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Abstract: As a natural phospholipid, phosphatidylserine (PS) plays a key role in the food, cosmetic,
and pharmaceutical industries. Recently, substantial attention has been focused on the phospholipase
D (PLD)-mediated synthesis of PS. However, the application of free PLD is usually limited by high
cost, poor reusability, and low stability. In this study, PLD from Streptomyces antibiotics (saPLD)
was efficiently immobilized on SiO, through physical adsorption to develop saPLD@SiO,. The
stability of the saPLD@SiO, was higher than that of the free saPLD over an extensive range of
temperature and pH conditions. Furthermore, the PS yield of saPLD@SiO, was approximately 41%
in the first cycles, and still kept 60% of its initial PS yield after 14 cycles. After a 25-day storage
period, the saPLD@SiO, retained 62.5% of its initial activity, while the free saPLD retained only
34.3%, suggesting that saPLD@SiO; has better stability than free saPLD. A Pickering emulsion was
produced by dispersing saPLD@SiO, in solutions (ethyl propanoate and acetate/acetic acid buffer)
using ultrasound. The engineered Pickering emulsion demonstrated excellent catalytic activity, with a
62% PS yield after 6 h, while free saPLD had only 18%. The results indicated that a high-performance
and sustainable biocatalysis method was established for the effective synthesis of PS.

Keywords: phosphatidylserine; phospholipase D; immobilization; Pickering emulsion

1. Introduction

Phosphatidylserine (PS) has been widely utilized in the functional food and phar-
maceutical industries as a phospholipid ingredient [1]. As a nutritional supplement, PS
has been widely added to milk powder, beverages, health products, and so on [2]. PS has
also been exploited to treat diseases, including inflammatory diseases, senescence, and
Alzheimer’s disease [3,4], and it may function as a common biomarker to target tumor
cells [5,6]. Additionally, PS can be employed as an essential component of liposomes
for the delivery of functional substances [7]. Natural PS is found in animal organs (e.g.,
bovine brains [8]); however, it may result in the increased risk of disease transmission.
Furthermore, natural PS can also be obtained from other sources, such as vegetables, oils,
soybeans, and yolks [9]. Although PS can be directly extracted from plants, due to the
easy operation and wide range of sources, the preparation cycle is long, and it is difficult
to separate and purify the product, leading to the low yield of PS [10]. Therefore, the
availability and production of PS from these sources are currently inadequate to meet
the increasing demand [11]. Nowadays, the phospholipase D (PLD, EC 3.1.4.4)-mediated
enzymatic synthesis of PS has the advantages of simple operation, easy acquisition of raw
materials, and environmental friendliness, which has attracted extensive attention [12,13].
Phosphatidylcholine (PC) and L-serine can be exploited as substrates to synthesize PS with
a PLD-mediated transphosphatidylation reaction. Up to now, PLDs have been found to
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be abundant in plants, animals, and microorganisms [14]. Among all of these sources, the
PLDs from Streptomyces strains (e.g., S. antibioticus [15], Streptomyces sp. PMF [16], and
S. chromofuscus [17]) have drawn lots of attention. Thus, they have been selected as the
main catalysts for synthesizing PS, in view of their easier enzyme preparation, broader
substrate specificity, and higher transphosphatidylation activity, compared to those of the
other sources [18].

Generally, the free PLD activity is remarkably influenced by external environmental
factors, including temperature, pH, and material toxicity, which might decrease the PS’s
synthesis efficiency [19]. Furthermore, the use of the free PLD in practical applications is
usually limited by the difficulty of recovering from the reaction system, which might lead
to a high processing cost [20]. Comparatively, enzyme immobilization can overcome the
drawbacks of the free enzymes [21]. Compared to free enzymes, immobilized enzymes
are easier to reuse and are more stable. Nanomaterials, which function as supports for
immobilizing enzymes, have drawn a lot of attention recently [22], and the diffusion limita-
tions of the substrates and products of the enzyme reactions could be avoided by the large
surface area [23]. As a nanomaterial, SiO, is generally applied for enzyme immobilization
due to its low cost, low toxicity, excellent chemical amenability, good biocompatibility,
and thermostability [24]. For example, lipases from Burkholderia cepacian [25], Candida
rugosa [26], Yarrowia lipolytica [27], and Aspergillus niger [28] have been immobilized on SiO,
to have better functions. Considering the stability and sustainable uses, SiOp-immobilized
PLD might provide an approach for synthesizing PS.

Additionally, an organic—water biphasic system is commonly required for enzymatic
synthesis of PS, because L-serine is soluble in an aqueous solution, but PC and PS are only
soluble in an organic solvent. Therefore, the reaction can only take place at the interface
between the water and the organic biphasic system, thus, the limited interfacial area might
decrease the PLD efficiency [29]. In recent years, Pickering emulsions have attracted a surge
of interest for enzymatic catalysis in biphasic systems, which are generated to stabilize the
interface between two immiscible liquids by using solid particles [30]. These solid-particle
-stabilized Pickering emulsions can not only shorten the mass transfer distance, but also en-
large the reaction interface area in order to increase biocatalysis in the biphasic system [31].
It has been reported that lipase AYS was adsorbed and immobilized on mesoporous carbon
spheres to prepare a Pickering emulsion, which was successfully utilized for the acylation
reaction of «-linolenic acid and phytoalcohol [32]. The hydrophobic silica nanoparticles
that immobilized lipase from Candida rugosa also stabilized the Pickering emulsion and
remarkably increased the enzyme activity [33]. However, it still remains difficult to prepare
stable Pickering emulsions to synthesize PS with the immobilized PLD as solid pellets.

In this study, PLD from S. antibioticus (saPLD) was immobilized on the surface of
5i0,, followed by investigating the optimal immobilization conditions of saPLD. Then,
the immobilized saPLD@SiO, was identified, and the enzymatic characteristics, such as
the thermostability, pH stability, and storage stability, were compared with those of the
free saPLD. The operational stability of the saPLD@SiO, was also assessed. Moreover, a
Pickering emulsion was prepared using ethyl propionate as the medium and saPLD@SiO,
as the solid particles to facilitate the production of PS.

2. Results and Discussion
2.1. Immobilization Conditions of saPLD

The immobilization conditions of saPLD were explored in the following three aspects:
the enzyme content, the immobilization temperature, and the immobilization time. As
demonstrated in Figure 1a, the load on the carrier enhanced gradually with the increased
enzyme content (0.25-1 U), and the relative enzyme activity and the enzyme activity
recovery rate enhanced. When the content of the enzyme was over 0.75 U, the relative
enzyme activity and the enzyme activity recovery rate of the saPLD@SiO, exhibited a
downward trend. The possible reason for this could be that saPLD aggregated as multi-
layered on the surface of SiO; and enhanced the mass transfer resistance, leading to
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the reduced activity of the saPLD@SiO;. Furthermore, as indicated in Figure 1b, the
relative enzyme activity and the enzyme activity recovery rate enhanced with the increased
immobilization temperature, and they achieved their maximal values at 20 °C. However,
when the immobilization temperature was further enhanced (20-40 °C), the relative enzyme
activity and the enzyme activity recovery rate were reduced.
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Figure 1. The influence of enzyme content (a), immobilization temperature (b), and immobilization
time (c) on the relative enzyme activity and the enzyme activity recovery rate. The data exhibited are
the average values obtained from three paralleled experiments, while the error bars stand for the
standard deviations.

In addition, the enzyme activity recovery rate and the enzyme activity enhanced with
increased immobilization time (1-3 h) (Figure 1c). There were more immobilization sites in
the SiO; structure in the early stage of immobilization, thus, saPLD could rapidly “occupy”
the surface of 5iO;, leading to a rapidly increased immobilization rate [34]. However, the
enzyme activity recovery rate and the enzyme activity remained essentially unchanged with
the further extended immobilization time (3—4 h). This phenomenon might be explained
by the fact that most of the immobilization sites of SiO, were “occupied.” In this part, the
optimal immobilization time was considered to be 3 h. Compared to other approaches,
this nanotechnology had a shorter immobilization time, because it took 12 h to covalently
immobilize the PLD to epoxy-based resin [35], and it took 24 h to immobilize the PLD on
the supports activated by CNBr [36]. In summary, the optimum immobilization conditions
were as follows: the immobilization temperature was 20 °C, the enzyme content was 0.75 U,
and the immobilization time was 3 h. Hence, the saPLD@SiO, was prepared for further
identification and follow-up studies under the optimum conditions.

2.2. Characterization of saPLD@SiO,
2.2.1. Scanning Electron Microscopy

The surface morphology of the saPLD@SiO; was detected using scanning electron
microscopy Apreo (SEM). As exhibited in Figure 2, the rough surface of the saPLD@SiO,,
at x10,000 and x20,000 magnification, suggested that saPLD was successfully immobilized
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onto the surface of S5iO;. The adequate exposure of saPLD might help to enhance the
catalytic efficiency and the catalytic activity of catalyst.
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Figure 2. Scanning electron microscopy images of SiO, at 10,000 x magnification (a); saPLD@SiO, at
10,000 x magnification (b); and saPLD@SiO, at 20,000 x magnification (c).

2.2.2. Confocal Laser Scanning Microscopy

To determine the successful immobilization of enzymes on SiO,, saPLD and SiO, were
labeled with fluorescent dyes, and the fluorescence of the saPLD@SiO, was detected using
confocal laser scanning microscopy (CLSM). On the one hand, the surface of SiO, was
covered with rhodamine B (RB) by covalent binding [37], and the resulting fluorescent
SiO; demonstrated a great imaging stability. On the other hand, fluorescein isothiocyanate
(FITC) was labeled to saPLD based on the reaction between the carbon-sulfur bond amine
on fluorescence and the R-amino group on lysine of the protein to generate a FITC-protein
conjugate [38]. As exhibited in Figure 3, the FITC-labeled saPLD displayed green fluores-
cence, and RB-labeled SiO; showed red fluorescence, confirming that the saPLD and SiO,
were identified. These results indicated that saPLD covered the surface of SiO,, suggesting
successful immobilization.
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Figure 3. Confocal laser scanning microscopy images of (a) saPLD@SiO;, including the FITC-labeled
saPLD, (b) saPLD@SiO; containing RB-labeled SiO,, and merged image of (c) saPLD@SiO, containing
FITC-labeled saPLD and RB-labeled SiO,.

2.2.3. Fourier Transform Infrared Spectroscopy

The chemical ingredients of the saPLD@SiO; and SiO, were analyzed using Fourier
transform infrared spectroscopy (FT-IR). Each functional group or chemical bond of the
molecule in the sample correspondingly generate differing absorption and vibration fre-
quencies through the penetration of infrared light [39]. The FT-IR spectra of saPLD@SiO,
and SiO,, in wavenumbers of 4000-400 cm !, are exhibited in Figure 4. The spectrum
of SiO, was identified by 468 cm ™! of Si~O flexural vibration, 800 cm~! of Si—O-Si bend-
ing vibration, 960 cm ! of Si-OH bending vibration, 1100 cm ! of Si-O-Si asymmetric
stretching vibration, 1620 cm~! of O-H bending of absorbed water, and 3427 cm ! of
O-H stretching vibration. The saPLD@SiO, demonstrated identical spectra to the original
5i0,, indicating their similar chemical structure. Furthermore, it was observed that the
saPLD@SiO, showed new peaks at 2564 cm ™! (carboxyl OH stretching vibration) and
1400 cm~! (C-H bending vibration). The amide 1 band and the amide 2 band are specific
wavenumber ranges in the infrared spectrum, used to represent vibration patterns in com-
pounds containing an amide group [40]. The infrared amide 1 band is usually in the range
of 1600-1800 cm !, and the amide 2 band is typically in the range of 1470-1570 cm~!. An
increase in the vibration between the amide 1 and amide 2 bands can be seen after the
fixation of the saPLD, indicating a change in the protein structure, which could be due to
the formation of new interactions between saPLD and SiO,.
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Figure 4. Fourier transform infrared spectra of saPLD@SiO, and SiO,, monitored in wavenumbers of
4000-400 cm 1.
2.3. Properties of saPLD@SiO,

Although nanomaterials are extensively applied in enzyme immobilization, limited
research has been performed on the properties of the immobilization of PLD by nanomateri-
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als. Thus, it is critical to analyze the saPLD@SiO, properties in the transphosphatidylation
reaction, which is conducive to the process of PS production.

2.3.1. Optimum Temperatures and Thermal Stability

As exhibited in Figure 5a, the optimal temperature for both the saPLD@SiO; and the
free saPLD was 60 °C, but the relative activity of the saPLD@SiO, was greater than that
of the free saPLD, from 40 °C to 80 °C, indicating that the saPLD@SiO, was less affected
by the temperature changes than the free saPLD. After incubating at 40 °C and pH 5.5 for
1 h, the free saPLD retained 71% of its initial activity, but the saPLD@SiO; retained 91% of
its original activity (Figure 5b). After incubating at 50 °C for 1 h, the free saPLD retained
only 4.5% residual activity, and incubating at 60 °C for 1 h, the residual activity almost 0%,
however, the saPLD@SiO, was more stable, and retained 38% and 11% residual activity,
respectively (Figure 5b). These phenomena have suggested that the saPLD@SiO, showed
better tolerance than the free saPLD at different temperatures, which is similar to the PLD
(from Streptomyces sp.) immobilized on ZnO nanowires/macroporous SiO; [41] or the PLD
(from Streptomyces sp. LD0501) immobilized on SiO; [42]. The reason for this might be that
the interaction between the support and the enzyme provided a more stable conformation,
which could protect the immobilized enzymes at higher temperatures.
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Figure 5. Influence of temperature on the activity (a) and stability (b) of free saPLD and saPLD@SiO5.
The data exhibited are the average values obtained from three paralleled experiments, while the error
bars stand for the standard deviations.

2.3.2. Optimum pH and pH Stability

As demonstrated in Figure 6a, the free saPLD had an optimal activity at pH 6.0,
whereas the optimal pH for the saPLD@SiO; was 7.0. The saPLD@SiO, showed a higher
relative activity in pH ranging from 5.0 to 9.0, in comparison to the free saPLD. Figure 6b
shows that saPLD@SiO; has a broader stability range and a higher residual activity than
free saPLD at pH 6.0-8.0. After incubating at 4 °C and pH 6.0 for 7 d, the free saPLD
retained about 90% of its original activity, while the saPLD@SiO; retained nearly 100% of
its initial activity. In addition, over 94% of saPLD@SiO, maximal activity was detected at
pH 7.0-8.0 after 7 days of incubation at 4 °C. However, only 87% and 81% of the highest
saPLD activity was observed at pH 7.0 and 8.0, respectively. After being exposed to different
pHs for 7 d, it could be seen that the enzyme activity of the saPLD@SiO, changed less
sharply, indicating that the saPLD@SiO, was more stable. This might be due to the fact
that the support surface provided protection for the saPLD catalytic sites, making it more
efficient in the reaction system with pH changes.
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Figure 6. Influence of pH on the activity (a) and stability (b) of free saPLD and saPLD@SiO,. The
data exhibited are the average values obtained from three paralleled experiments, while the error
bars stand for the standard deviations.

2.4. Operational Stability of saPLD@SiO,

Up to now, the transphosphatidylation reaction conducted with free PLD has been
reported in many studies. However, the difficulty of reusing the free PLD results in high
cost of the enzymatic process. Thus, it is critical to develop immobilized PLD so that it can
be reused for practical application in order to reduce the cost. As demonstrated in Figure 7,
the PS yield was approximately 41% in the first cycles, and still retained 60% of its initial
value after 14 cycles, suggesting that saPLD@SiO, has better stability. The loss of PS yield
might be due to enzyme deactivation during repeated uses and enzyme leakage during
washing. The high operational stability suggested that saPLD@SiO, could be applied for
producing PS in a continuous system. It has been reported that the saPLD immobilized on
epoxy-based resin retained a relative PS yield of 60% after five recycles [35]. Another study
showed that the PLD (from A. radioresistens a2) immobilized on magnetic nanoparticles
coated with 5iO, could retain 40% of its original activity after eight recycles [43]. In addition,
PLD (from S. halstedii) was immobilized on the cell surface of P. pastoris, and the relative PS
yield was still above 40% after four repeated cycles [9].

110
1004

Relative PS yield ( %)
— (=] [ - oun =) ~1 e e
] (] ] = ] ] ] < <
1 1 1 1 1 1 1 1 73
i

i

=

I I I I I I I I I I I
1 2 3 4 5 6 7 8 9 1011 1213 14
Batch
Figure 7. Operational stability of saPLD@SiO;. The data exhibited are the average values obtained
from three paralleled experiments, while the error bars stand for the standard deviations.

2.5. Storage Stability of saPLD@SiO,

In light of the cost of industrial applications, the storage stability of an enzyme is
considered to be the most important factor in immobilization technology. As demonstrated
in Figure 8, the residual activity of the free saPLD was 34.3% of its original activity on
the 25th day, but the residual activity of the saPLD@SiO, was 62.50%. The results are
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similar to that of the PLD (from Streptomyces sp.) immobilized on epoxy-resin-based
hierarchical porous polymers [44]. The storage stability of the enzyme after immobilization
was enhanced, in comparison to that of the free enzyme, which might be attributable
to the more stable structure of the immobilized enzyme, which enhanced its stability.
The increased storage stability would be beneficial to the application and promotion of
saPLD@SiO; for the synthesis of PS.
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Figure 8. Storage stability of saPLD@SiO,. The saPLD@SiO, and free saPLD were stored at 4 °C for
25 days. The data exhibited are the average values obtained from three paralleled experiments, while
the error bars stand for the standard deviations.

2.6. Preparation and Characterization of Pickering Emulsion

PLDs are dissolved in the aqueous phase in conventional methods of synthesizing
PS, leading to reduced catalysis kinetics, due to their difficulty to approach PC (in the
oil phase) [9]. To overcome this problem, the contact area between the PLD and the
substrates (PC and L-serine) can be increased by the emulsion system. In contrary to
the surfactant molecules, the particles have a high energy of adsorption, leading to their
irreversible adsorption at liquid-liquid interfaces. In a typical Pickering emulsion, the
reaction takes place at the oil-water interface, and the emulsion droplets are stabilized by
solid particles. Therefore, the Pickering emulsions are usually a stable emulsion system,
providing great versatility in two-phase reactions [45]. Pickering emulsions can be water-
in-oil, oil-in-water, or even multiple types. Water-in-oil emulsions are generally formed
by hydrophobic particles, while stable oil-in-water emulsions are likely to be formed by
hydrophilic particles [46]. So far, many techniques have been applied for the preparation of
Pickering emulsions, and ultrasound is the most commonly used method [47]. Ultrasound
has many advantages, such as good reproducibility, high efficiency, simple operation, and
low cost, leading to its extensive application [48]. Additionally, ultrasound can generate a
more stable emulsion [49]. Therefore, the Pickering emulsion used in this study was made
using ultrasonic treatment.

Scheme 1 demonstrates the working mechanism of preparing the Pickering emulsion.
The saPLD@SiO, was formed by immobilizing saPLD on SiO,. Then, the saPLD@SiO,
was mixed with ethyl propionate and the 20-mM acetate/acetic acid buffer (pH 6.0). Next,
the mixture was subjected to ultrasound for 3 min at 40% intensity, with a 3-s ultrasound
and a 3-s stand-by, to ultimately prepare the Pickering emulsion. This Pickering emulsion
could enhance the interfacial area among the substrates (PC and L-serine) and saPLD@SiO,,
which might lead to an enhanced yield of PS and increase the stability of the emulsion.
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Scheme 1. The immobilization of saPLD and preparation of Pickering emulsion.

As demonstrated in Figure 9, the Pickering emulsion was generated by dispersing
saPLD@SiO; in solutions (5 mL of ethyl propanoate and 5 mL of 20-mM acetate/acetic
acid buffer (pH 6.0)) under ultrasound. It was found that the aqueous and organic phases,
without sonicating, were clearly stratified, and the saPLD@SiO, was suspended in the
midst of two phases (Figure 9a). However, the Pickering emulsion formed after sonication
showed a more homogeneous texture with no stratification (Figure 9b). After seven days,
the Pickering emulsion showed no clear change in its morphological appearance and could
still hold its own weight (Figure 9c), indicating that the Pickering emulsion was stable.

(b)

free saPLD  saPLD@SiO, Pickering emulsion

o
2

Zeta potential
PR .

-40 4

Sl

20 pm

-50

() (e) (63]

Figure 9. (a) Images of the aqueous and organic phases without sonication (left) and with sonication
(right); (b) Emulsion appearance of Pickering emulsion; (c¢) Image of emulsion appearance after
7 days; (d) Image of Pickering emulsion; (e) Fluorescent image of the emulsion labeled with Nile red
in the organic phase; (f) Zeta potential of Pickering emulsion, saPLD@SiO,, and free saPLD. The data
exhibited are the average values obtained from three paralleled experiments, while the error bars
stand for the standard deviations.

In light of the titration experiments, the Pickering emulsion diffused in water and ag-
gregated in oil, indicating that it was an oil-in-water emulsion. Additionally, the microscopy
analysis of the Pickering emulsion exhibited a spherical structure of the droplets in the
emulsion (Figure 9d), which is a typical droplet morphology of a Pickering emulsion. The
oil phases were stained with Nile red to verify the type of emulsion [50], and the droplets
showed a red fluorescence under the microscope, which confirmed the generation of an
oil-in-water emulsion (Figure 9e). This oil-in-water emulsion might be capable of shorten-
ing the mass transfer distances, and, thus, each droplet could function as a microreactor to
catalyze the production of PS from PC and L-serine.
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To determine the surface charge and stability of the Pickering emulsion, the saPLD@SiO,,
and the free saPLD, a zeta potential analysis was performed. The value of the zeta potential
is associated with the stability of particle dispersion, and it is a measure of the strength
of the mutual attraction or repulsion among the particles, as follows: the smaller the
dispersed particle or molecule is, the higher the absolute value of the zeta potential is,
and, thus, the more stable the system, that is, the dispersion or dissolution can resist
aggregation [51]. It is generally accepted that a stable system will be generated by a zeta
potential higher than +30 mV or less than —30 mV [52]. As demonstrated in Figure 91, the
zeta potential value of the Pickering emulsion was —44.92 mV, which was much less than
that of the saPLD@SiO, (—37.15 mV) or the free saPLD (—21.93 mV), and this phenomenon
indicates that the Pickering emulsion was relatively stable, which might be beneficial to the
transphosphatidylation reaction for the synthesis of PS from PC and L-serine.

2.7. Synthesis of Phosphatidylserine

The PLD-catalyzed synthesis of PS from soybean PC is based on a transphosphatidy-
lation reaction, with PC as the donor of the phosphatidyl residue and L-serine as the
acceptor [53]. The reaction scheme of the transphosphatidylation is shown in Scheme 2.
However, the application of the free PLD as a biocatalyst is limited by its low productivity,
high cost, and non-reusability. Moreover, transphosphatidylation is generally conducted in
biphasic systems [54] (diethyl ether and aqueous solution), which might lead to a reduction
in the enzyme activity and the denaturation of PLD. The small interfacial area drastically
limits the response rate of biphasic systems, and Pickering emulsions exhibit several ben-
efits when they are used in such systems, including non-pollution, higher stability, no
negative effects on the enzyme activity, and ease of purification [55]. Pickering emulsions
can enlarge the reaction interface area and shorten the mass transfer distance in order to
increase biocatalysis in the biphasic system.

Choline Serine o
l‘/ HO OH
o N NH, PLD
PLD ﬁ ﬁ
0—C—R, 0—C—R,
o 4]
| I
O—C—R, 0—C—R,
~ o o [+]
~ 0—|P|—PLD o—lpl—o/\H‘\()Il
(0] (I) NH,
PS

Scheme 2. The transphosphatidylation of the PLD.

According to Section 2.1, the saPLD@SiO, was prepared using saPLD and SiO; for
biphasic reactions. The yield of PS was utilized to investigate the catalytic performance
of the Pickering emulsion, the saPLD@SiO; (in a biphasic system), and the free saPLD (in
a biphasic system). As demonstrated in Figure 10, the PS yield of the Pickering emulsion
was 62% after 6 h, which was greater than that of the free saPLD and the saPLD@SiO, (18%
and 41%, respectivley). Compared to the free saPLD and saPLD@SiO; catalyst systems, the
Pickering emulsion exhibited much greater efficiency to catalyze esterification, suggesting
the general usefulness of this approach. Thus far, limited studies have been performed by
combining immobilized enzymes to form a Pickering emulsion with the application of SiO,
to immobilize PLD; thus, this work provides a competent platform for effective enzymatic
catalysis in the biphasic system to synthesize PS.
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Figure 10. The PS yield of the Pickering emulsion, saPLD@SiO,, and free saPLD. The data exhibited
are the average values obtained from three paralleled experiments, while the error bars stand for the
standard deviations.

3. Materials and Methods
3.1. Materials and Reagents

The soybean lecithin (PC content > 90%) was supplied by Yuanye Bio (Shanghai,
China). The L-serine was purchased from Solarbio Tech (Beijing, China). The PC (> 99%,
from soybean) and PS (> 97%, from soybean) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). The ethyl propionate and SiO; were obtained from Macklin Biochemical Co.,
Ltd. (Shanghai, China). The saPLD was produced, purified, and then assayed, as previously
described by Liu et al. [56].

3.2. Activity Assay of PLD

The activity of PLD to catalyze the transphosphatidylation was evaluated by analyz-
ing the yield of PS from PC and L-serine. The reaction mixture was composed of 1 mL of
20-mM acetate/acetic acid buffer (pH 5.5) containing 0.06 g L-serine, 1 mL of ethyl propi-
onate containing 0.025 g PC, and 500 uL of saPLD. The reaction mixture was incubated
for 20 min, with rapid shaking at 200 rpm and 40 °C, and then terminated by adding
chloroform /methanol (2:1, v/v) solution (4 mL), followed by extracting the phospholipids.
After centrifugation for 10 min at 8500x g, the lower layer was harvested and detected
using high-performance liquid chromatography (HPLC).

The HPLC (Agilent Technologies, Palo Alto, CA, USA) analysis was conducted using
a ZORBAX Rx-SIL silica gel column (5 pm, 4.6 x 250 mm, Agilent, Palo Alto, CA, USA)
linked to an ultraviolet detector. The mobile phase was acetonitrile/methanol/phosphoric
acid (95:5:0.8, v/v/v) and the flow rate was 0.3 mL/min. In addition, the column was
incubated at 25 °C. The PS and PC were identified at 205 nm. One unit of PLD was
designated as the quantity of enzymes producing 1 umol of PS from PC per min under the
assay conditions.

3.3. Preparation of saPLD@SiO,

The immobilization process was performed as follows: SiO, was first incubated with
saPLD solution (20-mM Tris-HCl, pH 7.0) on a shaker, with shaking at 150 rpm, then, the
mixture was washed with 20-mM Tris-HCI buffer (pH 7.0) at least two times to desorb the
un-immobilized enzymes. The saPLD@SiO, was collected after centrifugation at 12,000 rpm
for 1 min.

The immobilization was conducted with various enzyme contents (0.25, 0.5, 0.75, and
1.0 U) to investigate the influence of the enzyme amount. Then, the immobilization was
performed under various temperatures (10, 20, 30, and 40 °C) to identify the effect of
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immobilization temperature. Moreover, the immobilization was conducted in different
timeframes (1, 2, 3, and 4 h) to determine the impact of immobilization time.

The favorable immobilization conditions for preparing saPLD@SiO, were identified
by the relative enzyme activity and enzyme activity recovery rate. The enzyme activity re-
covery rate of saPLD@SiO, was described as the observed activity of immobilized enzymes
divided by the total initial activity. The relative enzyme activity was the ratio (percentage)
of the enzyme activity to the highest enzyme activity (marked as 100%).

3.4. Characterization of saPLD@SiO,
3.4.1. Scanning Electron Microscopy

The surface morphologies of the saPLD@SiO, and SiO; were detected using scanning
electron microscopy Apreo (SEM, Thermo Fisher Scientific, Waltham, MA, USA).

3.4.2. Confocal Laser Scanning Microscopy

The components of the saPLD@SiO, (saPLD and SiO;) were labeled with different
fluorescence. The saPLD was labeled with fluorescein isothiocyanate (FITC), which has
a green fluorescence, and SiO, was labeled using rhodamine B (RB), which has a red
fluorescence. Then, the saPLD@SiO, with fluorescence was detected using confocal laser
scanning microscopy (CLSM, FV1000, Olympus, Tokyo, Japan).

3.4.3. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) was utilized to identify the functional
groups of saPLD@SiO; and SiO,. The measurements were carried out via the KBr pressed-
pellet method. Each sample was scanned with the FT-IR spectrophotometer (TENSOR,
Bruker, Karlsruhe, Germany) at a range of 4000-400 cm ! wavenumbers.

3.5. Enzymatic Properties of saPLD@SiO,
3.5.1. Optimum Temperatures and Thermal Stability

To investigate the influence of temperature on the saPLD@SiO; and free saPLD, the
reactions were performed at various temperatures (40, 50, 60, 70, and 80 °C), and the enzyme
activity was determined while keeping the other conditions unchanged. To determine
the thermostability, the saPLD@SiO; and free saPLD were incubated without a substrate
at different temperatures (40, 50, and 60 °C) for 1 h, and the residual activities of the
saPLD@SiO, and free saPLD were recorded under standard assay conditions.

3.5.2. Optimum pH and pH Stability

To explore the optimum pH, the saPLD@SiO; and free saPLD activities were deter-
mined via the standard assay by incubating the reaction mixture at 40 °C with pH ranging
from 5.0 to 9.0. To determine the pH stability, the saPLD@SiO; and free saPLD were incu-
bated at 4 °C for 7 days at various pH (6.0, 7.0, and 8.0) in the absence of a substrate, then
the residual activities were monitored under standard assay conditions.

3.6. Operational Stability of saPLD@SiO,

The operational stability of the saPLD@SiO; was studied through the transphos-
phatidylation reaction of L-serine and PC. In each reaction cycle, 0.1 g saPLD@SiO, was
utilized to catalyze 0.2 g L-serine (in 5 mL of 20-mM acetate /acetic acid buffer (pH 5.5)) and
0.08 g PC (in 5 mL of ethyl propanoate) at 40 °C for 6 h. After each cycle, the saPLD@SiO,
was immediately harvested by centrifugation (10,000 rpm, 2 min) and washed thrice using
20-mM acetate/acetic acid buffer (pH 5.5), and then used for the next round of catalytic
reactions. For each batch cycle, the operational stability was obtained by comparing the
relative PS yield with that of the first batch. The yield of PS was quantified by HPLC, with
the approaches being noted in Section 3.2. The conversion rate (mol%) of PS was designated
as the PS yield, which was calculated using the following equation: PS conversion rate
(mol%) = PS amount/initial PC amount x 100%.
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3.7. Storage Stability of saPLD@SiO,

The storage stability of the saPLD@SiO, was detected by assessing the residual activity
after 25 days of incubation in 20-mM Tris-HCI buffer (pH 7.0) at 4 °C, and the measurement
of residual activity was conducted at a fixed time interval (every 5 days).

3.8. Preparation and Characterization of Pickering Emulsion

After washing with 20-mM Tris-HCI buffer (pH 7.0), the saPLD@SiO, (0.1 g) was
mixed with 10 mL of ethyl propionate and prepared acetate/acetic acid buffer (20 mM,
pH 7.0) (volume ratio of 1:1) to generate a mixture. Then, the mixture was subjected to
ultrasound for 3 min at 40% intensity, with a 3-s ultrasound and a 3-s stand-by, which
ultimately produced a stable Pickering emulsion.

The Pickering emulsion (1 mL) was added dropwise to 10 mL of organic solvent
and 10 mL of water, and the type of emulsion was verified based on its aggregation and
dispersion state. Then, the Pickering emulsion was placed in a 10-mL glass tube, which
was kept vertical at 25 °C £ 2 °C. The stationary state stability of the Pickering emulsion
was assessed for seven days after preparation by evaluating its visual appearance.

The Pickering emulsion was detected with an Olympus BX53 (Olympus Optical Co.
Ltd., Tokyo, Japan) fluorescence microscope, and it was stained with Nile red, with an
excitation wavelength of 488 nm and an emission wavelength of 539 nm. Additionally, the
Pickering emulsion was detected using a bright-field microscope. A Zetasizer Nano ZS90
(Malvern Instrument, Malvern, UK) was used to detect the zeta potential of the Pickering
emulsion, saPLD@SiO,, and free saPLD.

3.9. Synthesis of Phosphatidylserine

The capacity of the Pickering emulsion or saPLD@SiO, (biphasic reaction systems) to
synthesize PS from PC and L-serine was analyzed with free saPLD serving as a control.

The oil phase was composed of 5.0 mL of ethyl propionate containing 0.08 g PC, and
the aqueous phase was composed of 5.0 mL of 20-mM acetate/acetic acid buffer (pH 7.0)
with 0.2 g L-serine. Then, 0.1 g of saPLD@SiO, was added to initiate the reaction at 40 °C,
with shaking at 200 rpm for 6 h. In addition, with the same amount of free saPLD serving
as a control, the reaction system was the same as that of the saPLD@SiO,, except the pH
of the 20-mM acetate/acetic acid buffer (pH 6.0). The Pickering emulsion was prepared
with the preceding emulsification procedure (Section 3.8). The reaction systems were kept
at 40 °C, with shaking at 200 rpm for 6 h. Chloroform/methanol (2:1, v/v) solutions were
mixed with the reaction mixture to extract PS and PC. After centrifugation at 8500 rpm for
10 min, the lower layer was harvested and detected using HPLC, as described in Section 3.2.
The concentrations of phospholipids in the samples were acquired using the peak areas
with standard curves, prepared by injecting phospholipid standards. The yield of PS was
calculated according to Section 3.6.

4. Conclusions

In this study, we developed a strategy of immobilizing saPLD on the surface of SiO;
through physical adsorption to successfully prepare the immobilized enzyme saPLD@SiO5.
The saPLD@SiO; also exhibited better thermostability and pH stability than the free saPLD.
Additionally, the saPLD@SiO, demonstrated enhanced operational stability compared to
free PLD, with good recyclability performance; furthermore, the relative yield remained
over 50% for 14 consecutive batches. Moreover, a saPLD@SiO,-stabilized Pickering emul-
sion was obtained by ultrasound, and the saPLD@SiO, at the organic-water interface
enhanced the stability of the emulsion. Compared with the free saPLD and saPLD@SiO; in
biphasic systems, the Pickering emulsion demonstrated an excellent catalytic performance
in reactions of L-serine and PC, with the maximum conversion rate of 62% within 6 h.
In summary, saPLD@SiO,-stabilized Pickering emulsions could offer a novel strategy to
efficiently produce PS.
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