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Organometallic frameworks (MOFs) as a type of porous nanoparticle are promising
candidates for immobilizing enzymes to increase their stability and reuse. However, most
MOFSs cannot specifically immobilize enzymes and regenerate easily, which inevitably
leads to serious high consumption and pollution of the environment. In this study,
Renewable and magnetic MOFSs were first designed to specifically immobilize his-labeled
enzymes from cell lysates without purification. Immobilized fig glucuronidase exhibited
broader pH adaptability and temperature stability. The relative activity of immobilized b-
glucuronidase remained at ~80% after eight cycles. It is important to note that after
simple treatment, the immobilization capacity of the regenerated MOFSs, after simple
treatment, was recovered by more than 90% in the first three times. Specific magnetic
MOFSs have been proven to be an efficient and renewable platform for one-step
immobilization and purification of His-labeled enzymes, demonstrating great potential in
industrial applications of nanotechnology and biocatalysis.
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1. Introduction

The enzyme is a kind of powerful biocatalyst
created by nature. The rapid development of
biotechnology, represented by enzymatic
catalysis, has opened up new opportunities for
the sustainable development of the chemical
industry. an important influence on
biocompatibility, biodegradability and
renewability.3,4 Although the stability of
enzymes has been improved by protein
engineering, the sensitivity of enzymes leads to
a lack of catalytic activity under extreme
conditions.5,6 In addition, a large The amount
of free enzymes cannot be extracted after the
reaction, which remains a serious difficulty in
industrial production.7, s Thus, it has been

confirmed that immobilized enzymes are a
useful strategy for increasing the activity,
stability and selectivity of enzymes for wider
application. in the biochemical and medical
industry.9-12

Organometallic frameworks (MOCs) are porous
carriers formed by metal ions and organic
ligands through coordination bonds.13 Because
of their high porosity, uniform pore size, simple
modification of metal nodes and ligands, and
adjustable structure and function, they have
shown excellent results in a variety of
applications, such as drug delivery, photonic
devices, catalysis, and chemical sensing.
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Widely used in enzyme immobilization
processes due to their simple combination
process and mild conditions. MOFS can protect
immobilized enzymes, effectively inhibit
enzyme leaching, and increase their stability
under extreme conditions.1 To achieve simple
separation, researchers have recently begun
combining magnetic nanomaterials with MOFS,
which can be easily extracted from the reaction
system using an external magnet. Thus,
immobilized carriers based on magnetic MOFS
have attracted a lot of attention since their
inception.19,20
Existing I0C immobilization techniques mainly
include surface binding (physical adsorption
and covalent  crosslinking), infiltration
(diffusion into pores or IOC cells), and co-
deposition techniques.21 Although enzymes
encapsulated internally retain their activity
well, the combination of substrates and
enzymes is limited to the mass transfer of the
MOFS network. .22-24 Surface immobilization
through electrostatic ~ adsorption  and
hydrophobic interaction may reduce mass
transfer restriction, but enzymes are more
easily eliminated during the catalytic process.
Covalent cross-linking solves the problem of
enzyme loss, but the introduction of a cross-
linking agent often inevitably leads to a loss of
enzyme activity. 5, in addition, in these methods,
it is necessary to use highly purified enzymes,
which significantly increases the laboriousness
and laboriousness of the fixation process. 26 -
28 Based on the coordination between the His-
labeled protein and metal ions (Ni, Zn, Cu, Co,
etc.), various materials are prepared surfacely
modified with nitrilotriacetic acid or other
structural analogues to achieve one-step
purification and obtain immobilized enzymes.

29, 30, however, the synthesis of these specific
affinity materials often requires sophisticated
techniques that limit the large-scale production
of immobilized enzymes. As a kind of carrier
formed by metal ions and organic ligands, MOFS
has many regions of unsaturation that can form
coordination with  His-labeled proteins.
However, several studies have reported specific
immobilization of magnetic MOFS. 31
Meanwhile, if not handled properly, heavy
metals and organic ligands can lead to new and
serious environmental pollution.

In this study, magnetic and renewable
Zr-based MOFS (Fe304@Ui066) were
synthesized for the first time for highly selective
immobilization of His-labeled enzymes by
coordinating surface unsaturated Zr 4+ and
histidine (Scheme 1). For the medically
important glucuronic hydrolase, His-labeled in -
glucuronidase was chosen as the model system.
We proved that the prepared magnetic MOFS
can directly immobilize the target protein from
cell lysates with a high immobilization
coefficient. = Immobilized  [-glucuronidase
showed significant improvement in alkaline
environments, high temperature, protease
degradation and restriction of by-products. The
immobilized enzymes retained high catalytic
activity after repeated reuse. It is important to
note that Zr-based magnetic MOFS can be
regenerated after simple processing with a good
immobilization factor after several cycles.

Materials And Methods

Reagents and materials.

The genes in glucuronidase and primers used in
this study were acquired from Sangon Biotech
(Shanghai). Escherichia coli trans5a and BL21
(DE3) were obtained from TransGene Biotech
(Beijing). FeCl3-6H20, FeCl2-4H20, ZrCf"1,4-
dicarboxybenzene (TPA) and GL were
purchased from Macklin (Shanghai). The GA
(99%), glycyrrhetinic acid glucuronide (GAMG
99%) and GL (99%) standards were obtained
from Shanghai Yuanye Bio-Technology Co. Ltd.
All other reagents used in this experiment were
analytically pure.
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Expression and purification in- plasmid, pET28a (+) was chosen (Fig. S1A ), and
glucuronidase. the expression of recombinase was in E. coli

BL21 (DE3). Purification in-glucuronidase was
carried out by  Ni-chelated  affinity
chromatography. 32 Process details shown on

We screened for aspergillus bertholletiae
with NCBI (KAE8374379.1) and named it
AbGUS. For the design of the recombinant
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Figure 1. Production of magnetic MOFs based on Zr(1V) and selective capture of His-labeled enzymes

Nanoparticles Fe304. The method of co-
precipitation with some modifications was used
to obtain nanoparticles Fe304. 33 First, 2 g of
FeC~ "0 (2 g), 8 g of NaAc and 2 g of PEG 4000
were added to 80 ml of ethylene glycol when
stirred. Then all mixtures were transferred to an
autoclave of stainless steel with a Teflon coating
and kept at 200 ° C for 8 hours. Fe304
nanoparticles three times purified with ethanol
and deionized water. The Fe304 nanoparticles
were then dried in a furnace at 60° C. for 8 hours
and assembled for later use.

Ui066 based on Zr(IV), applied to Fe304
nanoparticles.

The prepared Fe304 nanoparticles (100
mg) were dispersed in dimethylformamide
(DMFA) (5 ml) and sonicated for 30 min. Then
150 mg ZrCl 4, 130 mg terephthalic acid, 75 ml
DMFA and 4 ml of glacial acetic acid were added.
The mixture was then transferred to a Teflon-
coated stainless steel autoclave and reacted at
130 °C for 10 hours. Next, the brown precipitate

was separated with a magnet and washed three
times with ethanol and deionized water for
removal of impurities. The resulting
Fe304@Ui066 was dispersed in deionized water
for subsequent experiments.

Cnenuduueckaa ummoommsanuss AbGUS
Fe30:@UiO 66.

The immobilized enzyme was prepared
according to preferences with a slight
modification. 34 AbGUS and bovine serum
albumin (BSA) (0.8 mg/ml) in phosphate buffer
(PB, pH 7.4, 20 mM) were mixed together with
nearly 3 mg Fe30s4 and Fe30:@Ui066
respectively. The mixtures were then shaken at
25°C.and 800 rpm for 30 min. After the reaction
was completed, electrophoresis was performed
in a polyacrylamide gel with sodium dodecyl
sulfate (SDS-PAGE) to test the adsorption
specificity. Determination of the coefficient
loading was based on the Bradford method of
the amount of protein after immobilization

amount of protein after immobilization

Load Factor = -----===mmmmeemmu

total amount of protein for immobilization

Analysis of enzymatic activity.

For further determination of the
hydrolysis activity of free and immobilized
AbGUS, 1 mg/ml of glycyrrhizic acid (GL) in FB

(pH 5.0, 20 mM) was prepared. Free enzymes
(40 pL, 0.1 mg/mL) and immobilized enzymes
(containing 0.004 mg AbGUS) were added
respectively to 1 mL of AP solution. The reaction
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was incubated at 40° C. and 220 rpm for 15 min.
800 pL of methanol was then added to stop the
reaction. The resulting glycyrrhetinic acid (HA)
was determined by high-performance liquid
chromatography (HPLC) after filtration through
an organic microporous membrane of 0.22 pm.
The Shimadzu LC-15C system was equipped
with a Diamonsil C* (4.6x250 mm 2, 5 pum)
speaker. The mobile phase was methanol (95%)
and water (5%) at a flow rate of 0.8 ml / min. UV
detection was carried out at 250 nm for GL and
GA.

Analysis of the stability of free and
immobilized AbGUS.

Stability at different temperatures was
determined through the relative activity of free
and immobilized AbGUS stored in FB (20 mM)
with a pH of 5.0 in the temperature range from
25 to 70 ° C for 2 h. Similarly, pH stability was
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incubated in PB at 25 ° C with a pH range of 3.0
to 9.0 for 2 hours. Long-term storage stability
was determined by storing free and
immobilized AbGUS in 20 mM pH 5.0 PB at 4 °C
for 7 days. For the hydrolysis of the AP, the same
amount of free and immobilized enzymes was
taken daily. The effect of glucuronic acid
concentration on catalytic activity was
measured in the range from 1 to 8m.

Under the above conditions, the number
of cycles of immobilized enzymes was measured
and 1 ml of 1 mg / ml of GL solution with
immobilized enzymes was incubated for 15 min.
After that, the immobilized enzymes were
separated with a magnet, and the precipitate
was washed three times with 1 ml of FB (pH 5.0,
20 mM) to remove HA and unreacted GL for
reuse in the next cycle.

Relative activity was calculated according to the
following equation (equation 2)
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Puc. 1. Pusnyeckue cBorictBa Fes04@Ui066: (A) cuaTe3upoBaHHblie Ui066 u Fe304@Ui066. (B)
VSM Fe304 (4epHblit) u Fe3s04@Ui066 (kpacHsbiii) npu 1,5 Ta. (C) XRD UiO66 (cunuin), Fes04
(uepHsbIlit) u Fe304@Ui066 (kpacHbiit) ipu 1,5 T (C) XRD UiO66 (cuHui), Fe304 (4epHBbIit) 1
Fe304@Ui066 (kpacHsiii). (D) f-morennmannb Ui066, Fe304 u Fe3s04@Ui066.

Ao
relative activity = -----------

Ax
Ando is the highest activity of one group.
Ax are the ones that others have.
Characteristics. To confirm the Zr-based coating
of Zr-based MOFS UiO66 around the surface of
Fe304 nanoparticles, to observe the

morphology and microstructure of the samples.
To characterize the functional groups, fourier
transform  infrared  spectroscopy  was
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performed (FTIR, Nicolet spectrometer model
205). A vibrating magnetometer for samples
(VSM, Quantum Design) was used to determine
the magnetic properties of samples at 25 °C with
a magnetic field ranging from -15 up to 15 kOe.
Determinations of thermogravimetric (TG)
analysis were performed on the
thermogravimetric analyzer STA 449 to
determine the stability of Fe304@UiO66. X-ray
diffraction analysis (XRD, Rigaku)
Fe304@Ui066 was performed on an X-ray
diffractometer D8 advance with Cu Ka-radiation
(A =1.5406 nm, 40 kV x 40 mA). The porous
structure was studied by Brunauer-Emmet-
Teller (BET) and Barrett-Joyner-Halenda (BJH).
Confocal laser scanning microscopy (CLSM,
LEICA TCS SP8) was used for visual observation
of immobilized enzymes. f-Potential was tested
on Zeta/sizer Nano 9300 instruments to
determine potential changes after Ui0O66
coverage.

Results And Discussion

CunTe3 M xapakTepucTtuka Fe3z04+ @Ui066.
The introduction of a magnetic core is a possible
method of improving the recovery of MOFS
nanomaterials. Here, the Fe304 nanoparticles
were chosen as the magnetic core coated with
Zr-based MOFS UiO66. Like the Fe304
nanoparticles, the resulting materials
Fe304@Ui066 looked like brown precipitates,
while the Zr(IV)-based I0C UiO66 without
magnetic nanoparticles were white solid
particles (Fig. 1A). In Figure 1B, the saturation
magnetization value of Fe304@Ui066 is 53.09
emu/g, and the value of the Fe304

nanoparticles is 90.02 eme/g. The change in
magnetic response also indicated the formation
of the core-shell structure. The resulting
Fe304@Ui066 it can still be easily separated by
an external magnet, while UiO66 has no
magnetic response (Fig. 1A). Thus, the resulting
hybrid nanoparticles have a good magnetic
separation property, which has great potential
for practical applications.

The fabrication of the Fe304@Ui066 was
further characterized using XRD (Fig. 1 C).
Figure UiO66 (20 = 7.36, 8.52 and 25.7°)
corresponded to the planes (110), (200) and
(600), which is well consistent with previous
studies, indicating the growth of the UiO66
crystal on the surface of Fe304. 35 In addition,
the main diffraction peaks of Fe304 are found in
Fe 3 3 nanocomposites. 04+@Ui066.
Characteristic peaks at 30.1, 35.4 and 43.2°
correspond to the planes (220), (311) and (400)
of the cubic crystal system. The graphs showed
that the nanocomposites Fe304@Ui066 include
both the characteristic peaks of the fe 3 O 4 core
nanoparticles and the mofs uiO66 shell, 36
confirming the formation of the Fes O core shell
4@Ui066. In the PBS buffer (pH 7.4), the Z
potential of the UiO66 nanoparticles was +37.3
mV, and fesO0 4-14.3 mV (Fig. 1D). After
wrapping the 10C UiO66, the potential of the
magnetic nanoparticles changed to -6 mV. The
coating of fe 304 moF s nanoparticles based on
Zr was maintained.

EMS and TEM were used to further confirm the
formation of MOFS UiO66 based on Zr around
the surface of Fe304. From
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Figure 3. (A) Micrograph of confocal fluorescence Fe304@UiO66@AbGUS. (B) SDS-PAGE
products before (track 1) and after (track 2) immobilization on Fe304@Ui066. (C) SDS-PAGE cell
lysates before (track 1) and after immobilization with Fe304@Ui066 (track 2) and uncovered

Fe304 (track 3).

The EMS image in Fig. 2A shows that the
Fe304 nanoparticles have a spherical or
ellipsoidal shape and a smooth surface. When
Ui066 was coated, the surface of the samples
became rough and uneven (Fig. 2B), which
increased the surface area of the BET carriers
and provided more adhesion sites and a good
microenvironment for enzymes. Unlike the
Fe304 nanospheres. (inserted photo on Fig. 2 C),
Fe304@Ui066 demonstrates a kernel-shell
structure with a thin and loose shell Ui066. TEM
Fe304@Ui066 had a darker electron density,

which further supported the surface coating. We
also characterized

pdistribution of elements on Fe304@ Ui066. As
shown in Figure 2D, zirconium was distributed
along the periphery of the magnetic
nanoparticle, confirming that Zr-based UiO66
was deposited on the surface of Fe304.
Compared to the elements Fe and O, the density
of zirconium elements was relatively less. The
Ui066 layer could be loosely distributed on the
surface of the Fe304 nanoparticles. , which
explains why the Z-potential of Fe304@Ui066
was not positive like that of Ui066.
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Cnepudpuueckass wummoomausanmsa  His-
Me4deHbIX pepmeHTOB Ha Fe304@Ui066.
Next, we investigated the specific
immobilization of His-labeled AbGUS with
Fe304@Ui066. We then used CLSM to visually
observe the immobilized enzymes. For this, the
purified recombinant AbGUS was labeled with
rhodamine B (RhB). 37 The released red
fluorescence of RhB radiation confirmed the
presence of AbGUS in hybrid fe 304
nanocomposites@UiO066 (Fig. 3 A). To confirm
the high selectivity of Fe304@Ui066, we first
prepared a mixed solution of BSA and His-
labeled AbGUS with a protein concentration of
0.8 mg/ml. As shown in Track 1 in Fig. 3B, the
protein solution prior to immobilization
showed two dark blue bands at 80 and 66.4 kDa
per SDS-PAGE, corresponding to AbGUS and
BSA, respectively. After mixing with
Fe304@Ui066 and separation by means of an
external magnet, the strip for AbGUS in the
protein mixture became much lighter (track 2 in
Fig. 3B). In contrast, the BSA strip was still
heavy, indicating that the BSA could not be
captured Fe304@Ui066.

the wuse of cell lysates Fe304@Ui066
demonstrated higher selectivity in capturing
His-labeled AbGUS, whereas the bands of
unlabeled protein on track 2 remained
unchanged compared to the strip on track 1 in
Figure 3C. However, uncoated Fe304
nanoparticles absorbed all proteins, including
the unlabeled protein (track 3 of Figure 3C). As
shown in Figure S2, the surface of the
Fe304@Ui066@AbGUS has a coarse
morphology. The result of EMS and FEM showed
no obvious changes Fe304@UiO66 before and
after enzyme immobilization, which is similar to

previous studies. 36, 38 We then measure the
magnetic nanoparticles loaded with enzymes.
Since the charge of the enzyme was negative, the
surface potential changed from -6.23 to -21.21
mV, which indicates a successful loading
enzymes on the Fe304@Ui0O66.

To further confirm that the strong interaction of
the His-label with Zr(IV) leads to high
immobilization of the target protein, we tested
the change in the adsorption capacity of
Fe304@ UiO66 to His-labeled AbGUS at
different concentrations of imidazole. As shown
in Figure S3, when the concentration of
imidazole was 500 mM, the protein was not
adsorbed. A small portion of the target protein
was immobilized at 200 mM imidazole. Almost
all His-labeled AbGUS were absorbed without
imidazole in solution. Thus, due to the strong
competition of imidazole, the His label cannot
effectively bind to Zr(IV). However, the
concentration of unlabeled protein remained
unchanged regardless of the presence of
imidazole. All of the above results showed that
Fe304@Ui066 does achieve specific adsorption
due to the interaction between the surface
unsaturated Zr(IV) and the histidine imidazole
ring in the His-labeled protein. The immobilized
His-labeled AbGUS with Fe304@Ui066 was
named Fe30:@Ui066 @AbGUS.

To Dbetter prove the immobilization of
Fe304@Ui066 and AbGUS labeled By His, an
FTIR was conducted to characterize functional
groups. As shown in Fig. 4A, the characteristic
peaks of 1560 and 1402 cm-1 refer to the
oscillation of -COOH on Ui066, and the peaks of
746 and 626 cm -1 refer to the oscillation of Zr-
0, indicating the formation of
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The Ui066 coating on Fe304. The absorption
peak originally belonging to Fe-O can be affected
by Zr-O, resulting in the overlap of two
absorption peaks. After immobilization, the
peak of Fe304@UiO66@AbGUS showed new
adsorption bands at 1533 cm -1, which was the
deformation oscillation of the NH 2 groups from
AbGUS. The cn tensile vibration formed a
characteristic peak at 1024 cm -1. In fact, the
FTIR spectrum is also indicative of the
immobilization of AbGUS on composites.

The thermal stability of Fe304@Ui0O66@AbGUS
in the range from 25 to 800 °C (Fig. 4 B) was
studied using TG analysis. Mass loss up to 220
°C was caused by the release of solvent
molecules adsorbed in the cavity Fe30:@UiO66.
The corresponding mass loss at 220° C. was the
conversion of Fe304 to y-Fe20 3. y-Fe203 was
then converted to a-Fez03 at 400 °C, 40 with an
overall weight loss of 10%. Total weight loss
Fe304@Ui066 was only 17% at 800 °C,
indicating  high thermal stability. For
comparison, Fe304@Ui066@AbGUS showed a
mass loss of ~18.7% in the range of 220-400 °C,

which confirms the immobilization of AbGUS on
Fe304@Ui066. Judging by the changes in the
quality of AbGUS and Fe304@Ui066, the enzyme
load was 230 mg / g of carrier.

BETH and DBX methods are widely used to
study the adsorption properties of particles.
Adsorption/desorption of nitrogen was carried
out on Uio66, Fe304@Ui066 and
Fe304@Ui066@AbGUS. The corresponding
isotherms are shown in Figure 4 C. According to
the previous report, 36 Fe304has a type Il
adsorption isotherm. The Ui066
adsorption/desorption isotherm is type I, while
Fe304@Ui066 and Fe304@UiO66@AbGUS must
exhibit a mixture of type I/II isotherms. As
shown in Table 1, the beet surface area of
Fe304particles clearly increased from 38.1 to
193.6 m2 / g after applying UiO66 to it. 33
Similarly, the pore volume increased from 0.014
to 0.113 cm3 / g. The pore size distribution of
the nanoparticles was analyzed using BJH, and
the results are shown in Figure 4D. The
micromesoporous structure of Ui0O66 provides
a large surface area for magnetic fields.

Table 1. BET surface area and pore volumes of the obtained magnetic materials

Samples BAT surface area (m 2 /g)

nnnnnnn lissana F emR/ <)
Fes(04 33 38.1
066 142724 0.531
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Fe304@Ui066 193.6
Fe304@Ui066@AbGU 47.372

0.113
0,088

nanoparticles. Moreover, Fe30:@UiO66 has a
larger pore size of about 10 nm than UiO66,
which allows the enzymes in the POres of MOFS
to be immobilized through coordination. The
porous structure also allows the substrate to
diffuse more easily. After absorbing His-labeled
AbGUS, the specific surface area of the BET and
the pore volume of hybrid composites
decreased by 75% and 22%), respectively (Table
1). Thus, His-labeled AbGUS not only adsorbed
on the surface of hybrid nanoparticles, but also
diffused into the pores of MOFS.

Optimal working conditions of free and
immobilized enzymes.

Immobilized enzymes. According to the above
results, Fe304@UiO66 can effectively and
specifically immobilize His-labeled AbGUS from
cellular lysates. Next, we analyzed the recovery
of enzymatic activity by one-step purification
and immobilization (Fig. 5A). As one of the main
active ingredients in licorice, GL can be
hydrolyzed by AbGUS to form GA. As the
number of carriers increased, the protein
content of the supernatant gradually decreased
(Fig. _S4). When the carriers reached a
concentration of 8 mg/ml, 94% of the enzymatic
activity of AbGUS was recovered from cellular
lysates. Through simple mixing and separation
with magnetic nanomaterials, recombinant
AbGUS can be perfectly extracted from cell
lysates, demonstrating great potential for
practical applications.

The capacity and efficiency of immobilized
enzymes play a significant role in the practical
application of biocatalysis. First, we optimized
the media load factor and immobilization time
using the cleaned AbGUS. With the use of 3 mg
of Fe304@ UiO66 nanoparticles, protein loading
increased with increasing protein
concentration, and the highest loading factor
reached 84.49% at 0.8 mg/ml AbGUS (Fig. S5).
The enzyme load per carrier unit could be 225.3
mg/g of carrier, which was consistent with the
TG results. In addition, the Fe30:@Ui066
nanoparticles could completely capture His-
based on this immobilization time. Compared to
other magnetic MOFS, the 21' 25' 41

Fe304@Ui066 obtained in this experiment had a
higher loading capacity and load factor, which
significantly reduced carrier waste and protein
loss in practice. Applications.

The action of immobilized AbGUS with different
pH values was tested in the pH range from 3.0 to
7.0 (Figure 5A). The optimal pH of free and
immobilized AbGUS was 5.0, but
Fe304@Ui066@AbGUS had a wider pH range
and maintained a higher activity from pH 4.0 to
6.0. The activity of Fe304@UiO66@AbGUS at pH
4.5 and 5.5 was 86.9 and 73.6%, respectively.
The effect of temperature for free and
immobilized AbGUS on the catalysis reaction
from 25 to 75 ° C was analyzed. Shown in Figure
5B, the maximum activity of
Fe304@Ui066@ADbGUS was at 50 ° C, while the
activity of free enzymes was at 40 ° C. Moreover,
the immobilized AbGUS showed better heat
resistance at temperatures above 60 ° C.
Ensuring optimal reaction conditions was due
to the protection of the active sites and the
conformation of enzymes by immobilization on
Fe304@Ui066 .

The kinetic parameters of free and immobilized
enzymes were studied by measuring the
hydrolysis of the AP with different substrate
concentrations at optimal pH and temperature
values. In Table. The 2 V max of immobilized
AbGUS (1.8023 * 0.136 pM/s) is slightly
reduced compared to free enzymes (2.079 *
0.226 uM/s). This phenomenon may explain the
lower availability of GL and the change in local
charge near the active site of the enzymes. 42
The value of K m Fe30:@Ui066@AbGUS
increased by about 28% compared to free
enzymes. The value of k cat /K m of immobilized
enzymes decreased by 41.8%. The reason for
the increase in Km may be the diffusion
limitation of substrates near Fe30:@Ui066 @
AbGUS and/or local conformational change of
the active site of enzymes. 43, 44 Even if
immobilization reduces the flexibility of
enzymes, immobilized AbGUS will still surpass
itin stability, reuseability, and potential efficacy.
Excellent stability of Fe30:@Ui0O66@AbGUS:
acid, alkali, long-term storage and cycles. Unlike
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free enzymes, one of the main advantages of
immobilized enzymes was that they could
improve the tolerance of enzymes under harsh

conditions such as high temperatures, acids and
alkalis. 45-47 The stability of
Fe304@Ui066@AbGUS was.

Figure 5. (A) Scheme for converting GL to GA Fe30:@Ui066@AbGUS. Optimization of hydrolysis
conditions: relative activity at different pH (B) and temperature (C).
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Table 2. Kinetic parameters of free and immobilization enzymes.

Vmax (um-s-1) Km (mM) kcat (s-1) fccat/Km
free AhGUS 2.079 £ 0.226 2.453+0.171 8.361 + 0.052 3.408
He30fs@Ui0O66@A 1.8023 +0.136 3.147 £ 0.149 6.209 £ 0.072 1.972
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Rice. 6. Evaluation of the stability of
immobilized enzymes under various conditions:
stability after incubation for 2 hours in the pH
range from 3.0 to 9.0 (A) and temperature from
25to 70 ° C (B). (C) Long-term storage stability
at 4°C in PB (pH 5.0, 20 mM) for 7 days. (D)
Relative activity at pH 8.0 and 9.0, respectively.
Thus, the immobilized enzymes showed a wide
range of pH stability. The formation of
coordination bonds between the unsaturated
zirconium ion in the carrier and the undivided
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electron pair N on the histidine ring of the his-
labeled protein 48 can increase the stiffness of
enzymes and prevent the destruction of the
tertiary structure of AbGUS. in alkaline media.
Thus, the excellent alkaline stability of Fe Fe 30
4 @ Ui0O66 @ AbGUS markedly expanded the
range of enzyme resistance to alkalis, which led
to an expansion of its practical application,
especially in high pH conditions. 6 B).
Long-term storage and reuse
immobilized enzymes are important

of
for
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industrial biocatalysis. As shown on Figure 6C,
Fe304@Ui066@AbGUS almost saved 90% its
catalytic activity, while free AbGUS completely
lost its activity when stored for the same time.

A
1207 I ¥, 0,6 V0666 ABGUS
i 100 Bl \h.t.l S
z :
= 80
; o0
.
= 40
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= 0
0
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e
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0 .
0 1 2 3 4 5 6
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For resistance to protease degradation, residual
activity its catalytic activity, while free AbGUS
completely lost its activity when stored for the
same time. For resistance to protease
degradation, residual activity immobilized
enzymes were 50% higher than the activity of
free enzymes (rice. S5). Due to the presence of a

=}

Relative Activity(%)

Relative Activity (%)

10

porous structure in Ui066 MOF, the enzymes
diffusing into the channel were to a certain
extent UiO66 @AbGUS under the same reaction
conditions (pic.6D). The magnetic nanoparticles

B O, UiOstin ABGUS
B ¥ ree ABGUS

25 30 35 40 45 50 55 60 65 70
Temperature (°C)

Cycles

can be conveniently assembled by an external
magnet after the reaction and re-dispersed by
simple  shaking. Residual activity of
Fe30:@Ui066@AbGUS decreased by only
~20% after eight cycles. The method of
coordination connections made it difficult for
the protein to fall away from the carriers.

Resistance to substrate and by-products and easy regeneration of Fe304 @Ui0O66 @AbGUS.

In the process of bioconversion, the
accumulation of by-products often leads to
inhibition of catalytic activity. Excessive
accumulation of glucuronic acid probably
inhibits the enzymatic activity of the model
enzyme in this experiment and reduces the pH
of the reaction system. The inhibitory effect of
various concentrations of glucuronic acid on the
activity of the enzyme was investigated. With 2
mM glucuronic acid, the catalytic activity of free
AbGUS decreased by more than 50%, while the
activity of immobilized enzymes was
maintained at 92.8% ( Fig. 2). S7 ). Even when
the concentration of glucuronic acid reached 8

mm, the residual activity of Fe304@Ui066@
AbGUS was more than twice the activity of free
enzymes. The structure of the MOF can to a
certain extent stabilize the conformation of
enzymes, thereby ensuring that AbGUS can still
have high catalytic activity at a higher
concentration of the by-product.

To reduce the inhibitory effect of the byproduct
on the activity of immobilized enzymes, we
investigated the efficacy of
Fe304@Ui066@AbGUS in the periodic reaction.
The immobilized enzymes (0.5 mg) were first
mixed with 2 mg/mL GL (2 mL, pH 5.0, 20 mM
PB) and reacted at the optimum temperature.
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Figure 7. Application of immobilized enzymes and repair of carriers: (A) periodic hydrolysis of GL
with recharge. (B) Desorption of immobilized enzymes by various reactants. (C) Recirculation of
Fe304@UiO66 after treatment with dithiotreite (DTT) at high temperatures.

conditions. After collecting the magnetic
composites, the supernatant was removed and a
fresh GL solution of the same concentration was
added again. The catalytic activity of Fe 3 0 4
@Ui066@AbGUS still retained 54.9% of the
baseline activity after five loads (Figure 7A ).
The amount of GA extracted from the
precipitator was 59.8% of the theoretical yield,
and 34.7% ga was collected from the
supernatant by centrifugation. Thus, the
magnetic carriers of the MOF provide efficient
separation of substrate and product in the
extraction of enzymes. This provided a good
separation strategy for other heterogeneous
biotransformation processes.

However, if not handled properly, heavy
metals and organic ligands, as the primary
synthetic MOF units, can cause new and serious
environmental pollution problems. Thus, how
effectively to reuse and regenerate a failed
carrier has been identified as a hotspot of
research in this area. 1321 Enzymes immobilized
by chemical covalent binding could be reusable,
but this type of carrier often could not be
reused. AbGUS self-organizes on the surface of
Fe 3 0 4+ @ Ui0O66 due to the coordination
interaction of oligohistidine labeled with Zr#*
ions. We tested six types of regeneration

reagents (Fig. 7B), such as imidazole (0.3 M),
zirconium ion (0.3 M), mercaptoethanol (ME)
(10%), ethylenediaminetetraacetic acid (EDTA)
(0.3 M), DSN (10%), and DTT (5 mg/ml) to
remove immobilized protein. However, none of
the reactants were able to desorb the enzymes.
Interestingly, after heating to 100° C. for 30 min,
92.6% of the absorbed protein was eluted at 5
mg/ml of DTT, while other chemicals remained
ataverylowlevel (less than 20%). As areducing
agent, DTT can restore protein disulfide bonds,
which destroys the secondary structure of the
protein. High temperatures revealed the
tertiary structure of the protein and exposed the
disulfide bonds in the protein that satisfy the
working condition of DTT, which led to the
desorption of the protein from Fe30:@Ui066.
49 With an increase in DTT from 0 to 5 mg / ml
( Fig. S8 ) protein elutation rate increased
significantly from 0 to 92%. With protein
denaturation at high temperatures, a small
amount of DTT could effectively desorb the
protein from the carrier. After DTT treatment at
high temperature, the immobilization of the
protein on the magnetic carrier was maintained
by more than 90% in the first three times of
reuse and could still reach 70% after six times
reuse (Figure 7C). Thus, the prepared
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nanocarriers showed excellent recycling
properties, which significantly reduced the cost
and pollution of the environment.

2. Findings

This paper is the first to investigate zirconium-
based magnetic MOFs (Fe304@Ui066) with
highly selective immobilization and excellent
renewability. Prepared MOFs demonstrated
good magnetic response and relatively correct
porous morphology, as well as specially
captured His-labeled enzymes from -cellular
lysate. In addition, the immobilized enzymes
had a wider range of pH and temperature,
exhibiting more than 85% of the original
activity after Premises on Wednesday with a pH
of 3.5-8.0 or at 60 ° C for 2 h. The activity of
immobilized enzymes was more than 80% after
eight cycles. In addition, renewable magnetic
carriers can effectively trap target proteins even
after six times reuse. The above results suggest
that the Zr(lV)-based magnetic MOF
nanocarriers produced in this experiment can
be used as a potential platform for one-step
purification and immobilization of His-labeled
enzymes. In addition, the excellent stability,
reusability and renewability of the engineered
nanoparticles have opened up very promising
prospects for enzyme engineering and
industrial catalysis.
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