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Methods for enhancing enzyme activities in two-phase systems are getting more attention. Phospholipase
D (PLD) was successfully encapsulated into metal-surfactant nanocapsules (MSNCs) using a one-pot self-
assembly technique in an aqueous solution. The highest yield for the production of high-value
phosphatidylserine (PS) from low-value phosphatidylcholine (PC) in the two-phase system was achieved
by encapsulating PLD into MSNCs formed from Ca?* which gave an enzyme activity that was 133.6% of
that of free PLD. The PLD@MSNC transformed the two-phase system into an emulsion phase system
and improved the organic solvent tolerance, pH and thermal stabilities as well as the storage stability and
reusability of the enzyme. Under optimal conditions, PLD@MSNC generated 91.9% PS over 8 h in the
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1. Introduction

Biocatalytic reactions of enzymes are mostly conducted in
aqueous media in the laboratory and in industrial applications.
However, there are still many enzymatic catalytic reactions that
need to be carried out in organic-aqueous two-phase systems."?
Two-phase systems increase the solubility of hydrophobic
substrates and products and thus allow a possible shift of the
reaction equilibrium.? Moreover, two-phase systems can reduce
the difficulty of product separation because the catalyst and
products are present in distinct liquid phases.* For these
reasons, the development of enzymatic catalysis in two-phase
systems is of great interest for fine chemical and pharmaceu-
tical processes.” However, unspecific binding of organic
solvents to enzymes can promote unfolding or aggregation of
the enzymes, which leads to irreversible inactivation. Organic
solvents can also bind non-covalently to the substrate binding
site or the substrate entrance channel of the enzyme, resulting
in competitive inhibition.*” Moreover, free enzymes are difficult
to recycle, resulting in low efficiency and high cost.*® Nanoscale
immobilization of an enzyme can increase its stability in
organic solvents while retaining a high enzyme activity.'>"
However, metal organic frameworks and nanoflowers have very
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two-phase system, while free PLD generated only 77.5%.

strong rigid structures which has limited the structural vari-
ability of enzymes."

Bile salts, a class of surfactant molecules, are chiral building
blocks that can be used in unidirectional self-aggregation
reactions with divalent metal ions, leading to supramolecular
nanocomposites.*** The carboxyl group of bile salts and diva-
lent metal ions form metal coordination bonds in an aqueous
solution. Metal-surfactant nanocapsules have flexible struc-
tures, which alleviate restrictions on enzyme structures.
Surfactants can also enhance interfacial catalytic activity by
interacting with protein secondary structure elements, thereby
increasing the stability of the enzyme.">™” Cao et al. reported
that sodium deoxycholate (NaDC) with Co** can be used to
immobilize lipase and enhance the enzyme activity in highly
polar solvents.” Bile salts can also transform a two-phase
reaction system into an emulsifying reaction system,
enhancing the mass transfer and solubility of substrates and
products. Phospholipase D (PLD) is often used to catalyze the
transphosphatidylation of low-value phosphatidylcholine (PC)
to high-value phosphatidylserine (PS) at two-phase interfaces.*
PS is a membrane phospholipid component with broad appli-
cations in the pharmaceutical and functional food industries.*
However, because naturally-occurring PS is limited, the need for
biosynthesis of PS is significant. Many researchers have
attempted to reduce the cost of PS biosynthesis by improving
the efficiency of PLD utilization.***

In this study, a two-phase system was used to biosynthesize
PS from PC. PLD was encapsulated into metal-surfactant
nanocapsules (MSNCs) and the biocatalytic activities for the
conversion of PC to PS by both free PLD and encapsulated PLD
(PLD@MSNC) at the two-phase interfaces were measured.

This journal is © The Royal Society of Chemistry 2019
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PLD@MSNC transformed the two-phase reaction system of free
PLD into an emulsion system of immobilized PLD, thus
increasing the efficiency of transphosphatidylation. This
approach is a promising way to improve the efficiency of
enzyme utilization, prolong the lifetime of enzymes, and so
reduce biocatalytic cost.

2. Materials and methods

2.1. Materials

Sodium deoxycholate (NaDC), 1-serine, phosphatidylserine (PS)
and phosphatidylcholine (PC) were purchased from Aladdin
Ind. Co., Ltd. (China). Phospholipase D (PLD, EC 3.1.4.4) was
prepared by our laboratory. CoCl,-6H,0, CaCl,, MgCl,-6H,0,
NiCl,-6H,0, and ZnCl, were purchased from Xilong Chemical
Company (China). Dichloromethane, acetic acid and triethyl-
amine were purchased from Sinopharm Chemical Reagent Co.
(China). All chemicals used in this work were of analytical grade
and were used without further purification.

2.2. Preparation of phospholipase D encapsulated into
metal-surfactant nanocapsules (PLD@MSNC)

In a typical experiment, free PLD (final concentration 0.6 mg
mL ") and sodium deoxycholate (NaDC, final concentration 10
mM) were added into a 50 mL conical flask in 10 mL deionized
water. The mixture was stirred for 15 min at room temperature,
and then 10 mL of 20 mM metal ion solution (Co®>*, Ca*>*, Mg>",
Ni**, Zn**) was added and the mixture was stirred again for
30 min at room temperature. After the reaction, the mixture was
centrifuged for 15 min at 4 °C (7000g) to obtain supernatant and
precipitate, and then the precipitate was washed two times with
deionized water in order to remove excess material, and dried to
a constant weight using a freezing vacuum (LGJ-10D, China) for
24 h. Finally, PLD-encapsulated metal-surfactant nanocapsules
(PLD@MSNC) were obtained. The protein content of PLD was
determined according to the Bradford method with bovine
serum albumin as a standard.

2.3. Measurements of free PLD and PLD@MSNC activity

The catalytic activities of free PLD and PLD@MSNC were
assayed on the Dbasis of the PLD-mediated trans-
phosphatidylation of PC for the synthesis of PS, based on the
method of Li et al. with modifications.” Free PLD (0.3 mL;
0.85 mg protein, with and without 10 mM Co**, Ca®*, Mg?*, Ni*",
or Zn**) or PLD@MSNC (10 mg, equivalent protein) solution
was added into 0.7 mL acetic acid-sodium acetate buffer (0.1 M,
pH 5.5) containing 13 mM tr-serine at 30 °C. The reaction was
then initiated by adding 5 mL dichloromethane containing
0.22 mM PC at 30 °C, and incubated at 200 rpm and 30 °C for
120 min. The concentration of PS was detected by HPLC. One
unit (U) of transphosphatidylation activity of PLD was defined
as the amount of enzyme that produced 1 umol of PS per minute
under these assay conditions.
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2.4. Characterizations of PLD@MSNC

Scanning electron microscopy (SEM) was performed using
a Hitachi S-3400 II (Japan) at an accelerating voltage of 3 kV. A
surface area and pore size analyzer (Micromeritics 3Flex, USA)
was employed to measure the surface areas and pore sizes of the
different samples. The chemical functional groups were
analyzed using a Nicolet IS5 FTIR spectrophotometer (USA).
Thermogravimetric analysis (TGA) was performed using a TA
Q500 (USA) in a nitrogen environment at a heating rate of
10 °C min ' over the temperature range of 25-800 °C. The
emulsifying properties of NaDC, MSNC and PLD@MSNC
samples were measured using the volume of the aqueous phase,
emulsion phase, and organic phase. All samples contained
aqueous solutions comprising different concentrations of
samples and equal volumes of lauric acid methyl ester; solu-
tions were oscillated for 60 min to mix evenly, and then kept still
for 60 min. The volume fractions of the aqueous phase, emul-
sion phase, and organic phase were determined for each
sample.

2.5. Effect of organic solvent, temperature and pH on the
PLD-catalyzed synthesis of PS

Free PLD (0.85 mg protein) or PLD@MSNC (10 mg, equivalent
protein) was incubated in 5 mL of a 50% solution of each
examined organic solvent (ethyl acetate, cyclohexane, n-
butanol, dichloromethane, chloroform, and methyl-tert-butyl
ether) in the described reaction system to form PS. Free PLD or
PLD@MSNC were incubated in the above reaction system to
form PS at a range of temperatures (20-40 °C) and pH values
(4.5-8.5) for 4 h.

2.6. Kinetic study of the PLD-catalyzed synthesis of PS

Free PLD (0.85 mg protein) or PLD@MSNC (10 mg, equivalent
protein) was incubated in the two-phase system or in acetic
acid-sodium acetate buffer (0.1 M, pH 5.5) to synthesize PS at PC
concentrations of 10 or 30 g L™ " for 24 h. The reaction mixtures
were sampled every 4 h. Samples (10 pL) were taken from each
reaction system and analyzed using HPLC.

2.7. Storage stability of PLD@MSNC

Free PLD and PLD@MSNC were stored at 4 °C and at room
temperature for 28 consecutive days. Every 4 days, samples of
the free PLD and PLD@MSNC were incubated in the described
reaction system to synthesize PS over a 4 h period, with a PC
concentration of 10 g L™,

2.8. Reusability of PLD@MSNC

PLD@MSNC was incubated in the described reaction system to
synthesize PS over a 4 h period, with a PC concentration of 10 g L™".
PLD@MSNC was recovered through centrifugation and washed
and dried after each PS synthesis reaction. The recovered
PLD@MSNC was used for the next batch of PS synthesis. This
procedure was repeated eight times to determine the reusability of
PLD@MSNC for PS synthesis reaction in a two-phase system.

RSC Adv., 2019, 9, 6548-6555 | 6549
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2.9. High-performance liquid chromatography (HPLC)

Samples were analyzed using an Agilent 1260 HPLC (USA)
equipped with a Chromachem evaporative light scattering
detector (ELSD). The samples from the two-phase system were
centrifuged five times at 7000g for 15 min, and the organic
phase was retained each time. The extracts were pooled for
analysis by HPLC. The samples in aqueous solution were
extracted with dichloromethane, centrifuged at 7000g for
15 min, and the organic phase was retained. This was repeated 5
times and the organic extracts were analyzed by HPLC. HPLC
separation was performed on a ZORBAX Rx-SIL silica gel
column (5 um, 4.6 x 250 mm, Agilent). Mobile phase A con-
tained 85% methanol, 14.5% water, 0.45% acetic acid, and
0.05% triethylamine; mobile phase B contained 20% n-hexane,
48% isopropanol, and 32% mobile phase A. The flow rate was
1.0 mL min . The elution conditions were as follows: initially
2% A; 5 min, 10% A; 9 min, 30% A; 14 min, 10% A; 17 min, 2%
A. The column temperature, nebulizing temperature, and
evaporating temperature were controlled at 38 °C, 72 °C, and
72 °C, respectively, and nitrogen was used as the nebulizing gas.
The nitrogen gas flow rate was 2.0 SLM. Each phospholipid was
determined from the retention time using calibration solutions
of phospholipids, and the concentrations of the phospholipids
in the samples were calculated from the peak areas by
integration.

3. Results and discussion

3.1. Synthesis and structural characterization of
PLD@MSNC

NaDC is a food-grade surfactant® that can self-assemble into
a nanocomposite in the presence of divalent metal ions in
aqueous solutions to encapsulate protein. Metal ions have
important effects on enzyme activity.>*** In this study, Co>",
Ca*", Mg?*, Ni**, and Zn>" were tested for their ability to form
nanocomposites with NaDC and to encapsulate PLD in aqueous
solution (Fig. 1). It was found that Co>*, Ca®", Mg”*, and Ni**
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Fig. 1 Effects of metal ions (Co?*, Ca®*, Mg?*, Ni%*, and Zn*) on the
activities of free PLD and PLD@MSNC.
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promoted the activity of both free PLD and encapsulated PLD in
MSNCs formed from Co®", Ca®*, Mg”*, Ni**, while Zn>" dis-
played elevated activity for the encapsulated enzyme. This is
because the metal ions acted as an activator and could enhance
the activity of the enzyme?® while NaDC as the surfactant could
also promote enzyme activity.”” Encapsulated PLD in MSNCs
formed from Ca** displayed the highest specific enzyme activity
of 10.51 U g~ ' protein with PC as a substrate for the biosyn-
thesis of PS, displaying 133.6% of the enzyme activity of free
PLD (7.87 U g~ ' protein); this was higher than the activities of
PLD@MSNC prepared using other divalent metal ions. The
amount of encapsulated PLD in PLD@MSNC was 85 mg g .
Khatoon et al reported that Ca®>* promotes trans-
phosphatidylation of PLD and that the addition of NaDC can
enhance transphosphatidylation in two-phase systems.* There-
fore, Ca>* has two functions: one is to promote enzyme activity,
the other is as a binding factor to form the nanocapsules.

Morphologies of MSNC and PLD@MSNC (Fig. 2) were
determined using scanning electron microscopy (SEM). The
MSNCs exhibited a typical rod-like morphology with an average
length of ~1 um and a diameter of ~200 nm (Fig. 2a). However,
supplementation with PLD changed the morphology to spher-
ical structures of ~200 nm in diameter or short rod structures
(Fig. 2b). Because of the hydrophobic interactions of the
surfactants, PLD@MSNC formed aggregates in aqueous media,
but organic solvents weakened the hydrophobic forces of the
surfactants and increased the dispersion of PLD@MSNC in the
two-phase system (Fig. 2¢), which contributed to the increase of
catalytic activity. PLD encapsulation in MSNC therefore
appeared to block the structural, unidirectional extension of
MSNC by self-aggregation in the self-assembly process. It is
possible that the PLD harbors electric charges on its surface
which interact with Ca®" to inhibit the axial growth of MSNC
and convert MSNC from the typical rod-like form to a spherical
form.*®

Fourier-transform infrared spectroscopy (FTIR) (Fig. 3a)
confirmed the formation of complexes and the presence of
protein in the nanocapsules. We observed a strong band for free
PLD at 1554 cm™ " representing NH bending and CN stretching
in the amide-II region; and bands at around 2863 and
2936 cm ' which could be attributed to CH bonds. MSNCs
without enzyme encapsulation had no characteristic bands of
PLD. The characteristic bands of the PLD@MSNC at 1554, 2863,
and 2936 cm ' demonstrated the presence of PLD in the
nanocapsules.” The FTIR spectrum of PLD@MSNC in the two-
phase reaction system was basically consistent with that of
PLD@MSNC in the aqueous phase, which showed that the
structure of PLD@MSNC was still intact in the two-phase reac-
tion system. Thermogravimetric analysis (TGA) was conducted
in a nitrogen atmosphere, as shown in Fig. 3b. PLD@MSNC and
MSNCs exhibited different weight loss curves; PLD@MSNC
endured 20% greater weight loss than MSNCs. TGA confirmed
that the protein had been successfully wrapped in the nano-
capsules. Nitrogen adsorption-desorption isotherms of MSNCs
and PLD@MSNC were of type IV with H3 hysteresis, typical of
porous materials (Fig. 3c). The H3 type hysteresis indicated that
slit aperture openings were present in MSNCs and PLD@MSNC.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Scanning electron microscopy (SEM) image of MSNCs. (b)
SEM image of PLD@MSNC. (c) SEM image of PLD@MSNC in the two-
phase reaction system.

The introduction of PLD into the MSNCs decreased the pore
diameter from 9.607 to 8.741 nm, the pore volume from 0.3932 to
0.2334 cm® g~ ', and the surface area from 116.2 to 107.1 m* g~ "
(Table 1). The pores of MSNCs occupied by PLD contributed to
the decreased BET surface area of PLD@MSNC.* PLD changed
the structural features of MSNCs, so that they became more
conducive to mass transfer of substrates and products and
thereby facilitated enzyme catalysis.*

The emulsifying properties of the different concentrations of
NaDC, MSNCs, and PLD@MSNC in the two-phase system are
shown in Table 2. MSNCs and PLD@MSNC had similar emul-
sifying properties, derived from that of NaDC. In the two-phase

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) Fourier-transform infrared spectroscopy (FTIR) analysis of

free PLD, MSNCs, and PLD@MSNC in the aqueous phase, and
PLD@MSNC in the two-phase reaction system. (b) Thermogravimetric
analysis (TGA) curves of MSNCs and PLD@MSNC in a nitrogen atmo-
sphere. (c) N, adsorption—-desorption isotherms of MSNCs and
PLD@MSNC.

interface of an organic-aqueous system, organic molecules can
deactivate free enzyme, while the surfactant forms a protective
layer on the surface of the enzyme, preventing organic solvent
from approaching the encapsulated enzyme.** MSNCs not only
provided protection to encapsulated PLD, but also facilitated
the entry of substrates into PLD@MSNC.

RSC Adv., 2019, 9, 6548-6555 | 6551
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Table 1 Brunauer—Emmett—Teller (BET) surface areas, pore volumes,
and pore diameters of MSNCs and PLD@MSNC*

Pore volume Pore diameter

Samples Sger (M> g7) (em® g™ (nm)
MSNC 116.2 0.3932 9.607
PLD@MSNC 107.1 0.2334 8.741

¢ Sger stands for BET surface area.

Table 2 Emulsifying properties of NaDC, MSNC, and PLD@MSNC
samples

Samples Concentration (gL™") 0 10 20 25 50
NaDC Aqueous phase (%) 50 2.5 1.25 1.1 0
Emulsion phase (%) 0 60 63.75 65 68.75
Organic phase (%) 50 37.5 35 33.9 31.25
MSNC Aqueous phase (%) 50 37.5 36.25 35 6.25
Emulsion phase (%) 0 13.75 18.75 21.25 55
Organic phase (%) 50 48.75 45 43.75 38.75
PLD@MSNC Aqueous phase (%) 50 49 40 37.5 25
Emulsion phase (%) 0 125 12.5 185 35.25
Organic phase (%) 50 49.75 47.5 44 39.75

3.2. Enzyme characteristics of PLD@MSNC

PLD@MSNC showed significantly better activity and organic
solvent tolerance to all six solvents tested, compared with free
PLD (Fig. 4a). The highest activity of PLD@MSNC was measured
in dichloromethane. Organic solvents can damage the native
structure of the enzyme, strip away protein-bound water, and
rapidly deactivate the enzyme.*” PLD encapsulated in the
MSNCs maintained its catalytic conformation and exhibited
more structural rigidity due to its encapsulation, resulting in its
greatly enhanced organic solvent tolerance. The temperature
and pH characteristics of free PLD and PLD@MSNC were
determined and the results are shown in Fig. 4b and c,
respectively. The optimal temperature was 30 °C for the activi-
ties of free PLD and PLD@MSNC (Fig. 4b). However,
PLD@MSNC exhibited higher activity over a broader tempera-
ture profile than did free PLD, and produced higher yields of PS
across the temperature range from 20 °C to 40 °C. PLD encap-
sulation into the MSNCs enhanced thermal stability because it
restricted changes to the protein configuration upon heating.
PLD@MSNC and free PLD displayed maximum activity at pH
5.5 (Fig. 4c). However, PLD@MSNC displayed higher alkali and
acid resistance over a broader pH range compared with free
PLD, presumably due to the microenvironment and protective
effect of the MSNCs.** Nano-scale enzyme immobilization can
maintain the structural stability and rigidity of the enzyme and
endow it with superactivity.*®> NaDC may change the spatial
structure of PLD, while promoting an enzyme conformation
that is more conducive to biocatalytic reactions.

Under the optimal conditions, the effect of different
concentrations of PC on PS biosynthesis and accumulation
using free PLD or PLD@MSNC in the two-phase system or the
aqueous system was determined (Fig. 5). Similar patterns were
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Fig. 4 (a) The relative activities of free PLD and PLD@MSNC in

different solvents. (b) Effect of reaction temperature on the yields of PS
obtained with free PLD and PLD@MSNC. (c) Effect of reaction pH on
the yields of PS obtained with free PLD and PLD@MSNC.

obtained for PS synthesis using free PLD and PLD@MSNC since
both formed PS through the transphosphatidylation reaction.
However, PLD@MSNC was more effective than free PLD, gener-
ating nearly 91.9% PS in 8 h at the concentration of 10 g L™" PC,
while free PLD only generated 77.5% PS. PLD@MSNC generated
nearly 82.8% PS in 24 h at the concentration of 30 g L' PC, while

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Time-dependence of biosynthesis and accumulation of PS
using different concentrations of PC with free PLD or PLD@MSNC in
the two-phase system and the aqueous system.

free PLD only generated 60.3% PS. In addition, when
PLD@MSNC was used in the aqueous system, it generated nearly
71.1% PS in 24 h at the concentration of 30 g L' PC which was
a lower amount than that generated by the PLD@MSNC used in
the two-phase system. This may be because substrates and
products display better mass transfer in the two-phase reaction
system. The by-product choline from the transphosphatidylation
reaction could easily accumulate in proximity to free PLD
resulting in its lower conversion of PC to PS.** It is noteworthy
that the relatively high yield generated by PLD@MSNC may be
because PC (as a surfactant) can easily enter PLD@MSNC due to
the interfacial and hydrophobic properties of PLD@MSNC. In
summary, the PLD@MSNC can improve the yield of PS in three
ways: (1) the surfactant increases enzyme stability and activity; (2)
calcium ions promote enzyme activity; and (3) the emulsifying
phase promotes mass transfer.

3.3. Storage stability and reusability of PLD@MSNC

Free PLD and PLD@MSNC were stored at 4 °C and at room
temperature for 28 days and their relative catalytic activities
were detected every 4 days. The results are shown in Fig. 6. The
PLD@MSNC exhibited long-term stability at 4 °C and room
temperature, retaining 92.8% and 86.1%, respectively, of its
initial activity after 28 days of storage. The relative enzyme
activities of free PLD were 81.8% and 70.0%, respectively, of the
initial activity in the same storage conditions. This drop of
relative enzyme activity is probably due to the gradual inacti-
vation of the free PLD and PLD@MSNC during storage.** In
general, in terms of storage stability, the PLD@MSNC was
significantly superior to the free PLD, which increases its
potential for industrial application.

In practical terms, the reusability of an enzyme is one of the
essential factors in lowering the cost of biocatalysis. Compared
with immobilized enzymes, free enzymes with high biocatalytic
activity are more fragile and thus very difficult to recycle and
reuse. The reusability of an enzyme increases its economic
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sustainability. Building on the experimental results above, the
operational stability and reusability of PLD@MSNC in the two-
phase system were investigated (Fig. 7a). PLD@MSNC displayed
excellent operational stability in the two-phase system, and
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Fig. 7 (a) Reusability of PLD@MSNC over eight successive cycles of
biosynthesis of PS from PC in the two-phase system. (b) PLD loss from
PLD@MSNC over eight successive cycles in the two-phase system.
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retained 54.3% of its initial activity after being used for eight
cycles, highlighting the improved cost-effectiveness of the
enzyme. After each cycle, the leakage of PLD from PLD@MSNC
was analyzed (Fig. 7b). It was found that a small amount of PLD
leaked from the PLD@MSNC after each cycle. However, the
cumulative PLD loss after 8 cycles was 23.9%, which was lower
than the total enzyme activity loss. Enzyme leakage, mechanical
damage and organic solvent deactivation in the two-phase
reaction conditions may all result in loss of activity.>® In the
two-phase system, aggregation of free PLD might occur due to
the use of the organic hydrophobic medium; the enzyme is
insoluble in organic hydrophobic media, leading to a decreased
activity and poor stability of free PLD.*” PLD@MSNC protects
PLD from aggregation in organic solvents, and has a better
dispersion in the two-phase interface. PLD@MSNC in the two-
phase system has high stability and enzymatic catalytic
activity, as demonstrated over the 32 h reaction time used in the
recycling experiment.

3.4. Comparison of the results from this work to other data

Many papers have reported on free PLD-mediated trans-
phosphatidylation for the synthesis of PS from PC. However,
immobilized PLD-mediated transphosphatidylation for the
synthesis of PS from PC has rarely been reported. Li et al. re-
ported recently an in situ cross-linking method to immobilize
PLD on a ZnO nanowire/macroporous SiO, composite support
and catalyze the conversion of PC to PS in a biphasic system.*
The immobilized PLD exhibited a higher conversion efficiency
than free PLD. However, according to the enzyme activity
calculation method in this paper, the enzyme activity of the
immobilized PLD was 2.9 U g~ ' protein, which is lower than
that reported in our work.

4. Conclusions

In conclusion, we designed a novel approach to develop highly
effective biocatalysis in a two-phase system, in which enzymes
were encapsulated into MSNCs in a simple and effective way
using one-pot self-assembly in an aqueous solution. This
method provides a good foundation for applications of
a heterogeneous reaction system. This novel method can be
used further for other interfacial enzymes and the discovery of
new interfacial catalytic reactions, increasing the catalytic range
of enzymes and the available methods for nanoscale
immobilization.
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