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Abstract: A novel approach to producing high-purity fucoxanthinol (FXOH) was exploited as a
sustainable method to maximize fucoxanthin (FX) utilization. Through fusing the genes of cholesterol
esterase and SpyTag and then expressing them in Escherichia coli, the fusion chimera was self-
assembled into insoluble active aggregates by SpyTag, which could be regarded as carrier-free
immobilization. The immobilization yield of the active cholesterol esterase aggregates could reach
60%. They have expressed good activity retention at 92.48% and 60.13% after 3 and 12 cycles,
respectively, which is an exciting finding. The conversion ratio of FX to FXOH is 95.02%, which is
remarkably higher than those realized via the conventional chemical reduction method (55.86%) and
the enzymatic hydrolysis method by free cholesterol esterases (84.51%). The purity of FXOH obtained
by this method is as high as 98%, which is much higher than those obtained by other methods.
Thus, a promising method for simultaneously purifying and immobilizing active cholesterol esterase
aggregates is demonstrated in this study by SpyTag tailoring. In addition, this study provides an
eco-friendly method for producing high-purity FXOH from FX in a highly efficient manner.

Keywords: fucoxanthin; fucoxanthinol; efficient preparation; immobilized enzymes; SpyTag;
active aggregates

1. Introduction

As a natural carotenoid, fucoxanthin (FX) has important biological activities, including
anti-inflammatory, antioxidant, anticancer, hypoglycemic, and lipid-lowering functions,
indicating that FX is a natural product with potential medicinal value [1–7]. Fucoxanthinol
(FXOH) is an alcohol derivative and a vital metabolite of FX obtained in vivo from FX
through ester bond cleavage and has stronger physiological activity and better bioavailabil-
ity than FX [8–12]. FXOH is obtained through chemical reduction, enzymatic hydrolysis,
and other preparation processes [13–16]. When FXOH is prepared using the chemical reduc-
tion method, the many by-products make its separation and purification difficult, resulting
in low yield [15]. The efficient preparation of FXOH from FX remains a challenge due to the
coexistence of multiple by-products with similar polarity in the chemical reduction system.

Therefore, the enzymatic hydrolysis method is more suitable for preparing FXOH
than the chemical reduction method. Many hydrolases, including lipases and esterases,
are available. Nevertheless, the relatively high cost of lipases and esterases coupled with
low operational stability remains a major techno-economic bottleneck that limits their
widespread industrial applications [17–19]. In recent years, purification techniques in the
laboratory have often used purification tags to purify the enzymes, including the histidine
tag, a common tag based on affinity, to purify enzymes by using a nickel column. These
methods can make the purity of the target enzyme reach 90% or higher [20]. However,
His-tag-based chromatography is expensive, time-consuming, and difficult to scale-up [21].
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Thus, research and development of low-cost immobilized enzymes are vital to solve this
problem. In particular, protein engineering offers the potential to shift enzyme properties
and offers the discovery of entirely new reactions, so biocatalysis can be translated from
laboratory to industrial process [19].

The immobilization of enzymes means that a free and soluble enzyme is transformed
into an insoluble enzyme that retains catalytic activity after being treated with specific
methods [22,23]. Nowadays, the improvement of many enzyme features is a potent tool.
Immobilization can be coupled with enzyme purification via diverse strategies, such as im-
mobilization on pre-existing porous supports, multipoint covalent attachment on support
surfaces, and physical or chemical modification with polymers. Carrier-free immobiliza-
tion is another strategy for preparing heterogeneous biocatalysts, such as cross-linked
enzyme aggregates (CLEAs), cross-linked enzyme crystals (CLECs), and bio-orthogonally
cross-linked enzymes (PR-CLEs). If they are properly designed, immobilization can also
positively alter enzyme activity, selectivity, specificity, and inhibitions. Immobilized en-
zyme stability causes may be ascribed to the prevention of intermolecular processes, the
chemical modification of soluble enzymes, or molecular biology via directed evolution
and site-directed mutagenesis, but not all immobilization processes may result in enzyme
stabilization, and an improperly designed immobilized enzyme biocatalyst may have a far
worse performance than the soluble enzyme, including lower activity and stability [24–27].
Compared to other carrier-free immobilization methods, active aggregates do not need
additional cross-linking agents and can combine the expression and immobilization of
recombinant enzymes in Escherichia coli, which is conveniently prepared in the pure form.
Although the immobilized enzyme in this way has low mechanical strength, integrating en-
zyme purification and immobilization processes into one step can significantly simplify the
preparation process, and reduce the total preparation cost [28–31]. SpyTag and SpyCatcher
originate from the autocatalytic isopeptide bond-forming subunit of Streptococcus pyogenes’
fibronectin-binding protein. They undergo spontaneous intermolecular isopeptide bond
formation when mixed. The reaction can proceed rapidly in mild conditions, and the bond
is robust to diverse harsh conditions [21,32,33]. Moreover, due to the formation of active
aggregates caused by the addition of new short peptide tags, the target enzyme can be
quickly separated from impurities by simple centrifugation and has enzymatic activity.
Compared with induced inclusion bodies, their denaturation and renaturation are unneces-
sary, and direct use can significantly reduce the cost of the purified enzyme [34–38]. This
tailored enzyme also has the advantage of low production cost because active aggregates
can be reused in the production process to reduce environmental pollution and production
costs [39–41].

Although the biological activity of FXOH has been widely investigated in vitro and
in vivo [42–45], the efficient preparation of FXOH applicable to industrial production has
not been reported. This study proposes a green and efficient method for preparing high-
purity FXOH from FX by SpyTag-tailored active cholesterol esterase aggregates, a monomer
enzyme as a hydrolase. This method has many advantages, such as a high-purity product,
environment-friendly technology, and the ability to be reused regularly. This discovery
contributes to the maximum utilization of active cholesterol esterase aggregates and further
exploits FXOH.

2. Results and Discussion
2.1. Preparation of FXOH by Chemical Reduction

FXOH was obtained by adding an appropriate amount of a reducing agent to an
ethanol solution with 50% FX as the initial raw material. As shown in Figure 1, the compar-
ison of reaction conditions under different reducing agents, such as sodium borohydride,
lithium aluminum hydride, sodium hydroxide, and sodium bicarbonate, indicated that
FXOH was detected in the reduction products when sodium borohydride and lithium
aluminum hydride were used as reducing agents. No FXOH was found in the reduction
products of the two other reducing agents. When lithium aluminum hydride was used
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as the reducing agent to prepare FXOH, as many as 11 new compounds were observed.
Consequently, the subsequent separation and purification were difficult because of the
large number of by-products. Among the reducing agents, sodium borohydride had fewer
by-products and a higher relative yield of FXOH and was preferred as a reducing agent for
FXOH preparation via the chemical reduction method.
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By optimizing chemical reduction conditions, we found that the relative content of
FXOH increased with the amount of sodium borohydride, reaction time, and reaction
temperature. When the dosage of sodium borohydride as the reducing agent reached
5%, the relative content of FXOH increased slowly and reached the maximum when the
reducing dosage was 10%. The relative range of FXOH no longer increased as the dosage
of the reductant increased but showed a downward trend. The addition of a reducing
agent might react with the resulting FXOH converted into other substances. Therefore,
a reducing agent dose of 10% was the best condition for the reaction. Similarly, when the
reaction time was 3 h, the relative content of FXOH was highest. With a prolonged reaction
time, the relative content of FXOH did not increase but showed a downward trend. The
prolonged reaction time might have converted the generated FXOH into other substances
again. Accordingly, the reaction time of 3 h was chosen. When the reaction temperature
was 37 ◦C, the relative content of FXOH was highest. Nevertheless, with increased reaction
temperature, the relative content of FXOH decreased, which might be due to the unstable
change in FXOH stored at a high temperature for a long time. According to the properties
of reactants, the reaction temperature of 37 ◦C was determined to be the most suitable.
In conclusion, according to the optimization results, the optimal reaction conditions for
the preparation of FXOH by chemical reduction were as follows: reducing agent, sodium
borohydride; reducing dosage, 10%; reaction time, 3 h; and reaction temperature, 37 ◦C.

The crude product of FXOH was prepared through the above method, separated
using a reversed-phase chromatographic column under reduced pressure, and eluted with
a 50:50–100:0 methanol solvent system for gradient elution. Eluents were collected and
concentrated under reduced pressure to obtain FXOH. The purity and yield of FXOH were
85.51% and 55.86%, respectively.

Preparing FX derivatives via the chemical reduction method was important for enrich-
ing the number of FX derivatives and further studying their activity. However, the practice
of FXOH brought difficulties to the subsequent separation and purification with increased
losses and low yield.

2.2. Enzymatic Preparation of FXOH

The same substrate concentration of FX was used for enzymatic preparation as for
chemical reduction. Figure 2a shows that all four enzymes could promote the conversion
of FX into FXOH. When lipases, especially animal-derived lipase, are used as hydrolases,
they can obtain FXOH by hydrolysis of FX with a sufficiently high yield [14]. However,
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esterases display broad substrate specificity, catalyzing the hydrolysis of not only ester
bonds of short-chain fatty acids ester but also non-ester bonds, such as thiols, amides, and
carbamates. There is a prominent interest lately in utilizing microbes for the large-scale
production of lipases and esterases, which is in line with the high demand for various
industrial applications of microbial esterases [17].
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Figure 2. Effect of reaction conditions on the conversion ratio of FX to FXOH: (a) enzyme type
(A: porcine pancreatic lipase; B: lipase (Brand: Klamar); C: cholesterol esterase; D: Candida rugosa
lipase), (b) enzymatic temperature, (c) enzymatic pH, (d) enzymatic time, (e) cholesterol esterase
dose, and (f) surfactant dose.

After 1.5 h reaction, the conversion ratio of FX to FXOH was highest, reaching 83.62%.
Therefore, cholesterol esterase was selected as the most suitable enzyme to continue the
optimization of enzymatic hydrolysis conditions. As shown in Figure 2b, the conversion
ratio of FX to FXOH varied with enzymatic temperature. The highest and lowest conversion
ratios were observed at 37 ◦C and 25 ◦C, respectively, which was related to the optimum
temperature of the enzyme. FXOH was sensitive to heat and increased with increasing
temperature. FXOH was unstable, resulting in a decreased conversion ratio. Hence, the
optimum enzymatic temperature for cholesterol esterase was 37 ◦C.

At the same time, phosphate buffer with pH between 5.8 and 7.4 was placed in the
reaction system, and the reaction was carried out at 37 ◦C for 1.5 h to investigate the effect
of system pH on the conversion ratio of FX to FXOH. From Figure 2c, the conversion ratio
of FX to FXOH was meager under low-pH conditions and was inconsiderably different
from those under neutral and alkaline conditions. The optimum enzymatic pH was 7.0,
which was also consistent with the optimum pH of the available enzymes.

According to Figure 2d, the conversion ratio of FX to FXOH increased with prolonged
enzymatic reaction. However, within the first hour of reaction, the conversion ratio of FX
to FXOH rose rapidly, but after 1 h, almost no change was observed, and the response
was relatively stable. In Figure 2e, the conversion ratio of FX to FXOH also increased with
increases in the amount of cholesterol esterase. The highest conversion ratio reached 75.81%
when the amount of cholesterol esterase was 300 U/g. Afterward, the conversion ratio of
FX to FXOH did not increase even if the amount of cholesterol esterase increased again.
As shown in Figure 2f, sodium taurocholate was similar to cholesterol esterase. When the
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surfactant amount reached 200 mg, the conversion ratio of FX to FXOH was highest (up to
73.14%). Then, the conversion ratio of FX to FXOH did not rise when the surfactant amount
was increased.

In summary, the optimal conditions for the preparation of FXOH by enzymatic hydrol-
ysis were as follows: FX substrate, 20 mg; amount of cholesterol esterase, 300 U/g; amount
of sodium taurocholate surfactant, 200 mg; pH of the enzymatic system, 7; reaction medium,
water; reaction temperature, 37 ◦C; and reaction time, 1.5 h. The average conversion ratio
of FX to FXOH prepared by enzymatic hydrolysis was 84.51%, the standard deviation was
3.99%, and the purity of FXOH was 90.79%.

2.3. Preparation of Active Cholesterol Esterase Aggregates by SpyTag Tailoring

We designed cholesterol esterase (Q75NT4) containing SpyTag. The fusion gene
Pet-Q75NT4-SpyTag was transformed and induced, and SpyTag was terminally fused to
Q75NT4. Figure 3 shows the diagrammatic sketch of the Pet-Q75NT4-SpyTag chimera
design. Pet-Q75NT4-SpyTag was overexpressed and induced by isopropyl β-d-1-thiogalac-
topyranoside (IPTG), as shown by sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis (SDS-PAGE) (Figure 4). The results showed that the Pet-Q75NT4-SpyTag protein was
successfully overexpressed in the precipitates (Figure 4, lane 1) and weakly expressed in
supernatants (Figure 4, lane 2), which were purified using a simple centrifugation method.
For the purity of Pet-Q75NT4-SpyTag, SDS-PAGE yielded one band between 35 and 45 kDa
(Figure 4, lane 1), which matched the theoretical molecular weight value at 42.9 kDa
calculated by the ProtParam.
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The absorbance values of the precipitate and supernatant at 500 nm were measured
using the UV–vis method to determine the enzyme activity. According to the results of the
enzyme activity, the precipitate could catalyze the hydrolysis of cholesterol oleate ester and
had cholesterol esterase activity, indicating that the target enzyme Q75NT4 was expressed
in the form of active cholesterol esterase aggregates in Escherichia coli.

Induction conditions were optimized on the basis of the yield of active cholesterol
esterase aggregates. As shown in Figure 5, when the IPTG addition amount was 1 mL,
the induction temperature was 20 ◦C. The induction time was 24 h, and optimal induction
conditions were obtained. The average yield of active cholesterol esterase aggregates was
59.79%, based on 1 L medium (Table 1).
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Figure 4. SDS-PAGE results of Q75NT4 protein. M: marker, lane 1: precipitate of Q75NT4 recombinant
bacteria after crushing and centrifugation, lane 2: supernatant of Q75NT4 recombinant bacteria after
crushing and centrifugation.
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Figure 5. Yield of active cholesterol esterase aggregates under different conditions: (a) amounts of
IPTG, (b) induction times, and (c) induction temperatures.

Table 1. Yield of active cholesterol esterase aggregates.

Enzyme
Concentration of

Bacteria
a/(g/L)

Concentration of
Precipitates

a/(g/L)

Mass of Active
Aggregates

b/(g/g)

Average
Yield (%)

Q75NT4
14.10 ± 0.92 7.99 ± 0.63 0.57 ± 0.01

60 ± 315.81 ± 1.26 9.62 ± 0.72 0.61 ± 0.02
15.29 ± 1.19 9.45 ± 0.69 0.62 ± 0.02

Note: a: measured by the mass of assay in 1 L medium, b: measured by the mass of assay in 1 g bacterial cell.

Two products, i.e., inactive inclusion body and active aggregates, may be formed
in the thallus by introducing a short peptide tag to bind to the target protein. For the
inclusion body, denaturation and renaturation are required to recover the enzyme activity,
but the operation is cumbersome. The formation of such active aggregates is important in
the expression and purification of enzymes. The tag introduced in this paper is SpyTag,
a short amphiphilic peptide with a sequence of hydrophilic and hydrophobic residues.
Binding to cholesterol esterase may promote the assembly of the target protein into nano-
sized protein aggregates, which may be due to the introduction of the amphiphilic tag.
The intermolecular diffusion and changes in some specific intermolecular forces result in
the formation of protein aggregates with stable structures [46].

Active protein aggregates, commonly referred to as inclusion bodies, are found in
Escherichia coli and obtained from overexpression [29]. Various biotechnological applications
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are possible with these active protein aggregations induced by peptides and formed by the
spontaneous expression of fusion genes in vivo. We introduce a novel in vitro controllable
active enzyme particle. However, for the first time, we found that cholesterol esterase
became insoluble active aggregates when induced by SpyTag. Initially, these particles
exhibited a narrow distribution. After purification, they displayed a micro size and visible
polydispersity. This result was comparable with immobilized cholesterol esterase on
microcarriers formed by SpyTag’s self-assembly.

The active aggregates represent a promising strategy for immobilizing enzymes with-
out additional carriers and chemicals. Compared with other carrier-free immobilization
methods, active aggregates do not need additional cross-linking agents and can combine
the expression, purification, and immobilization of target enzymes. Nevertheless, due to
the nature of the assembly and aggregation of proteins, there are still problems of structural
instability, such as low catalytic activity and soft matrix [47].

2.4. Morphological Analysis of Active Cholesterol Esterase Aggregates

Scanning electron microscopy (SEM) was used to analyze active cholesterol esterase
aggregates. SpyTag-induced nanospheres had diameters between 500 and 800 nm (Figure 6),
and this finding was consistent with those in previous reports [34].
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Figure 6 depicts the SEM images of active cholesterol esterase aggregates before and
after mill. Figure 6a shows that the microstructure of cholesterol esterase aggregates in-
duced by SpyTag before mill was round and granular. Fused nanospheres had diameters
of 500–800 nm, and this finding was similar to that observed in Figure 6b after mill. This
phenomenon might be due to the aggregation of many crude proteins and cholesterol es-
terase proteins during the formation of crude active cholesterol esterase aggregate particles
or the accumulation of cholesterol esterase itself to form a bulk particle structure.

2.5. Kinetic Parameters of Active Cholesterol Esterase Aggregates

To illustrate the change in free cholesterol esterase kinetic parameters and active
cholesterol esterase aggregates, we calculated Km from the Michaelis–Menten equation.
The results are shown in Table 2. The Km and Vmax values of free and insoluble active
cholesterol esterase aggregates were 4.88 × 10−2 and 6.25 × 10−2 mmol/L, respectively.
As mentioned previously, the average size of the active cholesteryl esterase aggregates
was about 500–800 nm, which hindered the diffusion of enzyme and substrate. There-
fore, the Km of the active cholesterol esterase aggregates was higher than that of the free
cholesterol esterase.
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Table 2. Kinetic parameters of free cholesterol esterase or active cholesterol esterase aggregates.

Enzyme Km (mmol/L) kcat/(s−1) kcat/Km (mmol/L/s)

Free Cholesterol Esterase 4.88 × 10−2 ± 0.01 1.36 ± 0.29 27.87 ± 2.37

Active Cholesterol
Esterase Aggregates 6.25 × 10−2 ± 0.02 1.12 ± 0.18 17.92 ± 2.06

In addition, the catalytic efficiency (kcat/Km) of the free cholesterol esterase was
27.87 mmol·s/L, and the kcat/Km of the active aggregates of cholesterol esterase was
17.92 mmol·s/L. These results might be due to the fact that the active aggregates reduced
the active site of cholesterol esterase and increased the mass transfer barrier because of the
steric hindrance of the fetoprotein, resulting in decreased catalytic efficiency. Compared
with that of the free enzyme, the enzymatic activity of the induced active aggregates
might be increased, decreased, or unchanged, which was consistent with the results of
most studies.

2.6. Reusability of Active Cholesterol Esterase Aggregates

Only the active aggregates of immobilized enzymes can be separated from the sub-
strate and other impurities for reuse by simple centrifugation. After simple centrifugation,
the active aggregate, including the immobilized enzyme, could be separated from the
substrate and other impurities to reuse. The reusability of the active cholesterol esterase ag-
gregates was assayed to evaluate their quality and industrial potential. This study recycled
the active cholesterol esterase aggregates for 12 cycles. According to Figure 7, the active
cholesterol esterase aggregate activity declined slowly with increased enzyme usage. The
active cholesterol esterase aggregates had good retention of 92.48% and 60.13% after 3 and
12 cycles, respectively. The proposed method was well-operational compared with other
conventional methods.
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Figure 7. Reuse of active cholesterol esterase aggregates.

The results showed that the reusability of active cholesterol esterase aggregates was
good and that the purpose of reuse could be achieved by simple centrifugation in the later
stage. This method is convenient, economical, and feasible.

2.7. Preparation and Purification of FXOH by Using Different Methods

At the same initial substrate (FX) concentration, the transformation of FXOH products,
including chemically reduced, free, and active cholesterol esterase aggregates, under
different preparation methods, was qualitatively analyzed by high-performance liquid
chromatography. Compared with the chemical reduction method that generated multiple
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by-products, the enzymatic preparation methods for FXOH saved considerable costs in
separation and purification and could obtain a higher conversion ratio of FX to FXOH
and high purity of FXOH. As shown in Table 3, the conversion ratio of FX to FXOH by
using active cholesterol esterase aggregates was 95.02%, which was remarkably higher than
those realized via the conventional chemical reduction method (55.86%) and the enzymatic
hydrolysis method with free enzyme (84.51%); however, the cost of this method was the
lowest. Miyashita provided a four-step process based on porcine-pancreas-derived lipase
for the production of FXOH from FX. The ratio of enzyme to substrate was 20:1. Although
the conversion ratio of this process was 82.8%, it used a large number of enzymes for
the substrate conversion, which could have an impact on the economic feasibility of the
process [14].

Table 3. Comparison of parameters and costs by three preparation methods.

Preparation Method Product Type Conversion Ratio (%) Cost (USD/mg)

Chemical reduction FXOH, multiple
by-products 55.86 2500.00

Free enzyme FXOH 84.51 2000.00
Immobilized enzyme FXOH 95.02 300.00

Note: The purity of the final product FXOH is >98%.

Therefore, the cost of the enzymes means that, in many cases, they must be reused
multiple times to make the process economically viable. Accordingly, reuse of the enzyme
is essential; otherwise, a continuous operation is required. In either case, immobilization is
a crucial tool to separate or retain enzymes. Given that the economy is vital to the viability
of the final process, even minor improvements in observed activity can have a marked
benefit to the process.

In this study, active cholesterol esterase aggregates could be efficiently and repeatedly
used to generate FXOH, dramatically reducing production costs. The purity of FXOH
is above 98% in this method; it can prepare high-purity FXOH in circulation, providing
technical support for its development and application.

3. Materials and Methods
3.1. Chemicals and Reagents

FX was extracted and refined from brown algae, as described previously [48], and pre-
pared and identified in our laboratory (purity ≥ 50%) [49,50]. Analytically pure sodium
borohydride, lithium aluminum hydride, sodium hydroxide, and sodium bicarbonate were
obtained from National Pharmaceutical Holding Chemical Reagent Co., Ltd. (Shanghai,
China). All enzymes, such as porcine pancreatic lipase, Pseudomonas cholesterol esterase,
and Candida rugosa lipase, were obtained from Sigma-Aldrich (St Louis, MO, USA). Lipase
(Brand: Kramer) was obtained from Ziyi Reagent Factory (Shanghai, China). The protein
ladder was acquired from Thermo Fisher (Waltham, MA, USA). Escherichia coli strain BL21
(DE3) was preserved in our laboratory. HPLC-grade methanol was obtained from Merck
KGaA (Darmstadt, Germany). Ultrapure water was produced using a Millipore Milli-Q
system (Millipore Corp., Billerica, MA, USA). The chemical reagents used in this research
were of analytical grade and purchased from Sigma-Aldrich (Saint Louis, MO, USA).

3.2. Preparation of FXOH by Chemical Reduction

A round bottle flask was filled with crude FX, reducing agent, absolute ethyl alcohol,
and magnetic stirrer. The flask was then heated in a magnetic heating device with an
oil bath equipped with a condensing tube to the set temperature and maintained under
condensation reflux for 1–3 h. The reaction parameters were optimized by screening
the types of reducing agents (sodium borohydride, lithium aluminum hydride, sodium
hydroxide, and sodium bicarbonate) and changing the reaction temperature (25 ◦C, 37 ◦C,
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50 ◦C, and 60 ◦C), reaction time (0, 1, 2, and 3 h), and the ratio of the reducing agent (1%,
5%, 10%, and 20%; w/w).

The reaction situation was detected by high-performance liquid chromatography. The
mixed derivative solution was combined and evaporated in a vacuum to yield a crude
extract. The natural extract was subjected to ODS C18 column (30 mm × 400 mm, methanol–
H2O, 50:50–100:0) to generate separated and purified fractions. The FXOH was obtained
from the experiment.

3.3. Preparation of FXOH by Enzymatic Hydrolysis

Crude FX, enzymes, and sodium taurocholate were added to a conical flask in propor-
tion as surfactants. Phosphate buffer was added to prepare FXOH by enzymatic hydrolysis.
The effect of enzymatic hydrolysis factors on the conversion ratio of the reaction was deter-
mined by single-factor experiments, including screening of the enzyme type (i.e., porcine
pancreatic lipase, cholesterol esterase, lipase (Brand: Kramer), and Candida rugosa lipase),
enzymatic pH (i.e., 5.8, 6.5, 7.0, and 7.4), enzymatic time (0.5, 1, 1.5, 2, and 2.5 h), enzymatic
temperature (25 ◦C, 37 ◦C, 45 ◦C, and 55 ◦C), enzyme dose (1:5, 1:10, 1:15, and 1:20; w/w),
and catalyst dose (1:5, 1:10, 1:15, and 1:20; w/w). The conversion ratio of FX to FXOH was
used as readout for results. Each experiment was performed in triplicate. The conversion
ratio of FX to FXOH was determined as follows:

FXOH conversion ratio (%) =
mFXOH × MFXOH

mFX × MFX
× 100 (1)

where mFXOH denotes the amount of FXOH obtained from the reaction (mg); MFXOH and
MFX refer to the molecular weight of FXOH (617) and FX (659), respectively; and mFX
denotes the mass of FX as a substrate.

3.4. Protein Design and Gene Construction

The Q75NT4 gene (Pseudomonas origin) (https://www.uniprot.org/uniprot/Q75NT4,
updated on 5 July 2004) was designed, and its signal peptide was removed. Genes were
designed, synthesized, and verified by the Suzhou GENEWIZ Company (suzhou, China).
The combining linker (AEAAAKEAAAKEAAAKA) was used with the SpyTag lichenase
(Gene ID:937470), and Q75NT4 gene sequences were sequentially cloned into Pet-22b(+).
The plasmid Pet-Q75NT4-SpyTag (Figure 1a) was transformed into Escherichia. coli strain
BL21 (DE3).

3.5. Protein Expression and Purification

The plasmid was cotransformed into Escherichia coli BL21 (DE3), which was cultured
for 12 h in a Luria–Bertani medium containing ampicillin (100 µg/mL) at 37 ◦C and shaken
at 200 rpm in a shaking incubator (Tensuc, Shanghai, China). Afterward, expression was
initiated on terrific broth from the starter culture.

Once the optical density (OD600) reached 0.6 after 3–4 h, IPTG was added to the culture,
bringing the final concentration to 0.5 mmol/L. The culture was then incubated at 20 ◦C for
24 h. After the end of the culture, Escherichia coli cells were collected by centrifugation at
12,000× g for 20 min at 4 ◦C. The cells were resuspended with cold PBS (pH 7.0) and lysed
by ultrasonication on ice [21]. The supernatant and precipitate were collected separately by
centrifugation at 4 ◦C (12,000× g, 10 min). The insoluble fractions were active cholesterol
esterase aggregates. The aggregates were washed once with PBS and then resuspended
with the same volume of PBS [34].

The amounts of active cholesterol esterase aggregates in both fractions were deter-
mined densitometrically through denaturing polyacrylamide gel electrophoresis by using
12% precast gels. The protein concentration was determined using BSA as the protein
standard via the Bradford method. With the data above collected, giving some critical
parameters that define the immobilization process becomes possible [51].

https://www.uniprot.org/uniprot/Q75NT4
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3.6. Enzyme Activity Determination

The activity of cholesterol esterase was determined using the continuous spectropho-
tometric rate determination method. The procedure used was that described at [52]. The
steps are as follows: The reaction system consisted of 2.1 mL of potassium phosphate buffer
(400 mM), 0.05 mL of 15% (w/v) taurocholic acid solution, 0.05 mL of 15% (w/v) cholic
acid solution (Chol), 0.1 mL of peroxidase enzyme solution, 0.5 mL of 8.6 mM cholesteryl
oleate solution (Chol-Oleate), and 0.05 mL of 5% (w/v) phenol solution mixed by inversion
and equilibrated to 37 ◦C. The mixture was added to 0.05 mL of 1.76% (w/v) 4-amino
antipyrine solution and 0.05 mL of cholesterol oxidase enzyme solution (Chol Oxid) mixed
by inversion, and the baseline absorbance was obtained at 500 nm. After approximately
5 min, the mixture was added to 0.05 mL of cholesterol esterase solution and immediately
mixed by inversion. The increase in A500nm was recorded for approximately 10 min. The
∆A500nm /min was obtained using the maximum linear rate for test and blank samples.
One unit hydrolyzed 1.0 µmol cholesteryl oleate to cholesterol and oleic acid per minute at
pH 7.0 at 37 ◦C in the presence of taurocholate.

3.7. Morphological Analysis of Active Cholesterol Esterase Aggregates

Active cholesterol esterase aggregates were washed with deionized water for SEM,
completely dried overnight in a drying oven maintained at 60 ◦C, and characterized through
gold sputtering by using an S-4800 scanning electron microscope (Hitachi, Japan) equipped
with an energy-dispersive X-ray spectroscope.

3.8. Determination of Kinetic Parameters for Cholesterol Esterase

The kinetic parameters for cholesterol esterase were obtained using the following
substrate concentrations: 0.1, 0.2, 0.5, 1.0, 1.5, and 2.0 mol/L. Km and Vmax values were cal-
culated using the double-reciprocal method. The Km and Vmax values of the free cholesterol
esterase and active cholesterol esterase aggregates were calculated using the Lineweaver–
Burk plot method. All enzymatic assays were performed in triplicate.

3.9. Reusability of Active Cholesterol Esterase Aggregates

After each cycle, reusability was determined by measuring the activity of the active
cholesterol esterase aggregates. After the measurement, the active cholesterol esterase
aggregates were removed from the reaction system by centrifugation (12,000× g, 1 min)
at 4 ◦C and thoroughly washed with 0.2 mol/L PBS. Then, a new substrate solution was
added to the reaction system containing active cholesterol esterase aggregates to start a
new enzymatic reaction cycle. Twelve rounds were performed. The specific activity of the
first round was defined as 100%. All experiments were carried out in triplicate.

3.10. Analysis of FXOH by Liquid Chromatography

Analyte separations were performed on a Waters 2695 system equipped with a diode
array detector (Waters, Milford, MA, USA) by using a SB C18 column (4.6 mm × 250 mm,
5 µm; Agilent Technologies, Inc., Santa Clara, CA, USA) maintained at room temperature.
The mobile phase was composed of methanol and water (92:8, v/v) at a flow rate of
1.0 mL/min, and the injection volume was 10 µL [8].

4. Conclusions

This experiment studied the purity and conversion ratio of FX to FXOH prepared
using different methods and developed a novel enzymatic routine for the efficient prepa-
ration of high-purity FXOH. Low-cost active cholesterol esterase aggregates obtained by
SpyTag tailoring were used as a new type of immobilized enzyme to prepare FXOH. This
method integrated separation and purification into one step. The active cholesterol esterase
aggregates exhibited good enzymatic activity, especially their efficient reusability, thereby
promoting convenient preparation and potential industrial applications. The results of this
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study also provided a new idea for preparing carrier materials for protein purification
and immobilization.

Author Contributions: Conceptualization, W.J., Y.Z. and G.Z.; Methodology, H.C., Q.L. and T.Y.;
Funding acquisition, Z.H. and Y.Z.; Investigation, W.J., H.F. and W.C.; Project administration, W.J., T.Y.
and H.C.; Resources, Y.Z., Z.H. and G.Z.; Writing—original draft, W.J.; Writing—review and editing,
Q.X., Y.Z. and G.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Science & Technology Planning Project of Fujian Province
(2020N0027), Scientific Research Foundation of Third Institute of Oceanography, MNR (2022006),
Xiamen Ocean Research and Development Institute co-construction project (2023), Fujian Science
and Technology Planning Project (2021N0029), Fujian Provincial Marine Economic Development
Special Fund Project (FJHJF-L-2021-4), and Xiamen Ocean Research and Development Institute
co-construction project (K210103).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: All data supporting the conclusions of this article are included in
this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Oliyaei, N.; Moosavi-Nasab, M.; Tamaddon, A.M.; Tanideh, N. Antidiabetic effect of fucoxanthin extracted from Sargassum

angustifolium on streptozotocin-nicotinamide-induced type 2 diabetic mice. Food Sci. Nutr. 2021, 9, 3521–3529. [CrossRef]
[PubMed]

2. Bigagli, E.; D’Ambrosio, M.; Cinci, L.; Niccolai, A.; Biondi, N.; Rodolfi, L.; Nascimiento, L.D.S.; Tredici, M.; Luceri, C. A Compara-
tive In Vitro Evaluation of the Anti-Inflammatory Effects of a Tisochrysis lutea Extract and Fucoxanthin. Mar. Drugs 2021, 19, 334.
[CrossRef]

3. Maria, A.G.; Graziano, R.; Nicolantonio, D.O. Anti-Obesity Activity of the Marine Carotenoid Fucoxanthin. Mar. Drugs 2015, 13,
2196–2214. [CrossRef]

4. Seth, K.; Kumar, A.; Rastogi, R.P.; Meena, M.; Vinayak, V.; Harish. Bioprospecting of fucoxanthin from diatoms—Challenges and
perspectives. Algal Res. 2021, 60, 102475. [CrossRef]

5. Wu, S.-J.; Liou, C.-J.; Chen, Y.-L.; Cheng, S.-C.; Huang, W.-C. Fucoxanthin Ameliorates Oxidative Stress and Airway Inflammation
in Tracheal Epithelial Cells and Asthmatic Mice. Cells 2021, 10, 1311. [CrossRef] [PubMed]

6. Bae, M.; Kim, M.-B.; Park, Y.-K.; Lee, J.-Y. Health benefits of fucoxanthin in the prevention of chronic diseases. Biochim. Biophys.
Acta (BBA)-Mol. Cell Biol. Lipids 2020, 1865, 158618. [CrossRef]

7. Li, G.; Chang, X.; Luo, X.; Zhao, Y.; Wang, W.; Kang, X. Fucoxanthin induces prostate cancer PC-3 cell apoptosis by causing
mitochondria dysfunction and oxidative stress. J. South. Med. Univ. 2021, 41, 953–959. [CrossRef]

8. Zhang, Y.; Lin, J.; Yan, G.; Jin, W.; Chen, W.; Sun, J.; Yang, L.; Huang, M.; Hong, Z. Determination of fucoxanthinol in rat plasma
by liquid chromatography-tandem mass spectrometry. J. Pharm. Biomed. Anal. 2018, 164, 155–163. [CrossRef] [PubMed]

9. Martin, L.J. Fucoxanthin and Its Metabolite Fucoxanthinol in Cancer Prevention and Treatment. Mar. Drugs 2015, 13, 4784–4798.
[CrossRef]

10. Jin, W.; Yang, L.; Yi, Z.; Fang, H.; Chen, W.; Hong, Z.; Zhang, Y.; Zhang, G.; Li, L. Anti-Inflammatory Effects of Fucoxanthinol in
LPS-Induced RAW264.7 Cells through the NAAA-PEA Pathway. Mar. Drugs 2020, 18, 222. [CrossRef]

11. Maeda, H.; Kanno, S.; Kodate, M.; Hosokawa, M.; Miyashita, K. Fucoxanthinol, Metabolite of Fucoxanthin, Improves Obesity-
Induced Inflammation in Adipocyte Cells. Mar. Drugs 2015, 13, 4799–4813. [CrossRef] [PubMed]

12. Yokoyama, R.; Kojima, H.; Takai, R.; Ohta, T.; Maeda, H.; Miyashita, K.; Mutoh, M.; Terasaki, M. Effects of CLIC4 on Fucoxanthinol-
Induced Apoptosis in Human Colorectal Cancer Cells. Nutr. Cancer 2020, 73, 889–898. [CrossRef] [PubMed]

13. Konishi, I.; Hosokawa, M.; Sashima, T.; Kobayashi, H.; Miyashita, K. Halocynthiaxanthin and fucoxanthinol isolated from
Halocynthia roretzi induce apoptosis in human leukemia, breast and colon cancer cells. Comp. Biochem. Physiol. Part C Toxicol.
Pharmacol. 2006, 142, 53–59. [CrossRef] [PubMed]

14. Miyashita, K.; Hosokawa, M.; Sashima, T.; Sasak, T. Process for Production of Fucoxanthinol (Japan). Patent number:
WO2007060811A1, 31 May 2007.

15. Helfried, N. Neoxanthin and fucoxanthinol in Fucus Vesiculosus. Biochim. Biophys. Acta 1974, 338, 572–576. [CrossRef]
16. Sun, P.; Wong, C.-C.; Li, Y.; He, Y.; Mao, X.; Wu, T.; Ren, Y.; Chen, F. A novel strategy for isolation and purification of fucoxanthinol

and fucoxanthin from the diatom Nitzschia laevis. Food Chem. 2018, 277, 566–572. [CrossRef]
17. Lai, O.-M.; Lee, Y.-Y.; Phuah, E.-T.; Akoh, C.C. Lipase/Esterase: Properties and Industrial Applications. In Encyclopedia of Food

Chemistry; Elsevier: Amsterdam, The Netherlands, 2018; pp. 1–11. [CrossRef]
18. Ben Ali, Y.; Verger, R.; Abousalham, A. Lipases or Esterases: Does It Really Matter? Toward a New Bio-Physico-Chemical

Classification. Methods Mol. Biol. 2012, 861, 31–51. [CrossRef]

http://doi.org/10.1002/fsn3.2301
http://www.ncbi.nlm.nih.gov/pubmed/34262712
http://doi.org/10.3390/md19060334
http://doi.org/10.3390/md13042196
http://doi.org/10.1016/j.algal.2021.102475
http://doi.org/10.3390/cells10061311
http://www.ncbi.nlm.nih.gov/pubmed/34070405
http://doi.org/10.1016/j.bbalip.2020.158618
http://doi.org/10.12122/j.issn.1673-4254.2021.06.21
http://doi.org/10.1016/j.jpba.2018.10.033
http://www.ncbi.nlm.nih.gov/pubmed/30390557
http://doi.org/10.3390/md13084784
http://doi.org/10.3390/md18040222
http://doi.org/10.3390/md13084799
http://www.ncbi.nlm.nih.gov/pubmed/26248075
http://doi.org/10.1080/01635581.2020.1779760
http://www.ncbi.nlm.nih.gov/pubmed/33703973
http://doi.org/10.1016/j.cbpc.2005.10.005
http://www.ncbi.nlm.nih.gov/pubmed/16337836
http://doi.org/10.1016/0304-4165(74)90320-1
http://doi.org/10.1016/j.foodchem.2018.10.133
http://doi.org/10.1016/B978-0-08-100596-5.21640-5
http://doi.org/10.1007/978-1-61779-600-5_2


Mar. Drugs 2022, 20, 709 13 of 14

19. Erdem, E.; Woodley, J.M. Industrially useful enzymology: Translating biocatalysis from laboratory to process. Chem Catal. 2022, 2,
2499–2505. [CrossRef]

20. Liu, T.; Pei, B.; Lin, J.; Zhang, G. Immobilization of β-1,3-xylanase on pitch-based hyper-crosslinked polymers loaded with Ni2+

for algal biomass manipulation. Enzym. Microb. Technol. 2020, 142, 109674. [CrossRef]
21. Lin, Y.; Jin, W.; Wang, J.; Cai, Z.; Wu, S.; Zhang, G. A novel method for simultaneous purification and immobilization of a

xylanase-lichenase chimera via SpyTag/SpyCatcher spontaneous reaction. Enzym. Microb. Technol. 2018, 115, 29–36. [CrossRef]
22. Bagde, P.; Vigneshwaran, N. Improving the stability of bacteriocin extracted from Enterococcus faecium by immobilization onto

cellulose nanocrystals. Carbohydr. Polym. 2019, 209, 172–180. [CrossRef]
23. Zdarta, J.; Klapiszewski, Ł.; Wysokowski, M.; Norman, M.; Kołodziejczak-Radzimska, A.; Moszyński, D.; Ehrlich, H.; Maciejewski, H.;
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