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Abstract: Rotating packed beds (RPB) facilitate the mixing of heterogeneous substrates, and promote
high mass transfer efficiency in heterogeneous reactions. For the enzymatic reactions, traditional
porous particles with immobilized enzymes are sensitive to the strong sheer force of the RPB, thus
limiting its application. This work offers a strategy for enzyme immobilization on the surface of
stainless-steel fleece, to improve the shear strength resistance of immobilized enzymes. Lipase was
applied to investigate and optimize the immobilization. Finally, a fatty acid hydratase (FAH) was
applied for immobilization based on the optimized method, which was further applied for evaluating
its performance in RPB. The results indicated that metal immobilized enzymes resist a higher shear
force than their particle-immobilized alternatives. Operating at a centrifugal force factor (β) of 30,
the hydration conversion rate of 96% is achieved after 8 h, which was from nearly 38% faster than
in a stirrer tank reactor (hydration yield of 60%). The metal immobilization, moreover, efficiently
improved the enzyme reusability, as demonstrated by a conversion rate remaining above 90% after
15 batches. These results indicated that a metal immobilization method combined with an RPB reactor
significantly increases the efficiency of enzymatic reactions.

Keywords: rotating packed bed; immobilization; heterogeneous reaction; mass transfer enhancement;
hydration

1. Introduction

Facing a fossil energy crisis, new energy sources have gained widespread attention
in the past decades, and the role of the green industry for social development is con-
stantly increasing [1,2]. Bio-catalysis is developing as an alternative to traditional chemical
processes, and will further contribute to the development of green industries and clean
production methods. Immobilization was a traditional operation for improving the stability
and reusability of enzymes. Most immobilization procedures do not actively control the
configuration of the enzymes, resulting in the inevitable burying and inaccessibility of their
active site. Enzymes undergo substantial changes in the surface microenvironment, confor-
mation, and protein refolding following an immobilization process [3,4]. In the process of
enzyme application, it was found that mass transfer between immobilized enzymes and
substrates largely affected the reaction efficiency, especially for the heterogeneous reactions
in water-oil [5] or water-gas systems [6]. For the conventional chemical catalytic process,
this problem could be improved through increasing the stirring speed [7] or introducing
mass transfer enhancement aids [8].

In the view of the mass transfer for heterogeneous reactions, the common problems
are the slow diffusion rate of the reactants on the boundary layer of different phases.
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Additionally, insufficient mixing would result in concentration gradients of degradation
products in the reaction system. Both problems would lead to a slow reaction rate. Nor-
mally, the strategies of mass transfer enhancement between the different phases, like the
application of an RPB reactor would enhance the reaction rate and the efficiency of het-
erogeneous reactions. However, compared to the chemical catalysts, as a natural protein,
enzymes are very sensitive to the shear force, since a strong shear force derived from
mass transfer enhancement method would denature the enzymes. How to improve the
shear strength resistance of enzymes was the main problem for the application of RPB on
enzymatic catalysis.

Hydration of unsaturated fatty acids is a typical heterogeneous reaction with water-oil
as two immiscible phases. The product of hydration, 10-hydroxy-12-octadecenoic acid
(10-HOA), was a typical hydroxy-unsaturated fatty acid which would derive from microbes
naturally. It has been reported that 10-HOA has a good fungal inhibition effect, which
is excellent when added to fermented bread. It has potential regulatory and controlling
effects on brain inflammation, and animal experiments have found that 10-HOA can also
effectively prevent allergic dermatitis. 10-HOA has great potential for application in food
and biomedical fields, and its efficient preparation is of great significance. As a biocatalyst,
fatty acid hydratase FAH)can generate secondary and tertiary alcohols by asymmetric
addition of H2O to the ∆ 9 double bond of unsaturated fatty acid [9]. By using such a
method, extremely high carbon utilization can be achieved in the production of hydroxy
fatty acid (HFA) without the need for expensive co-factors (NADPH/NADH). Therefore,
FAH is a key enzyme for the preparation of HFA by modification of unsaturated fatty acids.

FAH has many advantages, but the efficiency of the hydration can be limited by the
low oil-water interface mass transfer rate. Also, traditional stirred reactors would lead to
low biocatalytic efficiency, low yields, and long-lasting time consumption. Therefore, the
application of a mass transfer enhancement technology is an important target for the enzy-
matic hydration process. The rotating packed bed (RPB) mass transfer enhancement reactor
contributes to solving the disadvantages mentioned above. When the substrates flow into
the packing of the RPB, the rotation accelerates the liquid through the screen packing within
a short range, increasing the contact area of the interfacial reaction through the collision
between the high-speed packing and the liquid substrate, thus effectively improving the
process transfer efficiency [10]. Meanwhile, high-speed rotation of liquid reactants will
create a huge interphase contact area, uniform mixing degree, and enhancement of the
mass transfer efficiency [11,12].

RPB has been proved instrumental in providing a beneficial environment for the
controlled synthesis of nanocomposites [13]. In polymer synthesis [14], RPBs have been
successfully applied to optimize reaction conditions, enhance mixing efficiency, and im-
prove heat transfer. For decolorization processes, RPB has demonstrated effectiveness in
removing colorants from various substances [9]. Furthermore, RPB enhanced the reaction
rates, resulting in an improvement of biodiesel yield and quality [13]. Research about its
application for biocatalytic processes has also been reported [15], although the rotation
speed for the biocatalytic process was significantly lower than that in a chemical process in
view of the weak shear strength resistance of the enzyme. Common immobilization with
porous carriers could protect enzymes from damage of the shear, but it would reduce the
mass transfer due to the diffusion resistance in the micro-channels of the carrier. Thus, new
immobilization strategies to enhance the shear strength resistance and accelerated mass
transfer diffusion of the RPB application could jointly promote the biocatalytic process.

Furthermore, normally the packing of the RPB was a stainless-steel fleece, if the
enzyme would be immobilized on the packing fleece, the biocatalyst would be better
distributed for the RPB reaction process. However, when the stainless-steel fleece acted as
the carrier, with the rigidity of stainless-steel, the enzyme would be more stable, to benefit
for the shear strength resistance of enzyme. Minier et al. [16] provided a method of grafting
of primary amines by aminosilanization of oxidized stainless steel, then cross-linking of
glycosidase lysozyme on the pretreated surface with glutaraldehyde as a cross-linking
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agent. This method has successfully immobilized protein on the surface of metals material.
This work indicated that the enzyme could be immobilized on the metal surface through
cross-linking. However, the capacity of the metal is a problem for the immobilization.

Based on the problems mentioned above, a strategy with a nearly monolayer enzyme
immobilization on a stainless-steel surface was developed, whereby the enzyme could be
immobilized on the metal mesh rotor of the RPB. A commercial free lipase, CALB, was
applied for the optimization of the immobilization process, and heterogeneous reactions of
unsaturated fatty acid hydration catalyzed by FAH were used to validate the performance
of this immobilization method applied in the RPB reactor. Furthermore, the operation
parameters of this new RPB with immobilized hydratase were optimized, and the effect of
mass transfer enhancement of this RPB was also evaluated.

2. Results and Discussion

Compared to nanoscale carriers, which offer large surface areas to load more en-
zymes [17], and with the size effect of nanoparticles, the mass transfer resistance would
be reduced for the reaction [18]. However, the weak shear strength resistance property of
the enzymes was not greatly improved, and the particle type of the immobilized enzymes
was still difficult to apply on the RPB [15]. The mass transfer enhancement function of the
RPB reactor is mainly realized by the internal rotor and packing layer. At the beginning,
the substrate liquid was vertically injected into the rotor through the distributor. With the
centrifugal force, the liquid would knock on the packing layer and tear into fine droplets,
which would greatly improve the specific surface area of the substrate liquid and reduce
the surface tension [19]. From our earlier research, it was found that when the traditional
particle-immobilized enzymes were applied in the RPB, due to the fragile structure of
the immobilization carrier, the strong shear-force from the impact between particles and
packing net would break the immobilized carrier, resulting in enzyme damage [15]. If the
enzyme could be strongly immobilized on the surface of the packing layer, it could provide
a significant surface area for the reacting liquid and act as a catalyst on the packing layer.
These objectives led to developing a method of enzyme immobilization on the surface of
stainless steel mesh.

2.1. Schematic Design for the Enzyme Immobilization on the Surface of Stainless-Steel

The mechanism of immobilization was based on the chelate reaction between Fe3+

and the hydroxy group of dopamine. The whole process (Scheme 1) includes six steps.
Initially, cleaned stainless steel was etched with HCl to increase the surface area of the
metal. Due to the hydroxy groups, dopamine could chelate with Fe3+ after roughening the
metal through oxidation. Afterwards, the free amino group of dopamine was amidated
with the unsaturated fatty acid under the catalysis of 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinlium chloride (DMT-MM). The unsaturated double bonds of fatty acids
were subsequently epoxidated under the mild conditions catalyzed by lipase. Finally,
based on the property of the amino group, this would cause an automatically epoxy ring-
opening reaction under the mild condition with ambient temperature [19]. The enzymes
were covalently immobilized on the surface of the metal through the epoxy ring-opening
reaction from the amino group on its surface residues. To investigate different aspects of
this process on the efficiency of immobilization, CALB lipase was used as the immobilized
enzyme and its catalytic ability and reuse ability for the esterification reaction of lauric acid
and octanol was used as a readout.
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Scheme 1. Steps of enzyme immobilized on the surface of stainless steel.

2.1.1. Influence of Different Oxidation Methods on the Immobilization

The surface of the stainless-steel net was smooth after being cleaned with NaOH and
ethanol; its low surface area was not suitable for immobilization. HCl, with a concentration
of 0.5 M, was used for etching for 12 h to successfully increase its surface area. However,
the exposed zero-valent Fe element was hard to chelate with dopamine. Compared with
the zero-valent Fe, the oxidation product of FeOx(OH)y has a better chelate ability. To
investigate the effect of metal oxidation on the immobilization, CALB lipase was applied,
and the catalytic ability and reusability of the immobilized lipase for the esterification of
lauric acid and octanol was monitored.

Firstly, the oxidation effects of H2O2 and KMnO4 were compared. From the catalytic
results of the immobilized lipase (Figure 1a), it could be found that both of the two oxidizing
agents had a similar effect for the following chelate reaction and immobilization, and the
oxidation treatment would greatly benefit the catalytic ability of the immobilized enzyme
compared to the non-oxidized supports. The treatment with KMnO4 was easier to perform
than that of H2O2. The concentration and operation time of the KMnO4 oxidation was fur-
ther optimized. The results of Figure 1b illustrated that the concentrations of KMnO4 were
above 1 mM, and the oxidation time longer than 1 h had similar effects for immobilization.
However, from the results of Figure 1c, it is clear that the concentration of KMnO4 mainly
influenced the reusability of the immobilized enzyme. Higher concentrations would lead
to more FeOx(OH)y on the surface of stainless-steel, which would chelate with dopamine,
and provide more grafting points for further immobilization.

2.1.2. Influence of Dopamine Dosage on the Immobilization

The chelation between Fe3+ and dopamine was the basis of the whole immobilization
of Scheme 1. As the basis of the chelation, the contents of Fe3+ depends on the oxidation
reaction on the surface of the carrier metal. The dosage of dopamine also affected the
number of amino groups existing on the metal surface after coordination. From the esterifi-
catidon yields of metal-immobilized lipase with different dosage of dopamine (Figure 2),
a minimum 2 mg/L dosage of dopamine is needed. Higher dosages do not enhance the
catalytic ability and reusability of immobilized lipase.
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2.1.3. Influence of Unsaturated Organic Acids on the Immobilization

Organic acids (acrylic acid and fatty acids) have two functions in the immobilization
process. On one side, they act as a linker, which increases the distance between enzyme
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molecules and the surface of the carrier, thus improving the flexibility of enzyme molecules
dispersed on the carrier surface. On the other side, they provide the epoxidation reaction
sites, which were applied for further covalently immobilization of the enzyme. The results
of the 1 h reaction contains comparison of different organic acids (Figure 3a) indicating
that the acrylic acid is not suitable, which might be due to its chain length being too short.
When the enzyme molecules are linked on the surface, the short chain linker is not flexible,
and the steric hindrance between the enzyme molecules is large, which is not conducive to
the distribution of enzyme molecules. Compared to other fatty acids, the double bond for
9-decenoic acid is in the end of an alkyl chain of the carboxylic acid. The results of Figure 3a
indicated that the alkyl chain after a double bond would benefit the immobilization. This
may be attributed to the hydrophobic alkyl chain regulating the surface properties of the
carrier and making it fit for stabilization of the enzyme molecular conformation. Because
the double bonds for oleic and linoleic acid are further from the carboxylic acid, therefore
providing less steric hindrance to the metal surface, this may be the reason for the increased
activity of the immobilized enzyme produced from these two fatty acids. For the two kinds
of octadecane acids, linoleic acid has one more double bond than oleic acid, which may
provide more covalent bonds with the enzyme, thus stabilizing it.
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Meanwhile, the results of Figure 3b (3 h reaction for each batch) illustrated the reusabil-
ity of metal-immobilized lipase with four kinds of organic acid linker. When the equilibrium
time of enzymatic reaction was 3 h, the esterification yield of the immobilized enzymes
with linoleic acid grafted as a linker remained above 95% after 15 batches of reaction.

2.1.4. Immobilization of Enzymes

The immobilization of enzymes is based on the epoxy ring-opening reaction of amino
groups from the surface of the enzyme and the epoxy group in the unsaturated acids. For
traditional Prileshajev-epoxidation, H2O2 was applied as an oxygen donor while formic
acid was applied for the formation of peroxy-acid, and a small amount of inorganic acid was
generally added to increase the epoxidation rate [20]. However, the usage of inorganic acid
would destroy the chelate bonds of Fe3+ and dopamine, as well as cause the side reaction
of epoxy ring-opening by water, thus influencing the immobilization of the enzyme on the
surface of the metal. These problems prevent applying the traditional epoxidation method
for the immobilization in this work. Compared to traditional epoxidation, the mechanism
of lipase-catalyzed epoxidation based on the formation of peroxy fatty acids under the
catalysis of lipase and the auto-epoxidation would take place under mild conditions [21].
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The ring-opening reaction between the epoxy group and the amino group of the
surface residues of protein could automatically take place under the mild conditions at
room temperature [22]. Results in Table 1 indicated that an initial protein loading higher
than 0.04 mg/cm2 would not significantly improve the protein capacity of the metal carrier,
due to its limited specific area. The maximum capacity of the stainless-steel net (mash
number of 30 M, fiber diameter of 0.15 mm, mesh opening size of 0.7 mm) for the protein
was around 6.59 µg/cm2. When the immobilized protein was changed to FAH (fatty acid
hydratase from Lactobacillus acidophilus), the immobilized recovery and capacity (Table 1.
line 5 and 6) were similar to that of the CALB lipase, which means that the method has a
good universality for different enzymes.

Table 1. Influence of the initial protein loading on the capacity of stainless-steel net.

No. Enzyme Initial Enzyme
Loading (mg/cm2)

Immobilized Recovery
(%)

Enzyme Capacity
(µg/cm2)

1 CALB 0.02 25.8 ± 2.2 5.16
2 CALB 0.04 16.5 ± 1.4 6.59
3 CALB 0.06 11.1 ± 1.2 6.66
4 CALB 0.08 8.3 ± 1.8 6.62
5 FAH 0.04 17.2 ± 1.6 6.89
6 FAH 0.06 10.1 ± 1.8 6.06
7 FAH on resin 5 mg/g 37.6 ± 2.3 1.88 mg/g

Contact angle changes were assessed to check the immobilization of the enzyme on the
surface of stainless-steel materials. From the results of Figure 4, it could be found that the
surface of the stainless-steel nets was totally hydrophobic after the acid etching. Oxidation
treatment would improve the hydrophilicity of the metal surface due to the formation
of FeOx(OH)y, a kind of ferric oxide. Chelation with dopamine and grafting with oleic
acid would increase the hydrophobicity of the metal surface based on the hydrophobic
character of the benzene ring and alkyl chain. Finally, after the immobilization, it had
a significant decrease of the contact angle. The size of the hydrophilic protein is much
larger than the hydrophobic benzene ring and alkyl chain (FAH from L. acidophilus was
67.6 kDa), and the hydrophilic functional group on the surface of the protein molecule
shows a strong hydrophilic energy, which led to the formation of a thin layer of protein
covering the surface of metal carrier.

Catalysts 2023, 13, x FOR PEER REVIEW 8 of 15 
 

 

7 FAH on resin 5 mg/g 37.6 ± 2.3 1.88 mg/g 

Contact angle changes were assessed to check the immobilization of the enzyme on 
the surface of stainless-steel materials. From the results of Figure 4, it could be found that 
the surface of the stainless-steel nets was totally hydrophobic after the acid etching. Oxi-
dation treatment would improve the hydrophilicity of the metal surface due to the for-
mation of FeOx(OH)y, a kind of ferric oxide. Chelation with dopamine and grafting with 
oleic acid would increase the hydrophobicity of the metal surface based on the hydropho-
bic character of the benzene ring and alkyl chain. Finally, after the immobilization, it had 
a significant decrease of the contact angle. The size of the hydrophilic protein is much 
larger than the hydrophobic benzene ring and alkyl chain (FAH from L. acidophilus was 
67.6 kDa), and the hydrophilic functional group on the surface of the protein molecule 
shows a strong hydrophilic energy, which led to the formation of a thin layer of protein 
covering the surface of metal carrier. 

 
Figure 4. Contact angle changes during the process of immobilization. 

From the characterization of the changing surface morphology during the immobili-
zation, it was clear that acid etching significantly increased the specific area of the metal 
surface (Figure 5A,B). However, the following chelation and grafting treatment (Figure 
5C) showed minor effects on the metal surface. The final morphology of immobilized en-
zymes (Figure 5D) showed that they were not uniformly dispersed on the surface of the 
support and that most of the enzymes were immobilized in the pore structures created by 
acid etching. Meanwhile, since the catalyst of Novozym 435 for the epoxy reaction was 
solid, it had less chance to have a ring-opening reaction with the epoxy group. From the 
SEM image of Figure 5D, there were no visible particles connected to the surface of metal 
materials. It could be concluded that for the process of epoxy reaction, lipase was con-
nected to the surface of metal materials. 

Figure 4. Contact angle changes during the process of immobilization.

From the characterization of the changing surface morphology during the immobi-
lization, it was clear that acid etching significantly increased the specific area of the metal
surface (Figure 5A,B). However, the following chelation and grafting treatment (Figure 5C)
showed minor effects on the metal surface. The final morphology of immobilized enzymes
(Figure 5D) showed that they were not uniformly dispersed on the surface of the support
and that most of the enzymes were immobilized in the pore structures created by acid
etching. Meanwhile, since the catalyst of Novozym 435 for the epoxy reaction was solid, it
had less chance to have a ring-opening reaction with the epoxy group. From the SEM image
of Figure 5D, there were no visible particles connected to the surface of metal materials.
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It could be concluded that for the process of epoxy reaction, lipase was connected to the
surface of metal materials.
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Figure 5. Surface morphology of a stainless-steel fiber after each treatment step (A) after NaOH
washing; (B) after HCl etching; (C) after chelation with dopamine and grafting with oleic acid;
(D) with lipase immobilized on its surface.

The kinetic parameters of the metal immobilization were also determined. The resin
of D3520 was applied as a control to compare the performance of immobilization. D3520
resin is a co-polymer of cross-styrene-divinylbenzene, whose average pore diameter is
8.5–9.0 nm, and was widely applied for enzyme immobilization. The results of Table 2
indicated that the maximum reaction rate of the metal-immobilized enzyme was around
two times higher than that of the immobilized enzyme supported by the granular porous
carriers where the reduced pore structure lowers the internal diffusion resistance during the
enzymatic reaction. It could not be avoided that covalent modification might cause some
extent changes in the conformation of enzymes, which decreases the catalytic activity and
leads to a lower Vmax after attaching to the metal compared to the free enzymes. However,
RPB could facilitate the mass transfer, and surface renewal increase the contact between
substrate and enzyme which make up for the conformation change of enzymes and bring a
higher reaction efficiency.

Table 2. Kinetic parameters of each immobilized enzymes.

Enzyme Carrier Vmax
(mmol·mg−1min−1)

Km
(mM)

CALB lipase Stainless-steel net 10.11 48.5
D3520 Resin
Free CALB

5.01
31.65

15.5
10.2

FAH
Stainless-steel net 0.95 25.5

D3520 Resin
Free FAH

0.61
9.57

10.5
8.6

Note: the details information for Vmax and Km calculation was provided in supplementary materials
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2.2. Hydration of Linoleic Acid in the Meta-Immobilized FAH in a RPB Reactor

The hydratase-catalyzed synthesis of 10-hydroxy-cis-12-octadecenoic acid (10-HOA)
(identified by 1H-NMR, results in supplementary materials) is a heterogeneous reaction,
where the bio-catalytic reaction depends on the mass transfer efficiency. The catalytic
results of the hydratase in the stirred tank reactor (STR) were selected as a comparison. As
indicated in Figure 6a, the reaction in the RPB obtained a higher reaction rate and yield
in the production of 10-HOA compared to that in the STR. It considerably shortened the
reaction time and improved the conversion rate. Whereas a yield of 84.2% in 20 h was
obtained in STR, the RPB yield exceeded 80% in 10 h under the same conditions in RPB with
immobilized enzyme (both of metal and particle immobilized FAH). This was attributed
to the higher collision probability in the RPB between the reaction substrate and the rotor
packing, hence improving the mixing of oil and water phase substrates, increasing the
contact area and enhancing the mass transfer between two phases. In addition, the metal
immobilized enzyme has a faster conversion speed and better 10-HOA yield (92% for 24 h)
compared to the porous particle immobilized FAH. The reduced diffusion resistance of the
metal-immobilized enzyme significantly enhanced the catalytic efficiency.
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2.3. Effect of the Centrifugal Force Factor in the Metal-Immobilized FAH Catalyzed Hydration
Reaction

The centrifugal force factor β is a key parameter of the mass transfer in a RPB, which
directly affected the mass transfer and diffusion. As shown in Figure 6b, the yield of
10-HOA increased with an increasing β. The equilibrium could be achieved in 8 h when
β exceeded 30, and the yield exceeded 96%. Compared with the STR, the reaction time
was considerably decreased and the yield was increased from 84.2% to 96.6%. Moreover,
our earlier work [23] for the particle-immobilized enzyme demonstrated that the enzymes
would quickly denature at β > 20 due to the occurring shear forces. However, with the
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metal-immobilized enzymes, the β factor could increase up to 30, thus proving a higher
shear force resistance of the enzyme and a hampered enzyme denaturation.

2.4. Determination of the Reusability of Immobilized Hydratase with RPB

Enzymes, immobilized on the metal surface, showed a high efficiency in the hydratase-
catalyzed linoleic acid hydration reaction. The comparison and evaluation of the enzyme
reusability in RPB, STR were performed. The hydratase immobilized on the metal surface
showed the best enzyme stability and highest yield (Figure 6c). Compared with the STR
results, the yield of metal-immobilized FAH in a RPB was increased from 60% to 98%, due
to the higher mass transfer and lower diffusion limitations. The traditional porous particle-
immobilized FAH achieved a good yield when used twice, but progressively decreased
after 4 batches (10 h for each batch). Its half-life period appeared to be 9 batches. This
was mainly attributed to the loss of enzyme activity caused by the shear forces. On the
contrary, the yield of the metal-immobilized FAH applied in the RPB reactor still exceeded
90% after 15 batches (10 h for each batch), proving its positive impact on reducing both the
internal diffusion restriction and mechanical damage during the reaction. The nano-enzyme
immobilization has low reusability and stability [24]. This immobilization enhanced the
shear resistance ability of the immobilized enzyme. These positive effects greatly improved
the reaction efficiency and the enzyme lifespan.

3. Materials and Methods
3.1. Strains, Plasmids, and Chemicals

Escherichia coli Top10 and BL21 (DE3) were obtained from Tiangen Ltd. (Beijing, China).
Expression vectors pET22b were purchased from Novagen (Darmstadt, Hessian Germany).
The gene of fatty acid hydratase (L. acidophilus, NCBI Reference Sequence: WP_011254216.1)
was synthesized by Inovogen Ltd. (Shenzhen, China), and the sequence was inserted into
the plasmid pET22b (+) between the NdeI and HindIII restriction nuclease sites. Lipase
CALB solution, and immobilized lipase Novozye 435 was purchased from Novozymes
Co., Ltd., (Beijing, China). The stainless-steel net with grade of 304, mash number of
30 M, fiber diameter of 0.15 mm, and mesh opening size of 0.7 mm, was purchased from
a local building materials market. Oleic acid, linoleic acid, decenoic acid, acrylic acid, 4-
(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinlium chloride (DMT-MM) and other
chemicals were purchased from TCI (Shanghai) Development Co., Ltd. (Shanghai, China).
All reagents were of analytical grade.

3.2. Production of Fatty Acid Hydratase

A plasmid with the FAH gene was electro-transferred into E. coli BL21 (DE3), and
then the transformants were cultured in LB medium at 37 ◦C until the OD600 reached 0.8.
Subsequently, an induction with 0.5 mM IPTG at 20 ◦C took place for 20 h. Finally, the
cells were collected by centrifugation at 4 ◦C, 4000 rpm for 10 min, and the sedimentary
cells were further disrupted by sonication (400 W, 15 min). The soluble expression of FAH
was purified by a His-tag through Ni-NTA affinity chromatograph (see supplementary
information).

3.3. Immobilization of Enzyme on the Stainless-Steel Carrier
3.3.1. Pre-Treatment of Metal Carrier

The metal carrier was washed with a NaOH solution (0.5 M) for 6 h to remove surface
impurities, and then washed to neutrality using de-ionized water. The metal carrier was
etched with HCl solution (0.5 M) for 12 h. Afterwards, it was washed to neutrality by
de-ionized water again. It was subsequently oxidized by hydrogen peroxide (concentration
of 20%, boiling for 1 h) or potassium permanganate (concentration of 0.75 M to 10 M,
oxidation for 10 h), rinsed with de-ionized water and dried for further use.
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3.3.2. Chelation with Dopamine

The pre-treated metal carrier was immersed in the dopamine hydrochloride solution
and placed into a stirred reactor for 12 h (20 ◦C, 180 rpm, dark reaction). The wire mesh
was rinsed with de-ionized water and dried. Then, the dopamine hydrochloride chelated
wire mesh was obtained.

3.3.3. Amidation with Unsaturated Organic Acid

Acrylic acid, 9-decenoic acid, oleic acid, and linoleic acid were chosen as a linker, and
all of these unsaturated organic acids was under the same treatment process to promote
amidation reaction. The reaction time for each linker was the same. The unsaturated
organic acids (200 µL) were dissolved in a NaOH solution (5 M), and diluted to a constant
volume of 5 mL using water (pH 9.0). A DMTMM (1.2-fold molar weight to the unsaturated
organic acid, 5 mL) solution was quickly prepared to prevent oxidation. The metal carrier
was placed in the mixture of both solutions, and stored in darkness for 3 h. It was rinsed
with deionized water and dried for further use.

3.3.4. Epoxy Reaction

Commercial immobilized lipase Novozym 435 was applied as catalyst for the epoxy
reaction. The metal carrier grafted with unsaturated organic acids was submerged into
a conical flask of n-hexane. n-Octanoic acid (1 mM), 30% H2O2 (0.4 mL/L) and Nov 435
lipase (mNov 435:mFatty acid = 1:10) were added into the flask, and left into a stirred reactor
for epoxidation (15 ◦C, 200 rpm, 12 h). The carrier with branched epoxy structure was
obtained after washing and drying.

3.3.5. Epoxy Ring-Opening for Enzyme Immobilization

The epoxy-treated metal net carrier was inserted into a conical flask containing the
target enzyme in a phosphate buffer (pH 7.2, CPBS 2 mM). It was stirred for 12 h (15 ◦C,
180 rpm) for epoxy ring-opening. At the end of the reaction, the metal carriers were rinsed
with phosphate buffer and dried. The metal-immobilized enzyme was obtained.

3.3.6. Macro-Porous Resin Immobilization of FAH

Macro-porous resin D3520 was applied for the adsorption immobilization of the
enzyme. The immobilization condition involved adding 5 g of resin into 40 mL sodium
phosphate buffer (100 mM, pH 7.2). Then, 100 mg FAH powder was added, and the mixture
was stirred at 25 ◦C, 180 rpm for 24 h. After adsorption, the resin was separated and washed
with sodium phosphate buffer.

3.4. Enzyme Immobilized Recovery Analysis for the Immobilization

The enzyme immobilized recovery was calculated by the following equation [25]
according to BSA standards.

immobilized recovery (%) =
Ci − Cf

Ci
(1)

The protein concentration was determined by Bradford’s Kaumas Brilliant Blue
method (details listed in supplementary materials). Ci and Cf represent the initial and final
protein concentrations, respectively, mg/L. The calculation method for enzyme capacity is
listed in the supplementary materials.

3.5. Immobilized Lipase Catalyzed Synthesis of n-Octyl Laurate

The enzymatic esterification was applied to optimize the immobilization process.
Metal-immobilized enzymes (2 cm2 of metal carrier) and 3.5 mL substrates (lauric acid,
n-octanol, 5 mM) were mixed in a 5 mL glass vial, and placed in a stirred reactor at 40 ◦C,
600 rpm, for 3 h. Samples were taken at regular intervals during the reaction process, and
then measured by GC (GC-2010 plus, Shimadzu, Tokyo, Japan).
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3.6. Characterization of Surface Structure and Properties of Immobilized Enzyme

A piece of stainless-steel fleece with an area of 0.2 cm2 was applied for SEM analysis.
The surface geometry was photographed by scanning electron microscopy (SEM, Sep
012020 type, Tokyo, Japan). The water contact angles of the metal materials were measured
by an optical contact angle measuring instrument (DSA30S, Kruss, Germany).

3.7. Hydration of Linoleic Acid by Metal Immobilized FAH with a RPB Reactor

Parameters of the RPB reactor applied in this study were as follows: the radius of rotor
was 35 mm, the length of rotor was 55 mm, and the radius of RPB shell was 75 mm.

For the hydration reaction, previous work has optimized FAH catalyzed hydration
of linoleic acid with a stirred tank reactor [26]. Based on the previous work, the general
hydration conditions for RPB were set as follows: 100 mL of 50 mM citrate phosphate
buffer (pH 7.0), with 0.05% (v/v) tween 20, linoleic acid concentration of 10 g/L, 484 cm2

metal-immobilized FAH (5.5 cm × 8.8 cm, rolled into 4 layers in the rotor) were applied
for the catalyst, and the reaction temperature was 30 ◦C. The reaction conditions were the
same except the kinds of immobilized enzyme, and the type of reactor. For each batch of
reaction, the reaction lasts for 4 h.

The rotation factor β of the RPB reactor was set from 5 to 45, thus enabling checking
of the mass transfer enhancement of RPB on the enzymatic reaction. The relationship of β
with the parameters of rotor speed (ν, rad/min), rotor radius (r, m), and the gravitational
acceleration (g, m/s2) could be expressed by the following equation:

β =
ν2r
g

(2)

For the analysis of the hydration product, 5 mL of reaction liquid was taken, and
1 mL of ethyl acetate was added to the sample for extracting the hydroxy fatty acid from
the water. After centrifugation at 5000 rpm, the ethylacetate solution was used for GC
(Shimadzu 2010 plus) analysis. GC condition was as follow: capillary-column DB-1 ht
(30 m × 0.25 mm × 0.10 µm, Agilent Technologies, J&W scientific columns) was applied
for analysis. Nitrogen was used as the carrier gas. The temperature of the injector was set
at 380 ◦C. The initial temperature of the column was 80 ◦C, maintained for 1 min. Then the
column temperature was increased to 280 ◦C at a ramp of 8 ◦C/min and maintained for
10 min. The contents of products were calculated with the method of area normalization.
The concentration of the products was determined using the external standard method. All
measurements were conducted in triplicate [26], detailed information for GC analysis was
provided in supplementary materials. The data are shown as averages with their standard
deviation of triplicate results.

4. Conclusions

The research results provided an effective strategy to immobilize enzymes on the
surface of stainless-steel materials. The mechanism of this strategy was based on the chelate
reaction between Fe3+ and the hydroxy group of dopamine. Furthermore, combined with
the amidation of dopamine with oleic acid, epoxidation of unsaturated double bond, and
epoxy ring-opening reaction by the enzyme, the enzyme could be immobilized on the
metal surface through covalent bonding. Due to the excellent shear strength and resistant
ability of the immobilized enzymes, this metal-immobilization method facilitated the direct
immobilization of the enzymes on the metal packing net of the RPB reactor. Through a
fatty acid hydratase immobilized on the stainless-steel packing net of RPB reactor, the
advantage of this immobilization strategy combined with the mass transfer enhancement
of RPB was proved. Under the operation condition of centrifugal force factor β = 30, the
hydration conversion rate of 96% would be achieved after 8 h, compared to the yield
of 60% in the STR, which was increased by nearly 38% higher. The application of this
metal-immobilized enzyme considerably promotes the heterogeneous hydration reaction
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at the oil-water interface, improves the reaction efficiency, and shortens the equilibrium
time. Moreover, the stability of this metal-immobilized enzyme was also improved, and
the conversion rate exceeded 90% after 15 batches. All the results indicated that this metal
immobilization method, combined with the RPB reactor, not only increases the efficiency
of enzymatic reactions, but also provides conditions of the mass transfer enhancement in
other enzymatic heterogeneous reactions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13121501/s1, Figure S1: Standard curve of the BSA protein,
Figure S2: Fitting curve of double reciprocal of concentration and rate of enzyme (a) CALB lipase
on stainless-steel net (b) CALB lipase on D3520 Resin (c) FAH on Stainless-steel net (d) FAH on
D3520 Resin, Figure S3: Gas Chromatography of 10-HOE (a) Standard Linoleic acid (b) reaction
for 1-h (c) reaction for 2 h (d) reaction for 4 h (e) reaction for 10 h, Figure S4: SDS-PAGE result
of FAH 1. FAH before His-tag purification; 2. FAH after first time of purification; 3. FAH after
second times of purification; 4. FAH after third times of purification, Figure S5: Identification of
the hydration product by 1H-NMR, Table S1: 1H-NMR Signals and molecular Assignments for
10-hydroxy-cis-12-octadecenoicacid.
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