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Abstract: Phosphatidylserine (PS) is a natural phospholipid with particular importance in the food,
cosmetic, and pharmaceutical industries. Recently, the synthesis of PS mediated by phospholipase D
(PLD) has drawn great attention. But the application of free PLD is limited by various drawbacks,
including its instability under extreme conditions, difficulties in reuse and recovery, and high costs.
In this work, saPLD-inorganic hybrid nanoflowers (saPLD@NFs) were synthesized with PLD from
Streptomyces antibioticus (saPLD) as the organic component and Ca3(PO4)2 as the inorganic component.
The saPLD@NFs demonstrated outstanding immobilization capability and achieved a 119% enzyme
activity recovery rate. Furthermore, the saPLD@NFs exhibited better thermostability and pH stability
in comparison to free saPLD. The PS yield of saPLD@NFs was about 57.4% in the first cycles and still
reached 60.4% of its initial PS yield after four cycles. After 25 d storage at 4 ◦C, saPLD@NFs retained
66.5% of its original activity, but free saPLD only retained 38.3%, indicating that saPLD@NFs have
excellent storage stability. Thus, this study established a new method of preparing PLD nanoflowers
for effective PS synthesis, which might accelerate the practical utilization of this biocatalyst.

Keywords: phosphatidylserine; phospholipase D; immobilization; enzyme-inorganic hybrid nanoflowers

1. Introduction

Phosphatidylserine (PS), as a type of natural phospholipid (PL), has been widely used
in many applications, including the pharmaceutical and functional food sectors, due to its
physicochemical properties [1–3]. Clinical studies have demonstrated that dietary intake
of PS can be beneficial for children with attention deficit hyperactivity disorder, and it
has an excellent influence on preventing or improving Alzheimer’s disease [4]. Orally
administrated PS can effectively break through the blood–brain barrier and safely slow,
halt, or reverse the structural deterioration and biochemical alterations in the nerve cell
membrane [5,6]. Additionally, PS can be utilized as an efficient sports nutrition supplement
to reduce circulating cortisol concentrations, expedite recovery, and prevent muscle soreness
during and after exercise [7], such as endurance running, weight training, and cycling.

The main approaches regarding preparing PS include the extraction and enzymatic
methods. Extraction methods are primarily applied to extract PS from animals and plants.
Animal organs including bovine brain are possible sources to obtain PS, which may not
be appropriate for human consumption owing to the transmission risk of infectious dis-
eases [8]. In addition, PS can be obtained from soybeans, vegetable oils, and yolk. But
the high price of PS is caused by complex extraction and separation technology, the low
availability, and high loss rate. Thus, it is critical to increase the PS yield to meet the
demand. L-serine and phosphatidylcholine (PC) as substrates can be used to synthesize
PS through a transphosphatidylation reaction of phospholipase D (PLD, EC 3.1.4.4) [9].
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PC can be easily and simply acquired in large quantities from different natural materials,
including soybean and egg, which are comparatively cheap for producing PC industrially.
Comparing with the extraction methods, enzymatic synthesis of PS has drawn lots of
attention owing to its mild reaction conditions, extensive range of substrate sources, and
high reaction efficiency [10].

PLD belongs to the phosphodiesterase superfamily. It extensively exists in plants,
animals, and microorganisms [11]. On the contrary, microbial PLDs, particularly those
isolated from Streptomyces genus, demonstrate generally higher transphosphatidylation
activity [12,13]. PLD can catalyze two kinds of reactions: (i) hydrolyzing PC to choline
and phosphatidic acid (PA) through cleaving its phosphodiester bond and (ii) transfer-
ring the phosphatidic acid moiety to an acceptor alcohol. The transphosphatidylation
reaction is beneficial for synthesizing natural PLs, such as PS, phosphatidylethanolamine,
phosphatidylinositol, and phosphatidylglycerol [14–16].

So far, a high cost has been caused by the low yield of PLD and complicated purifica-
tion steps, and the free enzymes are difficult to reuse due to the instability, limiting their
use in industrial PS production. As a promising strategy, immobilizing enzymes on/in
materials can overcome these limitations due to advantages, such as improved stability,
convenient handling and recyclable use. Over the last few decades, immobilized enzymes
have been prepared using novel materials, including polymer resins, hydrogels, carbon
nanotubes, gold nanoparticles, ordered mesoporous silica, and magnetic nanoparticles,
as supports [17–22]. Moreover, the performances of enzymes have been enhanced using
lots of immobilization approaches, such as physical adsorption, encapsulation, covalent
binding, and cross-linked enzyme aggregates [23–26]. However, most of the immobilized
enzymes demonstrated lower activities than their free forms because of the improved
diffusion resistance between substrate and enzyme and the change in enzyme conforma-
tion [27,28]. Therefore, it is a major challenge to simultaneously enhance the stability and
activity of enzymes in the field of enzyme immobilization. Recently, the enzyme-inorganic
hybrid nanoflowers strategy has been a rapidly developing field of materials chemistry
due to the advanced designs with a specific structure and functionality [29]. Most impor-
tantly, enzyme-inorganic hybrid nanoflowers demonstrated higher activity, better stability,
desirable reusability, and great potential in various applications in comparison to free
enzymes [30].

Flower-like nanoparticles are formed by metal ions and protein in phosphate-buffered
saline under mild conditions when using the enzyme-inorganic hybrid nanoflowers method.
The formulation of enzyme-inorganic hybrid nanoflowers is composed of the nucleation
and generation of primary crystals, further enlargement of the aggregates, and the en-
tire generation of nanoflowers [31]. In the initial step, complexes are formed by protein
molecules with metal ions, mainly via the coordination among the metal ion and nitrogen
atoms of the amide groups existing in the protein backbone. The complexes can supply
sites for nucleation. The anisotropic growth of nano-petals can be stipulated by the in-
tramolecular interactions between the metal ion and protein. Proteins function as glue to
bind the petals together, which consequently promotes the generation of a flower-like struc-
ture. So far, various enzymes, including catalase [32], lipase [33], trypsin [34], horseradish
peroxidase [35], glucose oxidase [36], urease [37], laccase [38], soybean peroxidase [39], and
papain [40], have been utilized to prepare enzyme-inorganic hybrid nanoflowers. For most
of the enzymes, enzyme-inorganic hybrid nanoflowers can not only significantly enhance
their activities but also increase their storage stability, reusability, and operational stability.

In this study, saPLD-inorganic hybrid nanoflowers (saPLD@NFs) were synthesized
with Ca3(PO4)2 as the inorganic component and PLD from Streptomyces antibioticus (saPLD)
as the organic component, followed by determining the optimum immobilization condi-
tions of saPLD. The thermostability and pH stability of saPLD@NFs and the free enzyme
were studied and compared. In addition, the batch catalytic capacity and the catalytic
reaction process parameters of saPLD@NFs in the synthesis of PS were further identified.
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2. Materials and Methods
2.1. Materials and Reagents

Standard samples of PS (≥97%, from soybean) and PC (≥99%, from soybean) were
provided by Sigma-Aldrich (St. Louis, MO, USA). Soybean lecithin (PC content ≥ 90%) was
supplied by Yuanye Bio (Shanghai, China). L-serine was ordered from Solarbio Tech (Beijing,
China). Calcium chloride anhydrous and propyl propionate were obtained from Macklin
Biochemical Co., Ltd. (Shanghai, China). All other chemicals and reagents mentioned in
this study were of analytical grade.

2.2. Preparation and Characterization of saPLD@NFs

First, saPLD was produced and purified according to the protocol reported by
Mao et al. [41]. Then, saPLD@NFs were prepared with the simple wet-chemical precipita-
tion method. Typically, CaCl2 aqueous solution was added to 50 mM PBS buffer (pH 7.0)
with 0.6 U of saPLD to a final concentration of 24 mM to prepare the saPLD@NFs in one pot.
The resulting mixture was vortexed vigorously for 30 s and then incubated at 4 ◦C for 12 h.
Subsequently, saPLD@NFs were pelleted by centrifugation for 2 min at 12,000 rpm. The
saPLD@NFs were rinsed with ultrapure water thrice and dried using vacuum freeze-drying
for further identification.

2.2.1. Scanning Electron Microscopy

The surface morphology of saPLD@NFs was detected using scanning electron mi-
croscopy Apreo (SEM, Thermo Fisher Scientific, Waltham, MA, USA). After depositing
the dry saPLD@NFs on carbon-tape-covered stub, they were coated using gold source
with a sputter coater before SEM operation. At last, images of saPLD@NFs were created
using SEM.

2.2.2. Confocal Laser Scanning Microscopy

saPLD in 20 mM Tris-HCl buffer (pH = 7.0) was mixed with fluorescein isothiocyanate
(FITC) dissolved in dimethyl sulfoxide, and the resultant solution was placed in the dark
for 6 h with shaking at 300 rpm. The unbound FITC was eliminated by dialysis against
distilled water. Then, confocal laser scanning microscopy was used to observe the saPLD
labeled with FITC hybrid nanoflowers at excitation and emission wavelengths of about
495 nm/520 nm (CLSM; FV-1000 confocal microscope, Olympus, Tokyo, Japan).

2.2.3. Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FT-IR) was utilized to identify the functional
groups of saPLD@NFs and Ca3(PO4)2. The measurements were conducted using the KBr
pressed-pellet method. Each sample was measured with the FT-IR spectrophotometer
(TENSOR, Bruker, Karlsruhe, Germany) in a range of 4000–400 cm−1 wavenumbers.

2.3. Measurements of saPLD@NFs and Free saPLD Activity

The transphosphatidylation activity of saPLD was determined by calculating the yield
of PS from L-serine and PC. The reaction mixture was obtained by mixing 1 mL of 0.2 M
sodium acetate buffer (pH 6.0) with 12 mg L-serine, 1.5 mL of propyl propionate with
25 mg PC, and 1 mL of saPLD or 1 g of saPLD@NFs. After 20 min incubation at 60 ◦C, 3 mL
of chloroform/methanol (2:1, v/v) solution was used to extract the PS. Then, the mixture
was centrifuged for 10 min at 12,000 rpm, and high-performance liquid chromatography
(HPLC) was utilized to characterize the lower phase.

HPLC (Agilent Technologies, Palo Alto, CA, USA) analysis was carried out with a
ZORBAX Rx-SIL silica gel column (5 µm, 4.6 × 250 mm, Agilent) connected to an ultraviolet
detector. The mobile phase was acetonitrile/methanol/phosphoric acid (95:5:0.8, v/v/v)
at a flow rate of 0.8 mL/min. In addition, the column was incubated at 25 ◦C, and the
injection volume was 10 µL. The PS concentrations in samples were determined using the
peak areas according to the standard curve obtained by injecting PS standards of known
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concentrations (Figure S1). One unit of saPLD@NFs or free saPLD was designated as the
quantity of enzyme producing 1 µmol of PS from PC per min.

2.4. Optimum Synthesis Conditions of saPLD@NFs

To detect the optimum synthesis conditions for saPLD@NFs, the concentration of
calcium ions and the content of saPLD were optimized. Briefly, different concentrations of
CaCl2 solution were mixed with 50 mM PBS buffer (pH 7.0) with various contents of saPLD
(0.15, 0.30, 0.45, 0.60, and 0.75 U), and the final concentrations of CaCl2 were 12, 24, 36, and
48 mM, respectively. After vortexing vigorously for 30 s, the mixture was placed at 4 ◦C for
12 h. After incubation, the saPLD@NFs were centrifugally pelleted at 12,000 rpm for 2 min
and rinsed three times with 2 mL of deionized water to eliminate the unfixed enzyme.

The optimum immobilization conditions to prepare saPLD@NFs were determined
by the enzyme activity recovery rate and the relative enzyme activity. Generally, the
enzyme activity recovery rate of saPLD@NFs was defined as the observed activity of
immobilized enzymes divided by the total initial activity. The relative enzyme activity was
the percentage of the enzyme activity to the maximum enzyme activity (Table S1).

2.5. Enzymatic Properties of saPLD@NFs

To determine the optimum temperature of saPLD@NFs and free saPLD, the reactions
were performed at different temperatures (30, 40, 50, 60, 70, and 80 ◦C), and the enzyme
activity was detected while keeping other conditions unchanged (Table S2). To study and
compare the thermostability of saPLD@NFs and free saPLD, they were pre-incubated at
differing temperatures (30, 40, 50, and 60 ◦C) in the absence of substrate for 1 h, respectively,
and then the residual activity was monitored under standard assay conditions (Table S3).

To identify the optimum pH of saPLD@NFs and free saPLD, their activities were
determined with the standard assay in a pH range of 5.0–9.0 by placing the reaction mixtures
at 60 ◦C (Table S4). To determine the pH stability, saPLD@NFs and free saPLD samples
were pre-incubated at 4 ◦C and different pH (5.0, 6.0, 7.0, and 8.0) for 7 d without substrate,
and the residual activity was estimated under standard assay conditions (Table S5).

2.6. Preparation of PS via Enzymatic Method

PS synthesis was conducted in a two-phase reaction system. The oil phase was 3.0 mL
of propyl propionate with 50 mg PC, and the aqueous phase was 2.0 mL of acetate/acetic
acid buffer (0.2 M, pH 6.0) with 25 mg L-serine. Then, saPLD@NFs with various enzyme
amounts (0.25, 0.50, and 0.75 g) were added, and the reaction was performed by oscillating
with 200 rpm at 40 ◦C for differing times (1, 2, 3, 4, and 5 h), respectively. PS was extracted
by mixing the reaction mixture with the solutions of chloroform/methanol (2:1, v/v). After
centrifugation at 12,000 rpm for 10 min, the lower layer was harvested and characterized
with HPLC, as noted in the “Measurements of saPLD@NFs and Free saPLD Activity”
section. The PS conversion rate (mol%) was described as the PS yield, which was deter-
mined by the following equation: PS yield (mol%) = PS amount/initial PC amount × 100%
(Table S6).

2.7. Storage Stability of saPLD@NFs

To study the storage stability, saPLD@NFs and free saPLD were incubated at 4 ◦C
for 25 d in 20 mM Tris-HCl buffer (pH = 7.0), and the residual activity of saPLD@NFs
and free saPLD was monitored at a specific time interval (every five days) under standard
assay conditions.

2.8. Operational Stability of saPLD@NFs

In each reaction cycle, 0.45 g saPLD@NFs were used to catalyze the reaction containing
25 mg L-serine (in 2 mL of 0.2 M acetate/acetic acid buffer (pH = 6.0)) and 50 mg PC
(in 3 mL of propyl propionate) at 40 ◦C for 3 h. To evaluate the operational stability of
saPLD@NFs, they were immediately eliminated from the solution at the end of each reaction
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by centrifugation (12,000 rpm, 2 min), rinsed thrice with Tris-HCl buffer (20 mM, pH = 7.0),
and then reutilized in the new batch of reaction under the same reaction conditions. In
addition, the operational stability for each batch cycle was identified by determining the
relative PS yield in comparison to that of the initial reaction.

3. Results
3.1. Characterization of saPLD@NFs

Enzyme-inorganic hybrid nanoflowers with delicate structures of sepals and petals
could be a new immobilized enzyme strategy. Figure 1 illustrates the general scheme of
saPLD-inorganic hybrid nanoflower (saPLD@NFs) synthesis. At the early nucleation stage,
complexes were generated by saPLD with calcium ions, mainly via the coordination of the
metal ion and nitrogen atoms of amide groups in the enzyme backbone, which supplied
a space for the nucleation of initial crystals. At the following growth stage, more crystals
bound together and formed larger agglomerates, generating loose petal-like structures. At
the last self-assembly stage, saPLD functioned as a scaffold to combine petals together into
the nanoflower.
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Figure 1. Schematic diagram of the formation of saPLD@NFs.

SEM was used to determine the general morphologies of saPLD@NFs. As demon-
strated in Figure 2a, the low-resolution SEM images exhibited that saPLD@NFs comprised
interconnected petals. The high-resolution SEM image (Figure 2b) demonstrated that hun-
dreds of nanoplates assembled the hybrid nanoflowers, exhibiting a flower-like porous
nanostructure with high surface-to-volume ratio. Furthermore, the CLSM image (Figure 2c)
indicated the effective immobilization of saPLD in enzyme-inorganic hybrid nanoflowers
due to the strong green fluorescence of saPLD labeled with fluorescein isothiocyanate
(FITC). In addition, saPLD@NFs and Ca3(PO4)2 were analyzed using FTIR spectroscopy.
As shown in Figure 2d, in the spectra of Ca3(PO4)2 and saPLD@NFs, the strong IR band at
1031 cm−1 was characteristic of P-O stretches and vibrations, while the bands at 563 cm−1

and 603 cm−1 might be due to the bending vibrations of bridging phosphorous including
O=P-O, suggesting the presence of phosphate groups. Moreover, the characteristic peaks of
saPLD@NFs at 1546 cm−1 corresponded to amide in the enzymes, indicating the existence
of saPLD. Two groups of broad bands in the range of 1620–1660 and 3700–3200 cm−1

resulted from the presence of water in the spectra of Ca3(PO4)2 and saPLD@NFs [42]. All
the above results verified the successful synthesis of saPLD@NFs.

3.2. Effects of Preparation Conditions on the saPLD@NFs Activity

The synthesis steps of saPLD@NFs included nucleation, further growth, and final
assembly of the flower-like structure. However, the nucleation step plays an important role
in the further growth and final generation of enzyme-inorganic hybrid nanoflowers. The
enzyme functions as a ‘glue’ to keep the metal phosphate nanocrystals together. Hence, the
enzyme content has a remarkable influence on the nucleation number and assembly degree
of enzyme-inorganic hybrid nanoflowers. Furthermore, the primary crystals of Ca3(PO4)2
are generated at the early growth stage and then predominantly embedded with enzyme
via the coordination of amide groups in the enzyme backbone. These complexes supply
a space for the nucleation of the primary crystal. Thus, the concentration of Ca2+ is also
critical, because it is a chief driving force for initiating the generation of nanocrystals and
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further growth process. To acquire the optimal immobilization conditions of saPLD, the
influence of enzyme content and Ca2+ concentration was studied.
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spectra of saPLD@NFs and Ca3(PO4)2.

As indicated in Figure 3a,b, it was discovered that the relative enzyme activity and
enzyme activity recovery rate of saPLD@NFs increased with the rising enzyme content
(0.15 U–0.45 U). However, a further enhancement in enzyme content (>0.45 U) led to re-
duced relative enzyme activity and enzyme activity recovery rate of the saPLD@NFs. A
possible reason could be the higher number of nucleation sites generated for Ca3(PO4)2
nanocrystals due to the increased enzyme content. However, the capacity of the Ca3(PO4)2
in the system would be reduced by too many enzymes, and steric hindrance could be intro-
duced to the catalytic sites of saPLD by the tighter structures of nanoflowers with higher
enzyme content. In addition, the increasing Ca2+ concentration (12 mM–36 mM) enhanced
the relative enzyme activity and the enzyme activity recovery rate of saPLD@NFs at a
certain enzyme concentration (Figure 3a,b). A possible explanation for this phenomenon
is the fact that a lower concentration of Ca2+ was insufficient to reach the supersaturation
point for initiating nucleation and succeeding growth of Ca3(PO4)2 nanocrystals. Excessive
Ca2+ concentration might lead to the compact structure of hybrid nanoflowers, which
reduced the contact efficiency between saPLD and substrates, resulting in reduced enzyme
activity. Moreover, when the saPLD@NFs were synthesized using 0.45 U enzyme amount
and 36 mM Ca2+ concentration, saPLD@NFs demonstrated the highest recovery enzyme
activity of 119%. Comparing to the free saPLD, the increased activity of saPLD in nanoflow-
ers might be due to the following factors: (i) the favorable enzyme conformation in hybrid
nanoflowers; (ii) the cooperative effect of nanoscale-entrapped saPLD molecules; (iii) the
large surface area of saPLD@NFs that alleviated the mass-transfer limitations. In fact, Ca2+

also played a positive role in regulating the enzymatic activity for saPLD. In light of these
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results, an enzyme amount of 0.45 U and Ca2+ concentration of 36 mM were chosen as the
optimum conditions for preparing saPLD@NFs.
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and the enzyme activity recovery rate (b). The data exhibited are the average values obtained from
three paralleled experiments, while the error bars stand for the standard deviations.

3.3. Enzymatic Properties of saPLD@NFs

As demonstrated in Figure 4a, the optimal temperatures of both saPLD@NFs and free
saPLD were 60 ◦C. However, the relative activity of saPLD@NFs was greater than that of
free saPLD in the range of 30–80 ◦C. Figure 4b exhibits that saPLD@NFs retained more
residual activity than free saPLD when incubating from 30 to 60 ◦C. After 1 h incubation at
30 ◦C and 40 ◦C, free saPLD retained 101.0% and 72.6% of its original activity, respectively,
while saPLD@NFs retained approximately 104.0% and 98.9% of its original activity. Fur-
thermore, free saPLD only retained approximately 5.5% and 1.3% of the original activity
after incubating at 50 ◦C and 60 ◦C for 1 h, respectively. But saPLD@NFs were more stable,
retaining about 59.7% and 31.5% of the original activity, suggesting that the thermostability
of saPLD was elevated by an enzyme-inorganic hybrid nanoflowers system.
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As exhibited in Figure 5a, the optimal pH values of saPLD@NFs and free saPLD
were the same, demonstrating their maximum activities at pH 6.0. However, saPLD@NFs
showed greater relative activities in the range of pH 5.0–9.0 in comparison to free saPLD.
As demonstrated in Figure 5b, the residual activity of saPLD@NFs was 94.4%, 99.6%, 95.0%,
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and 86.1% after 7 d incubation at pH 5.0, 6.0, 7.0, and 8.0, respectively, while free saPLD
retained 86.7%, 91.7%, 87.8%, and 81.7% of its original activity under the respective pH
conditions. This indicated that the pH stability of saPLD was enhanced by the application
of the enzyme-inorganic hybrid nanoflowers system.
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The improved thermostability and pH stability of saPLD@NFs were considered to
be caused by the saPLD molecules trapped in nano-porous structures, which increased
the enzyme rigidity. The results were mostly in agreement with most of the cases men-
tioned in the literature, in which the immobilized enzyme demonstrated better stability in
comparison to the free enzyme. For example, lipase-inorganic hybrid nanoflowers were
synthesized with Ca3(PO4)2 as the inorganic component and lipase as the organic compo-
nent [43], and the ChT-inorganic hybrid nanoflowers were prepared at room temperature
in aqueous solution using Ca3(PO4)2 as the inorganic component and ChT as the organic
component [44], which both exhibited better stability. The outstanding thermostability and
pH stability of saPLD@NFs were beneficial for the practical utilization in the functional
phospholipid production.

3.4. Synthesis of PS by saPLD@NFs

Given the importance of PS in pharmaceutical and functional food production, the
catalytic behavior of saPLD@NFs was analyzed with the reaction between L-serine and PC
as the model reaction system (Figure 6). Over the years, PS synthesis with L-serine and PC
by PLD-mediated transphosphatidylation has been frequently reported, and the organic-
water biphasic reaction system was the most extensively studied and performed [45].
Although PS has been synthesized using numerous organic solvents, including chloroform,
toluene, and diethyl ether, with a maximal yield of ~95%, organic solvents might not be
suitable for the food industry due to the possible toxic compounds. Thus, it was essential
to develop a reaction system with green and non-toxic ingredients for synthesizing safe PS
to apply in functional foods. In this work, PC was dissolved in propyl propionate, which
is less toxic than chloroform, diethyl ether, and toluene, and it is utilized as a solvent for
perfume and food additives, as well as inks and paints, generally thought to be one of the
best environmental options [46].
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Figure 6. The transphosphatidylation of the PLD.

To optimize the PS yield, variables including the saPLD@NFs amount and reaction
time were investigated systematically at 40 ◦C and pH 6.0 in a propyl propionate-aqueous
system according to the characteristics of saPLD@NFs. The enzymatic reaction needed to
be carried out under suitable temperature. Although a higher temperature may increase
the diffusion behavior of the substrate and decrease the viscosity of the reaction system to
enhance the enzyme activity, it might cause enzyme inactivation. saPLD@NFs exhibited a
slightly lower activity at 40 ◦C than 60 ◦C but demonstrated a better stability at 40 ◦C than
60 ◦C, which was of great help to maintain its activity for an extended time. Hence, 40 ◦C
and pH 6.0 were chosen as the parameters for the following experiments.

Figure 7 demonstrates the effect of the saPLD@NFs amount and reaction time on the
PS yield. When 0.25 g of saPLD@NFs was added into the reaction system, the PS yield
reached 42.6% after 5 h reaction. When 0.50 g and 0.75 g of saPLD@NFs were added to the
reaction system, the PS yield was increased from 0 to the maximum of 57.4% and 57.1%,
with the reaction time extended from 0 to 3 h, respectively, and then kept stable. The rate
of catalytic reaction was directly associated with the quantity of enzyme. The effective
collision probability of the enzyme molecule and substrate was enhanced with the increased
enzyme amount, leading to a faster reaction speed. When the enzyme molecule quantity
was enhanced to a certain extent in the reaction system, the contact of the substrates
and enzyme molecules was saturated, resulting in the highest enzymatic reaction speed.
Therefore, the optimum saPLD@NFs amount of 0.50 g and reaction time of 3 h were selected
to increase the reaction efficiency. To our knowledge, this is the first report to produce PS
in an organic-water biphasic reaction system using PLD-synthesized enzyme-inorganic
hybrid nanoflowers, which might promote the practical utilization of this biocatalyst.
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3.5. Storage Stability of saPLD@NFs

Figure 8 shows the time-dependent residual activities of saPLD@NFs and free saPLD.
After 25 d incubation, the residual activity of free saPLD gradually decreased to only
38.3%, whereas saPLD@NFs retained 66.5% of the original activity under the same reaction
conditions. The greater storage stability of saPLD@NFs might be caused by the excellent
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stability of calcium phosphate and the encapsulation of saPLD in the nanoflowers, which
hindered its leakage. This suggested that enzyme-inorganic hybrid nanoflowers are highly
stable in a chemical environment. The enhanced storage stability facilitated the utilization
of saPLD@NFs for synthesizing functional phospholipids.
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3.6. Operational Stability of saPLD@NFs

Operational stability plays an essential role in decreasing the operating cost in practical
applications but the difficulty in reutilizing free PLDs leads to the high cost of the enzymatic
process. The reusability of immobilized PLDs is an important criterion for their cost-
effective usage and industrial application. Therefore, it is essential to explore immobilized
PLDs for reutilizing in their practical application of producing PS. As presented in Figure 9,
the PS yield was approximately 57.4% in the first cycles and still retained 60.4% of its initial
value after four cycles. Hence, saPLD@NFs could be reutilized over four times from a
practical perspective. The decreased PS yield with cycle times should be mostly due to
the deactivated saPLD@NFs after the continuous catalytic operations. Furthermore, the
loss of saPLD@NFs due to the repeated washing and centrifugation was another reason,
which was similar to the previously reported laccase-loaded magnetic nanoflowers [38]. In
summary, saPLD@NFs are a potential biocatalyst for producing functional phospholipids
in an inexpensive approach.
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4. Conclusions

Nowadays, lots of attention has been paid to the enzyme-inorganic hybrid nanoflow-
ers due to their high activity, good stability, simple synthesis, and low cost. In this
work, saPLD@NFs were successfully prepared using saPLD as the organic component
and Ca3(PO4)2 as the inorganic component. The optimum immobilization condition for
saPLD was obtained by investigating the Ca2+ concentration and enzyme content of hy-
brid nanoflowers. Compared to free saPLD, the synthesized saPLD@NFs demonstrated
outstanding performance, with an active enzyme recovery rate of 119%. Additionally,
saPLD@NFs exhibited better thermostability and pH stability than free saPLD, suggest-
ing the potential of saPLD@NFs for PS production as a new kind of biocatalyst. It also
showed higher storage stability than free saPLD and retained greater residual activities
after 25 d incubation. Furthermore, the PS yield of saPLD@NFs was 57.4%, and the relative
yield was still over 60% after four consecutive batches in the organic-water biphasic reac-
tion system, indicating its suitability for practical production applications. In summary,
saPLD@NFs and the related reaction system would establish a novel approach for the
effective production of PS.
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the activity of saPLD@NFs and free saPLD; Table S3: Influence of temperature on the stability of
saPLD@NFs and free saPLD; Table S4: Influence of pH on the activity of saPLD@NFs and free saPLD;
Table S5: Influence of pH on the stability of saPLD@NFs and free saPLD; Table S6: Enzymatic catalysis
with different reaction times and enzyme amount.
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