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Abstract

biodiesel production.

tion by COFs with some inspiration.

Background: Production of biodiesel from renewable sources such as inedible vegetable oils by enzymatic catalysis
has been a hotspot but remains a challenge on the efficient use of an enzyme. COFs (Covalent Organic Frameworks)
with large surface area and porosity can be applied as ideal support to avoid aggregation of lipase and methanol.
However, the naturally low density limits its application. In this work, we reported a facile synthesis of core—shell
magnetic COF composite (Fe;0,@COF-OMe) to immobilize RML (Rhizomucor miehei lipase), to achieve its utilization in

Result: This strategy gives extrinsic magnetic property, and the magnetic COFs is much heavier and could disperse in
water medium well, facilitating the attachment with the enzyme. The resultant biocomposite exhibited an excellent
capacity of RML due to its high surface area and fast response to the external magnetic field, as well as good chemical
stability. The core—shell magnetic COF-OMe structure not only achieved highly efficient immobilization and recovery
processes but also maintained the activity of lipase to a great extent. RML@Fe;0,@COF-OMe performed well in practi-
cal applications, while free lipase did not. The biocomposite successfully achieved the production of biodiesel from
Jatropha curcas Oil with a yield of about 70% in the optimized conditions.

Conclusion: Magnetic COFs (Fe;0,@COF-OMe) for RML immobilization greatly improved catalytic performance in

template reaction and biodiesel preparation. The magneticity makes it easily recovered and separated from the sys-
tem. This first successful attempt of COFs-based immobilized enzyme broadened the prospect of biodiesel produc-

Background

With the character of biodegradability, biodiesel from
renewable sources such as vegetable oils and ani-
mal fat produced by enzymatic transesterification has
attracted the interest of scientists [1, 2]. Immobilized
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lipases received incredible interest among the biotech-
nology community for the production of biodiesel with
the advantages of absence of side reactions, low energy
requirement, and free pollutions, compared to basic
chemical catalysts [3]. A range of carriers such as micro-
emulsion-based organogels (MBGs), [4] carbon nanotube
[3, 5], silica nanoparticles [6], and organic polymers [7]
have been successfully utilized. However, such common
supports usually affect the enzymatic activity and the rel-
atively small surface area limits its loading capacity.

©The Author(s) 2021, corrected publication 2021. This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to

the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line

to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://orcid.org/0000-0003-1719-6137
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13068-021-02001-0&domain=pdf

Zhou et al. Biotechnol Biofuels (2021) 14:156

In recent years, porous materials have been developed
and applied to integrate enzymes based on their excellent
features of high surface area and porosity which facilitate
the immobilization process and preservation of biomole-
cules [8]. Metal-Organic Frameworks (MOFs) with high
surface area, pore channels, and chemical functionality
[9-11] has been reported to entrap lipase for biodiesel
[12-14]. However, MOFs is chemically unstable and
toxic due to the metal ions, since some are water-sensi-
tive or easily digested [15-17]. In addition, the leakage
of unwanted metal ions may harm biomolecule confor-
mation. As a sister material of MOFs, Covalent-Organic
Frameworks (COFs), without toxic metal ion, is highly
desirable because of long-term water/chemistry stabil-
ity [18, 19]. This emerging porous nanomaterial are pre-
pared by linkage of organic building units covalently into
extended structures to make crystalline materials, whose
backbones are composed of light elements (B, C, N, O, Si)
[20, 21]. Since the constituents of COFs do not undergo
significant change when covalently linked, the structures
of resulting COFs with desired composition, pore size,
and aperture could be predicted and prepared by the pro-
gramming of monomers [20, 22]. Its tunability and stabil-
ity enable its application in gas storage [23, 24], sensing
[25, 26], and catalysis [27, 28], as well as immobilization
of enzyme. This is because COFs could provide appropri-
ate abundant micro and mesopore channels, affording
large surface area for infiltrating biomolecules. Through
design, the good matched pore size could impede the
aggregation of enzymes and facilitate the rapid transpor-
tation of reagents at the same time [29]. There are also
specific sites on the interface for weak interaction or
covalent binding [30, 31], so that the immobilization pro-
cess varies with a practical need [17].

Since Kandambeth et al. reported the first example
to utilize COFs for enzyme immobilization [32], a few
COF-based immobilized enzymes are reported for appli-
cations, such as the kinetic resolution of secondary alco-
hols by Sun et al. (TPB-DMTP-COF@Lipase PS) [33] and
chiral separation by Zhang et al. (lysozyme covalently
immobilized on COF 1) [34]. As one of the common sub-
strates methanol has an adverse effect on the lipase [35],
with large surface area and porosity, COFs can be an ideal
carrier for lipase adsorption and reagents transportation,
which impedes the aggregation of enzyme and the effect
of methanol, indicating a potential utility for enzyme
immobilization and biodiesel production. However, there
are also some challenges for the highly efficient use of
COFs as a carrier. One of the matters is attributed to the
backbone consisted of light elements. For one thing, the
naturally low density [36] hinders its dispersion in water
solution, which is not conducive to the enzyme enrich-
ment on the support. For another, the strong electrostatic
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interaction between nanoparticles and containers (such
as plastic tubes) makes it adhere to the surface, which
is not convenient to gather and preserve. Therefore, it
has not been reported for COFs-based immobilized
lipase to achieve the transition of biodiesel, and these
inconveniences hinder its applied research in industrial
production.

Our group has reported several works about the immo-
bilized enzyme in applications such as biomass conver-
sion and biodiesel production [37-39]. During these
processes, we have introduced Fe;O, nanoparticles
to facilitate recovery. Thus, we conceived a magnetic
strategy to give extrinsic magnetic property to COFs to
overcome these factors mentioned before. The result-
ant composite is much heavier and could disperse in
water medium well, facilitating the attachment with
the enzyme. The magnetic COFs can be recycled by an
external magnetic fields and reduce the aggregation of
lipase and influence of methanol [40—43], which lays a
good foundation for its efficient industrial production of
biodiesel. Here, we reported core—shell magnetic COFs
(Fe;0,@COF-OMe), in which Fe;O, nanoparticles are
wrapped by COF-shell. This composite can be dispersed
in PBS buffer and recovered easily due to the introduc-
tion of magneticity. The prepared composite is used to
immobilized RML (Rhizomucor miehei lipase, EC 3.1.1.3,
a kind of lipase, triacylglycerol hydrolases) by physical
absorption, with a high enzyme uptake capacity and good
maintenance of activity in harsh conditions. The result-
ant immobilized RML finally achieved the production of
biodiesel from a renewable source, Jatropha curcas Oil
(inedible vegetable oil) with a satisfactory yield after opti-
mizing the conditions of template reactions (Scheme 1).

Results and discussion

Preparation and characterization of Fe;0,@COF-OMe
nanoparticles and immobilized RML

The facile synthesis of magnetic core—shell COFs is
based on the room-temperature synthesis of COF-OMe
(Additional file 1: Figs. S1-S4). The detailed preparation
and immobilization process is illustrated in Fig. 1, which
involved two main steps: (1) coprecipitation synthesis of
magnetic Fe;O, nanoparticles and rapid room-temper-
ature synthesis of the core—shell structured magnetic
Fe;0,@COF-OMe composites in a one-pot process by
mixing Fe;O, nanoparticles (30 mg, 0.13 mmol) as the
magnetic core and 2,5-dimethoxyterephthalaldehyde
(DMTP, 0.24 mmol) and 1,3,5-tris(4-aminophenyl)-ben-
zene (TPB, 0.16 mmol) as building units of COF-OMe
in the acetonitrile according to the result of morphol-
ogy (Additional file 1: Fig. S5). (2) immobilization pro-
cess of RML by physical absorption in PBS buffer. The
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as-prepared biocomposites could be applied in the pro-
duction of biodiesel.

The morphologies of COF-OMe, Fe;0,@COF-OMe,
and RML@Fe;0,@COF-OMe are verified by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM), as shown in Fig. 2. It can be seen
that COF-OMe has good dispersity and exhibits a uni-
form nanosphere structure (Fig. 2A) with a size of 500—
600 nm. The core—shell structure of Fe;O,@COF-OMe
with the thickness of the COF shell about 70 nm is con-
firmed by the TEM image (Fig. 2B). The Fe;O0,@COEF-
OMe particles display similar spherical morphology as
COF-OMe (Fig. 2C). In addition, after enzyme immobi-
lization, the composite morphology remains unchanged
(Fig. 2D).

Fourier transforms infrared (FT-IR) spectroscopy
is carried out to prove that the successful synthesis of
Fe;0,@COF-OMe. As shown in Additional file 1: Fig-
ure S6, the FTIR spectrum of Fe;O, contains a band at
579 c¢cm™!, which is assigned to characteristic Fe—O—
Fe stretch. The characteristic absorption bands at
1610 cm ™! assigned to the C=N stretch mode observed
in the curve of Fe;0,@COF-OMe means the successful
synthesis of COF-OMe by condensation of aldehydes
and amines. Along with the characteristic Fe—-O-Fe
stretch found in the curve of biocomposite, the com-
bination of COF-shell and magnetic Fe;O, was proved,

demonstrating the successful preparation of Fe;O,@
COF-OMe. [40].

The crystalline structure of Fe;0,@COF-OMe is exam-
ined by PXRD patterns (Fig. 3A). XRD image exhibits 6
peaks with 26 at 30.12°, 35.42°, 43.18°, 53.64°, 56.96°, and
62.60°, corresponding to (220), (311), (400), (422), (511)
and (440) [40], which matches well with magnetite, indi-
cating that the Fe;O,@COF-OMe are well crystallized
after coating COFs. As to COFs, the characteristic peak
appears about 2.0° of 26 (Cu Kal), attributed to the (100)
facet of a primitive hexagonal lattice [29]. This is found
in the PXRD image of COF-OMe pattern, shown inset.
The peak at 2.75° is attributed to the plane (100) of COF-
OMe. The other planes, like (110), (200), (210), (220)
corresponds to peaks at 4.8°, 5.5°, 7.3° and 9.2° [44]. This
pattern confirms the formation of the crystalline form
of COF-OMe. These successful and facile preparation
represents it an alternative way of traditional synthesis
of them, which provides guidance for the exploration of
other COFs.

Thermogravimetry analysis (TGA) expounds on the
thermal stability and different components of biocom-
posites, as shown in Fig. 3B and Additional file 1: Fig.
S7 (DTQG). For COF-OMe, there is a distinct decrease in
weight that occurs at 300-400 “C, which means its struc-
ture begins to disintegrate. In other words, a long plateau
under 419 °C demonstrates the high thermal stability of
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Fig.2 SEM image of A COF-OMe; TEM image (B) and SEM image (C) of core—shell structure Fe;0,@COF-OMe; SEM image (D) of RML@Fe;0,@

COF-OMe. As for RML@Fe;0,@COF-OMe, the weight
loss at about 280 °C can be attributed to the removal of
lipase (Additional file 1: Figure S8). The two parts of mass
losses occurred at 48 °C and 410 °C is consistent with it of
bare Fe;O, (4% at 48 °C) and COF-OMe (12% at 410 °C),
respectively. The sharp weight loss at over 700 °C may
due to the reaction between melt COF-OMe and Fe;O,
of core—shell structure. In a word, the support Fe;O,@
COF-OMe displays such satisfactory thermal stability as
COF-OMe, where the TG curve runs smoothly under
400 °C. At the same time, the core—shell structure doesn'’t

react mutually under 700 °C, which means it is qualified
to be a good carrier of an enzyme.

The magnetic property of these nanospheres is char-
acterized by a vibrating sample magnetometer (VSM).
The magnetic hysteresis curve (Fig. 3C) of nanomagnetic
Fe;O, has an excellent magnetic property, with a satu-
rated magnetization value of 46.07 emu g '. There is a
drop observed in Fe;0,@COF-OMe (~20 emu g~ ') and
RML@Fe;0,@COF-OMe (~ 6 emu g '), which are attrib-
uted to the loading of COF shell and enzyme. Despite
this, rapid aggregation of biocomposites from the sus-
pension is obtained with the help of an external magnet,
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which could reduce the desorption of the enzyme by cen-
trifugation in this way.

Nitrogen sorption isotherms measured at 77 K indi-
cates the BET surface of Fe;O,@COF-OMe decreases
from 232 cm? g7! to 28 cm?® g! after immobilization of
RML (Fig. 3D). The pore-size distribution analyses of
Fe;0,@COF-OMe and lipase@Fe;0,@COF-OMe cal-
culated by the density functional theory have shown that
both of the samples have a pore size centered at about
3.1 nm, whereas the pore volume drops from 0.223 cc g~*
to 0.036 cc g~ ! after RML absorption (Additional file 1:
Figure S9 and Table S1). The result indicates the suc-
cessfully loading of lipase, and it suggests that the mag-
netic COFs may serve as a promising carrier for lipase
immobilization.

To further verify the distribution of RML on the sup-
port, the fluorescein-labelled enzyme is an optical way to
prove its existence and determine its distribution. Fluo-
rescent probe fluorescein isothiocyanate (FITC) is used
to label the enzyme molecules (green) generally [43, 45].

However, it is not available to use in RML@COF-OMe
in this work. This is because the support, COF-OMe
itself, is fluorescent. Under an excitation A=488 nm
(the parameter of FITC-labelled protein), the long emis-
sion at 1 =490-690 nm is got by the COF-OMe itself,
which interferes with the detection of the FITC-labelled
enzyme, so it is incapable to prove the existence of
enzyme on the surface of the carrier and determine its
distribution (Additional file 1: Figure S10). In this case,
Rhodamine B isothiocyanate (RBITC)-labeled RML
was prepared. The RBITC-labelled RML (red) is pre-
sent throughout Fe;O,@COF-OMe (green), which is
observed by CLSM analysis at excitation wavelengths of
488 nm for Fe;0,@COF-OMe and 543 nm for RBITC-
RML, demonstrating that the enzyme accommodated in
this composite (Additional file 1: Figure S11).

The optimization of the immobilization process
RML is immobilized on the carrier by physical absorp-
tion and different conditions of immobilization will
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Fig. 4 Effect of A time; B temperature; and C RML concentration on the performance of RML@ Fe;0,@COF-OMe in immobilization process

affect the loading of enzymes. Then, the effect of time,
concentration of lipase, and temperature were studied
during the immobilization process. The enzyme load-
ing of Fe;0,@COF-OMe increased with the time at the
beginning (Fig. 4A), and decreased after 8 h. It can be
explained that long-term shaking caused leakage of lipase
after absorption saturation. The temperature made an
influence on both immobilization efficiency and activ-
ity of RML. In the immobilization process, we mixed the
support and lipase in different temperature, respectively.
We found that there was an improvement in RML attach-
ing with appropriate increasing temperature (Fig. 4B).
The lipase solution with the initial concentration of 10,
20, 40, 80 mg/L was prepared. Though the relative immo-
bilization efficiency decreased as the ratio of the enzyme
increased, the total amount of immobilized RML further
increased with a higher concentration of RML (Fig. 4C).

After the immobilization, the hydrolysis of p-NPA (see
details in Support information) was adapted to examine
whether the immobilized RML is active and its stability.
In this work, we employed the core—shell magnetic COFs
(Fe;0,@COF-OMe) to enhance the recovery efficiency.
Here, we also compared this strategy with the common
mixing method. This tactic is to make COFs magnetic by
mixing COFs and magnetic Fe;O, nanoparticles in solu-
tions (Fe;O,-COF-OMe), where the Fe;O, nanoparticles
are attached on the surface of COFs, shown in Scheme 2.
The SEM & EDS mapping images display these two mag-
netic strategies in detail (Additional file 1: Figs. S12 and
S13).

As shown in Fig. 5. After immobilization, there was
a shuttle decrease in activity in hydrolysis of p-NPA of
both immobilized RML (Fig. 5A). The best outcome
could recover to 60% of the free enzyme (Fe;O,@COF-
OMe) as the time prolonged. The Fe;0,@COF-OMe also
showed good thermal and pH stability. The stability of
the activity for both free RML and immobilized enzyme
in different pH ranging from 5.0 to 10.0 was studied and
is plotted in Fig. 5B. The result showed that the opti-
mal pH altered slightly, from about 7.0 to 8.0. Thermal

stability was investigated, which the biocomposites were
stored at 60 °C for 12 h ahead of tests. It was observed
that there is a decrease in activity for all of them, but
the range of decrease was not significant for Fe-COFs
immobilized RML (Fig. 5C). We found that although the
Fe;O,-COF-OMe has a higher RML uptake, the enzyme
activity of it did not perform well. It is due to the non-
uniform and solid two-phase framework prepared by
physical mixing and adhesion strategy, which was not
enough to maintain the RML activity.

Based on the outcomes, Fe;O,@COF-OMe with bet-
ter thermal stability and activity can indeed be optimal
support for the subsequent study of transesterification
reaction.

Activity assay of transesterification reaction

The activities of both free lipase and immobilized RML
were determined by a transesterification reaction
between 2-phenyl ethanol and vinyl acetate (Additional
file 1: Figure S14). First of all, both Fe;O,@COF-OMe and
Fe;0,-COF-OMe were adapt to catalyze under the same
conditions. We found that this result was consistent with
it of hydrolysis of p-NPA (Fig. 5), where it was Fe;O0,@
COF-OMe that performed better than Fe;0,-COF-OMe
(Fig. 6A). At the same time, in the transesterification
reaction, the yields of both immobilized enzymes were
higher than that of free enzymes, which proved the excel-
lent protective effect of carriers on the enzyme.

The solvent effect of the reaction in which n-Hexane
functioned as a solvent is shown in Fig. 6B, with the high-
est yield up to 80%. Interestingly, according to the results,
we found that the yields altered by the trends of the
polarity of different solvents. In detail, the more hydro-
phobic the solvent was, the higher yields we got. As for
the optimized solvent, whose log P value was largest, the
yield was much higher than the others at the same time.
Carbon tetrachloride, trichloroethylene, and toluene,
whose polarity was similar, had almost the same yields
of 20%. However, if the solvent was hydrophile, such as
THE, acetone, the transesterification didn’'t happen in
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it. To furtherly verify the hydrophobic solvents were
conducive to this reaction, several homologous liquids
of n-Hexane were adapted (Additional file 1: Fig. S15).
n-Hexane, c-Hexane, and n-Heptane had similar yields,
which indicated the hydrophobic solvents were beneficial
in this work.

Then we investigated the influence of temperature on
the reaction (Fig. 6C). Immobilized RML did better in
the transesterification than the free enzyme. With the
rise of temperature, the yield of the immobilized enzyme
increased gradually and reached a peak at about 50 °C,
while of liquid enzyme decreased continuously. The
higher optimal temperature and activity could be related
to a higher rigidity of the enzyme after immobilization,
which could maintain high catalytic activity percentages
under more drastic conditions [46—48].

The dosage of RML has also played an important role
in a transesterification reaction, where excessive enzyme
not only causes waste but also reduces the rate due to the
aggregation. So here, we studied the yields of the reaction
with different amounts of RML. As we can see in Fig. 6D,
the yield of free RML still went up along with the increase
of amount. For Immobilized RML, the yield didn’t show

a significant rise when the RML on carrier changed to
0.8 mg. Considering the efficiency and economy of this
reaction, 0.5 mg RML was used in every single sample
assay. At the optimal conditions, n-Hexane as a solvent,
the transesterification yield can reach about 80% with
0.5 mg of immobilized RML at 50 °C.

The preservation of activity by the protection of sup-
port in organic solvents and high temperature were
shown above, where the immobilized RML always did
better in different organic solvents and at over 30 °C
than free lipase. To furtherly assess the function of COFs
in protecting the catalytic ability of RML, the tolerance
of immobilized RML against ultrasonic operation was
investigated. As shown in Additional file 1: Figure S16,
the yields of immobilized RML did not change signifi-
cantly after ultrasonic treatment, and always higher than
that of free RML at the same time. Here we also studied
the leakage ratio of RML by washing the immobilized
lipase (Fig. 7). As we can see, the amount of loss of RML
for every single wash was about 2% and the total leakage
ratio was less than one-fifth after the 8 wash cycle, which
indicated a good ability to preserve the lipase from wash-
ing operation.
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Production of biodiesel

Having established the efficiency of RML@Fe;O,@COE-
OMe in the transesterification reaction of 2-phenol etha-
nol and vinyl acetate, then we studied its catalytic ability
in the production of biodiesel from inedible jatropha
curcas Oil (Table 1). The outcomes® catalyzed by immo-
bilized RML are much better than those by free RML,
with a yield of 67.8% and 5.1%, respectively. It is noticed
that there is an obvious loss in enzymatic activity when
the amount of methanol exceeds the stoichiometric ratio
(3:1). This is due to the inhibitory effect of methanol, and
the activity is irreversibly inactivated [35]. Compared
to free RML, magnetic Fe;O, nanoparticles could pro-
tect RML from the methanol, as the product could be
detected with a satisfactory yield. It is noticed that the
protective effect is not permanent although the activity
could be maintained if the concentration of methanol

is doubled (Entry 4, Table 1). However, if the amount of
methanol is excessive too much (15:1 and 30:1), there is
a huge loss in yield. In a word, the nanoparticle efficiently
improved the stability and maintained the activity of the
enzyme in practical application (Fig. 8).

Conclusion

In summary, we successfully prepared a core—shell mag-
netic COFs structure (Fe;0,@COF-OMe) in a facile way.
The resultant magnetic COFs exhibited a great uptake of
RML and facilitated the separation taking advantage of
features of high surface area, porosity, good chemical sta-
bility, and strong magnetic response. The support could
maintain the activity of RML and perform well in practi-
cal applications. We applied the immobilized RML into
the production of biodiesel from un-editable Jatropha
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Table 1 RML@Fe;0,@COF-OMe-catalyzed
biodiesel by Jatropha curcas oil®

production of

Entry Enzyme Methanol (pL) Yield (%)
1 Free RML 10 5.1

2 Free RML 20 Trace

3 RML@Fe;0,@COF-OMe 10 67.8

4 RML@Fe;0,@COF-OMe 20 723

5 RML@Fe;0,@COF-OMe 50 Trace

6 RML@Fe;0,@COF-OMe 100 Trace

2 Reaction conditions: Jatropha curcas Oil (0.15 mmol), methanol (0.45 mmol, 10
yL), n-Hexane (3 mL), RML@Fe;0,@COF-OMe/RML (5 mg of RML), and 50 °C at
100 rpm for 48 h. The yields were determined by GC

curcas Oil and obtained a satisfactory yield. This first suc-
cessful attempt of COFs-based immobilized lipase dem-
onstrates their promising applications in the production
of biodiesel.

Materials and methods

Materials

All chemicals and reagents were commercially available
and used without further purification. 2,5-dimethoxy-
terephthalaldehyde (DMTP), 1,3,5-tris(4-aminophenyl)-
benzene (TPB) were purchased from Shanghai KaiYuLin
pharmaceutical technology co., LTD. Rhizomucor miehei
lipase (RML) was supplied by Sigma-Aldrich. Iron(II)
chloride tetrahydrate (FeCl,-4H,0), Iron chloride hexa-
hydrate (FeCl;-6H,0O) were obtained by Chengdu Hua Xia
Chemical Reagents Co., LTD. Rhodamine B isothiocy-
anate (RBITC), 4-Nitrophenyl acetate (p-NPA) were pur-
chased by Aladdin Chemistry Co., Ltd (Shanghai, China).
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Methanol (HPLC), Tetrahydrofuran (anhydrous, HPLC)
were supplied by Thermo Fisher Scientific (China) Co.,
LTD. Bradford Protein Assay Kit was obtained by Beyo-
time Biotech Inc, Shanghai, China. The other chemical
reagents and solvents were purchased by Chengdu Chron
Chemicals. Co., LTD. Jatropha curcas Oil was bought
from market Liangzhou, Sichuan province.

Characterization

Powder X-ray diffraction (PXRD) data were collected
on X'Pert Pro MPD DY129 X-ray diffractometer (40 kV,
40 mA) using Cu Ka (1=1.5406 A) radiation. The gas
adsorption isotherms were collected on a surface area
analyzer, Quantachrome Instruments version 3.01 Auto-
sorb Station 2. The N, sorption isotherms were measured
at 77 K using a liquid N, bath. Scanning electron micros-
copy (SEM) images were collected using a JSM-5900LV
(JEOL, Japan). Transmission electron microscopy (TEM)
images were collected using a HITACHI H-600, oper-
ating at 75 kV. IR spectra were recorded on a Nicolet
Impact 410 FTIR spectrometer. The confocal laser scan-
ning microscopy (CLSM) data were collected on a Leica
SP5 under an excitation 1,, =488 nm and 1,, =543 nm.
The vibrating sample magnetometer (VSM) data were
measured by LakeShore7404. Thermal Gravity analy-
sis (TG/TGA) was tested and analyzed by METTLER
TOLEDO TGA/DSC2/1600.

Preparation of magnetic Fe;0, nanopatrticles

The magnetic Fe;O, was prepared by a facile coprecipi-
tation method. First, FeCl,-4H,0O (0.74 g, 3.7 mmol) and
FeCl;-6H,0 (1.22 g, 7.5 mmol) were dissolved in deion-
ized water (25 mL) by vigorous stirring. Then, 30% (w/v)
NaOH solutions (7 mL) was added dropwise, keeping
stirring for another 1-2 h. The obtained black magnetic
precipitate was washed by deionized water several times
until the pH values decrease to 7.0. With the help of the
external magnetic field, the nanoparticles were separated
and dried under vacuum.

Preparation of core-shell magnetic COFs (Fe;0,@
COF-OMe)

The preparation of magnetic COFs was similar to the
preparation of COF-OMe, addition the magnetic Fe;O,
particles along with monomers, The COF-OMe shell
is shaped and formed core—shell structure. In brief,
to a 50 mL of acetonitrile solution containing DMTP
(0.24 mmol) and TPB (0.16 mmol), Fe;O, nanoparticles
(30 mg) was added. After sonicated for 5 min. acetic acid
(17.5 M, 3 mL) was dropped into the suspension. The
reaction proceeded at room temperature for 2 h. The
grey—yellow precipitates can be separated by the external
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help of a magnet. After washed by methanol 3 times, the
remaining monomers were cleared from reaction mix-
tures by anhydrous tetrahydrofuran using Soxhlet extrac-
tion for 2 days. The product was dried under vacuum at
50 °C for 24 h to afford Fe;O,@COF-OMe.

Preparation of RBITC-labelled RML (RBITC-RML).

RBITC (0.5 mg) and RML solution (3 mL) were added
into 4 mL of PBS buffer solution (pH 7.4) and left in dark-
ness overnight under gentle stirring. The RBITC-tagged
RML (RBITC-RML) was obtained by dialysis for 2 days in
PBS buffer.

Immobilization capacity of RML

The RML was immobilized by physical adsorption in PBS
buffer. The support material was first immersed into PBS
buffer. 80 mg/L of RML was then added. Keep the mix-
ture in a rolling incubator for 8 h at 20 rpm at room tem-
perature. The composite and supernatant were collected
by centrifugation and magnet to observe the activity and
immobilization efficiency. The uptake capacity was meas-
ured by the method of Coomassie blue staining with the
use of Bradford Protein Assay Kit (see details in Support
Information). The enzyme uptake capacity is calculated
by:

Ca = (Co—C)V/Ms
C, represents the initial concentration of RML solutions,
while C is the concentration of supernatant after immo-

bilization. V' is the total volume of the system. M; is the
mass of support.

Enzymatic activity after immobilization process was
measured through the hydrolysis of p-NPA. To a tube,
p-NPA (500 pL, 2 pmol/mL) and PBS buffer (2 mL,
pH="7.4) with immobilized RML (or 2 mL total volume
of free enzyme and PBS buffer solution) were added.
The absorbance at 405 nm was detected 1 h later. Finally,
the product concentrations were corrected for the auto-
hydrolysis of p-NPA and also the absorbance of p-NPA
left in the solution. (See details in Support Information).
Ahead of thermal stability tests, both free RML and
Immobilized RML were stored at 60 °C for 12 h.

Activity assay for transesterification reaction.

The transesterification of 2-phenylethanol and vinyl ace-
tate were chosen to determine the activity of immobilized
RML in production of biodiesel. In general, 2-phenyle-
thanol (20 pL) and vinyl acetate (40 puL) were added into
a tube with 2 mL of solvent, 150 rpm for 24 h. Different
bio-complex, solvent, temperature, and amount of RML
in carrier were optimized. The yields of transesterifica-
tion were determined by HPLC analysis with a Waters-
HPLC on C18 columns using methanol/water (70:30) as
the eluent.

Production of biodiesel

In the experiment of production of Biodiesel, to a tube
of 3 mL of the solvent containing Jatropha curcas Oil
(0.15 mmol) and methanol (0.45 mmol), immobilized
RML was mixed. Then, the system was put into a shaker
at 150 rpm for 48 h at conditions optimized by transes-
terification of 2-phenylethanol and vinyl acetate. The
yields were determined by GC-analysis.
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Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513068-021-02001-0.

Additional file 1. Detail experimental procedures, materials, PXRD, SEM,
etc. (EIS).

Acknowledgements

This work was supported by National Key R&D Program of China (Grant No.
2018YFA0901600) and Science and Technology Project of Jiangxi Province
(No.20192BBH80012). We are grateful to Analytical & Testing Center, Sichuan
University and Comprehensive Training Platform of Specialized Laboratory,
College of Chemistry, Sichuan University for help. Especially, we appreci-

ate Wang Hui from the Analytical & Testing Center of Sichuan Univer-

sity for her help with SEM characterization.

Authors’ contributions

ZZ carried out the experimental studies and drafted the manuscript. CC, XX
and LJ helped with the experimental analysis. ZH and ZX helped with the data
processing. NW and XY participated in the experimental design, coordination
and helped to draft the manuscript. All authors read and approved the final
manuscript.

Funding

This work was supported by National Key R&D Program of China (Grant No.
2018YFA0901600) and Science and Technology Project of Jiangxi Province (No.
20192BBH80012).

Availability of data and materials
The data supporting the results of the article are included in this manuscript
and supplementary information.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Key Laboratory of Green Chemistry and Technology (Ministry of Education),

College of Chemistry, Sichuan University, Chengdu 610064, People’s Republic
of China. 2Jiangxi Province Key Laboratory of Synthetic Chemistry, School

of Chemistry, Biology and Material Science, East China University of Technol-

ogy, Nanchang 330013, People’s Republic of China.

Received: 16 April 2021 Accepted: 20 June 2021
Published online: 14 July 2021

Page 11 of 12

References

1. Qi D-H, Geng L-M, Chen H, Bian Y-Z, Liu J, Ren X-C. Combustion and per-
formance evaluation of a diesel engine fueled with biodiesel produced
from soybean crude oil. Renew Energy. 2009;34:2706-13.

2. Knothe G. Analyzing biodiesel: standards and other methods. J Am Oil
Chem Soc. 2006;83:823-33.

3. Zhongl, FengY,Wang G, Wang Z, Bilal M, Lv H, Jia S, Cui J. Production
and use of immobilized lipases in/on nanomaterials: a review from the
waste to biodiesel production. Int J Biol Macromol. 2020;152:207-22.

4. Zhang W-W, Wang N, Zhou Y-J, He T, Yu X-Q. Enhancement of activity
and stability of lipase by microemulsion-based organogels (MBGs)
immobilization and application for synthesis of arylethyl acetate. J Mol
Catal B: Enzym. 2012;78:65-71.

5. Bencze LC, Bartha-Vari JH, Katona G, Tosa M, Paizs C, Irimie F-D.
Nanobioconjugates of Candida antarctica lipase B and single-walled
carbon nanotubes in biodiesel production. Bioresour Technol.
2016;200:853-60.

6. Babaki M, Yousefi M, Habibi Z, Mohammadi M, Yousefi P, Mohammadi
J, Brask J. Enzymatic production of biodiesel using lipases immobilized
on silica nanoparticles as highly reusable biocatalysts: effect of water,
t-butanol and blue silica gel contents. Renew Energy. 2016;91:196-206.

7. LiY, Gao F, Wei W, Qu J-B, Ma G-H, Zhou W-Q. Pore size of macroporous
polystyrene microspheres affects lipase immobilization. J Mol Catal B.
2010,66:182-9.

8. Samui A, Happy H, Sahu SK. Integration of a-amylase into covalent
organic framework for highly efficient biocatalyst. Microporous
Mesoporous Mater. 2020;291:109700-8.

9. Samui A, Chowdhuri AR, Mahto TK, Sahu SK. Fabrication of a magnetic
nanoparticle embedded NH2-MIL-888 MOF hybrid for highly efficient
covalent immobilization of lipase. RSC Adv. 2016;6:66385-93.

10. Ye N, Kou X, Shen J, Huang S, Chen G, Ouyang G. Metal-organic frame-
works: a new platform for enzyme immobilization. ChemBioChem.
2020;21:2585-90.

11. Nadar SS, Rathod VK. Magnetic-metal organic framework (magnetic-
MOF): a novel platform for enzyme immobilization and nanozyme
applications. Int J Biol Macromol. 2018;120:2293-302.

12. HuY, Dai L, Liu D, Du W. Hydrophobic pore space constituted in
macroporous ZIF-8 for lipase immobilization greatly improving lipase
catalytic performance in biodiesel preparation. Biotechnol Biofuels.
2020;13:86-94.

13. Adnan M, LiK, Xu L, Yan Y. X-Shaped ZIF-8 for Immobilization Rhizomucor
miehei Lipase via encapsulation and its application toward biodiesel
production. Catalysts. 2018. https://doi.org/10.3390/catal8030096.

14. Rafiei S, Tangestaninejad S, Horcajada P Moghadam M, MirkhaniV,
Mohammadpoor-Baltork I, Kardanpour R, Zadehahmadi F. Efficient
biodiesel production using a lipase@ZIF-67 nanobioreactor. Chem Eng J.
2018;334:1233-41.

15. Tranchemontagne DJ, Hunt JR, Yaghi OM. Room temperature synthesis
of metal-organic frameworks: MOF-5, MOF-74, MOF-177, MOF-199, and
IRMOF-0. Tetrahedron. 2008;64:8553-7.

16. Jeremias F, Frohlich D, Janiak C, Henninger SK. Water and methanol
adsorption on MOFs for cycling heat transformation processes. New J
Chem. 2014;38:1846-52.

17. LiM-M, Qiao S, Zheng Y-L, Andaloussi Y-H, Li X, Zhang Z-J, Li A, Cheng
P Ma S-Q, Chen Y. Fabricating covalent organic framework capsules
with commodious microenvironment for enzymes. J Am Chem Soc.
2020;142:6675-81.

18. Wang H, Jiao F, Gao F, Zhao X, Zhao Y, Shen Y, Zhang Y, Qian X. Covalent
organic framework-coated magnetic graphene as a novel support for
trypsin immobilization. Anal Bioanal Chem. 2017,409:2179-87.

19. Zhao F, Liu H, Mathe SDR, Dong A, Zhang J. Covalent organic frameworks:
from materials design to biomedical application. Nanomaterials. 2018.
https://doi.org/10.3390/nano8010015.

20. Waller PJ, Gandara F, Yaghi OM. Chemistry of covalent organic frame-
works. Acc Chem Res. 2015;48:3053-63.

21. Zhang X, Li G, Wu D, Zhang B, Hu N, Wang H, Liu J, Wu Y. Recent advances
in the construction of functionalized covalent organic frameworks and
their applications to sensing. Biosens Bioelectron. 2019;145:111699-717.

22. Ding S-Y, Wang W. Covalent organic frameworks (COFs): from design to
applications. Chem Soc Rev. 2013;42:548-68.


https://doi.org/10.1186/s13068-021-02001-0
https://doi.org/10.1186/s13068-021-02001-0
https://doi.org/10.3390/catal8030096
https://doi.org/10.3390/nano8010015

Zhou et al. Biotechnol Biofuels

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36.

37.

(2021) 14:156

Yu J-T, Chen Z, Sun J, Huang Z-T, Zheng Q-Y. Cyclotricatechylene based
porous crystalline material: Synthesis and applications in gas storage. J
Mater Chem. 2012;22:5369-73.

LiY, Yang R-T. Hydrogen storage in metal-organic and covalent-organic
frameworks by spillover. AIChE J. 2008;54:269-79.

Wang P, Zhou F, Zhang C, Yin S-Y, Teng L, Chen L, Hu X-X, Liu H-W, Yin X,
Zhang X-B. Ultrathin two-dimensional covalent organic framework nano-
probe for interference-resistant two-photon fluorescence bioimaging.
Chem Sci. 2018;9:8402-8.

Li M, Cui Z, Pang S, Meng L, Ma D, Li Y, Shi Z, Feng S. Luminescent cova-
lent organic framework as a recyclable turn-off fluorescent sensor for cat-
jons and anions in agueous solution. J Mater Chem C. 2019;7:11919-25.
Ding S-Y, Gao J, Wang Q, Zhang Y, Song W-G, Su C-Y, Wang W. Construc-
tion of covalent organic framework for catalysis: Pd/COF-LZU1 in Suzuki-
Miyaura coupling reaction. J Am Chem Soc. 2011;133:19816-22.

Sarkar P, Riyajuddin S, Das A, Hazra Chowdhury A, Ghosh K, Islam SM.
Mesoporous covalent organic framework: An active photo-catalyst for
formic acid synthesis through carbon dioxide reduction under visible
light. Mol Catal. 2020;484:110730-8.

Sun Q, Aguila B, Lan PC, Ma S. Tuning pore heterogeneity in covalent
organic frameworks for enhanced enzyme accessibility and resistance
against denaturants. Adv Mater. 2019. https://doi.org/10.1002/adma.
201900008.

Su D, Feng B, Xu P, Zeng Q, Shan B, Song Y. Covalent organic frameworks
and electron mediator-based open circuit potential biosensor for in vivo
electrochemical measurements. Anal Methods. 2018;10:4320-8.

ZhangT, Song Y, Xing Y, GuY, Yan X, Liu H, Lu N, Xu H, Xu Z, Zhang Z, Yang
M. The synergistic effect of Au-COF nanosheets and artificial peroxidase
Au@ZIF-8(NiPd) rhombic dodecahedra for signal amplification for bio-
marker detection. Nanoscale. 2019;11:20221-7.

Kandambeth S, Venkatesh V, Shinde DB, Kumari S, Halder A, Verma S,
Banerjee R. Self-templated chemically stable hollow spherical covalent
organic framework. Nat Commun. 2015. https://doi.org/10.1038/ncomm
s7786.

Sun Q, Fu C-W, Aguila B, Perman J, Wang S, Huang H-Y, Xiao F-S, Ma S.
Pore environment control and enhanced performance of enzymes infil-
trated in covalent organic frameworks. J Am Chem Soc. 2018;140:984-92.
Zhang S, Zheng Y, An H, Aguila B, Yang C-X, Dong Y, Xie W, Cheng P,
Zhang Z, Chen Y, Ma S. Covalent organic frameworks with chirality
enriched by biomolecules for efficient chiral separation. Angew Chem Int
Ed. 2018,57:16754-9.

Shimada Y, Watanabe Y, Samukawa T, Sugihara A. Conversion of vegetable
oil to biodiesel using immobilized candida antarctica lipase. J Am Oil
Chem Soc. 1999;76:789-93.

El-Kaderi H, Hunt J, Mendoza-Cortés J, Coté A, Taylor R, O'Keeffe M, Yaghi
O. Designed synthesis of 3D covalent organic frameworks. Science.
2007,316:268-72.

Jia J, Zhang W, Yang Z, Yang X, Wang N, Yu X. Novel magnetic cross-
linked cellulase aggregates with a potential application in lignocellulosic
biomass bioconversion. Molecules. 2017. https://doi.org/10.3390/molec
ules22020269.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 12 of 12

Zhang W, Yang H, Liu W, Wang N, Yu X. Improved performance of mag-
netic cross-linked lipase aggregates by interfacial activation: a robust and
magnetically recyclable biocatalyst for transesterification of jatropha oil.
Molecules. 2017. https://doi.org/10.3390/molecules22122157.

Zhang W-W, Yang X-L, Jia J-Q, Wang N, Hu C-L, Yu X-Q. Surfactant-
activated magnetic cross-linked enzyme aggregates (magnetic CLEAs) of
Thermomyces lanuginosus lipase for biodiesel production. J Mol Catal B:
Enzym. 2015;115:83-9.

Gao C, Lin G, Lei Z, Zheng Q, Lin J, Lin Z. Facile synthesis of core-shell
structured magnetic covalent organic framework composite nano-
spheres for selective enrichment of peptides with simultaneous exclu-
sion of proteins. J Mater Chem B. 2017;5:7496-503.

Zhong C, Lei Z, Huang H, Zhang M, Cai Z, Lin Z. One-pot synthesis of
trypsin-based magnetic metal-organic frameworks for highly efficient
proteolysis. ] Mater Chem B. 2020;8:4642-7.

Lin G, Gao C, Zheng Q, Lei Z, Geng H, Lin Z, Yang H, Cai Z. Room-temper-
ature synthesis of core-shell structured magnetic covalent organic frame-
works for efficient enrichment of peptides and simultaneous exclusion of
proteins. Chem Commun. 2017;53:3649-52.

Chen L, He Y, Lei Z, Gao C, Xie Q, Tong P, Lin Z. Preparation of core-shell
structured magnetic covalent organic framework nanocomposites for
magnetic solid-phase extraction of bisphenols from human serum sam-
ple. Talanta. 2018;181:296-304.

Lu G, Huang X, Wu Z, Li Y, Xing L, Gao H, Dong W, Wang G. Construction
of covalently integrated core-shell TiO2 nanobelts@COF hybrids for
highly selective oxidation of alcohols under visible light. Appl Surf Sci.
2019;493:551-60.

Sun Q, PanY, Wang X, Li H, Farmakes J, Aguila B, Yang Z, Ma S. Mapping
out the degree of freedom of hosted enzymes in confined spatial envi-
ronments. Chem. 2019;5:3184-95.

Dal Magro L, Kornecki JF, Klein MP, Rodrigues RC, Fernandez-Lafuente R.
Optimized immobilization of polygalacturonase from Aspergillus niger
following different protocols: improved stability and activity under drastic
conditions. Int J Biol Macromol. 2019;138:234-43.

Alagoz D, Toprak A, Yildirim D, Tukel SS, Lafuente RF. Modified silicates
and carbon nanotubes for immobilization of lipase from Rhizomucor
miehei: effect of support and immobilization technique on the catalytic
performance of the immobilized biocatalysts. Enzyme Microb Technol.
2021. https://doi.org/10.1016/j.enzmictec.2020.109739.

Qiu X, Wang S, Miao S, Suo H, Xu H, Hu Y. Co-immobilization of laccase
and ABTS onto amino-functionalized ionic liquid-modified magnetic chi-
tosan nanoparticles for pollutants removal. J Hazard Mater. 2021. https://
doi.org/10.1016/jjhazmat.2020.123353.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1002/adma.201900008
https://doi.org/10.1002/adma.201900008
https://doi.org/10.1038/ncomms7786
https://doi.org/10.1038/ncomms7786
https://doi.org/10.3390/molecules22020269
https://doi.org/10.3390/molecules22020269
https://doi.org/10.3390/molecules22122157
https://doi.org/10.1016/j.enzmictec.2020.109739
https://doi.org/10.1016/j.jhazmat.2020.123353
https://doi.org/10.1016/j.jhazmat.2020.123353

	Magnetic COFs as satisfactory support for lipase immobilization and recovery to effectively achieve the production of biodiesel by maintenance of enzyme activity
	Abstract 
	Background: 
	Result: 
	Conclusion: 

	Background
	Results and discussion
	Preparation and characterization of Fe3O4@COF-OMe nanoparticles and immobilized RML
	The optimization of the immobilization process
	Activity assay of transesterification reaction
	Production of biodiesel

	Conclusion
	Materials and methods
	Materials
	Characterization
	Preparation of magnetic Fe3O4 nanoparticles
	Preparation of core–shell magnetic COFs (Fe3O4@COF-OMe)
	Preparation of RBITC-labelled RML (RBITC-RML).
	Immobilization capacity of RML
	Activity assay for transesterification reaction.
	Production of biodiesel

	Acknowledgements
	References




