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ration of glycerophosphatilcholine
catalyzed by combinational phospholipases:
a comparative study of concerted versus stepwise
catalysis

Shaohua Liang, Shukun Wang, Yannan Meng and Cong Sun *

Glycerophosphatilcholine (GPC) is widely applied in medical, pharmaceutical, food and cosmetic industries.

Due to the lack of natural resources, enzymatic preparation of GPC has been explored in recent years. This

study aimed to investigate and compare the effects of different addition methods of combinational

phospholipases (PLA1 and PLA2) and various process parameters (time, temperature, pH, substrate

concentrate, enzyme load, and stirring rate) on the preparation of GPC. The results showed that

compared with concerted catalysis, the catalytic efficiency of adding PLA2 and then PLA1 (PLA2 / A1)

was higher, whereas that of adding PLA1 and then PLA2 was lower. The main reason might be that the

method of PLA2 / A1 could reduce acyl migration and the competition between PLA1 and PLA2, which

was beneficial to improve the GPC yield and shorten the reaction time. This paper could provide a novel

approach for the future preparation of GPC catalyzed by combinational phospholipases.
1. Introduction

Glycerophosphatilcholine (GPC) is the intermediate product of
phospholipid decomposition, the precursor of neurotrans-
mitter acetylcholine and phosphatidylcholine (PC), and also the
precursor of membrane phospholipid.1–3 Many studies have
shown that GPC can promote the secretion of growth hormone
to treat Alzheimer's disease, and it can also increase the release
of individual hormones to treat cognitive disorders, schizo-
phrenia and emotional disorders. In addition, GPC also has the
functions of treating cardiovascular diseases and promoting
non rapid eye movement sleep.4–9 Therefore, GPC is widely
applied in medical, pharmaceutical, food and cosmetic
industries.10

In general, there are three methods for preparing GPC,
including animal tissue extraction, chemical and enzymatic
methods. Natural GPC exists in the liver, brain and semen of
animals.11 However, these natural resources are limited and the
extraction yield is low, which is not suitable for large-scale
industrial application.12–14 The purity and yield of GPC
prepared by chemical catalysis is generally high, but it is also
accompanied by toxic reagents or high energy consumption.15

Marrapu et al. prepared GPC from soybean/yolk powder phos-
pholipid catalyzed by tetra butyl ammonium, the yield of which
could reach 99%.16 Park et al. used benzyl alcohol to protect
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f Chemistry 2020
hydroxyl group, and prepared GPC by ve-steps method.10

Although this method utilized the non-toxic reagents, the
process was quite complex and the reaction temperature
reached 120 �C.

Enzyme is considered as a kind of environment-friendly
and high-effective catalyst, which has been generally applied
in the preparation of GPC in recent years.17,18 The common
phospholipases are mainly phospholipase A1 (PLA1), phos-
pholipase A2 (PLA2), phospholipase B (PLB), phospholipase C
(PLC) and phospholipase D (PLD).19–22 Their action sites are
shown in Fig. 1. In terms of enzymatic preparation of GPC,
single phospholipase is generally used. Zhang et al. studied
Fig. 1 The action sites of four phospholipases. PLA1, phospholipase A1;
PLA2, phospholipase A2; PLB phospholipase B; PLC, phospholipase C;
PLD, phospholipase D.
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the preparation of GPC by hydrolyzing soybean powder phos-
pholipid with PLA1 as catalyst in aqueous system.23 Under the
optimum conditions, the yield of GPC reached 94.5%. Lu et al.
used a fed-batch process to catalyze the egg yolk lecithin with
PLA1.24 The results showed that Tween 20 was the most effec-
tive surfactant for enhancing GPC concentration, and the GPC
was obtained with a yield of 91.36% within 3 h. Kim et al.
prepared GPC via Novozyme 435 catalyzed hydrolysis of soy
phosphatidylcholine or a fractionated soy lecithin, in which
a water-soluble fraction containing 98.6% of GPC was ob-
tained.25 Although the yield of GPC was quite high with single
phospholipase, high purity of substrate, such as lecithin,
powder phospholipid and other high concentration phos-
pholipids, was required, which led to high cost of production.
In theory, GPC preparation catalyzed by single phospholipase
is inefficient due to acyl migration.26 Take PLA1 for example,
the sn-2-lysophosphatidylcholine (sn-2-LPC) generated by the
initial hydrolysis is easily transformed into sn-1-lysophospha-
tidylcholine (sn-1-LPC) via acyl migration. Then, the sn-1-LPC
was catalyzed by PLA1 to prepare GPC. However, the sn-1-LPC
or sn-2-LPC generated by acyl migration have negative effects
on the reaction rate. Therefore, Blasi et al. have attempted to
add Lipozyme IM and PLA2 at the same time to the egg yolk
microemulsion system, and the 94% GPC yield was obtained
aer 48 h at 35 �C.27 Although the GPC yield could reach a high
level, the reaction time was so long, which might be due to acyl
migration and competition between the two phospholipases.
Thus, it may be a feasible method to prepare GPC by stepwise
catalysis of combinational phospholipases.
Fig. 2 Schemes of GPC enzymatic preparation from PC via PLA1 + A2 (A

38728 | RSC Adv., 2020, 10, 38727–38735
In this work, the preparation of GPC was carried out in the
presence of two phospholipases (PLA1 and PLA2) with soybean
concentrated phospholipid as raw material. The inuences of
the three adding methods of PLA1 and PLA2 (including PLA1 +
A2, PLA1 / A2 and PLA2 / A1) on the yield of GPC under
various process parameters were investigated and compared to
obtain a more efficient method.
2. Materials and methods
2.1. Materials

Soybean concentrated phospholipid was purchased from
COFCO Excel Joy (Tianjin) Co., Ltd. GPC (>98%) and PC (>99%)
were purchased from Sigma-Aldrich Chemical (Shanghai,
China). PLA1 (Lecitase® Ultra) is a sn-1 specic and protein-
engineered carboxylic ester hydrolase (EC 3.1.1.3), which is
extracted from Thermomyces lanuginosus/Fusarium oxysporum
and produced by submerged fermentation of a genetically
modied Aspergillus oryzaemicroorganism (activity, 10 KLU g�1;
temperature, 40–60 �C; pH, 5–9), and was obtained from
Novozyme Biotechnology Co., Ltd (China). PLA2 is a sn-2 specic
hydrolase (EC 3.1.1.4) extracted from genetically modied
Streptomyces violaceoruber (LysoMax Oil; activity, 900–1100 U
g�1; temperature, 35–50 �C; pH, 5–8), and was obtained from
DuPont Danisco. DSM Co., Ltd (China). Methanol and chloro-
form were HPLC grade and obtained from Fisher (Fair Lawn, NJ,
USA). Ultrapure water was made in laboratory. The other
solvents were all of analytical grade (Tianjin Kemiou Chemical
Reagent Co., Ltd., Tianjin, China).
), PLA1 / A2 (B) and PLA2 / A1 (C).

This journal is © The Royal Society of Chemistry 2020
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2.2. Emulsication of soybean concentrated phospholipid

Soybean concentrated phospholipid was mixed with water in
250 mL round-bottom ask with magnetic agitation at 500 rpm
for 30min, and then homogenize it at 10 000 rpm for 5min with
a high-speed shear dispersing emulsier (Fluko FA28,
Shanghai, China) to obtain a certain concentration of mixture.
2.3. Enzymatic preparation of GPC

The obtained mixture with different concentrations was
hydrolyzed by PLA1 and PLA2 at various temperatures and pH
with a magnetic stirrer. The phospholipases were added to the
reaction system by means of the following ways.

(I) PLA1 + A2: PLA1 and PLA2 were added at the same time
(Fig. 2A).

(II) PLA1 / A2: PLA1 was rstly added for a certain time, and
then PLA2 was added (Fig. 2B).

(III) PLA2/ A1: PLA2 was rstly added for a certain time, and
then PLA1 was added (Fig. 2C).
2.4. GPC isolation

Once the reaction was nished, a 3 g of the reaction product was
dehydrated in vacuum at 80 �C. Then, 5 mL of acetone was
added, and the mixtures were shaken vigorously using a vortex
mixer. This process was repeated 3 times. Aer the oil was
removed, acetone was evaporated in vacuum at 40 �C. The
mixed solvents of chloroform and methanol (v/v, 2 : 1) were
added with shaking, and the mixture was centrifuged at
10 000 rpm for 10 min. The upper layer was ltered through
a 0.22 mm polypropylene lter and used for the analysis of GPC.
Fig. 3 Calibration curves for quantification of GPC and PC.
2.5. GPC analysis

The analysis of GPC was analyzed by high-performance liquid
chromatography (Agilent 1260) equipped with an evaporative
light scattering detection (ELSD). The ELSD was set at 65 �C with
a nitrogen gas ow rate of 1.6 L min�1. The separation proce-
dure was carried out on a SunFire™ Prep Silica column (5 mm,
4.6 � 250 mm, Waters, USA) and eluted with a binary gradient
of methanol (A) and water (B). The proportion of elution B
increased from 15% to 25% within the rst 7 min, then
increased to 30% within 5 min, and decreased to 15% within
0.1 min and maintained for 6.9 min. The ow rate was 1.0
mL min�1, and the injection volume was 10 mL. The concen-
trations of GPC and PC were measured using the external
standard method. The yield of GPC and the conversion of PC
were calculated as follows:

Yield of GPC ð%Þ ¼ CGPC � V

MGPC

� 100%

Conversion of PC ð%Þ ¼ ðC0 � V0 � C1 � V1Þ
C0 � V0

� 100%

where CGPC is the GPC concentration in the sample; V is the
volume of the sample; MGPC is the theoretical mass of GPC; C0

and V0 are the concentration and volume of PC in the sample
This journal is © The Royal Society of Chemistry 2020
before reaction, while C1 and V1 are the concentration and
volume of PC in the sample aer reaction.

2.6. Statistical analysis

The experiments were carried out at least in triplicate, and the
results were expressed as average. One-way analysis of variance
was adopted to identify differences. Statistical signicance was
considered at P < 0.05.

3. Results and discussion

The soybean concentrated phospholipid was mainly composed
of PC, phosphatidylethanolamine, phosphatidylinositol, phos-
phatidic acid and a small amount of sn-2-LPC. GPC was not
detected in the raw material. The PC and GPC standards were
used to build the calibration curves (Fig. 3), which were neces-
sary to carry out the quantitative analysis of the remaining PC
and generated GPC. In order to easily understand the paper,
a general scheme of this study was shown in Fig. 4.

3.1. Effect of reaction time on the preparation of GPC

In order to provide a reference for the total reaction time of the
combinational phospholipases, the time course of PC conver-
sion in enzymatic hydrolysis catalyzed by PLA1 and PLA2 was
determined. As shown in Fig. 5, the PC conversion catalyzed by
RSC Adv., 2020, 10, 38727–38735 | 38729
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Fig. 4 A general scheme of this study.

Fig. 5 Time-course of PC conversion in enzymatic hydrolysis cata-
lyzed by PLA1 (-) and PLA2 (C). Reaction conditions: temperature,
40 �C, pH, 5.5, substrate concentration, 10%, PLA1 load, 1.50 wt%, PLA2

load, 1.50 wt%, stirring rate, 500 rpm.
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PLA2 reached balanced at 90 min, whereas there was no
signicant difference in the PC conversion catalyzed by PLA1.
Therefore, in order to adequately hydrolyze PC with PLA1 and
PLA2 for obtaining a high yield of GPC, the total reaction time of
method II (PLA1 / A2) and method III (PLA2 / A1) were
determined to be 180 min and 120 min, while the shortest
reaction time of PLA2 in method II (PLA1 / A2) and PLA1 in
method III (PLA2 / A1) were set as 90 min and 30 min.

The inuence of reaction time in method I (PLA1 + A2) on the
GPC yield and PC conversion in enzymatic hydrolysis was
shown in Fig. 6A. The GPC yield increased with reaction time
during 20–60 min, and reached equilibrium at 60 min (50.00%).
A similar trend was observed in the PC conversion. The inu-
ences of the respective reaction time of PLA1 and PLA2 in
method II (PLA1 / A2) and method III (PLA2 / A1) on the GPC
yield and PC conversion were shown in Fig. 6B and C,
38730 | RSC Adv., 2020, 10, 38727–38735
respectively. As the reaction time of PLA1 in method II (PLA1 /

A2) increased from 15 min to 90 min, there was little difference
in the GPC yield and PC conversion, which indicated that the
reaction time of PLA1 had little effect on the GPC yield and PC
conversion when the total time was constant. However, GPC
yield in method III (PLA2 / A1) increased by 14.98% with the
reaction time of PLA2 from 15 min to 60 min and reached
equilibrium at 60 min, which was 18.50% higher than that in
method I (PLA1 + A2). In terms of the three methods, when the
reaction time was appropriate and enough, there was no
obvious difference in the PC conversion (>95%), whereas GPC
yield was method III (PLA2 / A1) > method I (PLA1 + A2) >
method II (PLA1 / A2), and the total reaction time was method
I (PLA1 + A2) < method III (PLA2 / A1) < method II (PLA1 / A2).
These results could be explained that the primary hydrolysate
(sn-2-LPC) of method II (PLA1 / A2) was unstable and easily
converted into sn-1-LPC, which reduced the catalytic efficiency
of PLA1. Compared with method I (PLA1 + A2), PLA2 can
completely act on PC at the initial stage of method III (PLA2 /

A1) to generate a large number of stable sn-1-LPC and reduce
acyl migration, and then PLA1 was added to completely act on
sn-1-LPC, which improved the catalytic efficiency of PLA2. In
addition, the reaction time of method III (PLA2 / A1) was
shorter than that of single phospholipase.23,24,28

In terms of method I (PLA1 + A2) andmethod III (PLA2/ A1),
PLA1 and PLA2 act on the substrates together at the second
stage, whereas only PLA2 is used for catalytic hydrolysis at the
initial stage in method III (PLA2 / A1). However, the GPC yield
of method III (PLA2 / A1) was higher than that of method I
(PLA1 + A2), which means that the catalytic efficiency of PLA2
was higher than the concerted effect of PLA1 and PLA2 at the
initial stage. This phenomenon might be due to the competi-
tion between the two phospholipases. In addition, in terms of
method II (PLA1 / A2) and method III (PLA2 / A1), the
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Effect of reaction time of method I (PLA1 + A2) (A), method II (PLA1 / A2) (B) and method III (PLA2 / A1) (C) on the GPC yield (-) and PC
conversion (B) in enzymatic hydrolysis. Reaction conditions: pH, 5.5, substrate concentration, 10%, PLA1 load, 0.75 wt%, PLA2 load, 0.75 wt%,
temperature, 40 �C, stirring rate, 500 rpm.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

/1
4/

20
26

 1
1:

11
:5

5 
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
concerted catalysis of PLA1 and PLA2 act on the substrates at the
second stage, whereas PLA1 and PLA2 catalyze the substrates at
the initial stage, respectively. The GPC yield of method II (PLA1

/ A2) was lower than that of method III (PLA2/ A1), which was
related to the easier acyl migration of the primary hydrolysate of
the former method.
3.2. Effect of reaction temperature on the preparation of
GPC

As reaction temperature increased, the GPC yields of method I
(PLA1 + A2) and method III (PLA2 / A1) rstly increased from
Fig. 7 Effect of temperature on the GPC yield (A) and PC conversion (B) in
(C), method III (PLA2 / A1) (:). Reaction conditions: pH, 5.5, substrate
time of method I (PLA1 + A2), 60 min, reaction time of PLA1 and PLA2 in m
method III (PLA2 / A1), 60 and 60 min, stirring rate, 500 rpm.

This journal is © The Royal Society of Chemistry 2020
30 �C to 40 �C, then signicantly decreased from 40 �C to 70 �C,
whereas there was no signicant difference in method II (PLA1

/ A2) (Fig. 7A). In detail, the GPC yield of method III (PLA2 /

A1) reached the highest level (58.68%) at 40 �C, which was 9.26%
higher than that of method I (PLA1 + A2) and nearly 20% higher
than that of method II (PLA1 / A2) at the optimum tempera-
tures. This was because there was less acyl migration in method
III (PLA2 / A1). Moreover, both of the optimal temperatures in
method I (PLA1 + A2) and method III (PLA2 / A1) were 40 �C,
while it was 60 �C in method II (PLA1 / A2). The former was
closer to the optimal temperature of PLA2, and the latter was
enzymatic hydrolysis. Method I (PLA1 + A2) (-), method II (PLA1/ A2)
concentration, 10%, PLA1 load, 0.75 wt%, PLA2 load, 0.75 wt%, reaction
ethod II (PLA1 / A2), 30 and 150 min, reaction time of PLA2 and PLA1 in

RSC Adv., 2020, 10, 38727–38735 | 38731
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Fig. 8 Effect of pH on the GPC yield (A) and PC conversion (B) in enzymatic hydrolysis. Method I (PLA1 + A2) (-), method II (PLA1 / A2) (C),
method III (PLA2/ A1) (:). Reaction conditions: substrate concentration, 10%, PLA1 load, 0.75 wt%, PLA2 load, 0.75 wt%, reaction time ofmethod
I (PLA1 + A2), 60 min, reaction time of PLA1 and PLA2 in method II (PLA1 / A2), 30 and 150min, reaction time of PLA2 and PLA1 in method III (PLA2

/A1), 60 and 60 min, stirring rate, 500 rpm, temperatures of method I (PLA1 + A2) and method III (PLA2 / A1), 40 �C, temperature of method II
(PLA1 /A2), 60 �C.
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closer to the optimal temperature of PLA1, which indicated that
the two phospholipases might be competitive during the cata-
lytic reaction.23,29

As seen from Fig. 7B, there was no obvious difference in the
PC conversion from 30 �C to 60 �C, whereas the PC conversion
signicantly decreased from 60 �C to 70 �C. This trend was
found in the three methods. However, the PC conversions of
method III (PLA2 / A1) within the temperature range were
higher than those of the other methods.

3.3. Effect of pH on the preparation of GPC

The pH of the reaction mixture not only affects the active site of
phospholipase, but also affects the acyl migration of sn-2-
LPC.30–32 As shown in Fig. 8A, a positive correlation between pH
and GPC yield in method II (PLA1 / A2) was found, and the
GPC yield reached the maximum (41.67%) at pH 6.5. This is
because low pH can promote the acyl migration of the hydro-
lysate (sn-2-LPC) in the early stage.33 However, the GPC yield of
method I (PLA1 + A2) rstly increased and then decreased with
the increase of pH, and obtained the highest level (50.60%) at
Fig. 9 Effect of substrate concentration on the GPC yield (A) and PC con
(PLA1/ A2) (C), method III (PLA2/ A1) (:). Reaction conditions: PLA1 lo
60min, reaction time of PLA1 and PLA2 inmethod II (PLA1/ A2), 30 and 15
60 min, stirring rate, 500 rpm, temperatures of method I (PLA1 + A2) and
60 �C, pH of method I (PLA1 + A2) and method III (PLA2 / A1), 5.5, pH o

38732 | RSC Adv., 2020, 10, 38727–38735
pH 5.5. Although a similar trend was also found in method III
(PLA2 / A1), the GPC yield was 12.46% higher than that of
method I (PLA1 + A2) at pH 5.5. This situation might be caused
by the fact that PLA1 and PLA2 were simultaneously added to the
reaction system in method I (PLA1 + A2), and the acidic envi-
ronment of the reaction system accelerated the acyl migration
of sn-2-LPC. However, the amount of PLA1 was denite, which
led to the decrease of the GPC yield.

Similar to GPC yield, the PC conversion of method II (PLA1

/ A2) continuously increased with the increase of pH, whereas
those of method I (PLA1 + A2) and method III (PLA2 / A1)
increased from 4.5 to 5.0 and reached balanced at 5.0 (Fig. 8B).
In addition, some studies have reported that the optimum
temperatures of PLA1 and PLA2 are 4–5 and neutral, respec-
tively.27,34,35 According to our results, the optimum pH values of
method I (PLA1 + A2) and method III (PLA2 / A1) were 5.5 (in
the optimum range of PLA1 and PLA2), which was lower than
that of method II (PLA1/ A2). This phenomenon indicated that
the optimum pH of the combinational phospholipases was not
consistent with those of single phospholipases.
version (B) in enzymatic hydrolysis. Method I (PLA1 + A2) (-), method II
ad, 0.75 wt%, PLA2 load, 0.75 wt%, reaction time of method I (PLA1 + A2),
0min, reaction time of PLA2 and PLA1 inmethod III (PLA2/ A1), 60 and
method III (PLA2 / A1), 40 �C, temperature of method II (PLA1 / A2),
f method II (PLA1 / A2), 6.5.

This journal is © The Royal Society of Chemistry 2020
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3.4. Effect of substrate concentration on the preparation of
GPC

Phospholipid, oil and water can form an emulsion aer
homogenization. The mass and heat transfer of the reaction
system are affected by emulsion viscosity, thus affecting the
generation rate of GPC. As shown in Fig. 9, the PC conversion
decreased with the increase of substrate concentration, whereas
the GPC yield increased from 5% to 10% then decreased from
10% to 25%. This trend was found in the three methods. In
theory, when the reaction mixture concentration is relatively
low, the reaction system viscosity is low, and the substrate exists
as single molecules or small aggregates, which leads to a large
reaction interface area in favor of GPC preparation. As substrate
concentration continues to increase, the active sites of phos-
pholipases become insufficient to completely hydrolyze the
substrates, resulting in the decrease of the GPC yield and PC
conversion. Similar results were also discovered by Lu et al.24

Although the optimal concentrations of the three methods
was 10%, the GPC yield of method III (PLA2 / A1) was 23.92%
higher than that of method II (PLA1 / A2) and 15.53% higher
than that of method I (PLA1 + A2). Moreover, the GPC yields of
method III (PLA2 / A1) at the substrate concentration range of
5–25% were higher than those of the other two methods. These
results reect the facts that the stepwise catalysis and adding
order of the combinational phospholipases have an important
inuence on the preparation of GPC.
3.5. Effect of enzyme load on the preparation of GPC

Many studies have conrmed the importance of enzyme load in
the preparation of GPC.25,36 According to our preliminary
experiments, it was found that the same amount of PLA1 and
PLA2 was benecial to improve the GPC yield. Thus, we only
discuss the effect of total enzyme load on the GPC preparation
in this paper. As shown in Fig. 10, when the enzyme load was
0.5–2.5%, the GPC yield and PC conversion of method I (PLA1 +
A2) were always higher than those of method II (PLA1 / A2),
which was due to the reduction of the acyl migration of sn-2-LPC
by adding PLA1 and PLA2 at the same time. Opposite to the
other two methods, the GPC yield of method III (PLA2 / A1)
Fig. 10 Effect of enzyme load on the GPC yield (A) and PC conversion (B
A2) (C), method III (PLA2/ A1) (:). Reaction conditions: reaction time of
II (PLA1 / A2), 30 and 150 min, reaction time of PLA2 and PLA1 in method
method I (PLA1 + A2) and method III (PLA2 / A1), 40 �C, temperature of m
(PLA2 / A1), 5.5, pH of method II (PLA1 /A2), 6.5, substrate concentrat

This journal is © The Royal Society of Chemistry 2020
rstly increased then shapely decreased with the increase of
enzyme load, which might be explained that excessive phos-
pholipase might affect the binding probability of phospholipid
and phospholipase. Luis et al. found that the initial rate had
a signicantly decrease when the lipase concentration was
above 5% (W/W).37 In addition, although the optimum enzyme
load was 1.5% in method I (PLA1 + A2) and method III (PLA2 /
A1), the GPC yield of method III (PLA2 / A1) was 14.26% higher
than that of method I (PLA1 + A2). These results indicated that
the method, in which PLA2 is rstly added then PLA1 is added,
had a positive role on the reduction of the acyl migration of sn-2-
LPC and was benecial to the preparation of GPC at the rela-
tively low enzyme load.
3.6. Effect of stirring rate on the preparation of GPC

Since this hydrolysis reaction was carried out in a heteroge-
neous system, the mixing intensity of the reaction mixture
affected the rate of enzymatic reaction. The effect of stirring rate
on the GPC yield and PC conversion was shown in Fig. 11. With
different stirring rate, there was no signicant difference in the
PC conversion of method II (PLA1 / A2) and method III (PLA2

/ A1), whereas that of method I (PLA1 + A2) rstly increased
and then decreased. In terms of GPC yield, the three methods
showed that it increased with stirring rate from 100 to 500 rpm,
and then slightly decreased with stirring rate from 500 to
900 rpm. Li et al. also discovered that high stirring rate could
result in the reduction of catalytic activity.38 In theory, with the
increase of stirring rate, the interface area of substrate at the
aqueous phase gradually increases, and the probability of
phospholipase active sites on phospholipids also increases,
which is benecial to the increase of the GPC yield. However,
high stirring rate will make the reaction mixture and phos-
pholipases suffer too much centrifugal force, resulting in being
thrown to the inner wall of the reactor and reducing the GPC
yield.

Moreover, although the optimal stirring rate was 500 rpm
among the three methods, the GPC yield of method II (PLA1 /

A2) was 13.33% higher than that of method I (PLA1 + A2), and
24.84% higher than that of method II (PLA1 / A2). These
) in enzymatic hydrolysis. Method I (PLA1 + A2) (-), method II (PLA1 /
method I (PLA1 + A2), 60min, reaction time of PLA1 and PLA2 inmethod
III (PLA2 / A1), 60 and 60 min, stirring rate, 500 rpm, temperatures of
ethod II (PLA1 / A2), 60 �C, pH of method I (PLA1 + A2) and method III

ion, 10%.
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Fig. 11 Effect of stirring rate on the GPC yield (A) and PC conversion (B) in enzymatic hydrolysis. Method I (PLA1 + A2) (-), method II (PLA1 / A2)
(C), method III (PLA2 / A1) (:). Reaction conditions: reaction time of method I (PLA1 + A2), 60 min, reaction time of PLA1 and PLA2 in method II
(PLA1 / A2), 30 and 150min, reaction time of PLA2 and PLA1 in method III (PLA2 / A1), 60 and 60min, temperatures of method I (PLA1 + A2) and
method III (PLA2 / A1), 40 �C, temperature of method II (PLA1 / A2), 60 �C, pH of method I (PLA1 + A2) and method III (PLA2 / A1), 5.5, ph of
method II (PLA1 /A2), 6.5, substrate concentration, 10%, PLA1 load, 0.75 wt%, PLA2 load, 0.75 wt%.
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results reected that stirring rate had an obvious inuence on
hydrolysis efficiency, but had little inuence on the different
stepwise catalysis methods.
4. Conclusions

This study innovatively found that the addition method of PLA1
and PLA2 had a vital inuence on the preparation of GPC. In
particular, method III (PLA2 / A1) was superior to method I
(PLA1 + A2), followed by method II (PLA1 / A2). The main
reason was that the former method could effectively reduce the
occurrence of acyl migration and the competition between PLA1
and PLA2, thus shortening the reaction time and improving the
GPC yield. In addition, temperature, pH and enzyme load had
signicant effects on the different addition methods of PLA1
and PLA2, whereas reaction time, substrate concentrate and
stirring rate had little effect on them. These results could
provide a novel approach for the preparation of GPC catalyzed
by combinational phospholipases in future.
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