect of magnetic immobilized PLA; on soybean oil
degumming

When assessing the pH, the thermal tolerance, and the
stability of the magnetic immobilized enzyme in organic
solvent, it was found that Fe;04/SiOx-gP(GMA)-PLA -
Dx-Gly has a wide range of tolerance. Therefore, Fe;O04/
SiOx-gP(GMA)-PLA-Dx-Gly was used for the subsequent
study.

At a temperature of 60 °C, pH = 6.5, an enzyme dosage
of 0.10 mg/kg, magnetically immobilized PLA; was
applied to soybean oil degumming. The amount of residual
phosphorus in the treated oil changed with the degumming

time (Fig. 5). The phosphorus content in the two enzyme
degumming oils decreased dramatically and then slowly,
this is consistent with the changing trend reported by Yu
et al. (Yu et al. 2013a, b). After 6.5 h, the phosphorus
content in the degummed oil decreased to meet the pro-
duction requirements (< 10 mg/kg). When the reaction
time continues to increase, there is no significant change in
the amount of residual phosphorus. Adequate reaction time
ensures that the degumming reaction is carried out com-
pletely. While an extremely long reaction time reduces the
enzyme activity since the temperature of the degummed oil
system affects the phospholipase activity center. By com-
paring the degumming result, it was found that the chem-
ically modified magnetically immobilized PLA; slightly
inhibited the degumming process. Nevertheless, after a few
hours, the amount of residual phosphorus in the oil could
also meet the production requirements.

Reuse effect of magnetically immobilized PLA;

The Reuse effect of magnetically immobilized PLA; was
assessed at a temperature of 60 °C, pH = 6.5, an enzyme
dose of 0.10 mg/kg. The enzyme activity of Fe;0,/SiOx-g-
P(GMA)-PLA,-Dx-Gly changed as the number of reuses
increases (Fig. 6). The relative activity of the magnetically
immobilized PLA | decreased. Probably the molecules such
as phosphorous acid in soybean oil were esterified with
certain amino acid residues to cover the surface of the
PLA, which increases the steric hindrance of the magnet-
ically immobilized PLA,; active center. This leads to a
decrease in the relative enzyme activity of magnetically
immobilized PLA; (Qu et al. 2016). After 7 cycles, the
relative enzyme activity was reduced to 77.6%, which no
longer met the need for the degumming process. The
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Fig. 5 Residual phosphorus of magnetically immobilized PLA;
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[ee]
(=]
T
-
//
L |

Number of uses

Fig. 6 Reusability of magnetically immobilized PLA;

Fe;04/Si0x-g-P(GMA)-PLA | without chemical modifica-
tion was reduced to less than 80% after 5 cycles. Therefore,
by comparison with the chemical modified PLA; the
number of repeated uses of the magnetically immobilized
PLA, was significantly increased.

Conclusion

In this paper, magnetic carrier and magnetic immobilized
enzyme Fe;0,/SiOx-g-P(GMA)-PLA, were prepared, and
the average particle size was nanometer-scale with good
dispersion. Three reagents were used to chemically modify
the magnetically immobilized PLA, and it was found that
the chemical modification can reduce the content of pri-
mary amino groups in the enzyme, and the range of pH
tolerance of the magnetically immobilized PLA; is
broadened, thereby increasing the tolerance temperature of
the enzyme and its stability in an organic solvent. Chemical
modification of magnetically immobilized PLA; by using
dextran-aldehyde-glycine, showed a moderate primary
amino group content. The content of primary amino groups
is 47.3%, and the higher enzyme activity was 1520.2 U/g.
It showed a wide range of pH tolerance, a broadened
temperature tolerance and higher stability in an organic
solvent. It was applied to soybean oil degumming and
compared with the magnetically immobilized PLA; with-
out chemical modification. The amount of residual phos-
phorus in the oil was lower than 10 mg/kg which meets the
production requirements. The number of repeated uses was
increased by 2 times. Therefore, the chemical modification
improved the stability of Fe;0,/SiOx-g-P(GMA)-PLA -
Dx-Gly. This finding confirms the enhanced stability of
phospholipase and its repeated uses in soybean oil

@ Springer

degumming which reduced the degumming cost and
showed a promising application for fats and oils industry.
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