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Abstract

Phytosterols usually have to be esterified to various phytosterol esters to avoid their disadvantages of unsatisfactory solubility and
low bioavailability. The enzymatic synthesis of phytosterol esters in solvent-free system has advantages in terms of environmental
friendliness, sustainability, and selectivity. However, the limitation of the low stability and recyclability of the lipase in the
solvent-free system, which often requires a relatively high temperature to induce the viscosity, also increased the industrial
production cost. In this context, a low-cost material, namely diatomite, was employed as the support in the immobilization
of Candida rugosa lipase (CRL) due to its multiple modification sites. The Fe3O4 was also then introduced to this system for
quick and simple separation via the magnetic field. Moreover, to further enhance the immobilization efficiency of diatomite, a
modification strategy which involved the octadecyl and sulfonyl group for regulating the hydrophobicity and interaction between
the support and lipase was successfully developed. The optimization of the ratio of the modifiers suggested that the -SO3H/C18
(1:1.5) performed best with an enzyme loading and enzyme activity of 84.8 mg·g-1 and 54 U·g-1, respectively. Compared with
free CRL, the thermal and storage stability of CRL@OSMD was significantly improved, which lays the foundation for the
catalytic synthesis of phytosterol esters in solvent-free systems. Fortunately, a yield of 95.0% was achieved after optimizing the
reaction conditions, and a yield of 70.0% can still be maintained after 6 cycles.

Octadecyl and sulfonyl modification of diatomite synergistically improved the immobilization
efficiency of lipase and its application in the synthesis of pine sterol esters

Yifei Zhang, Wei Zhang, Guangzheng Ma, Binbin Nian* and Yi Hu*

(State Key Laboratory of Materials-Oriented Chemical Engineering, School of Pharmaceutical Sciences,
Nanjing Tech University, Nanjing, China)

Abstract

Phytosterols usually have to be esterified to various phytosterol esters to avoid their disadvantages of un-
satisfactory solubility and low bioavailability. The enzymatic synthesis of phytosterol esters in solvent-free
system has advantages in terms of environmental friendliness, sustainability, and selectivity. However, the
limitation of the low stability and recyclability of the lipase in the solvent-free system, which often requires
a relatively high temperature to induce the viscosity, also increased the industrial production cost. In this
context, a low-cost material, namely diatomite, was employed as the support in the immobilization of Can-
dida rugosa lipase (CRL) due to its multiple modification sites. The Fe3O4 was also then introduced to this
system for quick and simple separation via the magnetic field. Moreover, to further enhance the immobili-
zation efficiency of diatomite, a modification strategy which involved the octadecyl and sulfonyl group for
regulating the hydrophobicity and interaction between the support and lipase was successfully developed.
The optimization of the ratio of the modifiers suggested that the -SO3H/C18 (1:1.5) performed best with an
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enzyme loading and enzyme activity of 84.8 mg·g-1 and 54 U·g-1, respectively. Compared with free CRL, the
thermal and storage stability of CRL@OSMD was significantly improved, which lays the foundation for the
catalytic synthesis of phytosterol esters in solvent-free systems. Fortunately, a yield of 95.0% was achieved
after optimizing the reaction conditions, and a yield of 70.0% can still be maintained after 6 cycles.

Keywords: Candida rugosa lipase, diatomite, octadecyl and sulfonyl modification, immobilization, phytos-
terol esters

Graphical abstract

Introduction

Sterols are lipids that play a crucial role in all multicellular eukaryotes. The distribution and synthesis of
sterols varies among the eukaryotic community, with animals primarily producing cholesterol (C27), whereas
fungi and plants synthesis sterols with 28 to 29 carbon atoms (C28 and C29), known as ergosterols and phy-
tosterols[1, 2]. These differences reflect the complex evolutionary history of sterol synthesis[3]. Phytosterols,
which include phytostanols and sterols, are similar in structure and biological function to cholesterol[4, 5].
They are primarily found in vegetable oils, nuts, fruits, grains, and other plant products[6]. Phytosterols
have been recognized for their various pharmacological properties, including the potential to lower total
and low-density lipoprotein (LDL) cholesterol levels, thereby reducing the risk of cardiovascular disease[7-9].
Other health-promoting effects of phytosterols include anti-obesity[10], anti-diabetic[9], anti-microbial[11],
anti-inflammatory[12], and immunomodulatory effects[13]. Additionally, it has been strongly suggested that
phytosterols possess anti-cancer properties, as phytosterol-rich diets may reduce the risk of cancer by 20%[14,
15]. However, the high melting point and low solubility in both water and oils have greatly limited their
further application in food, medicine, and other fields. To overcome this problem, phytosterol esters are
considered suitable alternatives because they maintain all the excellent properties of original phytosterol[16,
17].

The chemical synthesis of phytosterol esters is industrially feasible, but the high energy consumption, low
selectivity of the reaction, and the unavoidable by-products of dehydrated sterols limit its further appli-
cations[18]. Enzymatic catalysis which is performed under mild operating conditions, has high selectivity
and fewer by-products and is therefore attractive in this field[19]. In recent years, several lipases, including
Novozym@435[20], Candida rugosa lipase[21], and others, have demonstrated their ability in the synthesis
of phytosterol esters. However, these reactions usually were performed in organic solvents, which limited the
space-time yield and were harmful to the enzymes. To overcome the damage of organic solvent, some envi-
ronmentally friendly mediums, such as ionic liquids[22], and supercritical carbon dioxide[23] were applied in
biocatalysis. In this work, the esterification process is performed in a solvent-free system. However, we just
found that the solvent-free system’s high viscosity limited the substrates’ mass-transfer effect, which made
the reaction time extremely long. It indicated that the reaction can only be performed at a relatively higher
temperature (50), which may not be beneficial to the lipase.

In response to this challenge, the immobilization of enzymes that aimed to improve stability and recyclability
has attracted more and more interest, and various immobilization methods and supports with low cost, large
specific surface area, and low diffusion limits of substrates, have been developed in past decades. For in-
stance, diatomite, which is mainly composed of silicon dioxide (SiO2), was widely used in the immobilization
of various enzymes due to its low cost, porous structure, low density, and chemical inertness. Chen et al.[24]
suggested that the half-lives of diatomite immobilized of D-allulose 3-epimerase can be improved to 109
and 124 times than that of free enzyme at 55 and 60, respectively. Polyaniline-coated magnetic diatomite
can efficiently immobilize invertase, β-galactosidase, and trypsin[25]; Candida sp. 99-125 immobilized on
diatomite can be used to produce biodiesel efficiently[26]; Burkholderialipase immobilized on diatomite can
be applied to a fixed-bed bioreactor and continuous biodiesel conversion[27]. However, single immobilization
support does not meet the needs of all enzymes, therefore, for the immobilization of different enzymes, differ-
ent modifiers need to be designed to confer a more suitable microenvironment to the support as well as the
strength of interaction with the enzyme, e.g., basso’s study indicated that the octadecyl functional group can
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change the hydrophobic microenvironment of lipase, which can have a significant effect on the enzyme activ-
ity[28], and Singh modified the surface of silica nanoparticles with carboxylic acids with different numbers
of alkyl chains, and found that silica-immobilized lipase modified by stearic acid with more hydrophobicity
has a higher activity[29]. Moreover, the production of water during the esterification reactions will drive the
reaction toward hydrolysis and lead to enzyme inactivation via promoting the aggregation of enzymes[30,
31]. Additionally, it will also accelerate the leakage of lipase from the support during reutilization.

Therefore, to develop a low-cost, sustainable, and high-efficiency enzymatic synthesis strategy for phytosterol
esters, the solvent-free system was applied in the present study. To overcome the challenge of the low stability
of lipase, a cheap inorganic porous material, namely diatomite was applied as a support for the immobilization
ofCandida rugosa lipase (CRL). To further enhance its efficiency, the magnetic nano-Fe3O4 was first attached
to the surface of diatomite via a co-precipitation method. Moreover, the octadecyl and sulfonyl groups were
applied as modifiers of the diatomite for regulating its hydrophobicity, flexibility, and interaction and thus
improve the efficiency of diatomite. Additionally, the immobilized enzyme prepared by this method was
used in the enzymatic synthesis of phytosterol esters to test its stability and recyclability. This study is
anticipated to provide a green and efficient innovative method for the enzymatic synthesis of phytosterol
esters.

2. Materials and Methods

2.1. Materials

Pine sterol (91.0% β-sitosterol, 7.0% campesterol, 0.5% stigmasterol, 0.3% brassicasterol, and 1.2% others)
was kindly donated from Jiangsu Conat Biological Products Co., Ltd (Jiangsu, China); diatomite (200 mesh)
was purchased from Aladdin (Shanghai, China); FeCl3·6H2O, FeCl2·4H2O, 3-mercaptopropyltriethoxysilane
(97%), n-octadecyltriethoxysilane (85%), Oleic acid (99.0%) were purchased from Sarn Chemical Technology
Co., Ltd (Shanghai, China).Candida rugosa lipase (type VII) was purchased from Sigma-Aldrich (St. Louis,
MO, USA).

2.2 Preparation and modification of magnetic diatomite

4.1 g of FeCl3·6H2O and 2.6 g of FeCl2·4H2O were dissolved in a quantity of deionized water and mixed
ultrasonically. After sufficient shaking, 6.0 g of diatomaceous earth was added and stirred at 80 °C for 30
min using nitrogen protection. Add ammonia, adjust pH to 10, and continue mixing for 1 h. Cooling slowly
to room temperature and crystallize for 2 h. The precipitate obtained after magnetic field separation was
sequentially washed with deionized water and ethanol. After drying, magnetic diatomite (MD) was obtained.

1.0 g of MD was added to 50.0 mL of toluene, sonicated, and mixed for 0.5 h. After that, 0.8-2.4 g of
3-mercaptopropyltriethoxysilane and 1.4-4.2 g of n-octadecyltriethoxysilane were added. Using nitrogen pro-
tection, the reaction was heated to reflux for 12 hours. Then, the diatomite was separated by a magnetic field,
washed several times with ethanol, and the product was dried under vacuum at 45°C to obtain octadecyl
and thiol co-bonded magnetic diatomite. The obtained octadecyl and thiol co-bonded magnetic diatomite
was added to a certain concentration of H2O2and stirred at 40°C for 24 h and then washed with water to
remove the excess H2O2. After drying under vacuum at 60°C, octadecyl and sulfonyl co-bonded magnetic
diatomite (OSMD) was obtained.

2.3 Immobilization of Candida rugosa lipase

The aqueous lipase solution was centrifuged at 4025 xg for 10 min at 4°C to remove the insoluble material to
obtain a homogeneous semi-purified lipase. The resulting supernatant was separated and used for subsequent
experiments.

As different supports have their suitable immobilization conditions, it is reasonable to compare the immo-
bilization effect of the supports on this basis. 0.1 g of modified magnetic diatomite was added to 5 mL of
semi-purified CRL with different concentrations and different pH values (6.0-8.0) and then stirred at 25-40°C
for 4-12 h. After filtration under reduced pressure, washing, and freeze drying, the immobilized enzyme pro-
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duct was obtained. Enzyme loading and immobilization efficiency are important parameters that define the
immobilization process. Enzyme loading is an important parameter to examine the loading capacity of the
support, and immobilization efficiency (immobilization yield) is usually employed to define the percentage
of the enzyme that is immobilized on or in the support.

The BCA method was used to detect the protein content in the supernatant. All the measurements were
done in triplicate and the error was less than 5% in each case, and the following formula was used to calculate
CRL loading and immobilization efficiency.

CRL loading
(

mg
g

)
=

Ci×Mi−Cf×Vf

Mf
# (1)

Immobilization efficiency (%) =
Ci×Mi−Cf×V f

Ci×Mi
× 100# (2)

where Ci (mg/g) is the initial protein concentration in CRL before immobilization, Cf (mg/mL) is the final
protein concentration in supernatant and washing solution after immobilization,Mi (mg) is the mass of CRL
added to the buffer solution,Vf (mL) is the total volume of the supernatant and washing liquid, and Mf (g)
is the mass of the support.

2.4 Enzyme activity assay

The expressed activity gives the enzyme activity expressed by the immobilized enzyme itself and the spe-
cific activity shows the effect of the immobilization process on the enzyme activity, these two parameters
together with the enzyme loading and the immobilization efficiency form the parameters required to define
the immobilization process[32].

The p-nitrophenyl palmitate (p-NPP) assay has been widely used to analyze lipase activity[33, 34]. One unit
(1 U) is defined as the amount of enzyme required to catalyze the hydrolysis of p-nitrophenyl palmitate
to produce 1 μmol of p-nitrophenol per minute at 40°C and pH 7.0. All the measurements were done in
triplicate and the error was less than 5% in each case.

The activity of CRL (immobilized CRL) and activity recovery were calculated by the following equation:

Expressed activity
(
Ug−1

)
= A×106×Vt

ε×t×m1
# (3)

Specific activity
(
Ug−1

)
= A×106×Vt

ε×t×m2
# (4)

Activity recovery (%) = SA1

SA0
× 100# (5)

Where A is the absorbance of the samples, Vt (L) is the volume of the solution, ε(L·mol-1·cm-1) is the molar
extinction coefficient of p-nitrophenol, t (min) is the reaction time, m1 (g) is the mass of immobilized CRL
andm2 (g) is the protein mass of immobilized CRL,SA1(U·g-1) is the specific activity of immobilization CRL,
SA0(U·g-1) is the specific activity of free CRL.

The following formula was used to calculate relative activity and residual activity.

Relative activity (%) = At

Amax
× 100# (6)

Residual activity (%) = At

Ai
× 100# (7)

Where At is the absorbance of the samples, Amax is the maximum absorbance, and Ai is the initial absorbance
value of the samples.

4
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2.5 Characterizations

Scanning electron microscopy (SEM) was performed on a Hitachi FE-SEM SU8200 instrument (Japan).
Thermogravimetric analysis (TGA) was performed on a TGA 550 instrument (TA Instruments, USA) at
20-800°C under N2 atmosphere using a heating rate of 20°C/min. The FTIR spectra of the MD and OSMD
samples were measured using Nicolet iS50 FT-IR (Thermo Scientific, USA). Spectra were taken from 4000
to 400 cm-1 and the resolution of the wavenumber was 2 cm-1. XPS of raw diatomite and OSMD was
carried out by ESCALAB250Xi (Thermo Scientific, USA). The magnetization of the immobilized enzyme
was carried out by Lake Shore VSM 7307 (Lake Shore, USA). N2 adsorption and desorption study was
performed on the ASAP 2020Plus HD88 (Micromeritics, USA). Water contact angle measurement of the
samples was measured with a KRUSS drop shape analyzer DSA 100 instrument at 25degC for the support
and the injecting syringe as well.

2.6 Optimization of conditions for the synthesis of pine sterol oleate

Using the immobilized CRL as a catalyst, the process conditions such as the amount of catalyst, the molar
ratio of the substrate between pine sterol and oleic acid, reaction time, and reaction temperature were
optimized for the synthesis of pine sterol oleate by direct esterification of pine sterol with oleic acid. In
a 15 mL reaction tube on an automatic temperature-controlled magnetic stirrer, 1.0 mmol of pine sterol,
and 4.0-8.0 mmol of oleic acid were added as substrate, catalyzed by the immobilized enzyme of 5.0-9.0
U*g-1(relative to pine sterol mass), and the reaction temperature was 35-55degC for 12-60 h.

2.7 Gas Chromatography Analysis

The quantitative analysis of pine sterol and sterol ester was performed by gas chromatography (GC) with
FID detector and dichloromethane as the solvent, using a DB-5HT (0.1 μm, 0.25×15 m) column with N2

as the carrier gas and a flow rate of 1.5 mL/min. The inlet temperature and detector temperature were
350°C, and the initial temperature of the column temperature chamber was 180°C, ramped up to 240°C at
10°C/min. The sample volume was 1 μL and the shunt ratio was 20:1.

2.8 Substrate scope investigation

To demonstrate the substrate range of CRL@OSMD, the esterification of pine sterol with oleic, linoleic,
linolenic acid, and mixed acid (oleic, linoleic, and linolenic acids in equimolar ratios) was studied under
optimized reaction conditions.

2.9 Process scale-up and reusability studies

To explore the scalability of the immobilized CRL-catalyzed pine sterol ester synthesis process, the feed
volume was increased up to 10 times under optimized reaction conditions. The synthesis of pine sterol easters
was investigated for reusability under optimized conditions. At the end of the reaction, the immobilized
enzyme was filtered, separated from the reaction system, and washed with 5 mL hexane 3 times. After
drying, the resulting immobilized CRL was used directly in the next batch.

3. Results and discussion

3.1 Characterization of modified diatomite

The surface morphology and elemental analysis of OSMD and CRL were characterized by SEM (Figure 1
). The Energy Dispersive Spectroscopy (EDS) image (Figure S1 ) showed that the OSMD surface was rich
in C, S, and Fe elements, which proved the success of the surface modification. After immobilizing CRL,
the proportions of S and N elements increased significantly, indicating that the support could load CRL
efficiently (Figure S2 ). The OSMD still retained the original unique porous structure of diatomite after
the introduction of functional groups and Fe3O4. Obviously, the surface of immobilized CRL showed a rough
morphology, indicating that CRL was efficiently immobilized on the surface of the support.
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Figure 1 . SEM images of OSMD (A, B, C) and CRL@OSMD (D, E, F)

Figure 2. A shows the FTIR spectra of the original diatomite, MD, and OSMD. According to the FTIR
diagram of the raw diatomite, the absorption peaks of 3622.3 cm-1, 3450.0 cm-1, and 1639.7 cm-1 are formed
by the stretching vibration of -OH. The absorption peaks at 1025.2 and 792.4 cm-1 correspond to the
stretching vibration of Si-O-Si; the bending vibration of the Si-O bond forms the absorption peak at 451.2
cm-1. Instead, there are some new peaks in the FTIR of modified diatomite. The absorption peaks at
2925.5 cm-1, 2850.1 cm-1, and 1463.1 cm-1 in the infrared spectrum of modified diatomite correspond to the
stretching vibration and bending vibration of the C-H bond in -C18, which is consistent with the study of Li
et al[35]. The peak at around 1396.5 cm-1 and 1140.0 cm-1 is caused by the vibration of S=O in -SO3H. The
surface modification of the diatomite with alkyl groups can be demonstrated by the Si-C associated peaks
appearing at 720.3 cm-1, which is consistent with the work reported by Xu et al[36]. All the above results
indicated that the diatomite was successfully modified.

The magnetization of OSMD and CRL@OSMD was measured using a Vibrating Sample Magnetometer
(VSM) at room temperature (Figure 2. B ). The remanent magnetization and coercivity of OSMD and
CRL@OSMD were almost zero, indicating that the sample materials are soft magnetic materials with super-
paramagnetic and outstanding magnetic properties[37]. The specific saturation magnetization of OSMD and
CRL@OSMD were 12.2 emu·g-1and 12.1 emu·g-1, respectively. There is almost no difference between the two,
which indicates that the immobilization process does not affect the magnetic properties of the support. The
exceptional magnetic response helps to recover the immobilized enzyme under the application of a magnetic
field, providing valuable support for the reuse of biocatalysts.

In addition, we employed the N2 adsorption-desorption isotherms to provide evidence for the successful
immobilization of CRL to the OSMD (Figure 2. C ). As shown in Figure 2.D , the overall pore size of
CRL@OSMD was significantly decreased compared to OSMD which may be attributed to that the CRL
immobilized into the pore of OSMD and thus decreased the pore size of it. Moreover, the results showed that
the Brunauer-Emmett-Teller (BET) surface area of OSMD decreased from 53.6 m2·g-1to 27.2 m2·g-1 after
the immobilization process, accompanied by a corresponding reduction in pore volume from 0.227 cm3·g-1to
0.176 cm3·g-1 (Table S1 ). These findings indicate that a substantial portion of the enzyme occupies the
diatomite channels, thereby achieving the effective immobilization of CRL on OSMD.

Figure 2 . FTIR spectrum of diatomite before and after modification (A), VSM plot (B), N2 adsorption
and desorption isotherms of OSMD and CRL@OSMD (C), BJH-plot (D)

Figure 3 compares the XPS spectra of OSMD, MD, and raw diatomite. The peaks of 100.1 eV (Si 2p), 259.2
eV (O 1s), and 150.5 eV (Si 2s) are formed by the diatomite, and the peak intensity is significantly weakened
after modification, which corroborates the change in the surface groups of the diatomite. Relatively, the
peak intensity of C 1s (281.8 eV) was significantly enhanced after modification. Despite the weak intensity,
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the peak at around 161.0 eV (S 2p) and 225.0 eV (S 2s) is caused by -SO3H. Compared to raw diatomite,
nanomagnetic Fe3O4increased the peaks located at 710.5 eV and 719.9 eV[35].Table 1 shows that the C peak
intensity of modified diatomite is significantly enhanced, and the content of C is increased from 15.8% to
66.1%. However, the intensity of the O1s peak weakened, and the O content decreased from 61.8% to 22.6%.
It is proved that the coating contains a large amount of -C18, and -SO3H successfully modified diatomite. In
the high-resolution diagram of Si 2p, the electron absorption peaks at 100.4 eV and 99.8 eV correspond to the
Si-O bond and Si-Si bond in diatomite[38]. Compared with unmodified diatomite and MD, the absorption
peak at 98.9 eV corresponds to the Si-C, which demonstrates the surface modification of the diatomite with
octadecyl groups[39].

Hosted file

image4.emf available at https://authorea.com/users/697876/articles/685852-octadecyl-

and-sulfonyl-modification-of-diatomite-synergistically-improved-the-immobilization-

efficiency-of-lipase-and-its-application-in-the-synthesis-of-pine-sterol-esters

Figure 3 . XPS diagram of diatomite before and after modification (A), XPS Si 2p spectra of Diatomite
(B), MD (C), OSMD (D)

Table 1 Relative atomic content of the surface before and after modification

Si 2p (%) C 1s (%) O 1s (%) N 1s (%)

Diatomite 21.8 15.8 61.8 0.7
MD 10.7 33.4 54.7 1.1
OSMD 11.3 66.1 22.5 0.1

As shown in the DTG results, MD reaches the point of maximum thermal decomposition rate at 362.3°C,
which indicates the dehydration of surface hydroxyl groups, which is consistent with the OSMD[40]. OSMD
shows another jump discontinuity at 561.8°C, which may be due to the loss of grafted octadecyl and sulfonyl
groups[41]. Throughout the process, the overall mass loss of MD was 7.6%, while the overall mass loss
of OSMD was 8.6%, this indicated that diatomite was successfully modified, while the support itself has
excellent thermal stability.

The contact angle serves as a quantitative indicator of surface wettability, which quantifies the angle formed
between the interface of the liquid or vapor and the solid surface. According to the Young-According to the
Young-Laplace equation, the morphology of a droplet is influenced by the relative hydrophobic or hydrophilic
properties of the material’s surface with respect to the liquid. A larger contact angle corresponds to a greater
repulsive force exerted by the droplet on the surface, signifying a relatively higher degree of hydrophobicity
of the material’s surface[24]. As depicted inFigure 3D (a) , diatomaceous earth exhibits pronounced hy-
drophilicity owing to the abundance of surface Si-OH groups[41]. Conversely, the contact angle of OSMD
increased to 133.5° following additional octadecyl modification, indicative of its heightened hydrophobicity,
which can also support that the successful modification of octadecyl.

Figure 4 . TG of MD and OSMD (A), DTG of MD (B) and OSMD (C), the contact angle of MD and
OSMD (D)

3.2 Optimization of the ratio of modifiers and surfactants

Although different modification degrees of modifiers (-SO3H and -C18) can result in distinct properties of
the carrier and thereby impact its immobilization efficiency, quantitatively analyzing the modification degree
can be exceedingly challenging. Thus, to further investigate the effect of the modification degree on the
immobilization efficiency and to design a more efficient immobilization carrier, we used the immobilization
effect of CRL as an indicator to optimize the modification degree. As shown inTable 2 , the results suggested
that the enzyme loading and activity recovery of modified diatomite modified with -SO3H or -C18 alone was
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considerably lower than that of -SO3H/-C18 (1:1) group, which demonstrated that the -SO3H and -C18groups
may have a synergistic effect. It can be attributed to several factors, on the one side, the long-chain -C18

provided a suitable hydrophobic microenvironment for the lipase via an interfacial activation mechanism,
and on the other hand, the -SO3H groups changed the charge distribution of the lipase surface, resulting in a
stronger binding interaction between lipase and carrier, which could reduce the enzyme leakage. In addition,
the ratio of the two modifiers had a significant effect on the immobilization effect, and OSMD had the best
immobilization effect with an enzyme loading of 74.40 mg·g-1 and an activity recovery of 63.35% at the ratio
of -SO3H/-C18(1:1.5). The specific mechanism needs to be further investigated to find out.

Given the high hydrophobicity of OSMD, the addition of surfactant enhances the dispersion of the support
in the phosphate buffer[42, 43]. In addition, the addition of surfactants can also prevent the aggregation
of lipase[44]. However, it also should be noted that the surfactants may also play a negative role during
immobilization due to the inactivation of lipases. Hence, it becomes crucial to screen the type and concen-
tration of surfactant (Figure S4 ). The results showed that SDS has a detrimental effect on lipase activity.
Nonionic surfactants (Triton X-100, Tween 80) yielded favorable results but were slightly inferior to the
cationic surfactant (CTAB). Moreover, the impact of different CTAB concentrations on immobilization ef-
ficacy was assessed, revealing that at a concentration of 0.50 mM, CRL loading reached 76.3 mg·g-1, with
an enzyme activity recovery of 74.7%. The presence of the cationic surfactant may alter the surface charge
of the lipase and enhance its electrostatic interactions with the sulfonic acid groups while preventing lipase
dimer formation and thus beneficial to the immobilization processes[45, 46].

Table 2 . Effect of modifier ratio on the immobilization effect of OSMD

Modifier ratio Enzyme loading (mg·g-1) Activity recovery (%)

-SO3H 32.62 ± 1.03 32.37 ± 1.68
-SO3H/-C18(1:0.5) 56.77 ± 1.57 40.58 ± 0.79
-SO3H/-C18(1:1.0) 63.14 ± 1.29 52.16 ± 1.34
-SO3H/-C18(1:1.5) 74.40 ± 1.61 63.35 ± 1.48
-SO3H/-C18(1:2.0) 65.95 ± 2.12 60.54 ± 1.61
-C18 60.51 ± 0.66 54.19 ± 0.86
MD 22.88 ± 0.68 24.57 ± 0.85

Conditions of the immobilization process: the reaction was carried out in 0.1 mol·L-1 phosphate buffer (pH
7.0) with enzyme addition of 100 mg·g-1 (mass of support) for 8 h at 30°C.

3.3Optimization ofCandida rugosa lipase immobilization conditions

Lipase immobilization efficiency on hydrophobic supports is generally influenced by enzyme concentration
(enzyme addition), pH, temperature, and reaction time[47]. In investigating the factor of enzyme addition
(Figure 5. A ), the results showed that the enzyme loading increased with the enzyme addition. Howe-
ver, considering the enzyme is relatively expensive, even though the enzyme loading and activity of the
CRL@OSMD were still slightly increased at more than 100 mg·g-1, the optimum enzyme addition was set to
100 mg·g-1. As shown inFigure 5. B , the higher temperature would increase the collision between enzyme
molecules and support, thus improving the immobilization rate, but too high temperature will also affect
the stability of enzymes in the buffer solution. Taking the CRL loading and enzyme activity together as the
evaluation index, 30°C was finally selected as the optimal immobilization temperature.

The pH of the buffer solution affects the surface charge of the CRL (Figure 5. C ), which in turn affects the
electrostatic interaction of the enzyme protein with the sulfonic acid groups in the support. The results showed
that the immobilization efficiency and enzyme activity were significantly increased at pH 6.5, indicating that
the amino group of CRL is more likely to interact electrostatically with the sulfonic acid group after ion
exchange under weakly acidic conditions.

8
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Finally, the time was optimized and the results showed that the longer the immobilization process (Figure
5.D ), the higher the loading of CRL@OSMD, but by 10 h later, the support was saturated. Continued
increase in time, on the contrary, led to a decrease in enzyme activity.

Finally, immobilized CRL with a loading of 84.8 mg·g-1 and enzyme activity of 54 U·g-1 was obtained after
the reaction at 30°C for 10 h in phosphate buffer at pH 6.5 with an enzyme addition of 100 mg·g-1,which is
significantly higher than that of some previous studies. For instance, Cabrera et al. studied the immobilization
of CALB in a series of hydrophobic supports and found that only 30 mg·g-1loading was obtained with
octadecyl resin as the support[48]. Similarly, Kurtovic et al. adsorbed CRL onto a highly hydrophobic
octadecyl methacrylate resin by interfacial activation and only obtained an immobilized enzyme with a
loading of 58.7 mg·g-1[49]. Thus, in contrast to many existing reports, OSMD exhibited its extreme advantages
in enzyme loading.

Figure 5.Optimization of immobilization enzyme addition (A), temperature (B), pH (C), and time (D) of
CRL@OSMD

3.4 Thestability study of immobilized CRL

To investigate the effect of temperature on CRL@OSMD, the residual enzyme activity of free CRL and
CRL@OSMD at 50°C and 60°C were measured with the p-NPP assay. As illustrated in Figure S5 , as the
temperature increased, the residual activity of both free CRL and CRL@OSMD exhibited a diminishing
trend. However, it is noteworthy that the relative activity of CRL@OSMD remained conspicuously higher
than that of free CRL. These findings suggested that under the experimental conditions, both CRL@OSMD
and free CRL retained their activities at levels exceeding 90% when subjected to a 50°C treatment for
1 h.Figure S5 shows that the residual activity of free CRL and CRL@OSMD decreased with increasing
temperature, but the relative activity of CRL@OSMD was significantly higher than that of free CRL. The
results indicated that both the activity of CRL@OSMD and free CRL can be maintained above 90% at 50°C
treatment for 1 h. However, when the temperature was increased to 60°C, a more pronounced decline in the
activity of free CRL was observed, which may be due to the irreversible denaturation and inactivation of the
secondary structure of CRL by the higher temperature. In stark contrast, CRL@OSMD exhibited remarkable
resilience, maintaining its activity above 80% even after 30 minutes of exposure to the heightened temperature
of 60°C. This observation serves as compelling evidence that CRL@OSMD boasts superior thermal stability
compared to its free counterpart under the specified experimental conditions.

To investigate the storage stability of the immobilized enzyme, free CRL and immobilized CRL
(CRL@OSMD) were stored at 4°C for one month and residual enzyme activity was tested every 5 days
at the respective optimum pH and temperature and the initial enzyme activity was defined as 100%. As
shown inFigure S5 , the enzyme activity of free CRL decreased rapidly to less than 50.0% after 10 days,
and only 11.3% residual enzyme activity can be maintained after 30 days. In contrast, the storage stability
of the OSMD immobilized enzyme was significantly higher than free CRL. After 5 days of storage, 93.2%
of the initial enzyme activity was still preserved, and this level of activity endured above 50.0% even after
the 30-day storage duration. These results unequivocally underscore the outstanding storage characteristics
of the immobilized enzyme, highlighting its impressive reusability and ability to endure extended storage
periods, making it well-suited to meet the demands of production requirements.

When p-NPP was used as a model substrate to test the repetitive hydrolysis activity of the immobilized
enzyme, it was found that the hydrolysis effect of CRL@OSMD could still reach 86.2% after 10 times of reuse
(Figure S6 ), which indicated that the immobilized enzyme had good operational stability and repetitive
use performance.

3.5 Synthesis of pine sterol oleate with OSMD@CRL in a solvent-free system

Oleic acid, as a common monounsaturated ω-9 fatty acid, works synergistically with phytosterols to regulate
blood lipid levels and effectively reduce hypercholesterolemia and cardiovascular disease[50]. In addition,
our previous studies also found that oleic acid is one of the most efficient substrates for the esterification
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reaction due to its low melting point and its high solubility of phytosterols[50] (Figure 6 ). With excess
oleic acid as a solvent, the additional costs and environmental concerns associated with the use of organic
solvents can be avoided[51, 52]. Optimization of solvent-free esterification involves obtaining high conversions
while avoiding excess reagents and catalysts and saving energy[53]. However, solvent-free reactions present
specific challenges given the drastic changes that can occur in the reaction medium during the reaction
processes[54]. Specific studies are needed to determine the optimal amounts of reagents and catalysts and
the optimal temperatures under these conditions, where the thermodynamic and kinetic aspects converge
toward high conversion[50].

Most enzymatic esterification studies consider the molar ratio of reagents, biocatalyst addition, reaction
time, and temperature as the main variables that determine the reaction yield[50]. Moreover, there are two
possible strategies to change the esterification equilibrium: (1) use an excess amount of one of the reagents
or (2) remove one of the product mediators (water) from the reaction[55]. As the relatively low cost of oleic
acid and it can act as the solvent of the solvent-free system, the ratio of oleic acid: pine sterol was selected
from 1:4 to 1:8. As shown in the results of Figure 6. A , the yield can only reach 53.4% and 65.7% at ratios
of 1:4 and 1:5 which can largely be attributed to the incomplete dissolution of pine sterol in the reaction
medium. Nonetheless, it’s worth noting that excessive quantities of oleic acid can also exert a detrimental
influence on esterification efficiency. This is likely attributable to a reduction in the relative concentration
of pine sterol within the oleic acid medium, leading to a diminished likelihood of substrate access to the
enzyme’s active center. The optimal esterification yield was achieved when the molar ratio of pine sterol to
oleic acid was maintained at 1:6. This ratio takes into consideration the intricate dynamics introduced by
the reaction medium, resulting in the highest efficiency.

The amount of biocatalyst in the reaction is limited by the dispersing capacity of the stirring system and the
filtration capacity of the system[56-58]. The amount of enzyme addition in the system does not affect the
final yield of the ester in equilibrium, but it does affect the reaction rate. Reaction product-induced lipase
inhibition may occur under specific circumstances of the reaction[55, 59]. As shown in the results of Figure
6. B , the lower yield of the reaction at an enzyme addition of 5.0 U·g-1 (relative to the mass of pine sterol)
is most likely due to a decrease in the rate of the reaction, as well as product inhibition. The efficiency of the
esterification reaction remained essentially the same at enzyme additions above 8.0 U·g-1, which was finally
chosen given the high cost of biocatalysts.

The temperature has a positive effect on the energy of the reagents, favoring the effective number of collisions
leading to product formation[60-62]. However, collateral effects may occur - high temperatures may cause
conformational changes in the enzyme, leading to an increase (or loss) of enzyme catalytic activity[61, 63].
Thus, incremental increases in reaction kinetics due to increased temperatures may be offset by reductions
in the catalytic activity of lipases[64]. Temperature also affects the solubility of the reagents and viscosity
reduction, which means that there are considerable changes in the reaction medium, and these changes
affect the apparent equilibrium position because only dissolved reactants are involved in the thermodynamic
process, and only dissolved substrates can be contacted by the enzyme[65]. The optimal temperature for
enzymatic esterification should facilitate proper diffusion of the reagents in the medium, thus maintaining
the performance of the biocatalyst. As shown inFigure 6. C , the low yield at 35°C was attributed to the
poor solubilization of the pine sterols and the high mass transfer resistance of the medium due to the high
viscosity of oleic acid at a low temperature, which resulted in the diffusion of substrates to the active site of
CRL@OSMD became more difficult. In addition, the temperature above 55°C may also have a negative effect
on the esterification yield due to the denature of CRL@OSMD. Taking into account the catalytic activity
of the immobilized enzyme and the efficiency of the esterification reaction, 50°C was finally selected as the
optimum reaction temperature. Reaction time affects the efficiency of product production and reduces the
number of times the biocatalyst can be recycled, and reaching reaction equilibrium cannot always be pursued
to maximize the benefits of immobilized enzyme-catalyzed esterification. The esterification reaction yield can
reach 95.0% at 48 h (Figure 6.D ), and further increasing the reaction time did not have a significant effect
on the esterification yield. Moreover, only a conversion of 91.1% of phytosterols can be obtained even though
the dry air was introduced to regulate water activity at 72 h[66], which may increase the production cost.
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Fortunately, in this study, we found that our modified diatomite with long-chain alkyls, namely OSMD, can
prevent the water molecules from adhering to the surface and thus beneficial to the reaction without dry air
treatment.

Figure 6. Optimization of molar ratio (A), enzyme addition (B), temperature (C) and time (D) of the
esterification reaction

3. 6Substrate scope investigation of immobilized CRL

To investigate the substrate scope of the immobilized lipase (CRL@OSMD), several medium or long-chain
fatty acids, such as linoleic acid (C18:2), linolenic acid (C18:3), lauric acid (C12:0), and decanoic acid (C10:0)
were selected as the acyl donors. As summarized in Table 3 , both saturated and unsaturated fatty acids
can be used as the acyl donors of the esterification of pine sterol with phytosterol conversions at close to
or above 90%. However, as the high melting point of the long-chain (above C12) saturated fatty acids are
not beneficial to the solubility of pine sterol and the transfer mass effect of the reactions, only lauric acid
and decanoic acid were selected as the model of saturated fatty acid with a yield of 92.33 ± 1.29% and
90.45 ± 1.70%. To further promote the industrial production processes, edible oil, which contains oleic acid,
linoleic acid, and linolenic acid was also selected as the substrate in the synthesis of pine sterol esters, and
the results showed that the yield can reach as high as 94.14 ± 1.37%. This indicates that our novel-designed
immobilized enzyme (CRL@OSMD) can catalyze the esterification reaction of pine sterols with excellent
substrate applicability, which can be adapted to the needs of processing and production.

Table 3 . Substrate scope investigation

Fatty Acid Conversion rate (%)

Oleic acid (C18:1)b 95.01 ± 0.87
Linoleic acid (C18:2) 94.50 ± 0.93
Linolenic acid (C18:3) 93.80 ± 0.49
Lauric acid (C12:0) 90.45 ± 1.70
Decanoic acid (C10:0) 92.33 ± 1.29
Mixed acids 94.14 ± 1.37

a Reaction conditions: 1 mmol pine sterol, 6 mmol fatty acid, 8 U/g (based on the mass of pine sterol)
CRL@OSMD, 50°C, 48 h.

b The first number in parentheses represents the number of carbon atoms of the fatty acid, and the second
number represents the number of carbon-carbon double bonds of the fatty acid.

c Mixing oleic, linoleic, and linolenic acids in equimolar ratios to simulate edible oils.

3.7 Process scale-up andreusability studies

To explore the scalability of the pine sterol ester synthesis process developed above, the amount of substrate
was scaled up to 10 times, and a final esterification of 94.3% of pine sterol ester was obtained, demonstrating
the scalable production potential of the new process for the synthesis of pine sterol esters catalyzed by
the immobilized enzymes in the study. Moreover, the reusability of the catalyst was investigated under
the optimized conditions, and the results are shown inFigure S6 . It can be seen that the esterification
yield decreased with the increase of cycles, and could still be maintained above 70.9% after 6 cycles. The
decrease in esterification yield is most likely due to the unavoidable loss of the immobilized enzyme during
the separation from the reaction system, as well as denaturation and inactivation of the enzyme during the
reaction. For instance, Zhang et al. suggested that only 82.0% activity of CRL immobilized with a hollow
cubic carbon can be maintained in the second cycle[67]. However, in this study, our novel-designed OSMD
immobilization can maintain the residual activity as high as 90.6% in two cycles, which suggests that the
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novel-designed OSMD in this study is a good candidate in lipase immobilization and has great potential for
application in further food biomanufacturing.

4. Conclusion

A low-cost and designable material, namely diatomite, was investigated in the immobilization of CRL and
then used for the synthesis of various pine sterol esters. To further improve its efficiency, sulfonyl and
octadecyl were employed as modifiers to regulate the hydrophobicity and the binding interaction between
support and lipase. In addition, the Fe3O4 was also introduced to this system for quick and simple separation
via the magnetic field. Interestingly, the enzyme loading and activity recovery of the single modification
diatomite via octadecyl or sulfonyl group was lower than that of two functional groups modification diatomite,
namely OSMD. It indicated that there may be a synergistic effect between these two modifiers, the octadecyl
modification endowed a suitable hydrophobicity of diatomite, and the sulfonyl group changed the interaction
between lipase and support which enhanced the enzyme loading of CRL. The optimization of the ratio
of the modifiers suggested that the -SO3H/C18 (1:1.5) performed best with an enzyme loading and enzyme
activity of 84.8 mg·g-1 and 54 U·g-1, respectively. Compared to free CRL, the thermal and storage stability of
CRL@OSMD was significantly improved, which lays the foundation for the catalytic synthesis of phytosterol
esters in a solvent-free system. The molar ratio of pine sterol and oleic acid, enzyme addition, reaction
temperature, and time in the esterification reaction were optimized, and finally the reaction was carried out
at a molar ratio of pine sterol to oleic acid of 1:6, an enzyme addition of 8.0 U·g-1 (concerning the mass of
pine sterol), and at a temperature of 50°C for 48 h, which could ultimately achieve an esterification yield
of 95.0%. After cycling the reaction 6 times, the esterification yield still reached more than 70.0%. This
study shows that OSMD materials are good candidates for lipase immobilization and have great potential
for application in further food biomanufacturing with low-cost and high efficiency.
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