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Abstract [In situ encapsulation is an effective way to
synthesize enzyme@metal-organic framework biocata-
lysts; however, it is limited by the conditions of metal—
organic framework synthesis and its acid-base stability.
Herein, a biocatalytic platform with improved acid-base
stability was constructed via a one-pot method using
bismuth-ellagic acid as the carrier. Bismuth-ellagic acid is
a green phenol-based metal-organic framework whose
organic precursor is extracted from natural plants. After
encapsulation, the stability, especially the acid-base
stability, of amyloglucosidases@bismuth-ellagic acid was
enhanced, which remained stable over a wide pH range
(2-12) and achieved multiple recycling. By selecting a
suitable buffer, bismuth-ellagic acid can encapsulate
different types of enzymes and enable interactions between
the encapsulated enzymes and cofactors, as well as
between multiple enzymes. The green precursor, simple
and convenient preparation process provided a versatile
strategy for enzymes encapsulation.

Keywords bismuth-ellagic acid, in situ encapsulation,
enzyme@MOF biocomposites

1 Introduction

Enzymes are ideal biocatalysts for various industrial
applications [1-3]. They are already being used as
biocatalysts in industrial production applications and have
become a major force in chemical manufacturing because
they adhered to the development of green chemistry and
atomic economy [4,5]. However, enzymes may be short-
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lived in biocatalytic applications, and their susceptibility
to surrounding physicochemical conditions limits their
practical application [6]. In addition, the inherent
instability of enzymes poses a constant threat to their
long-term storage and reuse. Modern advances in
biotechnology have helped us obtain more efficient and
robust enzyme catalysts; in particular, directed evolution-
ary techniques have greatly improved the activity and
stability of biocatalysts [7,8]. However, such optimized
biocatalytic systems generally suffer from insufficient
economic feasibility and reusability, which is not in line
with the development requirements of a green circular
economy. Furthermore, enzyme immobilization can
protect enzymes from inactivation and degradation,
facilitating their isolation and recycling [9,10]. Therefore,
enzyme immobilization is an effective method to expand
the industrial applications of enzyme.

Metal-organic frameworks (MOFs) are special hybrid
porous materials that have been widely developed class of
carriers for enzyme immobilization in recent years
[11-13]. Their fascinating physicochemical charac-
teristics, such as large specific surface area, tunable pore
size, abundant functional groups, and ease of modifica-
tion, make them well-adapted to provide a stable micro-
environment for enzymes via host-object interactions or
limiting effects [14—16]. Research reports on enzyme@
MOF biocomposites have increased exponentially in
recent years [17-19]. However, limited by the nature of
MOFs, enzyme@MOF complexes prepared using azolate
ligands are usually unstable under weakly acidic
conditions, while the assembly of carboxylic acid ligands
is unstable under weakly basic conditions [20,21]. Thus,
the design and development of a novel enzyme@MOF
complex that can maintain stability under both weakly
acidic and weakly base conditions to accommodate the
diversity of enzymes is a pressing issue.

Polyphenols are organic molecules containing phenolic
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hydroxyl groups widely found in plants [22,23].
Polyphenols can form metal-polyphenol networks
through coordination between chelating ligands and metal
ions, which are potential ligands for synthesizing of
MOF-based materials [24]. Compared to carboxylic acid-
based MOFs, phenol-based MOFs have higher chemical
stability due to the higher pK, of phenolic groups,
effectively chelating metal ions [25,26]. Although
phenol-based MOFs have good stability, only a few types
have been developed so far. Selecting suitable rigid
polyphenol molecules and controlling their porosity poses
a challenge in the synthesis of phenol-based MOFs [27].
Ellagic acid (EA) is the building block of tannins, which
are natural polyphenolic biomolecules. It has a centrally
symmetric rigid molecular structure and has been used to
prepare phenolic MOFs by combining with bismuth and
zirconium ions [28]. MOFs composed of EA and bismuth
ions have good biocompatibility and remarkable chemical
stability, which provides a platform for the construction
of universal enzyme@MOF complexes.

In this study, Bi-EA were used to construct enzyme@
MOF complexes via an in situ synthesis process. After
optimizing the synthesis conditions, Bi-EA was found to
be suitable for encapsulating of various types of enzymes
and enabling interactions between enzymes and cofactors
as well as between multiple enzymes. Amyloglucosidases
(AMG) was used as a model enzyme to verify the
encapsulation performance of Bi-EA. The AMG@Bi-EA
complexes retained high catalytic activity, had improved
stability, and remained stable under weak acid or weak
base conditions. In addition, the synthesis of enzyme@
Bi-EA was consistent with the concept of green synthesis
and sustainability, in which ligands were derived from
plant extracts, and the synthesis was performed at
ambient temperature and pressure without using organic
solvents. This work provides an effective strategy for in
situ enzyme encapsulation with improved acid-base
stability and further promotes the application of MOFs in
biocatalysis.

2 Experimental

2.1 Chemicals

Bismuth acetate and sodium acetate were purchased from
Shanghai Maclin Biochemical Technology Co., Ltd.
(Shanghai, China). EA, 2-morpholinoethanesulfonic acid
(MES), N-(2-hydroxyethyl)piperazine-N"-methanesulfonic
acid (HEPES), glucose dehydrogenase (GDH), horsera-
dish peroxidase (HRP), and p-nitrophenyl palmitate were
purchased from Shanghai Aladdin Biochemical Techno-
logy Co., Ltd. (Shanghai, China). AMG and glucose
oxidase (GOx) were purchased from Shanghai Yuanye
Bio-Technology Co., Ltd. (Shanghai, China). Lipase B
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from Candida antarctica (CALB) was purchased from
Beijing Dingguo Changsheng Biotechnology Co. Ltd.
(Beijing, China). Organophosphorus hydrolase (OPH)
was purchased from Beijing Schengenbiya Bioenginee-
ring Technology Co., Ltd. (Beijing, China). Parathion-
methyl was purchased from Dr. Ehrenstorfer GmbH
(Augsburg, Germany). All other reagents were purchased
from Beijing Mreda Technology Co., Ltd. (Beijing,
China).

2.2 Synthesis of Bi-EA and AMG@Bi-EA

To synthesize of Bi-EA, 30 mg of bismuth acetate was
dispersed into 10 mL of various buffer solutions with
different pH levels to form a milky suspension under
stirring conditions, and then 10 mg of EA was added. At
this time, the solution immediately turned gray and
gradually turned yellowish-green. After stirring and
reacting at 25 °C for 5 h, the Bi-EA solid was collected,
washed three times with deionized water, and freeze-
dried for later use. The buffer solutions used in the
preparation of Bi-EA were sodium acetate buffer
(0.2 mol-L!, pH = 4-5), MES (0.2 mol-L™!, pH = 6), and
HEPES (0.2 mol-L!, pH = 7-8).

AMG@Bi-EA was prepared using a one-pot method.
Typically, AMG (1 mg-mL™") was dissolved in acetate
buffer (0.2 mol-L~!, pH = 5), followed by the successive
addition of bismuth acetate and EA. The complex was
obtained after 5 h. The AMG@Bi-EA solution was
prepared according to the optimum pH of AMG. Since
the optimum pH of AMG was 4-5, acetate buffer was
chosen as the reaction medium.

2.3 Determination of enzyme activity and kinetic
parameters

The enzyme activity of free AMG and AMG@Bi-EA was
calculated as the amount of reducing sugar released with
water-soluble starch as a substrate. The enzyme disper-
sion (100 pL) was added to 900 pL of sodium acetate
buffer (pH 5), then 1 mL of dextrinized starch (1 wt %)
was added. The reaction was terminated by adding NaOH
(1 mol-'L™!, 0.5 mL) after 5 min. A certain amount of
reaction solution was diluted to 0.5 mL, then 0.5 mL of
dinitrosalicylic acid (DNS) reagent was added and heated
at 100 °C for 5 min. The absorbance value of the mixture
was measured at 540 nm to calculate the reducing sugar
content [29]. The initial reaction velocities of free AMG
and AMG@BIi-EA were measured at different starch
concentrations (080 g-L™"), and the Michaelis constant
(K,,) was obtained via nonlinear fitting.

2.4 Thermal stability, acid-base stability, reusability and
storage stability of AMG@Bi-EA

Free AMG and AMG@Bi-EA were incubated at 60, 65,
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70, 75, and 80 °C, and residual enzymatic activity was
assayed at 10-min intervals. The deactivation mechanical
parameters were calculated using the following formulae:

Cg
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where Cp, represents the initial enzyme concentration, Cp,
represents the concentration of active enzyme at time ¢, ¢
represents the incubation time, k4 represents the one-step
inactivation constant or decay constant, and A, and A,
denote the initial activity and activity at any moment ¢,
respectively.

The half-life (¢,,) and D-value of AMG and AMG@Bi-
EA were calculated as follows:

2 06931
1 =—= , 3
T I 3)
In10 2.
D-value = r;(do = 2?3. 4)

The inactivation energies (E;) of free AMG and
AMG@Bi-EA were calculated using the Arrhenius equa-
tion, where A, is the precursor factor of the Arrhenius
equation.

E
ky = Aqexp (—ﬁ) 5)

Turbidity (optical density at 540 nm, ODs,,) was used
to characterize the stability of the materials after incuba-
tion in different buffers (pH 2-12). Briefly, AMG@Bi-
EA (5§ mg) was dispersed in buffers with different pH
values. After complete dispersion via ultrasound, 200 pL
of the dispersion was transferred to a 96-well plate, and

—~
&
=

Intensity

'} ’i ) 5. -8 N A L

WA

Front. Chem. Sci. Eng. 2023, 17(6): 784—794

the time-course ODs,, was assayed using a microplate
reader. The pH stability of AMG@Bi-EA was immersed
in buffers with different pH values, and the residual
activity was measured after 6 h of incubation.

Proteinase K treatment of AMG@Bi-EA was perfor-
med using the following procedure: 20 mg AMG@Bi-EA
was incubated in 4 mL of MES (0.2 mol-L™!, pH 6) for
1 h, then 5 mg proteinase K was added, and the solution
was incubated for 3 h. For free AMG and AMG@ZIF-8,
the protein content was consistent with that added in
AMG@BI-EA.

The reusability of AMG@Bi-EA was determined as
follows: 100 pL of AMG@BIi-EA dispersion was added
to 900 puL of sodium acetate buffer (pH 5), then 1 mL of
dextrinized starch (1 wt %) was added. After 5 min of
reaction, AMG@Bi-EA and the reaction solution was
separated via centrifugation (8000 r'min”!, 5 min). The
supernatant was used to determine the enzymatic activity,
and the solid catalyst was washed with fresh buffer and
then used for the next cycle. Certain amounts of
AMG@BIi-EA and AMG were dispersed in an aqueous
solution, and the change in activity with time was
measured to analyze their storage stability.

3 Results and discussion

3.1 Preparation and optimization of Bi-EA synthesis

The synthesis of Bi-EA hybrid materials was investigated
under different pH conditions. The phase structure and
morphologies of Bi-EA are shown in Fig. 1. As shown in
Fig. 1(a), the synthesis of Bi-EA in the pH range of 4-7
was achieved by selecting a suitable buffer. The resulting
materials were denoted as Bi-EA-n, where n represents

Fig. 1 (a) PXRD patterns and SEM images of (b) Bi-EA-3, (c) Bi-EA-4, (d) Bi-EA-5, (e) Bi-EA-6 and (f) Bi-EA-7.
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the pH value of the buffer. As the pH increased, the
intensities of the characteristic peaks and the crystallinity
of Bi-EA gradually decreased. At pH 8, the crystalline
structure of the material was almost completely lost,
because the bismuth precursor was easily hydrolyzed in
an aqueous solution [30]. Bismuth hydroxides are formed
when the solution is more alkaline, thereby affecting the
construction of open skeletons [31].

In addition to the pH level, the type of buffer also
affected the synthesis of Bi-EA (Fig. S1, cf. Electronic
Supplementary Material, ESM). The selection of non-
coordinated buffer molecules during Bi-EA synthesis is
critical to avoid the formation of complexes between
bismuth ions and buffer molecules. Phosphate groups can
strongly chelate metal ions [32,33], and Bi(IIl) cations are
more inclined to combine with phosphate to generate
BiPO, in phosphate buffered saline (PBS) (50 mmol-L 1,
pH 7) (Fig. S1). In addition, when the buffer solution
contains chloride ions, bismuth oxychloride is generated
instead of Bi-EA under the combined action of the pH
and chloride ions (Tris-HCl and KCI-NaOH, Fig. S1). To
avoid complexation between Bi(Ill) cations and buffer
molecules, MES and HEPES with pH values of 67 were
selected as buffer solutions. Both are Good’s buffers and
have the characteristics of high solubility in water, no
complexation or precipitation with metal ions, a small salt
effect, and chemical stability, among others [34,35].
Acetate radicals were also used as modulators for the
synthesis of MOF materials, so acetate buffer with pH of
4-5 was selected as the buffer solution.

The morphology of Bi-EA synthesized at different pH
values was studied using scanning electron microscopy
(SEM) and are shown in Figs.1 and S2 (cf. ESM).
Typical Bi-EA synthesized in an aqueous solution contai-
ning acetic acid exhibited an irregular columnar morpho-
logy (Figs. 1(b) and S2(a)). In contrast, it presented a
lamellar aggregation state in buffer solutions (Figs. 1(c—f)
and S2(b—e)). The special chemical properties of Bi(Ill)
cations and flexible coordination geometry make it easy
to form layered materials [30]. When the pH value was 8§,
the composite lost its lamellar structure and appeared as
fine particles (Fig. S2(f)), which was consistent with the
X-ray diffraction (XRD) results.

Furthermore, the generation of Bi-EA was time depen-
dent. Both bismuth acetate and EA were slightly soluble
in water, and the assembly of Bi-EA and dissolution of
the precursor in the reaction system were mutually
facilitated, which was verified via electron microscopy
combined with energy spectrum characterization (Fig. S3,
cf. ESM). Unreacted EA was observed in the fibrous
form when the reaction time was short (Figs. S3(a) and
S3(b)). Elemental mapping characterization verified that
bismuth was only distributed in the columnar or layered
complexes (Fig. S3(d)). When the assembly was fully
completed, Bi-EA exhibited a layered structure, and the
bismuth elements were uniformly distributed in the
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material (Figs. S3(c), S3(e) and S3(f)). The time required
for the preparation of Bi-EA could be adjusted by tuning
the amount of precursor added. In the 10 mL system, the
assembly of Bi-EA was completed in 5 h when the
amounts of bismuth acetate and EA added were 30 and
10 mg, respectively.

3.2 Preparation and characterization of AMG@Bi-EA.

AMG was used as the model enzyme to evaluate the
encapsulation effect of Bi-EA. The characterization of
AMG@Bi-EA are shown in Fig. 2. As shown in Fig. 2(a),
AMG@Bi-EA exhibited an irregular columnar or lamina-
ted morphology, which was different from that of the Bi-
EA complex prepared under the same conditions. This
may be due to the interactions between the enzymes and
the metal/ligand. Enzyme encapsulation in Bi-EA was
confirmed using the Bradford protein assay. The loading
of AMG in the Bi-EA was calculated to be 3.6%. Further-
more, enzyme encapsulation was further confirmed using
laser confocal microscopy. Fluorescein isothiocyanate-
labeled AMG was used to prepare AMG@BIi-EA, and
fluorescence signals indicated successful enzyme encapsu-
lation (Fig. 2(b)). The corresponding bright field and
merged images demonstrated that AMG was uniformly
distributed in Bi-EA (Fig. S4, cf. ESM).

The specific surface areas and pore volumes of Bi-EA
and enzyme@Bi-EA were analyzed using nitrogen adsorp-
tion and desorption experiments (Figs.2(e) and 2(f)).
Compared with Bi-EA, AMG@Bi-EA showed a signifi-
cantly decreased specific surface area and pore volume,
which may be due to the enzymes occupying the pores of
Bi-EA. The specific surface area was decreased from
4327 to 26.35 m>g!, and the pore volume was
decreased from 0.1603 to 0.1287 cm’-g !, These results
indirectly indicated the successful encapsulation of the
enzymes. TGA also confirmed the incorporation of
enzymes in Bi-EA. As shown in Fig. 2(d), Bi-EA
exhibited significant weight loss between 200 and 450 °C,
which was mostly due to the degradation of EA ligands.
Compared with pure Bi-EA, the weight loss of
AMG@BIi-EA further increased. The thermogravimetric
loss was roughly consistent with the enzymes loading
results, which further indicated the successful preparation
of AMG@Bi-EA. XRD confirmed that the addition of
AMG did not change the topology of Bi-EA. However,
the crystallinity of AMG@BiI-EA decreased slightly,
which was mainly manifested by the decrease in the
characteristic peak intensity and the broadening of the
peak width. The initial AMG concentration did not
substantially affecting the crystal form of the complex.

3.3 Biocatalytic activity and kinetic parameters of
AMG@BIi-EA

AMG can hydrolyze starch to glucose, producing a
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Fig. 2 Characterization of AMG@Bi-EA: (a) SEM image of AMG@BIi-EA; (b) laser confocal image of AMG@Bi-EA; (¢) XRD
pattern of AMG@Bi-EA with the addition of different AMG; (d) thermogravimetric analysis (TGA) curves of enzyme@Bi-EA and
Bi-EA; (e) nitrogen adsorption and desorption isotherms of AMG@Bi-EA and Bi-EA; (f) their corresponding pore size distribution.

reducing terminal [36]. The activities of AMG and
AMG@Bi-EA were measured using the DNS method
[29]. Biocatalytic activity and kinetic parameters of AMG
and AMG@BIi-EA are shown in Fig. 3. At the same
enzyme content, AMG@Bi-EA achieved starch hydroly-
sis with a lower catalytic efficiency (Fig. 3(a)). After
encapsulation, the specific activity of AMG@Bi-EA was
calculated to be 48.92 + 0.98 U-mgpmtein‘l, and the
activity recovery was 11.8%. The relatively low activity
recovery compared with the protein balance may be due
to the limited porosity of AMG@Bi-EA, as evidenced by
the N, isotherm. Poor porosity limits the entrance of the
substrate and the transport of the product, resulting in
reduced enzyme activity after encapsulation.

The hydrolysis rate of AMG catalyzed starch at

different concentrations was also determined, and the
kinetic constant was obtained via nonlinear fitting (Fig.
3(b)). The protein content of free AMG maintained
during the determination of reaction kinetics parameters
was consistent with that in AMG@Bi-EA. As can be seen
in Table 1, the maximum reaction rate (V_,,) of AMG
catalyzed starch hydrolysis decreased from 10.78 to
3.643 pumol-L™"-min~!, which may be caused by mass
transfer resistance. During co-precipitation, the enzyme
may be buried in the enzyme@MOF complexes or
partially exposed to the surface. Thus, the position of the
enzyme in the complex may affect its catalytic function.
For the small-molecule substrates that can diffuse into the
pores of MOFs, enzymes buried in enzyme@MOF
complexes can also combine with substrates to achieve
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Fig. 3 (a) The catalytic activity and (b) enzymatic kinetics analysis of free amyloglucosidase and AMG@Bi-EA.

Table 1 Kinetic parameters of free AMG and AMG@Bi-EA

Enzyme K /(g™ Vina/(umol- L -min )
Free AMG 6.835+0.6142 10.78 £ 0.3880
AMG@BI-EA 3.883 +0.4069 3.643 +0.0968

catalytic transformation. However, for macromolecular
substrates, diffusion limitations make the surface-
embedded enzymes the main contributors to catalysis
[37,38]. Starch, as a macromolecular substrate, will have
difficulty passing through the Bi-EA shell with poor
porosity, and only AMG embedded in the surface layer
showed catalytic activity, thus, V_, was significantly
reduced. Although the overall catalytic rate of AMG@Bi-
EA was reduced, it exhibited higher substrate affinity.
During the co-precipitation process, the interaction
between Bi-EA and AMG may provide a microenviron-
ment, which is beneficial for maintaining the intrinsic
dynamics or conformational freedom of the enzyme.
These enhanced dynamics may be responsible for
promoting the binding of the enzyme to the substrate. A
similar phenomenon has been reported by Pan et al. [37].
However, the mechanisms underlying the interaction
between enzymes and carriers during the encapsulation
process requires further study to explain the changes in
enzymes performance.

3.4  Acid-base stability of AMG@Bi-EA

To verify the stability of enzyme@Bi-EA in weak acid
and base solutions, AMG@BIi-EA was soaked in a buffer
with a pH value of 2-12 for a certain period, and its
structural stability and activity retention are shown in
Fig. 4. The variation in the optical density of AMG@Bi-
EA over time during immersion is shown in Fig. 4(a).
The ODg,, of the sample did not decrease significantly
after incubation for 10 h in the pH range of 2-10,
indicating that the particles size of AMG@Bi-EA
remained at the micron level. The stability of AMG@Bi-
EA was further demonstrated using XRD. As shown in
Fig. 4(b), the location of the -characteristic peaks

remained unchanged after incubating AMG@Bi-EA in
buffers with different pH values (2-10), indicating no
obvious changes in their crystal structures. The characteri-
stic peaks were slightly shifted to a higher angle at pH of
12, which is consistent with the turbidity characterization.
Interestingly, although it could not be prepared in the
presence of phosphate, the structure of AMG@Bi-EA
was stable in PBS buffer. The SEM images of AMG@Bi-
EA also showed that its structure remained relatively
intact (Fig. S5, cf. ESM). Compared with azolate or
carboxylic acid ligand-based MOFs, which showed
different degrees of decomposition under weakly acidic
or weakly basic conditions, AMG@Bi-EA exhibited good
acid-base stability, which was due to the strong chelation
between polyphenols and metal ions [26-28].

The activity retention of AMG@Bi-EA was verified via
incubation in buffers of different pH values. As shown in
Fig. 4(c), except at a pH of 2, there was no obvious
decrease in enzyme activity after immersing AMG@Bi-
EA in the buffers with pH of 3—12 for 6 h, indicating that
Bi-EA has a strong protective effect on AMG. For
comparison, the stability of AMG encapsulated in ZIF-8
(AMG@ZIF-8) under weakly acidic conditions was also
studied in the presence of proteinase K [30]. ZIF-8 is
unstable under weakly acidic conditions (pH 6). During
the decomposition of ZIF-8, the encapsulated enzymes
leak out and are hydrolyzed by proteinase K, resulting in
a loss of activity. As shown in Fig. 4(d), free AMG was
almost completely inactivated after 3 h of incubation in
the presence of proteinase K. AMG@Bi-EA retained
36.4% of its original activity, whereas AMG@ZIF-8
retained only 16.7%, which indicated that AMG@Bi-EA
was more stable than AMG@ZIF-8.

3.5 Thermal stability of enzyme@Bi-EA

Enzymes are heat-sensitive, and high temperatures can
damage their structure and cause irreversible inactivation
[39,40]. The thermal stability of an enzyme can typically
be improved via encapsulation. In this study, the thermal
inactivation of free AMG and AMG@BiI-EA was
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Fig. 4 (a) Turbidity and (b) XRD analysis of AMG@Bi-EA after immersion in buffers of different pH; (c) the activity of
AMG@BIi-EA after immersion in buffers of different pH and (d) its stability in a weakly acidic solution in the presence of proteases.

analyzed and the results are shown in Fig. 5. Free AMG
and AMG@Bi-EA were incubated at 60, 65, 70, 75, and
80 °C, and enzymatic activity was detected at 10-min
intervals. The variation in residual activity with time is
shown in Figs. 5(a) and 5(b). AMG@BIi-EA exhibited
good thermal stability at 60-70 °C. After 1 h of
incubation, AMG@Bi-EA retained 76.3%, 68.0% and
60.6% of its original activity; however, the free enzyme
retained only 41.1%, 40.1%, and 13.7%, respectively.
Both free AMG and AMG@Bi-EA were rapidly
inactivated at 75 and 80 °C, respectively. Based on the
variation in residual activity with time, the deactivation
mechanical parameters and thermodynamic parameters of
free AMG and AMG@Bi-EA were calculated using one-
step deactivation model simulations (Figs. 5(c) and 5(d))
[41]. The thermal deactivation constant (k,), t,,, and D-
values for AMG and AMG@BIi-EA are listed in Table 2.
The ky of AMG@Bi-EA was much lower than that of free
AMG at 60, 65, and 70 °C, and its ¢, and D-values
increased approximately 3.0-, 2.4- and 4.5-fold, respec-
tively. Furthermore, the inactivation energies of free
AMG and AMG@Bi-EA were calculated using the
Arrhenius equation (Figs. 5(¢) and 5(f)). The E; of
AMG@Bi-EA was calculated to be 189.22 kJ-mol™,
higher than that of free AMG (134.77 kJ-mol™"). These
results showed that the formation of AMG@Bi-EA could

increase the tolerance temperature of AMG to 70 °C, also
improved its thermal stability [42,43].

3.6 Reusability and storage stability of AMG@Bi-EA

Enzyme recycling is one of the targets of enzyme
immobilization, which can significantly decrease the cost
of enzyme usage. In this study, the reusability and storage
stability of AMG@Bi-EA was also investigated and the
results are shown in Fig. 6. As shown in Fig. 6(a), the
activity of AMG@Bi-EA was retained at approximately
34% after ten repetitions, demonstrating its good reusabi-
lity. The storage stability of free AMG and AMG@Bi-EA
are shown in Fig. 6(b). After 20 days of storage, AMG@
Bi-EA retained 72.3% of its original activity, whereas
free AMG retained only 32.1% of its original activity.
The good reusability and storage stability observed
indicated that the encapsulation of Bi-EA provided stable
enzyme protection, helping maintain enzymatic activity
during multiple recoveries and long-term storage.

3.7 The versatility of Bi-EA for constructing
enzyme@MOF complexes

The mild, selectable synthesis conditions and relatively
short reaction time make Bi-EA a potential platform for
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Paramcter Free AMG AMG@BIi-EA

Temperature/°C 60 65 70 75 80 60 65 70 75

kg/min”! 0.0181 0.0188 0.0438 0.0979 0.252 0.00598 0.00794 0.00975 0.0771 0.249
t,,/min 38.23 36.97 15.83 7.08 2.75 115.90 87.29 71.09 8.99 2.79
D-value/min 127.03 122.83 52.60 23.53 9.14 385.12 290.05 236.21 29.88 9.27
E/(kJ-mol™") 134.77 189.22

immobilizing enzymes using a one-pot co-precipitation
method. In addition to AMG, several other enzymes, such
as CALB, OPH, GDH, GOx, and HRP, were used to
verify the universality of this method. These enzymes
have different properties such as molecular weight,

isoelectric point, substrate size, and optimal pH range
(Table S1, cf. ESM). The enzyme@MOF complexes
preparation conditions were selected based on the
optimum pH of the enzyme to avoid affecting enzyme
activity. Bi-EA was synthesized in the pH range of 2—7.
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Fig. 6 (a) The reusability and (b) storage stability of AMG@Bi-EA.

For acid-sensitive enzymes, biocomposites were synthe-
sized under neutral conditions. That indicated that Bi-EA
could encapsulate different types of enzymes and enable
interactions between encapsulated enzymes and cofactors,
as well as between multiple enzymes.

Biocatalytic activity and kinetic parameters of CALB@
Bi-EA and OPH@BI-EA are shown in Figs. S6 and S7
(cf. ESM), respectively. The specific activity of CALB@
Bi-EA was 1344.58 + 65.49 U-g”!, while that of OPH@
Bi-EA was 207.87 + 15.35 U-g"!. Similar to AMG@Bi-
EA, the K| values of CALB@Bi-EA and OPH@Bi-EA
decreased compared to their free forms (Table S2, cf.
ESM). Their corresponding maximum catalytic rates also
decreased to some extent, which may be due to the
encapsulation of Bi-EA, limiting substrate delivery.

The activity recoveries of CALB@Bi-EA and OPH@
Bi-EA were 48.9% and 68.2%, respectively, which are
higher than AMG@Bi-EA. When the original protein
concentration was 1 mg-mL~!, the encapsulation efficien-
cies of Bi-EA for AMG, CALB and OPH were 13.1%,
78.6% and 97.8%, respectively. Their zeta potentials
indicated that the encapsulation efficiency may be related
to the surface charge of the enzyme. As shown in Fig. S8
(cf. ESM), AMG, CALB, and OPH were all negatively
charged in the buffer used, and their electronegativity
increased sequentially. During the co-precipitation of
enzymes and ligands, it is possible that the enzymes
bound to the positively charged Bi** cation first, and then
doped into the composite during the assembly of bismuth
with EA. Therefore, a higher electronegativity on the
enzyme surface makes it easier to encapsulate into the
composite, thus exhibiting a higher activity recovery,
similar to the encapsulation of enzymes in ZIF-8 [44,45].

GDH was used to evaluate the effect of Bi-EA encapsu-
lation on cofactor-dependent enzymes. As shown in
Fig. S9 (cf. ESM), interactions between enzymes and
nicotinamide adenine dinucleotide (NAD) could still
happen after encapsulation. The kinetic characteristics of
free GDH and GDH@Bi-EA were then determined by
varying the NAD" concentration at a fixed glucose
dosage. The K_ values of GDH for NAD" were

essentially unchanged before and after immobilization,
but a significant decrease in V,, was observed, which
could be due to reticulation limitation and/or impeded
mass transfer [46].

A cascade reaction between GOx and HRP was also
used to test the effect of Bi-EA encapsulation on the two
enzymes. As shown in Fig. S10 (cf. ESM), the cascade
reaction between GOx and HRP still occurred after
encapsulation, and glucose was colorimetrically detected.
In the presence of GOx and HRP@Bi-EA, the absorbance
values at 415 nm showed good linearity when the glucose
was 0-2000 pmol-L~!. The detection limit of this method
was 3.028 umol-L~".

4 Conclusions

In summary, a universal enzyme immobilization platform
was constructed by encapsulating enzymes in Bi-EA. The
stability of the enzymes was enhanced after encapsulation
in Bi-EA, and multiple recycling of the enzyme@Bi-EA
was achieved. Remarkably, enzyme@Bi-EA remained
stable over a wide pH range (2—12), making the method
adaptable for immobilizing different enzymes for cata-
lyzing reactions under optimal pH conditions. The green
and harmless precursor source, mild and simple prepara-
tion process and robust acid-base stability provided a
versatile strategy for preparing enzyme@MOF complexes,
facilitating the application of MOFs in biocatalysis.
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