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ABSTRACT

1,3-Dioleoyl-2-palmitoylglycerol (OPO) has been a hotspot of functional oils research in recent years, but due to
the high cost of sn-1,3 specific lipase in enzymatic synthesis and the lack of biocatalyst stability, large-scale indus-
trial application is difficult. In this study, the prepared magnetic ZnFe,O, was functionalized with dopamine to
obtain ZnFe,0,@PDA, and the nano-biocatalyst ZnFe,0,@PDA@RML was prepared by immobilizing sn-1,3 spe-
cific lipase of Rhizomucor miehei lipase (RML) via a cross-linking method. The existence of RML on ZnFe,0,@P-
DA was confirmed by XRD, FTIR, SEM, and TEM. This strategy proved to be simple and effective because the
lipase immobilized on magnetic nanoparticles could be quickly recovered using external magnets, enabling reuse
of the lipase. The activity, adaptability to a high temperature, pH value, and operational stability of immobilized
RML were superior to those of free RML. After optimizing the synthesis conditions, the OPO yield was 42.78%,
and the proportion of PA at the sn-2 position (PA-Sn2) was 54.63%. After the first four cycles, the activity of
ZnFe,0,@PDA@RML was not significantly affected. The magnetically immobilized lipase has good thermal sta-
bility, long-term storage stability, reusability, and high catalytic activity. It can be used as a green and efficient
biocatalyst to synthesize the OPO functional lipid.
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1 Introduction

The World Health Organization confirms that breast milk is the best nutritional food for babies [1]. The
sn-2 position of triglycerides (TAGs > 98%) in human milk fat is mainly saturated fatty acids, and this unique
structure and composition have prompted much research on alternatives to human milk fat [2]. With the
continuous improvement of the quality requirements for infant formula milk powder, OPO has also
attracted much attention as one of the leading nutritional components of human milk fat. Enzymatic
synthesis of OPO requires the selection of sn-1,3 specific lipase as a catalyst to catalyze the esterification
reaction between acyl donors and TAGs [3]. Rhizobium miehei lipase (RML) can catalyze hydrolysis,
acid hydrolysis, esterification, and trans-esterification reactions [4]. Moreover, RML is favored in OPO
synthesis because of its sn-1,3 specificity [5]. The high sensitivity, poor stability, and difficulty of
recovery and reusability of natural enzymes hinder their practical application [6,7]. It is possible to
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overcome these problems by immobilizing the enzymes onto the substrates [8]. Therefore, it is essential to
develop novel immobilized lipases for OPO synthesis.

Commonly used immobilization technologies include physical and chemical methods [9]: the physical
processes include the adsorption method and embedding method; the chemical processes include cross-linking
and covalent bonding methods. The covalent bond method is the most widely used method to immobilize
enzymes on carriers, preventing the enzyme from leaching out from the carrier surface [10]. Carriers and
scaffolds for immobilizing enzymes [11-14] include carbon nanomaterials, mesoporous materials, magnetic
particles, silica, polysaccharides, and resins. Magnetic nanoparticles (FesO4) have the advantages of
recyclability, good biocompatibility, stability, large surface area, and superparamagnetic properties [15].

However, the problems of agglomeration and easy oxidation of Fe;O,4 limit its application [16]. The
surface functionalization of Fe;O4 can effectively overcome the above shortcomings and provide an
adhesion layer for enzyme immobilization [17]. The surfaces of magnetic particles can be functionalized
with polysaccharides, carbon, polydopamine, and silica [18]. Although many pioneering works have
improved the stability and recyclability of enzymes, it is still necessary to study effective substrates and
technologies for the immobilization of high-performance enzymes. Dopamine contains catechol and the
amine group, which efficiently interact with metal oxide nanoparticles [19]. The oxidized dopamine
monomer self-polymerizes under weak alkaline conditions to form polydopamine. The residual quinones
and catechol groups on the surface after polymerization are reactive toward nucleophiles such as thiol and
amine groups. These lipases are covalently immobilized on polydopamine through Schiff base formation
and Michael addition reactions [20]. Therefore, it is essential to study dopamine-modified magnetic zinc
ferrite immobilized lipase to advance the efficient synthesis of the OPO functional lipid.

In this study, magnetic metal oxide nanoparticles were prepared using the solvothermal method, and
polydopamine was used to graft and fix RML to develop nano-biocatalysts. The hydrothermal method
was used to synthesize magnetic ZnFe,O,4 nanoparticles to realize high magnetization of high-efficiency
recovery. The activity of immobilized RML and lipase loading conditions (pH values, temperatures,
times, and dosage of lipase solution) were optimized. The operational stability of free RML and
ZnFe,O4@PDA@RML in storage, thermal stability, acid—base stability, and reusability were also
investigated. The results show that the synthesized ZnFe,O,@PDA@RML exhibited excellent heat
resistance and good reusability, and it was able to withstand harsh environmental conditions (storage
stability and pH values). The catalytic reaction conditions were optimized, and the effect of recycling on
OPO yield was investigated. It is exciting to find that ZnFe,O,@PDA@RML can improve the catalytic
efficiency and reuse efficiency of OPO synthesis, which has the potential to be used in batch or
continuous production processes of OPO.

2 Materials and Methods

2.1 Material

Iron trichloride hexahydrate, zinc chloride, sodium acetate trihydrate, ethylene glycol, ethyl alcohol,
hydrochloric acid, sodium chloride, sodium hydroxide, isopropanol, oleic acid (OA, 99%), palmitic acid
(PA, 97%), n-hexane, acetic acid, ether, methanol, anhydrous sodium sulfate, calcium chloride, and
sodium cholate were obtained from Guangzhou Jinyuan Chemical Co., Ltd., China. Tris(hydroxymethyl)
aminomethane (Tris), dopamine, N-hydroxy succinimide (NHS), gum arabic, p-nitrophenyl palmitate,
p-nitrophenol, and n-hexane (chromatographically pure) were obtained from Shanghai McLean Biotech
Co., Ltd., China. Polyethylene glycol (PEG-400) and glyceryl tripalmitate (PPP, 85%) were obtained
from Hefei Bomei Biotech Co., Ltd., China. Rhizomucor miehei lipase (RML, food grade, 4.3 mg-mLﬁl)
was purchased from Beijing Gaoruisen Technology Co., Ltd., China. Bovine serum albumin, Coomassie
brilliant blue (G250), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), Triton X-100, and porcine
pancreatic lipase (PPL) were obtained from Sigma. The reagents purchased from Sigma were of
biological grade.
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2.2 Synthesis of ZnFe,0, Nanoparticles

Magnetic nanoparticles of ZnFe,O, were prepared via the solvothermal method [21] with some
modifications of chloride salts of Fe** and Zn*". First, 1.35 g FeCl;-6H,0, 0.34 g ZnCl,, 0.5 g PEG-400,
and 2.72 g NaAc-3H,0O were placed in a beaker, and 30 mL ethylene glycol was added under even
magnetic stirring at 50°C. The mixture was transferred to a polytetrafluoroethylene-lined autoclave,
heated at 180°C for 18 h, and cooled to 25°C in a drying oven. The crude ZnFe,0O,4 nanoparticles were
quickly separated from the solution using a magnet, washed with deionized water, and dried in a vacuum
at 50°C for 8 h. The ZnFe,0,4 was ground to powder for use.

2.3 Synthesis of ZnFe,0 ,@PDA

First, 0.1 g ZnFe,04 nanoparticles and 1.0 g PEG-400 were dispersed in 50 mL Tris-HCI buffer
(50 mmol-L ™", pH 8.5), stirred well, and sonicated for 30 min. After the ultrasound, 0.1 g of dopamine
(DA) was slowly added to the suspension and mechanically stirred at 300 rmin~' for 3 h. By self-
polymerizing dopamine in alkaline conditions, nanoparticles coated with polydopamine (PDA) were
formed [22]. After the reaction, the separated ZnFe,O4@PDA nanoparticles were washed with deionized
water. The final products were freeze-dried and stored at 4°C. The mechanism is shown in Fig. 1.
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Figure 1: Mechanism of ZnFe,O,@PDA@RML

2.4 Immobilization of RML on ZnFe,0 ,@PDA

First, 0.1 g ZnFe,O4@PDA was dispersed in 50 mL of pH 7 phosphate buffer solution (0.9% NaCl) and
sonicated for 10 min to form a ZnFe,0,@PDA suspension. Next, 1 mg:ml_' EDC/NHS crosslinking agents
was added to the suspension and stirred evenly. Subsequently, 1 mL of RML lipase solution was slowly
added and stirred for 5 h at 40°C and 250 rmin '. The carboxyl group on RML is first combined with
EDC to generate an unstable O-acylurea intermediate, which can be converted to a stable succinimide
ester by adding NHS. The succinimide ester reacts with an amino group on the ZnFe,O4@PDA surface
to form an amide bond (Fig. 1) [23,24]. The ZnFe,04@PDA@RML nanoparticles were then
magnetically separated and washed with phosphate buffer to remove any unreacted lipase. After freeze-
drying for 8 h, the final products were stored at 4°C.
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The amount of the immobilized RML was calculated using formula (1).

(Co—C)WV
W=-———"- 1
1000M D
where W is the amount of RML immobilized onto ZnFe,O4@PDA (mg-g '); Cy and C are the initial and final
concentrations of RML (mg-mL™"); ¥is the volume of the solution (L); and M is the mass of ZnFe,O,@PDA
(g); 1000 is the conversion ratio between mL and L. Bradford’s method was used to measure the protein
content before and after the immobilization processes to check the immobilization yield [25].

2.5 Hpydrolytic Activity of Free and Immobilized RML

The lipase activity was evaluated via the yield of p-nitrophenol (p-N) from the hydrolysis of
p-nitrophenyl palmitate (p-NP). The equation of the p-N standard curve was y = 16.4214x + 0.0329,
r = 0.9954. First, 0. mL of RML (or 5 mg of ZnFe,O,@PDA@RML), 1 mL of 1 mmol-L™" p-NP
isopropanol solution, and 4 mL of 0.1 mol Tries-HCI buffer (0.80 wt% Triton x-100, 0.12 wt% gum
arabic) at pH 8 were added to a tube. The mixture was incubated at 37°C for 10 min, and a 2 mL ethanol
solution was added to terminate the reaction. The solution was centrifuged at 4000 rpm for 10 min and
1 mL of supernatant was taken and diluted with purified water. The absorbance at 410 nm was measured
with a UV-Vis spectrophotometer to determine the generated concentration of p-N based on a previously
established calibration curve from p-N standard solutions [26]. The lipase activity (U) of one unit was
defined as the amount of free RML (or immobilized RML) to generate 1.0 umol of p-N at 37°C for
1 min under these experimental conditions, which was calculated using formula (2):

1000V (y — b)

Lipase Activity (U/g) X1
m

x 100% )
where 1000 is the conversion ratio between mmol and pmol; Vs the total volume of the reaction system (L); ¢
is reaction time (min); y is the absorbance value; b and K are the intercept and the slope of the standard curve;
m is the quality of the enzyme (g).

2.6 Characterization of ZnFe,0, ZnFe,;0,@PDA and ZnFe,0 ,@PDA@RML

SEM was applied to study the morphology of the sample using the EVO 18 (Zeiss, Germany). The
pieces were coated out of gold. TEM images of ZnFe,04, ZnFe,O4@PDA, and ZnFe,04@PDA@RML
were taken using a JEOL JEM-2100 (JEM, Japan). XRD testing of the crystal structures of the samples
was done with an Empyrean diffractometer (X Pert Powder, Holland). FTIR spectra of the samples were
also detected using a Spectrum 2000 spectrometer (PerkinElmer, USA). TGA curves were obtained with
a TG209F1 thermogravimetric analyzer (Netzsch, Germany). The magnetic properties were measured
with a 7404 VSM (Lakeshore, USA).

2.7 Characterization of Enzymatic Properties of Free RML and ZnFe,0 ,@PDA@RML

2.7.1 Acid—Base Stability

The acid-base stability of the free RML and ZnFe,O4@PDA@RML was investigated after incubating
preparations of different pH values from 5 to 9 in phosphate buffer for 3 h. The magnetically separated
ZnFe,04@PDA@RML was washed to remove residual products or unreacted substrates. Lipase activity before
incubation was defined as 100% to evaluate the percentage of the remaining activity at different pH values.

2.7.2 Thermal Stability

The thermal stability analysis of free RML and ZnFe,O4@PDA@RML was carried out by evaluating
the residual activity of RML after incubating in phosphate buffer (pH 7) for 3 h at different temperatures of
40°C to 60°C. The lipase activity obtained before incubation was recorded as 100%.
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2.7.3 Storage Stability
The lipase activity measured on the first day was defined as 100%. The residual activity was measured
every 2 days for 12 days to investigate the storage stability.

2.7.4 Reusability of Immobilized RML

The reusability of ZnFe,O4,@PDA@RML was evaluated by referring to the method in Section 2.5. After
each cycle, the magnetically separated ZnFe,O4@PDA@RML was washed three times and stored at 4°C.
The percentage of remaining activity after each use was evaluated.

2.8 Biochemical Characterization of Immobilized RML

The assay method was used to study the effects of enzyme solution dosage, immobilization time,
temperature, and pH value on the activity of immobilized lipase. The impact of enzyme solution dosage
was analyzed from 0.25 to 1.25 mL at 40°C for 3 h. The influence of immobilization time between 1 and
6 h was studied after determining the optimal amount of enzyme solution. Under the optimum conditions
of enzyme solution and immobilization time, the influence of pH value between 6.5 and 9.0 was studied.
Under the optimal conditions of enzyme solution, immobilization time, and pH value, the effect of
temperature between 30°C and 50°C was studied.

2.9 Enzymatic Synthesis of OPO

PPP (0.12 mmol), OA (0.24-1.2 mmol), and n-hexane (3 mL, CP) were added to the flask, placed in a
50°C water bath to dissolve the substrate fully, and cooled to room temperature, after which
ZnFe,O4@PDA@RML (15-45 mg) was added and oscillated evenly. The reaction flask was placed on a
shaking table at a specific temperature and an oscillation rate of 150 rmin ' allowed to react for 9 h.
After the reaction, the oil sample and ZnFe,O4@PDA@RML were magnetically separated, and the oil
sample was stored at 4°C (Scheme 1).
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Scheme 1: Synthesis of OPO by immobilized lipase

The effects of reaction conditions on the enzyme-catalyzed synthesis of OPO were investigated. The catalytic
reactions were assessed using OPO yields and percentage of PA-Sn2, examining the following conditions:
temperature of response (35°C, 40°C, 45°C, 50°C, 55°C, and 60°C), molar ratio of substrates (2:1, 4:1, 6:1,
8:1, and 10:1), enzyme load (4%, 6%, 8%, 10%, and 12%) and reaction time (3, 6, 9, 12, 15, and 18 h).

2.10 Analysis and Determination of OPO by GC

2.10.1 Analysis of Triglyceride in Transesterification Products by GC

The triglyceride composition of the transesterification products was detected using an Agilent 7820A
gas chromatograph. The parameter settings were as follows: capillary column (DB-1HT, 15 m x 250 um x
0.10 um), detector temperature 370°C, injection port temperature 350°C; injection volume 10 pL (split ratio
1:20); nitrogen flow rate 6.5 mL-min ', airflow rate 400 mL-min ', hydrogen flow rate 30 mL-min_'. The



2306 JRM, 2023, vol.11, no.5

heating program: the initial column temperature was 200°C for 2 min, and then heated to 350°C at a heating rate
of 15 °Cmin"" for 6 min. The triglyceride standard calibration curve was obtained by GC analysis under the
above conditions. Quantitative analysis of triglyceride content was accomplished by peak area normalization.

2.10.2 Fatty Acids in Triacylglycerols by GC
1. Fatty acid composition analysis

Preparation of fatty acid methyl esters (FAMEs) [27]: A certain amount of purified transesterification
product was added to the flask and 2 mL of n-hexane was added to dissolve the product, followed by
addition of 1 mL of NaOH-methanol solution (2 mol-L™"). The flask was put in a 50°C water bath for
15 min, then placed on a micromixer for 5 min and left to stand until the solution had naturally stratified.
The upper organic liquid was taken from the centrifuge tube and 0.5 g anhydrous sodium sulfate was
added to remove water. After centrifugation, the organic liquid was taken out and stored at 4°C for testing.

A gas chromatograph (Agilent 7820A GC) equipped with a hydrogen flame ionization detector was used
along with a capillary column (DB-WAX, 30 m X 320 pm x 0.25 pm). Quantitative analysis of fatty acid
composition was accomplished by peak area normalization.

2. Analysis of the fatty acid composition of sn-2 position:

Preparation of the sn-2 position monoglyceride (2-MAGs): Regiospecific distribution was estimated via
the fatty acid composition of 2-MAGs. Frist, 0.1 g OPO was dissolved in 2 mL of Tris-HCI buffer
(0.05 mol'L™", pH 8.0), 2 mL of CaCl, (2.2 wt%), and 0.2 mL sodium cholate solution (0.1 wt%), and
20 mg porcine pancreatic lipase were successively added while incubating at 40°C for 10 min, after
which 1 mL of HCI (6 mol'L ") and 1 mL of n-hexane were added to terminate the reaction. The mixture
was centrifuged at 4000 rmin ' for 10 min. The upper solution was transferred to a test tube and the
2-MAGs sample was obtained by concentration under nitrogen.

Separation and purification of 2-MAGs by thin-layer chromatography (TLC): The samples were
separated and purified on a silica gel G254 TLC plate using a solution of n-hexane/diethyl ether/acetic
acid (50:50:1, v/v/v) as a developing solvent. The TLC plates were stained with 2,7-dichlorofluorescein
(0.2%, w/v) in ethanol, and the 2-MAGs were identified in 254 nm ultraviolet light. The 2-MAGs strip
was then scraped and dissolved with n-hexane.

Next, according to the method of methyl esterification in fatty acid composition analysis and the parameters
of GC, 2-MAGs were methyl esterified and analyzed by GC. The proportion of PA-Sn2 of the total content PA is
an essential indicator for judging the synthesized OPO [28], which was calculated using formula (3):

content of PA at sn — 2 position

Th t f PA—Sn2 = 100 3
© percentage o " 3 (the content of PA in the total fatty acids) X 100% ®)

2.11 Statistical Analysis

All experiments were conducted in three parallel replicates and the results were expressed as means +
standard deviation (SD).

3 Results and Discussion
3.1 Characterization of ZnFe,04 ZnFe,0,@PDA, and ZnFe,0,@PDA@RML

3.1.1 SEM and TEM Analysis

SEM and TEM were used to observe the micromorphology of the material. The SEM images of ZnFe,QOy,
ZnFe,04@PDA, and ZnFe,O4@PDA@RML are shown in Figs. 2a—2c. The sizes of the three kinds of
nanoparticles were not much different, the size was about 250~300 nm, and the ZnFe,O, nanoparticles
showed a hollow spherical structure with a smooth surface (Fig. 2a). The ZnFe,O4@PDA and the
ZnFe,04@PDA@RML presented a globular form (Figs. 2b and 2c). Compared with ZnFe,O,,
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ZnFe,04@PDA and ZnFe,04@PDA@RML were denser due to the oxidative self-polymerization of dopamine
on ZnFe,0, in the weak alkali and oxygen atmosphere in the air, forming an adhesive PDA. The formation of
sticky PDA made the particles adhere to each other and become dense, thus enhancing the adsorption capacity of
ZnFe,04@PDA for lipase. Figs. 2d-2f illustrate the TEM photos of the ZnFe,O,4, ZnFe,O4@PDA, and
ZnFe;04@PDA@RML, respectively. PDA grafting onto the ZnFe,O4 was confirmed by the thin border of
black nanoparticles [29]. The PDA layer thickness was about 15 nm (Fig. 2¢). Under the influence of this
layer of the PDA, the particles became more compact, but the particle shape of the particles was not
changed, which was in line with the SEM observations. The increased particle size illustrated the successful
fixing of RML onto the ZnFe,O4@PDA in the TEM image (Fig. 2f).

Figure 2: Illustrates the SEM (a, b, ¢) and TEM (d, e, f) of ZnFe,O,4, ZnFe,O4@PDA, and ZnFe,O4,@PDA@RML
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3.1.2 XRD Analysis

XRD was used to detect the crystal structures of the samples to confirm the structure formation of the
magnetic nanoparticles. The XRD patterns of ZnFe,04, ZnFe,O4@PDA, and ZnFe,O4@PDA@RML are
shown in Fig. 3. The formed ZnFe,O, nanoparticles exhibited well-resolved peaks at 30.04°, 35.37°,
42.97°, 53.33°, 56.77°, 62.33°, 70.622°, and 73.79°, which corresponded to (220), (311), (400), (422),
(511), (440), (620), (533), and (622) reflections, respectively (JCPDS card 022—-1012), with no extraneous
peak, which showed the high purity of the magnetite. ZnFe,O4@PDA and ZnFe,04,@PDA@RML had a
particular diffraction peak of PDA at 26 = 21.58°, which showed that PDA successfully modified the
surface of ZnFe,0,. In addition, other peak shapes of ZnFe,O4@PDA did not change, and the lattice
structure of ZnFe,O4 did not change either. XRD data from ZnFe,O4@PDA@RML showed no
significant difference in the crystal structure of ZnFe,O, after PDA coating and lipase immobilization.
However, the peak area of the unique diffraction peak and the characteristic plane of
ZnFe,O4@PDA@RML was decreased compared with ZnFe,O4@PDA due to the masking effect. The
results also indirectly prove that ZnFe,O4@PDA had RML successfully fixed on its surface.
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Figure 3: XRD patterns of ZnFe,O4, ZnFe,04@PDA, ZnFe,04@PDA@RML, and characteristic peaks of
ZI’IF6204

3.1.3 FTIR Analysis

FTIR was used to determine the existence of distinct groups of each product over the RML assembly and
modification. Fig. 4 shows the FTIR spectra for free RML, bare ZnFe,O,, ZnFe,O4,@PDA, and
ZnFe,0,@PDA@RML recorded between 400 and 4000 cm '. All samples except RML had a distinct
peak at 572 cm !, attributed to the Fe-O stretching vibration of ZnFe,O,4, indicating the existence of
ZnFe,0, magnetic cores in the samples. Compared with ZnFe,O, particles, a peak at 1289 cm ™' showed
a C-O bond, and the in-plane bending vibration peak of C-H at 1369 cm™'. The characteristic peak at
1501 ecm™' corresponds to the skeleton vibration caused by the unique C=C of the benzene ring,
indicating the existence of PDA in ZnFe,O4. The amide regions (I and II bands) are the FTIR spectrum
recognition regions, which can confirm the main-chain conformation of the protein [30]. In the
ZnFe,04@PDA@RML sample, the absorption peak caused by the C=O stretching vibration (amide I)
was at 1634 cm '. The results of the FTIR showed that the magnetically immobilized enzyme was
successfully prepared.
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Figure 4: FTIR spectra of RML, ZnFe,0,, ZnFe,04@PDA, and ZnFe,O,@PDA@RML

3.1.4 TGA Analysis

Fig. 5 shows the thermogravimetric curves for ZnFe,O4 PDA, ZnFe,O4@PDA, and
ZnFe,O4@PDA@RML. Weight loss (%) was used in this study to determine the PDA coating weight and
the amount of immobilized lipase. In the temperature range of 40°C~700°C, ZnFe,0,4, ZnFe,04@PDA, and
ZnFe,O4@PDA@RML were 95.58%, 93.10%, and 92.51%, respectively, while the retention rate of PDA
was only 29.42%. The weight loss of PDA was higher, which showed that the prepared ZnFe,O4@PDA
and ZnFe,O,@PDA@RML were more heat-resistant than pure PDA. ZnFe,O, was 5.14% at 450°C due to
the release of adsorbed water. ZnFe,O4@PDA was about 6.9% at 700°C due to the release of water and
PDA decomposition. The content of PDA in the ZnFe,O4@PDA was about 2.48% (24.8 mg PDA/g
ZnFe,0,4). In addition, according to the TGA result of ZnFe,O4@PDA@RML, the amount of the
immobilized lipase in ZnFe,O4@PDA@RML was calculated to be 0.59% (5.9 mg lipase/g carrier), which
along with the results obtained by Bradford’s method, proved that the PDA was successfully coated on the
ZnFe,0, particles and RML was successfully immobilized on ZnFe,O4@PDA.

Quality retention rate (%)

ZnFe,0,
—— PDA

ZnFe,0,@PDA
ZnFe,0,@PDA@RML

20+

T T T T T T T T T T T T
100 200 300 400 500 600 700
Temperature (°C)

Figure 5: TGA thermograms of PDA, ZnFe,O,4, ZnFe,O4,@PDA, and ZnFe,O4@PDA@RML
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3.1.5 VSM Analysis

The magnetization curves of ZnFe,O4, ZnFe,O4@PDA, and ZnFe,04@PDA@RML are shown in
Fig. 6a. The saturation magnetization of ZnFe,O4, ZnFe,04@PDA, and ZnFe,O4,@PDA@RML were
87.9, 86.3, and 79.8 emu-g ', respectively. The saturation magnetization of immobilized enzyme
materials synthesized in other literature [31,32] is 34.5 and 30.73 emu'g '. The ZnFe,0,@PDA@RML
has obvious advantages of being recycled. After successively coating PDA and immobilizing the enzyme,
the saturation magnetization of magnetic particles decreased gradually. However, ZnFe,O,@PDA@RML
could still be rapidly separated by an external magnet. Fig. 6b shows that the ZnFe,O,@PDA@RML
could quickly be collected from the solution using an external magnet. The magnetic nanoparticles are
rapidly redispersed under slight shaking when the magnetic field disappeared. These results indicate that
ZnFe,O4@PDA@RML is a magnetic biocatalyst with excellent magnetic response and re-dispersibility.

100

ZnFe,0,
ZnFe,0,@PDA (a)
ZnFe,0,@PDA@RML
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Figure 6: (a) Magnetic hysteresis loops of ZnFe,O4, ZnFe,O4@PDA, and ZnFe,O4,@PDA@RML; (b)
magnetic separation and re-dispersion process of ZnFe,O,@PDA@RML

3.2 Optimization of Lipase Activity and Loading of Immobilized RML

The classical Coomassie blue binding method was used to study the loading capacity on
ZnFe,04@PDA onto the lipase [30]. The conditions of the immobilized RML were optimized by
investigating the influence of factors such as the amount of enzyme solution, pH, time, and temperature.

3.2.1 Effect of Lipase Liquid Dosage

The effects of the lipase solution dosage (0.25, 0.50, 0.75, 1.00, and 1.25 mL) on the amount and activity
of ZnFe,04,@PDA@RML were studied. As shown in Fig. 7a, the amount of immobilization increased with
the increasing dosage of enzyme solution, which showed that the carrier loading was far from the maximum
within the dosage range of enzyme solution. However, with an increase in the amount of the lipase solution,
the activity of ZnFe,O4@PDA@RML first increased and then decreased. The activity of the immobilized
RML reached its peak when the enzyme solution dosage was 1 mL, with a lipase activity of 209.80 +
7.90 U-g"' and enzyme loading of 15.72 + 0.97 mg-g '. This indicates that a higher enzyme concentration
effectively cross-linked RML with the carrier material at the beginning of the immobilization process.
However, excessive accumulation of lipase on the carrier surface increased the enzyme’s steric hindrance
and diffusion resistance, making it difficult for the enzyme to release, and the enzyme’s activity decreased
accordingly. Therefore, the appropriate amount of enzyme solution was 1 mL.
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Figure 7: Effect (a) lipase liquid dosage, (b) pH, (¢) time, and (d) temperature on immobilization capacity
and lipase activity of ZnFe,O,@PDA@RML

3.2.2 Effect of the Buffer pH

Based on the immobilization ability and activity of ZnFe,O4@PDA@RML, the appropriate pH value of the
buffer was determined. The influence of pH values between 6.5 and 9.0 was investigated (Fig. 7b), and it was
found that the lipase activity reached its maximum at pH = 7.0. The lipase activity was 202.80 + 10.12 U-g".
However, the maximum immobilization capacity of 20.06 + 1.17 mg-g ' was observed at pH 8.5, because the
reactive groups of PDA have the highest activity at pH 8.5. However, too high a pH led to the inactivation of
the lipase. At the same time, too high an amount of enzyme led to excessive covalent bonding between the
lipase and the carrier, thereby reducing the enzymatic activity. Therefore, the appropriate pH was 7.0.

3.2.3 Effect of Time

The effects of immobilization time from 1 to 6 h on lipase’s immobilization ability and activity were
investigated. As shown in Fig. 7c, the immobilized load curve showed a continuing rising trend, which
shows that the protein content of the sample increased with time. In contrast, the lipase activity curve first
increased and then decreased. The results demonstrate that ZnFe,O4,@PDA@RML reached its maximum
activity in 5 h, with a lipase activity of 224.75 + 16.12 U-g' and enzyme loading of 20.25 =
0.40 mg-g '. Combined with the literature analysis [33], it was determined that at the beginning, the
concentration of the total enzyme in the liquid was high, and the lipase naturally adsorbed onto the
surface of the carrier, so that the mass transfer effect was good. The lipase activity of the sample
increased with time. Over the immobilization time of 5 h, excessive lipase molecules gathered and
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accumulated on the carrier surface. The interactions between the enzyme molecules became larger and larger,
and the steric hindrance increased. After 5 h, although the amount of immobilized enzyme was still growing,
the lipase activity of the sample began to decrease. The reason for this is that the steric hindrance increased
with enzyme immobilization. The substrate could not effectively combine with the enzyme’s active site, and
the diffusion resistance increased, leading to decreased lipase activity. Therefore, 5 h was used as a fixed time
for further testing.

3.2.4 Effect of Immobilization Temperature

The activity change of ZnFe,O4@PDA@RML between 30°C to 50°C was investigated. As shown in
Fig. 7d, the immobilized load curve showed a continuing rising trend, which showed that the protein
content of the sample increased with temperature. The lipase activity curve first increased and then
decreased. The results show that ZnFe,O,@PDA@RML had the highest lipase activity at 40°C, with a
lipase activity of 215.32 + 11.08 U-g™' and enzyme loading of 19.22 + 0.86 mg-g '. The immobilization
load was slower when the temperature was lower, and the lipase content on the carrier was lower after
the reaction. Fewer enzyme active sites on the carrier contacted the substrate, resulting in lower
enzymatic activity in the sample. The free enzyme was denatured and inactivated if the temperature was
high. Too high a loading amount led to a significant interaction between lipases on the carrier, which
increased steric hindrance and diffusion resistance. Therefore, the appropriate temperature was 40°C.

3.3 Enzymatic Properties of Free RML and ZnFe,0 ,@PDA@RML

3.3.1 Acid-Base Stability

Acid-base stability has always been one of the critical reasons for the broad application of restriction
enzymes, and immobilization technology can improve the acid—base stability of enzymes, thereby
broadening the application field of enzymes. Therefore, acid—base stability is one of the essential enzymatic
properties of immobilized enzymes. As shown in Fig. 8a, the immobilized and free lipases showed an
optimum pH = 7. In addition, at different pH values, the activity of ZnFe,O4@PDA@RML was higher
than that of free lipase. In particular, the lipase activity of ZnFe,O4@PDA@RML was 86.14% at pH 6,
while that of RML was only 19.18%. The immobilized lipase activity reached over 70% at pH 6~9, which
shows that the catalytic activity of immobilized RML was higher than that of free RML [34].

3.3.2 Thermal Stability

Without substrate, free RML and immobilized RML were incubated at different temperatures (40°C~60°C)
to study their thermal stability. As shown in Fig. 8b, the activities of both lipases decreased with increasing
incubation time. However, at the same temperature, the activity of immobilized RML decreased to a lesser
degree than that of free RML. At 45°C~55°C, free RML lost about 60% of its activity, and the activity of
ZnFe,O4@PDA@RML remained above 50%. At 60°C, ZnFe,O4@PDA@RML retained 35.94% activity,
and free RML only retained 15.50% activity, which proves that immobilization improved the thermal
stability of RML. These results can be attributed to the immobilization technology significantly improving
the enzyme’s structural stability. Therefore, immobilization of RML on ZnFe,O4@PDA prevented the
typical thermal denaturation from extensive conformational changes [35]. ZnFe,O4@PDA@RML
maintained the lipase activity at high temperatures, thus expanding the application scope of the enzyme.

3.3.3 Storage Stability

Lipase activity tends to decrease with storage time, and one of the advantages of immobilized enzymes is
their good storage stability. This advantage is essential for evaluating and selecting enzymes that can be applied
to industrialization. Fig. 8c shows the changes in activities of free and immobilized RML stored for 12 days.
During storage, the activity of the enzymes decreased, while that of ZnFe,O4@PDA@RML decreased slowly.
The activity of free RML was only 38% after 12 days, while that of ZnFe,O4@PDA@RML remained at 63%.
Therefore, ZnFe,O4@PDA played an essential role in improving the storage stability of RML.
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3.3.4 Reusability of Immobilized RML

Fig. 8d shows the results of the immobilized enzyme after eight consecutive cycles. With the increase of
cycle number, the lipase activity of immobilized lipase decreased gradually, which may have been due to the
inactivation of the lipase and the partial loss caused by repeated use [36]. Taking the enzymatic activity of the
first cycle as 100%, the lipase activity of ZnFe,O4,@PDA@RML was still 48% after eight repeated uses.
Therefore, ZnFe,O4,@PDA@RML had satisfactory activity and operation stability, which could be due to
the following: Firstly, the covalent bond between enzyme and carrier inhibited the leakage of lipase [37].

Secondly, the strong saturation magnetism of ZnFe,O4@PDA@RML enabled it to be entirely recovered
with minor weight loss.

3.4 Optimization of Transesterification Synthesis Conditions

This study aimed to maximize OPO yield. Meanwhile, the percentage of PA-Sn2 also needed to be
considered because its high value means a lower content of PA at the sn-1,3 position [38]. This study

investigated the lipase catalysts from different OA/PPP molar ratios, time, temperature, and lipase amount
for sn-1,3 specificity.
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3.4.1 Effect of the Molar Ratio

Transesterification’s reversibility and side reactions may lead to incomplete substrate conversion [39].
Therefore, the effect of the molar ratio of oleic acid to glyceryl tripalmitate (OA/PPP) from 2:1 to 10:1 on
the yield of OPO and the percentage of PA-Sn2 was investigated. As shown in Fig. 9a, with the increase
of OA/PPP from 2:1 to 8:1, the OPO vyield increased from 30.89% to 41.98%. There were no significant
differences in the total yield with further increases in substrate ratio. This result may have been because
the enzyme’s active site could not accommodate excessive OA. Excessive OA increases the viscosity of
the reaction system, and the mass transfer resistance also increases correspondingly, which is not
conducive to the transesterification reaction [40]. The increased percentage of PA-Sn2 was due to the
substitution of OA for the sn-1,3 position of the PA. Considering the OPO yield, acyl migration, and
production cost, a molar ratio of 8:1 was suitable.
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Figure 9: The effect of optimized conditions on OPO yield and the percentage of PA-Sn2. (a) molar ratio,
(b) enzyme load, (c) temperature, and (d) time

3.4.2 Effect of the ZnFe>0 @ PDA@RML Dosage

The influence of dosages of ZnFe,O4@PDA@RML from 4% to 12% (w/w) of the total mass of the
substrate on the OPO yield was studied. As shown in Fig. 9b, as the lipase dosage increased from 4% to
8%, the OPO yield increased from 28.82% to 41.77%. When lipase was less than 8%, the OPO yield
rapidly increased because there were fewer active lipase sites to catalyze the reaction. However, the OPO
yield decreased with further increases in the amount of RML. The results can be explained by the contact
of the enzyme with the substrate causing a hydrolysis side reaction, resulting in the transfer of acyl
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groups [41]. As with the OPO yield curve trend, the percentage of PA-Sn2 increased first and then decreased,
which may have been due to the more accessible contact between immobilized RML and the substrate with
the increase of lipase loading, thus promoting hydrolysis and acyl migration. Considering the high yield of
OPO and the cost of the enzyme, 8 wt% lipase loading was appropriate.

3.4.3 Effects of Reaction Temperature

Temperature has a significant influence on the reaction system. Increasing the temperature is conducive
to mass transfer, thus increasing the reaction rate. However, excessive temperature inactivates lipase [42,43].
We studied the appropriate reaction temperature to obtain a high OPO yield and low acyl migration. As
shown in Fig. 9c, the yield curve of OPO first increased and then decreased, reaching a maximum value
of 42.63% at 40°C. Above 40°C, the yield of OPO fell obviously, indicating that lipase was inactivated.
It can also be seen from Fig. 9c that the percentage trend of PA-Sn2 was consistent with that of OPO and
reached its maximum value (54.63%) at 40°C. A possible explanation for this is that the immobilized
lipase activity decreased when the reaction temperature increased, and acyl migration increased.
Therefore, 40°C was chosen for the following study.

3.4.4 Effects of Reaction Time

Appropriate reaction time is beneficial to reducing the production cost, so the effect of reaction time
from 3 to 18 h on the yield of OPO was studied. Fig. 9d shows that the OPO yield increased with
increasing reaction time and remained relatively stable. The highest OPO yield was 42.78% at 12 h,
decreasing after 12 h. The percentage of PA-Sn2 also reached the maximum at 12 h, which may have
been due to the migration of acyl groups in the lipase-catalyzed reaction. Therefore, the reaction used
subsequently time was 12 h.

The commercial immobilized lipases of Novozym TL IM and Novozym RM IM have been used to
synthesize OPO, and the yield is mostly 38%~42% [41,44], but they are expensive. It can be found that
the yield of OPO prepared by self-made immobilized lipase is slightly higher than that of commercial
immobilized lipase.

3.5 Reusability of the Immobilized Lipase and Leaching

The repeated use of immobilized lipases is critical to their industrial applicability. Fig. 10 shows the
results of five consecutive transesterification reactions of ZnFe,O,@PDA@RML. The OPO yield
gradually decreased with the increasing cycle number, which may be attributable to the loss of a
proportion of the enzyme content over repeated use and the denaturation of the immobilized RML. After
five repeated uses of ZnFe,O4@PDA@RML, the OPO yield reached 35.23%. These findings verify its
potential in biocatalytic industries [45]. In addition, a leaching experiment of ZnFe,O4,@PDA@RML was
carried out. In a typical experiment, ZnFe,O4@PDA@RML was separated by a magnet after 6 h of OPO
synthesis. The transesterification reaction was continued for another 6 h with the remaining filtrate. The
results showed that no additional OPO was detected in the reaction mixture. In addition, no enzyme
leaching was detected in the solution, which indicates that only a covalent bond bound the RML onto
ZnFe,04@PDA.
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Figure 10: Reusability of ZnFe,O4@PDA@RML for the synthesis of OPO

4 Conclusion

In summary, magnetic ZnFe,O4@PDA was prepared and successfully used as the immobilized carrier of
RML. The following conditions were optimized to immobilize RML: 40°C, pH 7.0, 1 mL of enzyme
solution, and 5 h of fixation time. Under these conditions, ZnFe,O4,@PDA@RML was efficiently
obtained. ZnFe,04,@PDA@RML showed better activity and adaptability to higher temperatures or pH
than free RML and could be reused by rapid recovery with external magnets. The following conditions
were optimized to synthesize OPO: 40°C, n(OA):n(PPP) = 8:1, 8 wt% lipase loading, and 12 h. Under
optimized conditions, a high-efficiency OPO yield (42.78%) was obtained, in which the percentage of
PA-Sn2 was 54.63%. The results confirm that ZnFe,O4@PDA@RML can be considered a stable and
efficient biocatalyst for OPO synthesis.
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