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Abstract: Phosphatidylserine (PS) has significant applications in various sectors, such as the medical
and food industries. However, its production relies heavily on phospholipase D (PLD), a crucial
tool that is hindered by issues like poor stability and irrecoverability. Immobilization presents itself
as an effective solution to overcome these limitations. In this study, magnetic graphene oxide (MGO)
modified with amino (-NH-2) were synthesized and utilized for PLD immobilization. The activity of
the immobilized PLD (MGO-PLD) reached 3062 U/gmco, with a specific activity of 33.9 U/mgprp,
virtually identical to that of the free PLD. MGO-PLD was utilized to synthesize PS efficiently in a
biphasic system. Under optimal conditions, PS yield reached 18.66 g/L, with a conversion rate of
92.8% and a productivity of 3.11 g/L/h. Notably, MGO-PLD retained an impressive PS conversion
rate of 77.4% even after seven repetitive usages. Moreover, MGO-PLD displayed enhanced thermal
and pH resistance properties compared to free PLD, alongside an augmented storage stability. Post
a 8-week preservation at 4°C, its residual activity was able to maintain at 76.3%. This study provides
a sustainable and highly efficient pathway for biocatalytic synthesis of PS.

Keywords: phospholipase D; immobilization; phosphatidylserine

1. Introduction

Phosphatidylserine (PS) regulates the functional state of key membrane proteins[1],
demonstrating significant benefits in neuronal repair, cognitive enhancement[2], treatment of
Attention-Deficit Hyperactivity Disorder[3], depression[4], and prevention of Alzheimer’s disease[5].
It has important potential applications in the pharmaceutical, food, and cosmetic industries[6,7].
However, the low total content of PS in nature and the difficulty of extraction make it expensive and
limit its further application. A compelling solution involves the synthesis of PS through the enzymatic
action of phospholipase D (PLD, EC3.1.4.4) on phosphatidylcholine (PC) and L-serine, characterized
by readily available raw materials, mild reaction conditions, eco-friendly practices, and few by-
products[8-10].

The PLD catalyzed transphosphatidylation is a bi-substrate enzymatic reaction. Phospholipid
substrates, such as PC, are insoluble in the aqueous phase, while the second substrate, such as L-
serine, is insoluble in the organic phase[10]. Consequently, the reaction system usually comprises a
biphasic mixture consisting of an organic phase that is immiscible in water (e.g., ether, ethyl acetate,
etc.) and an aqueous phase. In this system, PC dissolves in the organic phase, while PLD and L-serine
are present in the aqueous phase, with PS synthesis occurring at the liquid-liquid interface. Prolonged
exposure of free PLD to organic solvents compromises its structural integrity, leading to protein
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denaturation and disassembly. Since PLD is insoluble in the organic phase, it often aggregates in
substantial quantities, diminishing enzyme utilization efficiency. The interphase mass transfer
resistance is notable, reducing the contact area between the enzyme and substrates, which results in
suboptimal efficiency[11,12]. Additionally, recovering free PLD enzymes is challenging. These
drawbacks make free PLD ill-suited for large-scale PS production. Enzyme immobilization emerges
as an effective strategy to address these issues. Anchoring the enzyme to a suitable carrier enlarges
the interaction surface with substrates and establishes a protective milieu that bolsters the enzyme’s
tolerance to organic solvents and thermal stresses[13-16].

Graphene oxide (GO), as a novel two-dimensional nanomaterial, possesses advantages such as
a large specific surface area, good biocompatibility, low mass transfer resistance, and an abundance
of surface functional groups[17,18]. As an enzyme immobilization medium, GO exhibits remarkable
catalytic activity, operational stability, and storage stability[19-21]. However, the pronounced water
solubility of GO complicates its separation from the reaction system. Magnetic nanoparticles, known
for their unique magnetic properties, ease of separation, and low cost, are extensively used in material
recovery[22]. The synthesis of magnetic graphene oxide (MGO) by combining magnetic nanoparticles
with GO merges the strengths of both materials[23,24]. Utilizing MGO as a carrier for enzyme
immobilization offers significant benefits. With the application of an external magnetic field,
immobilized enzymes can be directionally moved and rapidly separated from the reaction system.
Futhermore, functional group modification of MGO can increase its enzyme loading capacity[25].
Currently, there is extensive research on MGO for enzyme immobilization, including studies on
lipases[26,27], laccases[28], cellulases[29], etc. However, there is a notable absence of study exploring
MGO’s role in PLD immobilization.

The principal aim of this study is the development of APTES-modified MGO for the
immobilization of PLD. The resulting PLD-loaded MGO can be effortlessly recovered and reutilized,
thereby overcoming the constraints of conventional GO and free PLD. Additionally, the
characteristics of the immobilized PLD such as thermal stability, pH stability, the number of reuses,
and storage stability were evaluated and compared to those of the free PLD. Ultimately, the
immobilized PLD was applied to PS synthesis, and the synthesis conditions were optimized.

Results and Discussion
2.1. Characterization of Nanocomposites and Immobilized PLD
2.1.1. FTIR Spectra

The characteristic absorption peaks of GO, MGO, and MGO-PLD were observed using a FTIR
spectrometer (Figure 1). The FTIR spectrum of GO confirmed the successful oxidation of graphite. As
shown in Figure 1a, several strong peaks corresponding to various oxygen functionalities were
evident. These include the C-O stretching vibration peak attributable to the C-O-C of the epoxide
group at 1050 cm!, the C-OH stretching vibration peak at 1223 cm, the C=O stretching vibration
peak at 1735 cm, and the O-H stretching vibration peak at 3386 cm-! [30]. After ultrasonication with
magnetic nanoparticles, a distinct absorption peak was observable at 583 cm which corresponds to
the Fe-O-Fe vibrational mode [27](Figure 1b). This indicates that FesOs nanoparticles were effectively
anchored onto the GO surface. The peak at 1048 cm! can be attributed to the asymmetric stretching
vibration of Si-O-Si. Additionally, the peaks at 1444, 1512 and 1627 cm are due to C-N,C=N and C=0
stretching vibrations can be associated to the amide group(CO-NH:)[31](Figure 1c). These findings
substantiate that PLD has been immobilized on MGO-NHz through covalent linkage.
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Figure 1. FTIR spectra of GO (a), MGO (b), and MGO-PLD (c).

2.1.2. SEM and TEM Analysis

The morphological characteristics of GO, MGO, and MGO-PLD were investigated utilizing both
SEM and TEM. In Figure 2a, GO exhibited a thin layer morphology with extensive surface wrinkles
that increased the carrier’s specific surface area, thereby enabling the loading of more FesOu particles
and enzymes. Figure 2c shows spherical FesOs particles on the GO surface with partial aggregation.
The morphology of APTES-functionalized MGO and PLD-loaded MGO in Figure 2e confirmed
successful NH2 modification and PLD immobilization. Additional insights into the nanoparticles’
morphology and structure are provided by TEM measurements, as illustrated in Figure 2b,d,f. The
TEM image is consistent with the SEM image and confirms the size distribution at higher
magnification. In Figure 2f, following PLD immobilization on MGO-NH, there is a reduction in the
degree of wrinkling on the GO surface and the presence of small globular PLD, indicating the
successful loading of PLD on the modified magnetic carrier.

2.1.3. EDS Analysis

As demonstrated in the Figure 3, EDS analysis confirmed the presence of FesOs particles. This
analysis revealed that apart from the C peak attributed to GO and the Cu peaks originating from the
TEM grid, only Fe and O elements were discerned. Subsequent to the functionalization of MGO with
APTES, a distinct Si peak emerged, signifying the successful synthesis of MGO-NH.. Surface
modification and reagent coupling are crucial because directly attaching the enzyme to MGO induces
strain on its molecular motion, which subsequently leads to a decline in its reactivity. Therefore, in
this study, we amino-functionalized MGO using APTES and subsequently immobilized the PLD
enzyme on it through covalent attachment mediated by GA.
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Figure 2. SEM/TEM images of the GO (a/b), MGO (c/d), and MGO-PLD (e/f).
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Figure 3. The EDS analysis of GO, MGO, and MGO-PLD.

2.1.4. Appearance and Magnetic Property

As shown in Figure 4a, the immobilized PLD can be uniformly dispersed in double-distilled
water, creating a stable brown suspension. Notably, there appears to be no significant difference
between GO and MGO-PLD in terms of appearance. However, upon applying an external magnetic
field, MGO-PLD is drawn to the wall of the EP tube due to the magnetic properties of MGO (Figure
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4b). This indicates that the magnetically immobilized enzymes were successfully synthesized. The
capacity for recyclability is a defining feature of immobilized enzymes. Compared to traditional
recycle methods like centrifugation or filtration, the use of an external magnetic field presents a more
cost-effective and industrially viable option.

Figure 4. Separation of immobilized PLD with external magnetical force. (a) 0 s; (b) 10 min.

2.2. Optimization of PLD Immobilization on MGO-NH:

In the immobilization process, the factors affecting the adsorption capacity of MGO and enzyme
activity, such as pH and enzyme concentration were investigated. As illustrated in the Figure 5a,
within the pH range of 3-8, the loading amount of PLD and the activity of the immobilized PLD
initially increased and then decreased with the increase in pH. At pH 6, the maximum loading
amount was achieved at 76.34 mgrLp/gmco, and at this point, the immobilized enzyme also exhibited
its highest activity, reaching 2583 U/gmco, accompanied by a specific activity of 33.8 U/mgprp,
consistent with that of the free PLD. When the pH exceeded 6, both the loading amount and enzyme
activity decreased. This may be attributed to theoretical isoelectric point of PLD is 5.97; thus, around
pH 6.0, it has the minimum solubility and is easily adsorbed and immobilized by the MGO.

The influence of PLD concentration on immobilization is presented in the Figure 5b, unlike pH,
as the PLD concentration increases, the loading amount continuously rises, reaching a maximum of
109.4 mgrLo/gmco. However, at this juncture, the specific activity of the immobilized PLD is only 24.9
U/mgprp, resulting in a total enzyme activity of merely 2719 U/gmco. This may be attributed to the
multilayer deposition of PLD on the MGO surface, which impedes the enzyme’s interaction with the
substrate. When the PLD concentration was set at 1.2 mg/mL, the immobilized PLD exhibited
maximal activity, achieving 3062 U/gmco, with an loading amount of 90.3 mgrLp/gmco and a specific
activity of 33.9 U/mgpip, nearly identical to that of the free PLD. Immobilization customarily leads to
a reduction in enzymatic specific activity[32]. Yet, in this investigation, following the amino-
modification of MGO and its subsequent covalent linkage with PLD via GA, there was an
insignificant decline in the enzyme’s specific activity under optimal immobilization conditions. The
optimal parameters for immobilization were determined to be pH 6.0 and a PLD concentration of 1.2
mg/mL.


https://doi.org/10.20944/preprints202409.1233.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2024

(a) 100 36 (b) 130 _ _ 3200 (36
[T Loading amount —v- Immobilized PLD activity —e— Specific activity —_ [T Loading amount —~v—Immobilized PLD activity —e- Specific activity ~| 35
3 90 } 260083 ~120 §\§"”'§ }\} 3000 &

g §/§ : Sl _ ¢ S[34
o 3 5 sNo jL Sl g
2 80 2400 =133 & = 2800 2
z —t { 21,,E 2100 232 g
S : — Sl E o % % S[E
= =) ko 2
= 70 (2200 5 1315 2 90 26005 z;;
[a] = a =
3 60 S0z 3 8o 2400 | 50 2
£ o o £ o 7]
& t| 005208 g L0 Blag®
> 5o gt e o 20087 &
£ =28 & £ 21, E
K Y 0S8 § 85 8
S 40 ETa S 4 2000 £ [ 26 &3

E 126 ] ¥ ¥ El2s

30 - 1600 25 40— - - . . —L 11800 l24

3 4 5 6 7 8 0.6 0.8 1.0 1.2 1.4 1.6
pH PLD concentration (mg/mL)

Figure 5. Analysis of enzyme immobilization. (a) Effect of pH on loading amount and enzyme activity;
(b) Effect of PLD concentration on loading amount and enzyme activity.

2.3. Analysis of Enzymatic Properties of Free and Immolibized PLD
2.3.1. Optimal Temperature and Thermal Stability

Within the temperature range of 35-65 °C, the influence of temperature on PLD activity was
examined. As shown in the Figure 6a, the optimal temperature for the immobilized PLD is 50 °C,
which is consistent with that of the free PLD. Additionally, the immobilized PLD maintains elevated
relative activity over a wider temperature range compared to its free counterpart. This may be
attributed to immobilization enhancing the stability of PLD enzyme, allowing the enzymatic
conformation to remain relatively stable under suboptimal conditions.

The thermal stability of immobilized PLD is a key attribute for its practical utility. In order to
assess this stability, both free and immobilized PLD were subjected to incubation at 50 °C and 60 °C
for durations of 120 minutes, followed by an evaluation of residual activity. Figure 6b illustrates that
immobilized PLD demonstrates superior activity compared to the free counterpart, attributable to
the enhanced structural rigidity conferred by immobilization. Upon incubation at 50 °C for 120
minutes, the activity of immobilized PLD remained virtually unchanged, while the free PLD
exhibited a significant decline, preserving only 60% of its initial activity. When the temperature was
raised to 60 °C, free PLD retaining merely 42% of its initial activity, in contrast to the immobilized
PLD, which preserved approximately 90% of its initial activity. Consequently, immobilized PLD
displays augmented thermal stability relative to free PLD.
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Figure 6. Effect of temperature on the enzyme activity (a) and stability (b) of the free and immobilized
PLD.
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2.3.2. Optimal pH and pH Stability

As illustrated in Figure 7a, the optimum pH for immobilized PLD is 6.0, identical to that of free
PLD. Compared to the free enzyme, the immobilized PLD shows enhanced pH tolerance over a broad
range, which may be attributed to the role of MGO in the immobilized PLD system, functioning not
only as a carrier but also as a “solid buffer.” This phenomenon arises because the surface of MGO
possesses an abundance of hydroxyl groups, which can adsorb in aqueous solutions and balance the
nearby microenvironment’s pH, thereby serving as a buffering agent. The pH stability of both free
and immobilized PLD was measured, and the results are shown in the Figure 7b. The results indicate
that at pH values of 6 and 7, both the free and immobilized PLD exhibit relatively high stability;
however, at other pH values, the immobilized enzyme demonstrates greater robustness and minimal
activity fluctuation compared to its free counterpart.
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Figure 7. Effect of pH on the enzyme activity (a) and stability (b) of the free and immobilized PLD.

2.4. Synthesis of PS by MGO-PLD in a Butyl Acetate-Aqueous System
2.4.1. Effect of Organic Phase to Aqueous Ratio on PS Synthesis

The synthesis of PS from PC by PLD is commonly accompanied by hydrolysis reactions, leading
to the production of PA. Water content in the reaction system is vital for this process[33]. Elevated
water levels enhance the efficiency of PC hydrolysis, while exceedingly low water contents result in
decreased enzymatic activity. Therefore, this study examined the impact of various volume ratios
between the orgain and aqueous phases on PS yield. The data illustrated in Figure 8a demonstrate
that the yield of PS exhibits an initial increase followed by a decline with the continuous rise of phase
ratio, while the byproduct PA shows a consistent decrease. Optimal PS production is observed at a
phase ratio of 2:1, wherein the yield and conversion rate stand at 14.98 g/L and 75.2%, respectively.
Nevertheless, upon further elevation of the phase ratio, a diminishing trend in PS yield is noticed,
concomitant with a marked escalation in PC content. This phenomenon could be ascribed to the rising
concentration of butyl acetate, which potentially modifies the aqueous milieu around the PLD,
thereby leading to a reduction in enzymatic activity.

2.4.2. Effect of Substrate Concentration Ratio on PS Synthesis

In addition to the volume ratio of the two phases, the concentration ratio of the dual substrates
(PC and L-serine) can also affect the conversion rate of PS[16]. An imbalance in the concentration
ratio may lead to a low conversion rate of PS or an excess of substrates, causing unnecessary waste.
This study investigated the effects on PS yield within a mass concentration ratio range of PC to L-
serine from 1:1 to 1:5. As shown in Figure 8b, with the increase in the proportion of L-serine, the yield
and conversion rate of PS initially rose and then plateaued, and the content of the by-product PA also
showed a downward trend. This might be because increasing the concentration of L-serine can inhibit
the hydrolysis reaction, directing the reaction toward PS synthesis. At a substrate concentration ratio
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of 1:3, the PS yield was 16.65 g/L with a conversion rate of 82.9%. As the proportion of serine
continued to increase, the PS yield only slightly improved due to L-serine’s concentration
approaching saturation. Considering the cost of substrates, a PC to L-serine concentration ratio of 1:3
is considered optimal.

2.4.3. Effect of Enzyme Dosage on PS Synthesis

The immobilized enzyme dosage significantly affects PS yield. To study this, reactions were
executed with MGO-PLD concentrations from 0.25 mg/mL to 1.5 mg/mL[15]. As shown in the Figure
8c, PS yield rapidly escalated with rising enzyme dosage within the experimental range before
stabilizing. The maximum PS yield and conversion rate of 18.25 g/L and 91.5% respectively, were
attained at an enzyme dosage of 1 mg/mL. This could be due to a higher likelihood of effective
collisions between substrate and enzyme molecules as enzyme quantity rises, enhancing PS
conversion efficiency. While increasing the enzyme dosage past a specific threshold failed to enhance
the conversion rate of PS and resulted in a minor elevation in the formation of the byproduct PA.
This phenomenon is probably due to the enzyme dosage surpassing the substrate’s available
quantity. This surplus promotes competition among the enzymes for substrate interaction, given the
saturated conditions. Consequently, some PLD remains unbound in the aqueous phase, exacerbating
the hydrolysis reaction and hindering the augmentation of PS production. Therefore, an optimal
enzyme dosage is 1 mg/mL.

2.4.4. Effect of Reaciton Time on PS Synthesis

Investigating the reaction time needed to achieve the highest yield is crucial as it optimizes cost-
effectiveness[34]. Figure 8d depictes the relationship between PS conversion rate and reaction time.
The PS yield escalates with time, peaking at 6 h when the yield and conversion rate stand at 18.66 g/L
and 92.8% respectively. An extension of the reaction beyond 6 h results in an augmentation of the
byproduct PA, leading to a slight decline in PS yield. In summary, the most favourable conditions for
synthesizing PS from PC and L-serine via MGO-PLD catalysis are specified as follows: Vbuty
acetate: Vaqueous 15 2:1, the concentration ratio between PC and L-serine is 1:3, MGO-PLD concentration of
1Img/mL, 50°C, aqueous solution pH maintained at 6.0, and a reaction time of 6 h. Under such
conditions, the PS yield reaches 18.66 g/L, with a productivity of 3.11 g/L/h.

2.5. Operational and Storage Stability of Immobilized PLD

The reuse of the immobilized PLD is crucial for achieving economic viability, particularly in
large-scale applications, as it significantly impacts the cost-effective usage of PLD[32,35]. To assess
the operational stability of immobilized PLD, consecutive transphosphatidylation reactions were
performed under optimal conditions with fresh substrates each time. At the conclusion of each
reaction cycle, the immobilized PLD was isolated and reused by applying an external magnetic field.
The PS conversion rate remained above 80% even after five reuses. Following seven rounds of reuse,
the PS conversion decreased slightly to 77.4%, yet the relative yield still remained at an acceptable
level of 83% (Figure 9).


https://doi.org/10.20944/preprints202409.1233.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 September 2024

(a) [ PS yield 100
171 . ps
e PA 90
161 — pC 80
S5 ‘/‘/i\‘\i ne
= 60 =
i 0 E
= <
2 13 40 E
A ]
/ 30
12
- | 20
114 i‘\~§_\ 10
10 0
1:2 1:1 2:1 3:1 4:1
Volume ratio of organic to aqueous phase
(c)
[ PS yield 110
201 s 100
——PA
191 p(.;/‘}/i‘\.}\\f 90
184 1 80 -
3 0 0
2174 E
= 6 2
2 16 50 E
v
& 15 40 S
30
144 20
13 e 10
12 0
0.5 0.75 1 1.25 1.5

MGO-PLD dosage (mg/mL)

Figure 8. Optimization of MGO-PLD catalyzed synthesis of PS under different conditions. (a) Volume
ratio of organic phase to aqueous phase ; (b) Mass concentration ratio of PC to L-serine; (c) Enzyme

dosage; (d) Reaciton time.

doi:10.20944/p

F100

90
80
70
F60
S0
40
30
20
F10

Conversion (%)

(b) [ PS yield
- PS
18 —— PA
——PC i
17
R ISR S
=
=16
=2 i
S
=15
W
"
14
i |
13 : * :
—— : 4 +— |
12
1:1 1:2 1:3 1:4 1:5
PC:L-serine (concentration ratio)
(d)
20 [ PS yield
-=— PS
19 —~ PA
18 —— PC 3
17
316
o0
= 15
214
=)
@ 13
12
11
10
9 e | L +——%
8
2 4 6 8 10

Reaction time (hour)

100

PS conversion (%)
[=2] ~ [<] ©
o o o o

o
o

H
o

Reuses

Figure 9. Operational stability of immobilized PLD.

F100
90
80
70
60
50
40
30
20
F10

Conversion (%)

reprints202409.1233.v

Storage stability plays a pivotal role in the adoption and utility of enzymes in industrial
processes. Data illustrated in Figure 10 demonstrate that the immobilized PLD retained 76.3% of its
initial activity following eight weeks of storage at 4 °C, whereas free PLD only maintained 39.5%. In
summary, the immobilized form of PLD significantly outperforms its free counterpart in storage
stability, enhancing its potential for industrial applications.
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3. Materials and Methods
3.1. Materials

Phospholipase D (PLD) from Streptomyces antibioticus, was expressed in the recombinant strain
SK-3, which was constructed in our laboratory[36]. PLD was purified and stored in 100 mM sodium
phosphate buffer (33.8 U/mgprotein, 1.6 mgprotein/mL, 4 °C, pH =7.0). Soybean lecithin (PC content > 98%)
and L-serine were purchased from Yuanye Biotechnology Co, Ltd. (Shanghai, China). Standard
phosphatidyl lipids (PC, PS, and phosphatidic acid) were obained from Sigma-Aldrich Trading Co,
Ltd. (Shanghai, China). The BCA Protein Assay Kit was purchased from Beyotime Biotechnology Co,
Ltd. (Shanghai, China). Additionally, graphite powder, FesOs magnetic nanoparticles (20 nm), 3-
aminopropyltriethoxysilane (APTES), and glutaraldehyde (GA) (25% w/v) were acquired from
Macklin Biochemical Technology Co, Ltd. (Shanghai, China). All reagents utilized were of standard
laboratory grade and procured from commercial suppliers.

3.2. Synthesis and Modification of MGO

GO was prepared from graphene powder using the modified Hummer’s method[37,38]. The
MGO was synthesized by impregnating GO with magnetic nanoparticles according to the
literature[30]. Specifically, 0.1 g of GO was dispersed in 100 mL of distilled water via sonication for a
duration of 30 minutes. Subsequently, 0.1 g of FesOs nanoparticles were introduced to the dispersion
and further sonicated for 1 hour to achieve a uniform suspension. The resulting nanocomposites were
isolated through centrifugation and subsequently freeze-dried.

In order to synthesize amino-modified MGO, 0.1 g of MGO particles were initially dispersed in
50 mL of ethanol utilizing a 20-minute ultrasonic vibration treatment. Subsequently, 0.3 mL of APTES
was introduced to the reaction mixture, which was then incubated in a water bath thermostatic shaker
at 30 °C and agitated at 180 rpm for a duration of 12 hours. Post-reaction, the modified MGO was
magnetically separated, re-suspended, and subsequently washed three times in 100 mL of ethanol,
employing an ultrasonic vibration for 10 minutes each time to eliminate any residual unreacted
APTES. The resulting amino-modified MGO particles, designated as MGO-NH>, were subsequently
vacuum dried at 50 °C for a period of 12 hours.

3.3. Immobilization of PLD on MGO-NH:

The modified MGO nanoparticles were functionalized with GA to facilitate the formation of a
covalent bond between the enzyme and the carrier. Specifically, 2 mg of previously vacuum-dried
MGO-NH: was dispersed in 2.0 mL of phosphate buffer (0.1 M, pH = 7.0). Subsequently, 50 uL of a
25% (w/v) GA solution was introduced to initiate the reaction, which proceeded for 4 hours at 25 °C.
The resulting nanocomposites underwent three washes with phosphate buffer (0.1 M, pH = 7.0) to
eliminate any unreacted GA. Following this, the GA-activated carriers were suspended in 1.5 mL of
buffer (0.1 M, pH ranging from 3.0 to 8.0). To this mixture, 0.5 mL of PLD, at a concentration of 0.6-
1.6 mg/mL, was added and the solution was gently agitated at 25 °C for 6 hours to achieve
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immobilization. The PLD, once immobilized, was magnetically separated, rigorously washed with
phosphate buffer solution (0.1 M, pH = 7.0), freeze-dried overnight, and subsequently stored at 4 °C
for prospective applications. The final product in which the enzyme is immobilized was named
MGO-PLD. A complete scheme of MGO- PLD is illustrated in Figure 11.

Graphite Graphene Oxide(GO)

' Ultrasonication

e
Immobilized PLD €

Figure 11. Proposed complete scheme of synthesis of MGO and immobilization of PLD.

This study explored the impacts of pH and PLD concentrations on both protein loading amount
and enzyme activity. Protein loaded on nanoparticles was calculated by subtracting the amount of
protein detected in the supernatant and washing solutions from the initial quantity used for
immobilization. The concentration of unbound PLD in the supernatant and washing solutions was
determined using a BCA Protein Assay Kit.

Loading amount is calculated from the Formula (1):

Loading amount (mg/g) = (C, -V, —Cy -V, — C5-V3)/m 1)

where C1  is the concentration of the PLD added (mg/mL); C2 and C3 are the concentration of
PLD in the supernatant and washing solutions, respectively (mg/mL); V1 is the volume of the PLD
added (mL); V2 is the volume of the supernatant after immobilization (mL); V3 is the total volume of
the washing solutions (mL); m is the weight of the nanoparticles (g).

3.4. Characterization Techniques

The surface morphologies of the samples were examined using a scanning electron microscopy
(SEM; SU8010, Hitachi, Tokyo, Japan) at 5 kV. The crystallite sizes of the samples was analyzed by
dispersing the nanopowder on carbon-coated copper grid using transmission electron microscopy
(TEM; JEM-2100, JEOL, Tokyo, Japan) equipped with energy dispersive X-ray spectroscopy (EDS).
The chemical composition of the samples was identified through Fourier transform infrared
spectroscopy (FTIR; Nicolet 6700, Thermo Fisher Scientificc MA, USA), with spectra recorded
between 400 and 4000 cm-1.
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3.5. Measurements of Free and Immobilized PLD Activity

The catalytic activities of free and immobilized PLD were evaluated in the
transphosphatidylation of PC with L-serine within a biphasic system. The reaction mixture consisted
of 1 mL butyl acetate containing 10 mg PC from soybean, 1 mL acetate buffer solution (0.2 M, pH6.0)
containing 10 mg L-serine, and 1 mg immobilized PLD (or 50 uL free PLD). The reaction was carried
out at 50°C, under constant stirring at 200 rpm for 40 minutes. Following this, the quantity of PS
produced was determined using an analytical method described previously[39]. One unit (U) of PLD
transphosphatidylation activity was defined as the amount of enzyme required to produce 1 pumol of
PS per hour under optimal conditions.

3.6. Characterization of Free and Immobilized PLD

The optimal temperature and pH for both free and immobilized PLD were assessed using the
relative enzyme activity as a metric. Under optimal conditions, the relative enzyme activities were
normalized to 100%. The effect of temperature on both free and immobilized PLD was investigated
within the range of 35-65°C. To test thermal stability, the enzyme was incubated at 50 and 60°C for
periods ranging from 20 to 120 minutes. Samples were periodically collected, with residual activity
measured under standard assay protocols, with initial activity set as 100%. Additionally, the
influence of pH was explored at the optimal temperature within a pH range of 4.5-7.5. To determine
pH stability, both free and immobilized PLD were incubated for 12 hours at 4 °C in buffers of varying
pH (3.0-9.0). Subsequently, residual activity was measured under standard assay conditions, with
maximum enzyme activity taken as 100%.

3.7. Preparation of PS Using MGO-PLD

PS was synthesized from L-serine and PC by MGO-PLD in a butyl acetate-aqueous system. The
PC is dissolved in butyl acetate, at a concentration of 20 mg/mL, as the organic phase. L-serine is
dissolved in an acetate buffer, at a concentration of 20 mg/mL, as the aqueous phase. The total volume
of the reaction is 2 mL.The reaction took place at pH 6.0, 50°C with stirring at 200 rpm, for 10 h. Factors
such as the ratio of organic to aqueous phase volumes(Voutyl acetate: Vaqueous), substrate concentration
ratio, immobilized PLD dosage (mg/mL), and reaction time were systematically evaluated for their
impact on PS yield. The compositon of the production after reaction was analyzed using the method
we previously reported[39]. The conversion of PS, PA and the content of PC were calculated by
Formula (2)-(4).

PS conversion (%) = [mps/(Mpg + Mpy + mpc)] X 100 % ()

PA conversion (%) = [mpc/(Mps + Mpy + mpc)] X 100 % 3)

Where mprs, mpa, and mec are respectively the weight of PS, PA and PC.

3.8. Operational and Storage Stability of Immobilized PLD

The operational stability of the immobilized PLD was measured by quantifying PS yield during
continuous cycles of repeated use. After each batch reaction, the immobilized PLD was recovered
through magnetic separation, then washed with a phosphate buffer solution (0.1 M, pH =7.0), and
used for the next batch reaction. By adding fresh substrates under optimal conditions, the
immobilized PLD was repeatedly used for multiple rounds of PS production.

The storage stabilities of free PLD and immobilized PLD were assessed by monitoring their
residual activities at various time points during storage at 4 °C.
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3.9. Statistical Analysis

The experiments were carried out by triplicate. Statistical analyses were accomplished by using
SPSS 25.0, and Origin 2024. The results were expressed to be mean + standard deviation.

4. Conclusions

This investigation involved the creation of MGO nanocomposites through impregnation
method, which were then modified with -NH2 groups. Utilizing MGO-NHz: as a carrier, PLD was
immobilized after it was activated with glutaraldehyde. Compared to free PLD, MGO-PLD
demonstrated superior pH stability, thermal stability, and storage stability, indicating its potential as
a novel biocatalyst for PS production. Furthermore, the immobilized PLD achieved a 92.8% PS
conversion rate with a productivity of 3.11 g/L/h. Notably, even after being recycled seven times, the
conversion rate of PS remains steady at 77.4%. The findings suggest that MGO-PLD has robust
stability and high efficiency in PS conversion, making it potentially suitable for large scale industrial
PS production.
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