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The enzymatic synthesis is essential for the flavor esters in the food and fragrance industries. This paper in-
troduces a novel preparation method for lipase microarrays (CALB@PMHOS-TEOS) with loadings up to 229 +
1.4 mg/g. Using surfactant-free hydrophobic silica-hybridized mesoporous materials and Candida antarctica
lipase, this resulted in the effective synthesis of flavor esters. Using CALB@PMHOS-TEOS a Pickering emulsion
system was formed at the oil-water interface for the sustainable synthesis of flavor esters. This resulted in a 93.5
+ 0.5 % conversion of hexanoic acid within 2 h at an optimal temperature of 35 °C, which is the highest level
recorded in the literature to date. Furthermore, the conversion of hexanoic acid was maintained at 63.9 4+ 1.2 %
after 9 cycles of CALB@PMHOS-TEOS reuse. The application of the enzyme to the synthesis in a variety of flavor
esters achieved a new benchmark in the existing literature. A molecular docking model was evaluated to un-
derstand the molecular mechanism underpinning the immobilized lipase. This work introduces a novel method
for the eco-friendly and efficient synthesis of flavor esters for applications across various fields including food
and cosmetics.

1. Introduction

Flavor compounds form the fundamental building blocks of both
flavors and fragrances and are commonly found in nature. These com-
pounds can evoke pleasing sensations, including fruity, floral, spicy,
creamy or nutty aromas (SA, Meneses, Aratjo, & Oliveira, 2017).
Short-chain esters, constituting natural flavor compounds, are
frequently used in the food, cosmetic, and pharmaceutical sectors as
food additives, antioxidants and surfactants (SA et al., 201 7; Vasilescu
etal., 2019). The global flavors and fragrances market, including blends,
essential oils, different natural flavors and fragrance chemicals, has the

potential for significant growth. The market is expected to experience a
compound annual growth rate (CAGR) of 4.90% during the forecast
period spanning from 2019 to 2025 (Bhavsar & Yadav, 2018).

At present, the extraction method for obtaining flavor esters from
natural sources does not satisfy the demand. This is due to the low
content of flavor substances in plants, resulting in extremely low yield
that is not cost-effective (de Barros, Fonseca, Fernandes, Cabral, &
Mojovic, 2009). Chemical synthesis involving robust acids or bases as
catalysts conducted at elevated temperatures and pressures can enhance
production efficiency (Gawas, Lokanath, & Rathod, 2018). However,
this method has several drawbacks, notably a lack of natural origin,
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challenging manufacturing requirements, low product purity, diffi-
culties in raw material recovery, numerous side reactions, and signifi-
cant environmental pollution concerns (Jaiswal & Rathod, 2022).
Hence, the bioenzyme-catalyzed method was selected for the synthesis
study. Enzymatically synthesized flavor esters can be produced under
mild conditions with minimal energy input and pollutant emissions, thus
meeting the requirements of green and sustainable production (Chen
et al., 2023). Within the enzyme family, lipase stands out as an enzyme
capable of catalyzing a wide range of reactions including hydrolysis,
acidification, esterification and ester exchange across various media,
such as organic solvents, ionic liquids, supercritical fluids, etc.
(Elgharbawy, Riyadi, Alam, & Moniruzzaman, 2018; Ghanem &
Aboul-Enein, 2004; Kumar, Dhar, Kanwar, & Arora, 2016). Lipase ex-
hibits remarkable chemoselectivity, regioselectivity and stereo-
selectivity, rendering it a versatile tool that is extensively used in the
synthesis of flavor esters (Monteiro et al., 2019). Several enzyme
immobilization techniques have been developed to address the problems
of unstable activity and poor reusability connected with free enzymes,
including physical methods, such as adsorption (Lammirato, Miltner, &
Kaestner, 2011) and embedding (Bai & Wu, 2022), as well as chemical
methods, such as covalent attachment (Al-Lolage, Meneghello, Ma,
Ludwig, & Bartlett, 2017) and cross-linking (Naseer et al., 2020), have
been developed. Previous studies indicated that chemical methods could
be expensive and could have a low recovery rate. Therefore, physical
methods are predominantly used for immobilization.

Appropriate carriers can enhance the stability and catalytic perfor-
mance of enzymes under specific conditions by providing a protective
effect. Among the diverse array of immobilized carriers, mesoporous
materials stand out as solid materials with pores ranging from 2 to 50
nm. They offer advantages such as adequate pore size distribution, a
considerable specific surface area, customizable pore size, strong sta-
bility, and promising development prospects (L. Wang, Ding, & Sun,
2016). However, surfactants have traditionally played a crucial role in
the preparation of these mesoporous materials. It is important to note
that surfactants can be costly, and its use could have a negative impact
on the environment (Yang et al., 2007). Hence, non-templated hybrid
SiOs is synthesized without the addition of surfactants or other reagents
with structure-directed properties, for the preparation of immobilized
lipases.

The Pickering emulsion system serves as an effective and stable re-
action system. The biphasic reaction system involves solid particles ar-
ranged closely at the oil-water interface. The arrangement minimizes
enzyme inhibition by substrates and products, improves the enzyme
stability, and simplifies enzyme recycling (Jiang, Li, Hong, & Ngali,
2018; Z. Wang, van Oers, Rutjes, & van Hest, 2012). In Pickering
emulsions, the droplet size typically falls within the micron range,
thereby increasing the interface area between the aqueous phase and the
organic medium in the two-phase system. This promotes mass transfer
and enhances catalytic efficiency (Jiang et al., 2018). Many studies have
utilized appropriately sized carriers to create Pickering emulsions. Wang
and co-workers utilized a co-solvent method to synthesize poly
(ethylene glycol)-b-poly (styrene-3-isopropenyl-a, a-dimethylbenzyl
isocyanate) polymer, creating a biphasic enzyme-catalyzed stable
Pickering emulsion system. They successfully loaded the CALB enzyme
into the lumen of the polymer, resulting in significant enhancement of
the catalytic performance (Z. Wang et al., 2012). In a previous study
conducted in the laboratory, the mesoporous carbon spheres (MCS) were
prepared. These MCS were utilized to stabilize the preparation of the
Pickering emulsion system and were subsequently employed in the re-
action, resulting in a significant enhancement in the conversion rate
(Dong et al., 2019). This provides a new approach for achieving the
stable and efficient synthesis of flavor esters.

In this study, the surfactant-free organic-inorganic silica oxide
hybrid mesoporous materials were first synthesized and then prepared
immobilized lipase microarrays (CALB@PMHOS-TEOS) by immobiliz-
ing lipase CALB within these materials. The conditions affecting lipase
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immobilization were systematically investigated. By employing hydro-
phobic immobilized enzyme as both emulsifier and catalyst, the flavored
esters were efficiently prepared in a Pickering emulsion enzyme system.
The effects of water content, enzyme addition, substrate molar ratio and
esterification temperature on the synthesis of ethyl caproate were
investigated. The reusability, wide applicability and stability of the
immobilized lipase microarrays were demonstrated. To the best of the
knowledge, this is the first study on sustainable flavor ester synthesis in a
Pickering emulsion system using organic-inorganic silica oxide hybrid
mesoporous material. The findings reported this is important for envi-
ronmentally friendly flavor ester synthesis with potential application in
the food and cosmetics sectors.

2. Materials and methods
2.1. Materials

Hexanoic acid (99%), n-octanoic acid (99%), n-heptanoic acid
(98%), tetraethyl silicate (99%) and polymethyl hydrogenated siloxane
(PMHS, viscosity = 15-40 mPa s at 20 °C) were purchased from Aladdin
Biotech, Ltd. (Shanghai, China). Nonanoic acid (98%) and lauric acid
(98%) were obtained from Maclean Biochemical Technology Co., Ltd.
(Shanghai, China). Decanoic acid, anhydrous ethanol, and n-hexane
were purchased from Sinopharm Chemical Reagent Co. Ltd. N-Pentanoic
acid was bought from Titan Technology Co., Ltd. (Shanghai, China).
NaOH was purchased from Xilong Technology Co. Ltd. Lipase CALB
(Candida antarctica lipase B) was purchased from Novozymes (Beijing,
China). Enhanced (BCA) Protein Assay Kit was obtained from Shanghai
Yuan Ye biotechnology. P-nitrophenyl palmitate (p-NPP) was purchased
from Sigma-Aldrich (St Louis, USA). All reagents and solvents used in
the experiments were of analytical and chromatographic grade.

2.2. Preparation of non-template hybridized SiO» carriers

The hybridized mesoporous silica was prepared following the
method reported by Yang et al. (2007). Polymethyl hydrogen-containing
siloxane (PMHS) at 0.47 mL was added dropwise to a beaker containing
70 mL of anhydrous ethanol and 50 mg of NaOH, and stirred vigorously
for 24 h. The previously described mixture was then agitated for 1 h
while a small amount of deionized water was added. Subsequently, 5 mL
of tetraethyl silicate (TEOS) was added, followed by 3 h of stirring and
static aging period of 48 h to obtain the gel. Finally, the gel was sub-
jected to drying in an oven (DHG-9140 A, Yi Heng, China) at 60 °C for
24 h to eliminate any residual ethanol. It was then milled to yield the
non-templated hybridized SiO, carriers (PMHOS-TEOS), which is a
porous material incorporating methyl organic-inorganic silicon oxide.

2.3. Immobilization of lipase on PMHOS-TEOS and reusability study

In this work, CALB@PMHOS-TEOS was created by immobilizing the
commercial lipase CALB on the PMHOS-TEOS carrier, following the
method reported by Chen et al. with certain modifications (Chen et al.,
2023). To acquire the required concentration of lipase solution, 10-50
mg of lipase CALB was dispersed in 1 mL of phosphate buffer (PBS, 50
mmol/L, pH = 7) and stirred at 200 rpm for 5 min at 4 °C. Next, 0.1 g of
PMHOS-TEOS (using 200 pL ethanol presoaked) was added to 3-15 mL
of lipase solution, followed by a 5 min of ultrasonic treatment (YM-060
S, Fang’ao Microelectronics, China) and 5 min of vacuum treatment
(SHZ-DIII, Si Tai, China). Subsequently, the mixture was centrifuged for
10 min at 8000 rpm after oscillating it for 40 min at 30 °C at a speed of
220 rpm. The supernatant was collected to assess the residual protein
content and the sediment (CALB@PMHOS-TEOS) using the BCA protein
detection technique. The sediment was washed using phosphate buffer
three times, and then freeze-dried overnight.

The amount of remaining protein in the lipase solution was deter-
mined by:
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Loading amount (mg/g) =
where Cp and C are the protein concentrations (mg/mL) before and after
immobilization, V is the volume (mL) of the aqueous solution, and M is
the mass (g) of the PMHOS-TEOS.

To investigate the reusability, the immobilized enzyme was collected
via centrifugation at the end of the experiment. It was then subjected to
three washes with n-hexane, followed by vacuum drying, allowing for its
reuse in the subsequent reaction batch.

2.4. Characterization of PMHOS-TEOS and CALB@PMHOS-TEOS

The surface morphologies of PMHOS-TEOS were characterized using
a scanning electron microscope (SEM; Hitachi S-4800; Japan) and the
electron beam voltage was set at 200 kV. A small amount of PMHOS-
TEOS powder was bonded with conductive adhesive tape, and the
poorly bonded powder was removed by tapping for SEM characteriza-
tion. A computer-controlled nitrogen gas adsorption analyzer (ASAP
2010; USA) was used to measure the total pore volume and the Bru-
nauer—Emmett-Teller (BET) surface area within a relative pressure
range of 0.05-1.00. To analyze the characteristic absorption peaks of
PMHOS-TEOS and CALB@PMHOS-TEO, the materials were first com-
bined with KBr, pulverized with a mortar, dried under a baking lamp
(ZHD-10; China) and finally examined using an FT-IR spectrometer
(Nicolet iS50; USA). A contact angle goniometer (SINDIN, SDC-200 S;
China) was used to measure the water contact angles of PMHOS-TEOS.
Data from X-ray photoelectron spectroscopy (XPS) was gathered using
the ESCALAB 250 XI device. Using a Nikon Al confocal microscope,
fluorescence confocal laser scanning microscopy (CLSM) pictures were
taken.

2.5. Engymatic synthesis of ethyl caproate

Hexanoic acid was esterified with anhydrous ethanol to produce
ethyl hexanoate by an enzymatic process (Musa, Latip, Abd Rahman,
Salleh, & Mohamad Ali, 2018). A 5 mL vial was filled with hexanoic acid
and anhydrous ethanol (molar ratio of acid to ethanol ranging from 1:1
to 1:5). Deionized water (18.9 wt%-53.8 wt%) and corresponding li-
pases (1%-5% of substrate mass) were then added. Vibrant shearing at
20 000 rpm for 1 min produced a stable Pickering emulsion. The mixture
was then placed in a water bath (35 °C, 200 rpm) for 2 h of reaction. In
enzymatic esterification processes, 20 pL of reacted solution was
sampled at an interval of 15 min and diluted with n-hexane to 50 times.
The collected samples were subjected to high performance gas chro-
matography analysis after being filtered with a 0.22 pm PDVF filter.
Finally, the immobilized lipases were gathered by centrifugation,
laundered with n-hexane and dried for subsequent reaction cycles.

2.6. GC analysis of ethyl caproate

The yield of ethyl hexanoate in the reaction mixture was evaluated
following the procedure suggested by Han. et al. (2009) with appro-
priate modifications. The conversion rate of ethyl hexanoate was
analyzed using a gas chromatograph (7890 A, Agilent; USA) featuring a
hydrogen flame ionization detector and a fused silica capillary column
(DB-FastFAME, 0.25 mm x 30 m x 0.25 pm, Agilent Technologies). The
carrier gas used was nitrogen, with a total gas flow rate was 21 mL/min.
The temperature of the injector and detector were controlled at 275 °C
and 250 °C, respectively. The oven program was started at 80 °C for 1
min and then ramped up at 10 °C/min to 170 °C for 5 min. The shunt
ratio was 20:1.

2.7. Determination of thermal stability of immobilized enzymes

Thermal stability was evaluated by measuring the generation of p-
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nitrophenol through the hydrolysis of free and immobilized CALB when
exposed to varying temperatures during the reaction with p-nitrophenyl
palmitate (p-NPP) (Zhang et al., 2022; Zheng, Zhu, et al., 2015). Twenty
mg of free or immobilized enzyme was added to 1 mL of PBS (50
mmol/L, pH = 7.00). Next, the mixture was subjected to heating in
water at a specificized temperature range (55-95 °C) for 120 min, fol-
lowed by cooling to room temperature. Thereafter, 1 mL of 0.5%
p-NPP/EtOH solution (w/v) was blended into the mixture by stirring at
180 rpm for 5 min at 37 °C. The reaction was initiated by adding 2 mL of
0.5 mol/L NayCO3 and then centrifuged for 10 min (10 000 rpm). The 1
mL of supernatant was diluted 10-fold with distilled water and the
remaining lipase activity was assessed at 410 nm using a UV/VIS spec-
trophotometer (Beckman DU-800, Fullerton; USA). Relative activity,
which is computed as the ratio of the surviving activity to the activity
before the heat incubation using the following formula, was used to
evaluate the thermal activity of the immobilized enzyme:

_AXVxNx10®

Enzyme activity (nkat/g) = = et M~ 16.67 )
410

where M is the mass of free or immobilized enzyme (g), N is the dilution
multiple, A is the absorbance measured at 410 nm, V is the total volume
after dilution (mL), t is the hydrolysis reaction time (min), €459 is the
molar absorbance coefficient of p-NPP (14.298 x 10° M lem™ D).

2.8. Molecular docking analysis

A molecular docking model was developed to evaluate the interac-
tion between lipase and fatty acids, using AutoDock Tools 1.5.6. The free
CALB crystal structure (PDB: 1TCA) was derived from the Protein Data
Bank (Zhang et al., 2022). The 3D structures of fatty acids were derived
from PubChem. The conformations with the lowest docking energies
were selected as the primary conformations of the fatty acids using La-
marckian GA as the docking algorithm. The molecular docking method
was modified appropriately based on the method reported by Qin,
Zhong, and Wang (2021). The procedure was as follows. First, the hy-
drogenation of proteins in AutoDock was selected as the receptors. Next,
small molecules were designated as ligands for hydrogen bonding and
subjected to force field optimization. Subsequently, docking parameters
and a docking box were configured to encompass both the protein and
small molecules. Subsequently, AutoDock Vina was used to identify the
conformation with the lowest docking energy, which was considered as
the complex output. Finally, the docking model was visualized and
analyzed using PyMOL software to calculate the binding energy.

3. Results and discussion
3.1. Reaction systems

It is well-established that lipases can be activated at the oil-water
interface. Therefore, the presence of water and its effect on the cata-
lytic efficiency of lipases play a crucial role in ester formation (Kuang,
Zhang, Li, & Tian, 2020). The conversion percentage of ethyl hexanoate
catalyzed by both the free enzyme (CALB) and immobilized enzyme
(CALB@PMHOS-TEQS) in both single-phase and biphasic systems is
illustrated in Fig. 1. The conversion percentages of the free enzyme were
99.9 % and 8 + 0.2 % for 2 h of reaction with and without water
respectively. The conversion percentages for the immobilized enzyme
were 88.4 £+ 0.7 % and 83.2 £ 0.6 % for 2 h of reaction with and without
water, respectively. Free lipase exhibits slow and relatively low reac-
tivity in the CALB single-phase system. However, the reactivity increases
in the presence of added water, which facilitates the interaction between
the enzyme and the substrate, promoting the formation of the target
product (Luan & Zhou, 2017). The conversion percentage of the
immobilized enzyme in the presence of water is 5.2% higher than that in
the single-phase system, reinforcing argument that lipases can facilitate
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Fig. 1. Graph of conversion percentage versus reaction time corresponding to
different treatment of free and immobilized enzymes. The reaction was carried
out in deionized water (1 mL), n-hexanoic acid (1.26 mL), anhydrous ethanol
(1.17 mL) and enzyme (40 mg) in a water bath (35 °C, 200 rpm) for 2 h. The
results presented here was used for screening of reaction systems for the
enzymatic synthesis of ethyl hexanoate.

the reaction at the oil-water interface. The results in Fig. 1 illustrate that
the immobilized enzyme in the two-phase system exhibits a lower re-
action rate compared to the free enzyme. This difference can be attrib-
uted to structural and conformational changes in the enzyme following
immobilization. These changes alter the active center, increase spatial
and internal diffusion resistance, and can lead to partial enzyme inac-
tivation and reduced enzyme viability (H. Wang, Zhang, Yue, Liang, &
Su, 2022). Hence, this paper investigates the synthesis of flavor esters
through the preparation of immobilized enzymes in a biphasic system.

3.2. Characterization of PMHOS-TEOS and CALB@PMHOS-TEOS

Scanning electron microscopy (SEM) was used to characterize the
surface morphology of PMHOS-TEOS. As indicated in Fig. 2a, PMHOS-
TEOS exhibited irregular, stone-like particles of different sizes. Fig. 2b
shows the wormhole-like mesoporous channels, which are formed by the
nano-phase separation associated with the formation of non-surfactant
aggregate interactions with inorganic silica matrix during the sol-gel
process, due to the addition of TEOS in the preparation conditions,
from which silica spheres are also evident (Nagappan, Lee, Seo, Park, &
Ha, 2015; Yang et al., 2007). As shown in Fig. 2c, the nitrogen
adsorption-desorption isotherms show typical type IV and H1 isotherm
patterns, thus revealing its mesoporous structure with a pore size of
about 10 nm for PMHOS-TEOS, which facilitates the entry of lipase
CALB into the PMHOS-TEOS cavity (Xu, Yang, Wang, Huang, & Zheng,
2021; Yang et al., 2007).

To verify the successful immobilization of the lipase CALB on
PMHOS-TEOS, Fourier transform infrared spectroscopy (FT-IR) was
used to characterize the structure of the material and the immobilized
lipase. Fig. 2d shows the IR spectra of the carrier, enzyme and immo-
bilized enzyme. The peak at 2980 cm ™! in the carrier PMHOS-TEOS
corresponded to the stretching vibration of C-H in the methyl group.
Furthermore, the stretching and bending vibrations of the Si-C bond
were identified as the source of the absorption peaks at 1275 em ! and
775cm™ L, respectively (Pélisson et al., 2017; Zhai, Song, Zhai, An, & Ha,
2012; Citak, Erdem, Erdem, & Okst’lzoglu, 2012). In addition to the
characteristic peaks of the carriers on 2980 cm ™, 1275 cm ™ and 775
em™}, free CALB and CALB@PMHOS-TEOS have the same adsorption
bands in the 1535 cm ™! region. The bands show a correlation with the
N-H bond’s bending vibration, indicating that lipase CALB was suc-
cessfully loaded onto the carriers (Sun, Dong, Wang, Huang, & Zheng,
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2020; Zheng, Mao, et al., 2015).

X-ray photoelectron spectroscopy (XPS) measurements of PMHOS-
TEOS and CALB@PMHOS-TEOS surface element compositions further
demonstrated the successful loading of the lipase CALB on the carrier
PMHOS-TEOS. As shown in Fig. 2e&f, the peaks of elements C 1s, Si 2p,
O 1s and N 1s corresponded to the following energies, 285.1, 102.1,
532.1 and 399.1 eV, respectively. As anticipated, no peaks corre-
sponding to the N element were observed in the PMHOS-TEOS. How-
ever, with the CALB@PMHOS-TEOS, the peak corresponding to the N
element yielded an increase in the content of 4.96% was observed due to
the presence of amino groups in immobilized lipases, confirming the
immobilization of lipases (Chen et al., 2023; Lai et al., 2023; Nagappan
& Ha, 2017).

The hydrophilicity and hydrophobicity of PMHOS-TEOS were char-
acterized using a contact angle measurement instrument (SDC-200 S).
As shown in Fig. S1, the contact angle measures 106°, indicating a high
hydrophobicity. This property provides the basis for the formation of the
Pickering emulsion interface.

An efficient Pickering emulsion system allows for efficient catalysis
by allowing reactant molecules to diffuse automatically (Dong et al.,
2019). The laser confocal images of the carrier (Fig. 2g&h) reveal an
oil-in-water emulsion system with uniform size and stable loading of the
carrier on the surface. Consequently, this significantly improves the
oil-water contact and boosts the reaction system’s stability.

3.3. Optimization of lipase immobilization condition

3.3.1. Enzyme concentration

It has been shown that raising the protein content may lead to an
increase in lipase loading and an improvement in catalytic efficiency.
Here, reaction solutions containing 1-5 mg/mL of protein were made,
and their effects on the immobilization of lipase were examined. As
shown in Fig. 3a, the enzyme loading steadily increased with increasing
protein concentration. The initial protein concentration of 3 mg/mL
yielded a protein amount in the particle of 195 + 0.7 mg/g, corre-
sponding to a caproic acid conversion percentage of 92.7 + 3.8 %. This
conversion percentage remained unchanged thereafter with increasing
protein concentration. The reason for this is that overproduction of
lipase may result in aggregation or multilayer adsorption, which would
prevent the substrate from reaching the lipase’s active site (Xu et al.,
2021). Because it corresponds to the lowest protein concentration
beyond which the conversion percentage plateaus, a starting protein
concentration of 3 mg/mL was selected for immobilization.

3.3.2. Enzyme solution addition

The control of enzyme adsorption is crucial for the successful prep-
aration of immobilized enzymes (Zheng, Zhu, et al., 2015). To study the
impact of lipase solution addition on both the solid loading and catalytic
efficiency of the immobilized enzyme, the protein amount in particle
and the conversion percentage versus were plotted against the enzyme
content in the solution (see Fig. 3b). The range of 3-15 mL lipase solu-
tion with an initial protein concentration of 3 mg/mL was added to 0.1 g
of the carrier (PMHOS-TEOS). The solid loading (i.e., protein amount in
particle) gradually increased with increasing volume of the enzyme
solution. The solid loading was 229 + 9.2 mg/g at the enzyme solution
volume of 10 mL; the conversion percentage of hexanoic acid appeared
to have plateaued. However, the conversion percentage decreased to
84.5 + 1.3 % as the solid loading amount increased to 280.5 + 8.5 mg/g
with 15 mL of enzyme solution. This phenomenon arises due to the high
lipase content within the carrier, which introduces mass transfer limi-
tations, leading to decreased activity and impeding the adsorption be-
tween the carrier and the lipase (Xu et al., 2021; Zheng, Zhu, et al.,
2015). Based on the results of solid loading and reaction conversion rate,
a lipase solution addition of 10 mL was determined to be the optimal
condition.

In summary, the optimal conditions for the preparation of
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Fig. 2. Characteristics of PMHOS-TEOS. SEM images of PMHOS-TEOS at (a) x5 and (b) x30 magnification. (c) Graph of Quantity Absorbed versus Relative Pressure
to illustrate N, adsorption-desorption isotherms. (d) Graph of Transmittance versus Wavenumber to illustrate the respective FT-IR spectra of CALB, PMHOS-TEOS
and CALB@PMHOS-TEOS. Graphs of Counts versus Binding Energy to illustrate the XPS results of (¢) PMHOS-TEOS and (f) CALB@PMHOS-TEOS. CLSM images of
Pickering emulsion corresponding to (g) CALB@PMHOS-TEOS stained with FITC-I, and (h) aqueous and oil phases stained with Nile Blue and Nile Red respectively.
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200 rpm) for 2 h.

immobilized enzyme corresponded to an initial protein concentration of
3 mg/mL and 10 mL of lipase solution.

3.4. Optimization of reaction conditions

The catalytic effectiveness of lipase and the enzymatic production of
ethyl caproate are influenced by the reaction circumstances. This section
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outlines the influence of various reaction conditions on the conversion
percentage. These conditions include water content, enzyme amount,
molar ratio of hexanoic acid to ethanol and reaction temperature.

3.4.1. Water content
Fig. 4a shows the effects of water content in the system on the syn-
thesis of ethyl caproate. The conversion percentage increases non-
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Fig. 4. Graphs of Conversion percentage versus time to illustrate the effects of (a) water content on the synthesis of ethyl hexanoate, (b) enzyme amount on the
synthesis of ethyl hexanoate, (c) substrate concentration on the synthesis of ethyl hexanoate and (d) temperature on the synthesis of ethyl hexanoate. In (a), the
reactions were carried out in a water bath (35 °C, 200 rpm) in deionized water (18.9 wt%-53.8 wt%), enzyme (2%), and molar ratio of n-hexanoic acid to anhydrous
ethanol (1:2) for 2 h. In (b), the reaction was carried out in a water bath (35 °C, 200 rpm) with deionized water (41.1 wt%), enzyme (1%-5%), and a molar ratio of n-
hexanoic acid to anhydrous ethanol (1:2) for 2 h. In (c), the reaction was carried out in a water bath (35 °C, 200 rpm) in a molar ratio (1:1-1:5) of deionized water
(41.1 wt%), enzyme (3%), n-hexanoic acid and anhydrous ethanol for 2 h. In (d), the reaction was carried out in a water bath (25 °C-65 °C, 200 rpm) with deionized
water (41.1 wt%), enzyme (3%), and a molar ratio of n-hexanoic acid to anhydrous ethanol (1:2) for 2 h.
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linearly with time; the increase was rapid at the initial stage, i.e., during
the period from 20 to 60 min. Subsequently, the conversion percentage
curves of the respective water content appeared to converge with
increasing time. The conversion percentage ranged from 85 + 0.5 % to
88.9 + 0.1 % at time 120 min. The higher the water content, the higher
the conversion percentage of the hexanoic acid (at any given time). The
maximum value of 88.9 + 0.1 % at time 120 min was achieved at a
water content of 41.1 wt%. This indicates that controlling the quantity
of water phase beneath a certain amount of oil phase is crucial for the
formation of a stable and effective Pickering emulsion reaction system.
An insufficient oil-water contact may arise from an insufficient water
phase (Dong et al., 2019). Conversely, a larger water phase increases
both the oil-water interface and enzyme-substrate contact. Therefore, a
water content of 41.1 wt% was selected for the subsequent reaction.

3.4.2. Enzyme addition

The quantity of enzyme used in any biocatalytic process is crucial,
particularly when it comes to large-scale manufacturing. To make it
easier to determine the minimal quantity needed to get excellent yields,
Fig. 4b illustrates the effects of different enzyme amounts on the reaction
in the same reaction system. Similar to the water content effects, the
conversion percentage increases non-linearly with time. Apart from the
enzyme amount at 1%, the conversion percentage curves of the enzyme
content (from 2% to 5%) appeared to converge with increasing time
from 20 to 120 min. The higher the enzyme amount, the higher the
conversion percentage of the hexanoic acid (at any given time). The
maximum value of 90 + 0.1 % at time 120 min was achieved at an
enzyme amount of 3%. However, the convergence of the conversion
percentage to around 90% over time suggests that introducing a higher
enzyme amount may not lead to a significant further enhancement in the
conversion percentage. This observation is consistent with findings re-
ported elsewhere (Foresti & Ferreira, 2005; Musa et al., 2018). This may
be due to the agglomeration of immobilized enzyme, as higher catalyst
loading may destroy the solubility of the enzyme (Bansode & Rathod,
2014). Therefore, 3% enzyme amount was identified as the minimal
level for the optimal conversion to synthesize ethyl hexanoate.

3.4.3. Substrate molar ratio

Fig. 4c illustrates the effects of substrate molar ratio on the conver-
sion of the reaction. Similar to the water content and enzyme amount
effects, the conversion percentage increases non-linearly with time; the
increase was rapid at the initial stage, i.e., during the period from 20 to
60 min, but gradual at later times. While a change in substrate molar
ratio from 1:1 to 1:2 resulted in a large increase in conversion per-
centage throughout the time from 20 to 120 min (notably conversion
percentage of hexanoic acid increased from 80.2 + 6.6 % to 89.3 + 4.0
% at time 120 min). The conversion gradually decreased to 85.5 + 4.2 %
when the alcohol-acid molar ratio went from 1:3 to 1:5 (NB: need to see
the plot Fig. 4c). This outcome might be the result of the medium’s
polarity being affected by a rise in acid or alcohol content. The accu-
mulation of polar substrates within the enzyme’s aqueous microenvi-
ronment alters the solvent’s affinity, resulting in reduced conversion
(Alvarez-Macarie & Baratti, 2000; Hari Krishna, Divakar, Prapulla, &
Karanth, 2001; Laane, Boeren, Vos, & Veeger, 2009; Romero, Calvo,
Alba, Daneshfar, & Ghaziaskar, 2005). Additionally, high alcohol con-
centration acts as a terminal inhibitor of lipase, leading to a decrease the
enzyme activity (Badgujar & Bhanage, 2014; Bansode & Rathod, 2014;
Jaiswal & Rathod, 2018). Therefore, an acid to alcohol molar ratio of 1:2
was used to achieve optimal ester conversion.

3.4.4. Reaction temperature

Variations in reaction temperature affect both enzyme activity and
stability, consequently influencing the reaction rate. Fig. 4d illustrates
how the enzymatic production of ethyl hexanoate is affected by tem-
perature changes during the process (25 °C-65 °C). Similar to the pre-
vious three conditions, the conversion percentage increases non-linearly
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with time. Overall, there is little change in the conversion percentage
with increasing reaction temperatures from 25 to 35 °C. However,
beyond 35 °C the conversion percentage decreases dramatically with
increasing reaction temperature. The conversion percentage peaked at
93.5 + 0.5 % at 75 min, within the temperatures 25 °C-35 °C. Based on
the thermal stability study presented below (Table S1), it is evident that
lipases maintain their catalytic efficiency better at relatively low tem-
peratures. This suggests that a reaction temperature of 35 °C is more
suitable for ethyl hexanoate synthesis. Another important factor is that
higher temperatures may lead to the volatilization of alcoholic flavor
substances, noticeable during this experiment, which in turn results in
lower conversion rates of ethyl hexanoate. Based on the results, it is
concluded that the optimal reaction temperature for the enzymatic
synthesis of alcoholic flavor esters, such as ethyl hexanoate, is 35 °C.

3.5. Reusability and thermal stability

3.5.1. Reusability of CALB@PMHOS-TEOS

The reusability of immobilized enzymes is important in industrial
applications. The stability and potential for long-term utilization of the
immobilized enzyme CALB@PMHOS-TEOS were evaluated by assessing
its reusability via the cyclic synthesis of ethyl hexanoate. The findings
showed a progressive decline in hexanoic acid conversion as the number
of CALB@PMHOS-TEOS enzyme reuse cycles increased (Fig. 5a). Over
the first 5 cycles, the conversion of hexanoic acid decreased from 90.6 +
0.6 % to 86.4 + 0.4%, reflecting a modest 4.2% decrease. After 9 cycles
of repeated use, the conversion remained above 60%, indicating no
significant degradation in the lipase catalytic efficiency. Unlike the non-
recyclable and non-reusable nature of the free enzyme CALB,
CALB@PMHOS-TEOS offers increased reusability and cost savings. This
is attributed to the presence of PMHOS-TEOS carrier-mediated pore
channels, where the enzyme is adsorbed on the inner side of the pore
channel. This prevents lipase leakage, reduces shear stress, and en-
hances overall stability, maintaining catalytic efficiency (Chen et al.,
2023).

3.5.2. Thermal stability

The thermal stability of free and immobilized CALB was evaluated by
the detection of p-nitrophenol produced by the hydrolysis of p-nitro-
phenyl palmitate (p-NPP) with varying temperatures ranging from 55 °C
to 95 °C. The initial enzyme activities of both free and immobilized
enzymes yielded values of 761.8 + 3.3 nkat/g and 758.5 + 1.7 nkat/g,
respectively, showing little difference (Table S1). However, the activity
of free enzyme decreased greatly after incubation, with the relative
activity dropping to 11.2 + 0.5 % at 55 °C and to 7.4 &+ 0.1 % at 95 °C
(Fig. 5b), indicating a substantial loss of activity. In contrast, the
immobilized enzyme showed a gradual decline after incubation with its
relative activity remaining at 44.1 &+ 0.4% even at 95 °C. The enhanced
thermal stability underscores the advantages of enzyme immobilization.
According to the study reported by Xu, this is attributed to the formation
of hydroxyl groups on the carrier forms and the protein. Through this
contact, the lipase’s structure is further stabilized, limiting the sub-
stantial conformational changes that come with heat denaturation (Xu
et al., 2021).

In summary, the reusable enzyme CALB@PMHOS-TEOS catalyzed
the synthesis of ethyl hexanoate, resulting in high yield and good ther-
mal stability. The promise of lipase immobilization for industrial ap-
plications is shown by the enzyme’s reusability and thermal stability.

3.6. Applicability of CALB@PMHOS-TEOS

By examining the catalytic esterification reaction of ethanol with
different acids to create different alcoholic taste esters, the wide appli-
cation of CALB@PMHOS-TEOS was explored (Fig. S2). Table 1 lists the
synthesis of various flavor esters, notably ethyl valerate, ethyl hex-
anoate, ethyl heptanoate, ethyl octanoate, ethyl nonanoate, ethyl
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Fig. 5. Reusability and Thermal stability study. (a) Graph of Conversion percentage versus Recycle times to illustrate the reusability of CALB@PMHOS-TEOS
evaluated by cyclic synthesis of ethyl hexanoate in deionized water (41.1 wt%), enzyme (3%), hexanoic acid and anhydrous ethanol molar ratio (1:2) in a water
bath (35 °C, 200 rpm) for 2 h. (b) Graph of Relative Activity versus Temperature to illustrate the Thermal stability of free CALB and CALB@PMHOS-TEOS at varying

temperatures from 55 °C to 95 °C.

Table 1
Enzymatic synthesis of a series of alcoholic flavor esters.

2 h conversion (%) Catalytic efficiency (pmol/g-min)

Flavor Ester Acyl donor Main flavor property
Ethyl valerate Pentanoic acid Apple

Ethyl hexanoate Hexanoic acid Distilled wine

Ethyl heptanoate Heptanoic acid Pineapple

Ethyl octanoate Octanoic acid Fruity

Ethyl nonanoate Nonanoic acid Rose

Ethyl decanoate Decanoic acid Copra

Ethyl laurate Lauric acid Floral and fruity

77.2+ 1.4 1111.2
90.6 + 0.6 1198.4
91.2+17 1134.0
93.2+0.9 1084.9
949+ 14 1054.4
99.9 +£0.5 1052.7
98.9+£0.8 943.8

decanoate, and ethyl laurate, with corresponding conversions ranging
from 77.2 + 1.4 % to 99.9 + 0.5%; these esters demonstrate high con-
version and catalytic efficiency. In this study, the results of the hexanoic
acid conversion were compared with reported in previous literature
(Table 2). For instance, Mulay & Rathod’s results showed that when the
amount of lipase Amberlyst-15 added was 11%, the conversion rate of
ethyl hexanoate was only 83.9%. (Mulay & Rathod, 2022). Although
Han et al. achieved the highest conversion of 98.2% with the catalytic
efficiency of Saccharomyces cerevisiae whole-cells reaching 909
pmol/g-min, the use of n-heptane as reaction solvent necessitated
further separation and purification (Han et al., 2009). Similarly, Musa
et al. (2018) reported the 80% conversion rate for the enzymatic syn-
thesis of ethyl hexanoate catalyzed by AMSS8, using toluene as the
organic reagent. In addition, Wang, Wang, Zhang, and Chen (2019)
utilized immobilized lipase CALB to catalyze the synthesis of hexyl
hexanoate with a high conversion rate of 96.5% in a Pickering emulsion
system. However, the main issues included the extended reaction time of
24 h and the addition of heptane. Compared to the literature mentioned
above, the self-made immobilized lipase CALB@PMHOS-TEOS achieved
a comparable ethyl hexanoate conversion rate of 90.6% without the
need for organic solvents. This demonstrates significant advantages for

sustainable production, particularly in food-related areas. Additionally,
the high catalytic efficiency of 1198.4 pmol/g-min exhibited by
CALB@PMHOS-TEOS further emphasizes its potential for enzymatic
production.

3.7. Molecular docking analysis

The conversion of fatty acids is accompanied by a gradual increase in
chain length. In order to gain insights into the interactions between
lipase and small molecule fatty acids, a molecular docking model was
developed to simulate and elucidate the strength of their binding af-
finity. In this study, the active site of lipase CALB comprises a catalytic
triad (Ser 105, His 224, Asp 187), which is attributed to a charge transfer
mechanism. Two amino acid residues, Gln 106 and Thr 40, contribute to
stable hydrogen bonds with oxygen-negative ions (Gu et al., 2019). The
investigation into the relationship between fatty acids and lipase CALB
conversion percentage considered amino acid residues as the active
center pocket in the molecular docking model. Fig. 6 shows the binding
of various fatty acids to lipase within the active center pocket based on
the molecular docking model. The effective binding of all the fatty acids
to the pocket indicates a strong form complementarity (Zhang et al.,

Table 2
Comparison of enzymatic synthesis of ethyl hexanoate.
Lipase Hexanoic acid Lipase Time Temperature Solvent Conversion Catalytic efficiency References
(pmol) addition (mg) (h) Q) (%) (pmol/g-min)
Amberlyst-15 119.1 x 10° 2790 2.2 60 - 83.9 275.5 Mulay and
Rathod (2022)
CALB-displaying Saccharomyces 200 x 10° 300 12 40 n- 98.2 909 Han et al. (2009)
cerevisiae whole-cells heptane
AMSS8 25 x 10° 729 2 20 toluene 80 821 (Musa et al.,
2018)
CALB@PMHOS-TEOS 10 x 10° 63 2 35 - 90.6 1198.4 This study
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Fig. 6. Schematic representation of the binding process of (a) pentanoic acid, (b) hexanoic acid, (c) heptanoic acid, (d) octanoic acid, (e) nonanoic acid, (f) decanoic

acid, and (g) lauric acid to lipase CALB.

2022). Hydrogen bonding and hydrophobic interactions are the primary
mechanisms by which lipase binds to fatty acids. In particular, hydrogen
bonds formed at short distances are essential for maintaining the sta-
bility of the secondary structures of proteins (Hung, Kuo, Lee, & Chiang,
2021). Despite variations in the types of fatty acids and their respective
binding sites, the results reveal that they all engage in hydrogen bonding
interactions with amino acid residues (Ser 105) in the active site. This
phenomenon arises from the nucleophilic nature of Ser 105, which has a
specific affinity for water molecules in the biphasic system (Li & Zhang,
2020). It is shown through Fig. S31 that fatty acids interact with nearby
amino acid residues in addition to binding to the catalytic triad and
oxygen anion cavity residues. In the enzymatic reactions between
valeric acid and lipase, interactions primarily involved five amino acid
residues, including Leu 278, Ile 189, Ile 285, Ser 105, and Thr 40 as
illustrated in Fig. S3a. Similarly, the amino acid residues that affect the
bonding of lipases with other fatty acids were also illustrated
(Figs. S3b-g). The main forces involved in fatty acid binding to lipase,
including hydrogen bonding and hydrophobic interactions, are revealed
in Fig. S3II. Together with hydrogen bonding and hydrophobic in-
teractions, n-c and n-alkyl interactions, weak interactions between the
oxygen and ring systems, respectively, also occur during the docking of
lauric acid with lipase.

Table 3 shows the specific binding energies between each fatty acid
with lipase CALB under the same conditions. The docking binding en-
ergies were calculated in the order of increasing magnitude as follows:
ethyl valerate (—4.4 kJ/mol), ethyl hexanoate (—4.6 kJ/mol), ethyl
heptanoate (—4.7 kJ/mol), ethyl octanoate (—4.7 kJ/mol), ethyl

Table 3
The binding energy of lipase CALB -fatty acid complexes.

Complex Binding energy (kcal/mol) RMSD Conversion (%)
Ethyl valerate —4.4 0.958 77.2+ 1.4
Ethyl hexanoate —4.6 2.247 90.6 + 0.6
Ethyl heptanoate —4.7 1.117 91.2+1.7
Ethyl octanoate —4.7 1.201 93.2+0.9
Ethyl nonanoate —4.9 1.792 949 + 1.4
Ethyl decanoate -5.0 2.347 99.9 + 0.5
Ethyl laurate —5.4 2.750 98.9+0.8

nonanoate (—4.9 kJ/mol), ethyl decanoate (—5.0 kJ/mol), ethyl laurate
(—5.4 kJ/mol). It can be seen that the binding energy gradually increase
with increasing length of the carbon chains of fatty acids due to the
increased affinity between the fatty acids and the lipase CALB.
Furthermore, the selectivity of the active pocket of CALB also increases
with longer fatty acid carbon chain length, in good agreement with the
observed trend in the conversion rate change (Zhang et al., 2022).

4. Conclusions

In this paper, a new lipase microarray CALB@PMHOS-TEOS was
prepared by immobilizing lipase CALB on a surfactant-free hydrophobic
mesoporous material, for the synthesis of ethyl caproate flavored ester
using caproic acid and ethanol. The conversion of caproic acid was as
high as 93.5 £+ 0.5 % in a 2 h reaction time. The CALB@PMHOS-TEOS
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enzyme maintained a high yield after 9 cycles of repeated use and
exhibited remarkable thermal stability. The newly developed, highly
efficient, solvent-free, and recyclable reaction system for the bio-
catalytic synthesis of alcoholic flavor esters holds great potential for
applications in the food and cosmetic, providing a way for further
development.
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