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Residual antibiotics in nature are an important cause of antimicrobial drug resistance, and how to deal with
residual B-lactam antibiotics in aqueous environments has become an urgent issue. In this work, magnetic
zeolitic imidazolate frameworks-8 (ZIF-8) for immobilizing metallo-B-lactamases (MBLs), or FezO4@ZIF-
8@MBLs, were successfully synthesized using the one-pot method in agueous solution. The morphology
and chemical structure of FezO,@ZIF-8@MBLs were characterized by scanning electron microscopy,
energy dispersive spectra, X-ray diffraction, infrared spectra, physical adsorption, and zeta potential.
Further, the degradation performance of FesO4@ZIF-8@MBLs for B-lactam antibiotics (penicillin G,
cefoperazone, meropenem) in an agueous environment was investigated by UV-visible absorption
spectrophotometry. The results indicated that FesO4@ZIF-8@MBLs, compared to control ZIF-8, exhibited

superior degradation ability, excellent reusability, and better stability under several harsh conditions. The
Received 1st September 2023 trat ¢ bining ZIF-8 and MBLs to f i | b itable f .
Accepted 24th November 2023 strategy of combining ZIF-8 an s to form magnetic porous polymers may be suitable for removing
B-lactam antibiotics from an aqueous environment. This work provided an original insight into future

DOI: 10.1039/d3ra05973a studies on the degradation of B-lactam antibiotics employing MBLs immobilized by magnetic metal—
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1. Introduction

The freshwater pollution caused by pharmaceutical and
personal care products (PPCPs) has progressively emerged as
a global environmental and public health concern.'” Among
the various types of PPCPs, antimicrobial residues are one of the
most prevalent and account for a significant proportion of the
water environment pollution, which include macrolides,
sulfonamides, quinolones, and tetracyclines.> Moreover, the
expanded production and widespread utilization of B-lactam
antibiotics®” has led to the constant discharge from urban
areas, hospitals, pharmaceutical manufacturers, and livestock
industries. Studies have indicated that residual penicillins
ranged from 3-48 ng L' in surface water,® while they could
reach up to 1.67 pg L' in effluent discharged from sewage
treatment plants.® In surface water and non-clinical wastewater,
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the distribution of cephalosporins varied from 0.1-
5000 ng L™ ".*° The carbapenem antibiotic, meropenem, has not
been detected in surface water yet, while effluent concentrations
in wastewater treatment plants could reach 27-68 ng L '
Pathogenic bacteria with long-term exposure to antibiotic resi-
dues can develop resistance via mobile genetic elements,
enzymatic mechanisms, and conjugative plasmids,” further
exacerbating the issue of antimicrobial resistance.™
Researchers have developed various advanced degradation
techniques to treat PPCPs in recent years, such as physical
adsorption, advanced oxidation process, and biotechnology.****
Several primary methods for removing B-lactam antibiotics
include activated sludge, UV oxidation, and biodegradation
techniques. The activated sludge, mainly applied by manufac-
turers, cannot completely remove various types of antibiotics
from wastewater,"” and the oxidation process'*® is temporarily
difficult to reach industrial-scale due to the high initial invest-
ment, complex treatment process, and demanding conditions
required. By contrast, bio-enzymes are an ideal, efficient, low-
cost, and environmentally friendly technology, which includes
non-selective oxidative enzymes such as laccase® and specific
lactam hydrolases. Several researchers were keen to combine
the recoverability of magnetic nanoparticles with the specificity
of B-lactamases to develop diverse forms of magnetically
responsive composites for the degradation of antibiotics in

water environments.**?* Fatima et al>* immobilized B-
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lactamase from Bacillus tropicalis EMB20 on Fe;O, magnetic
nanoparticles and further used them for the efficient remedia-
tion of meropenem. The nanoconjugates retained up to 57% of
their initial activity after 5 consecutive cycles of repeated use.
The study by Gao et al.>> was even more appealing. They reused
B-lactamase immobilized on SiO,-coated Fe;O, nanoparticles
35 times, and the degradation efficiency remained above 95%.
Shokoohizadeh et al.?® immobilized the metallo-f-lactamase,
IMP-1, on Fe;0, magnetic nanoparticles coated with SiO, shell,
and the immobilized enzymes retained 80% of their activity
after 15 reaction cycles. Overall, the above studies present an
effective and reusable method for degrading antibiotics from
wastewater.

Metal-organic frameworks (MOF) are porous materials with
a periodic network structure formed by self-assembly, and
because of their large specific surface area and good stability,
MOF are widely used in many fields.”® Researchers have been
able to utilize the excellent adsorption properties of MOF to
degrade a variety of antimicrobial drugs in the aqueous
environment.>*' Besides, MOF can also provide a suitable
microenvironment to immobilize the enzyme, whose activity
and stability are significantly enhanced.** Zeolitic imidazolate
frameworks-8 (ZIF-8), formed by divalent zinc ions and imid-
azole ring, are the most representative class of zeolitic imida-
zolate frameworks.*® Paula et al*' demonstrated that upon
contact of the B-lactam antibiotics with the zinc-containing
skeleton of ZIF-8, cleavage of the four-membered B-lactam
ring occurs, leading to the degradation of the antibiotics. Yang
et al.>* encapsulated penicillinase into ZIF-8 by a self-assembly
method and investigated the catalytic performance of (-
lactamase@ZIF-8 for degrading penicillins. Their results sug-
gested that the catalytic activity of the immobilized enzyme was
significantly enhanced over the free enzyme and showed supe-
rior stability under a variety of conditions, including high
temperature, organic solvents, and enzyme inhibitors. Hao and
coworkers* encapsulated cephalosporinase (AmpC) and Prus-
sian blue (PB) into ZIF-8, thereby preparing an AmpC/PB@ZIF-8
MOF nanocatalyst with photothermal properties for efficient
catalytic degradation of cephalosporins.

Herein, Fe;0,@ZIF-8@MBLs were successfully synthesized
in an aqueous solvent and characterized by scanning electron
microscopy, energy dispersive spectra, X-ray diffraction,
infrared spectra, physical adsorption, and zeta potential. The
typical B-lactam antibiotics were selected as substrates, and the
degradation performance and reusability of ZIF-8 and Fe;-
O0,@ZIF-8@MBLs were investigated. Then the stability was
evaluated after incubation at different temperatures, pH, and
enzyme inhibitors. The synthesized Fe;O0,@ZIF-8@MBLs were
proven to be one of the promising strategies for degrading B-
lactam antibiotics in the water environment.

2. Experimental
2.1 Chemicals and reagents

Metallo-B-lactamases (MBLs) were purchased from Junfeng
Bioengineering (Hangzhou, China), which were expressed in
recombinant E. coli. Penicillin G (PG, 1650 U mg '),
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cefoperazone (CEF, 98%), meropenem (MER, 98%), zinc chlo-
ride (99%), and sodium hydroxide (99%) were purchased from
Macklin (Shanghai, China). Monodispersed magnetite micro-
spheres (Fe;0,~COOH, 300-400 nm), zinc acetate (99%), 2-
methylimidazole (2-MIM, 98%), N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC, 98%), and N-hydrox-
ysuccinimide (NHS, 98%) were purchased from Aladdin
(Shanghai, China). Hydrochloric acid (36.46%) was obtained
from Kelong (Chengdu, China). Ethylene diamine tetraacetic
acid (DETA, 99.5%) was obtained from Wolsen (Xi'an, China).
Avibactam sodium (AVI, 99.92%) was obtained from MedChe-
mExpress (New Jersey, USA). Phosphate buffered saline
(powder) was obtained from Servicebio (Wuhan, China). Brad-
ford protein assay kit was purchased from Beyotime (Shanghai,
China). Water was purified with a Millipore Milli-Q system
(Bedford, USA).

2.2 Synthesis of ZIF-8-based composites

2.2.1 ZIF-8 and ZIF-8@MBLs. ZIF-8@MBLs were synthe-
sized according to a classical method.*® Specifically, 1 mL of
zine acetate (20 mmol L") containing 5 mg MBLs was mixed
gently on a custom-made vertical mixer for 15 min. Then, 1 mL
of 2-methylimidazole (1.4 mol L™ ") was added quickly and the
mixture was blended well at room temperature for 8 h. The
products were collected by centrifugation (13 000 rpm, 10 min),
washed with deionized water, and dried under vacuum. As for
ZIF-8, zinc acetate solution without MBLs was used, and the
other steps were performed as above.

2.2.2 Fe;0,@ZIF-8@MBLs. At first, EDC and NHS were
used to activate the carboxyl groups of Fe;O, magnetite micro-
spheres. Specifically, newly prepared 100 puL of EDC (in PBS,
10 mg mL ") and 100 pL of NHS (in PBS, 10 mg mL ') were
added into the washed 100 pL of Fe;0, (5 mg mL™ '), and the
solution was then blended on a custom-made vertical mixer for
30 min. Subsequently, the activated magnetite microspheres
were collected by an external magnet and redispersed in 1 mL of
zinc acetate (20 mmol L") containing 2.5, 5, and 10 mg MBLs,
and the mixture was blended well for 15 min. After that, 1 mL of
2-methylimidazole (1.4 mol L™') was added quickly and the
mixture was blended well at room temperature for 8 h. The
products were collected by external magnets and centrifugation
(13 000 rpm, 10 min), washed with deionized water, and dried
under vacuum. Meanwhile, the supernatant was collected to
calculate the enzyme concentration by the Bradford method®” to
determine the loading capacity and efficiency of the compos-
ites. The custom-made vertical mixer is a vertical turntable
equipped with test tube racks, which allows the reaction solu-
tion to mix well without the larger mass of Fe;O, microspheres
sinking to the bottom of the test tube.

2.3 Characterization

The microstructure and chemical composition of ZIF-8-based
composites were attained by a field emission scanning elec-
tron microscope (SEM, JEOL JSM-7000F) equipped with energy
dispersive spectroscopy (EDS). The X-ray diffraction (XRD)
patterns were acquired by an X-ray diffractometer (Bruker D8
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Advanced) with Cu anode material in the 26 range of 10-80°.
The zeta potential was measured using a zeta-potential analyzer
(Malvern Zetasizer ZSU3205). The infrared spectra were
collected on a Fourier transform infrared spectroscope (Shi-
madzu FTIR-8400S). The surface areas and pore size distribu-
tion were analyzed with a high-performance adsorption
analyzer (ASAP 2020 PLUS HDS88). The B-lactam antibiotics in
solution were quantified by a UV-visible spectrophotometer
(YOKE T2600) with quartz micro cuvette. Enzyme concentration
in the supernatant was determined on an automatic microplate
reader (Agilent BioTek Synergy LX).

2.4 Degradation experiments

The hydrolytic activity of the free enzyme was first investigated.
200 uL of free MBLs (5 mg mL ') was added into 2 mL of
appropriate concentrations of PG (125 mg L'), CEF
(30 mg L"), and MER (30 mg L™ "), and the change in UV-visible
absorbance was recorded in real-time within 3 min after rapid
mixing. To explore the effect of Zn®>* concentration on the
activity of free MBLs, 200 pL of free enzyme solution (5 mg
mL ") with Zn>* concentration of 0-100 mmol L " was prepared
and incubated at room temperature for 60 min. Then, a series of
MBLs solutions were respectively added to the appropriate
concentration of CEF, and the change of absorbance was
recorded within 3 min.

Then the degradation activity of ZIF-8 based composites was
measured along the following lines. A moderate concentration
of antibiotic solution was chosen as the substrate to react with
free MBLs, ZIF-8, and Fe;O0,@ZIF-8@MBLs and the change in
UV-visible absorbance of the antibiotic was recorded after some
time. By monitoring the degree of decrease in absorbance, the
reduction of the antibiotic could be calculated in conjunction
with the established standard curve (Beer-Lambert Law), which
in turn allowed for comparison of the degradation activities of
free MBLs, ZIF-8, and Fe;0,@ZIF-8@MBLs.

Specifically, the synthesized ZIF-8 and Fe;O0,@ZIF-8@MBLs
were rehydrated and added to appropriate concentrations of
CEF (30 mg L™, 2 mL), and the UV-visible absorbance values at
0, 0.5, and 1 h were recorded. Before each absorbance
measurement, a small amount of reaction solution needs to be
centrifuged (13 000 rpm, 10 min) and filtered (0.22 pm). The
changes in absorbance of CEF were recorded for seven
consecutive rounds with the same procedure. All reactions were
performed on a custom-made vertical mixer.

2.5 Stability and selectivity experiments

To evaluate the stability under different temperatures, the
synthesized ZIF-8 and Fe;0,@ZIF-8@MBLs were rehydrated
and incubated in solution with 25, 50, and 100 °C for 1 h,
respectively. To evaluate the stability under different pH, the
synthesized composites were rehydrated and incubated in
solution at pH 5.0, 7.0, and 10.0 for 1 h, respectively. To evaluate
the effect of different inhibitors on the degradation activity of
the composites, the synthesized composites were rehydrated
and incubated in EDTA and AVI solution (50 uM) for 1 h. Then,
the pre-treated composites were separated out by centrifugation
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and the degradation activity was evaluated with the procedures
above. Finally, the degradation of the synthesized composites
against different types of P-lactam antibiotics was further
investigated.

3. Results and discussion

3.1 Preparation and characterization of ZIF-8-based
composites

The amount of MBLs added is an essential variable in the
synthesis of Fe;0,@ZIF-8@MBLs. The enzyme concentration of
the centrifugal supernatant was determined by the Bradford
method, and the results were presented in Table S1.1 When the
added MBLs were about 5 mg, there was maximum loading
efficiency, so this variable was fixed in subsequent studies.
SEM was used to characterize the morphology and micro-
structure. The monodispersed magnetic microspheres were
presented as homogeneous spheres with a particle size of about
300-400 nm (Fig. 1a). It is a more efficient and economical way
to synthesize ZIF materials in the aqueous solvent.*® The
synthesized ZIF-8 using a proper molar ratio (2-MIM : Zn>*" =
70 : 1)* resulted in products that were mostly dodecahedral and
the molecular sizes were close to 1 um, while some smaller
particles were also found (Fig. 1b), which were attributed to the
high local 2-MIM concentration resulting in a higher nucleation
rate. However, when 5 mg of MBLs was added, the frame
volume of ZIF-8 was drastically reduced and showed a poly-
hedral shape with uneven size (Fig. 1c). The added MBLs could
act as nucleation seeds and/or be incorporated by particle
adhesion to help form ZIF-8 crystals,® thus leading to the
absence of a regular dodecahedral shape on the one hand, and
the formation of smaller MOF particles on the other. As for
Fe;0,@ZIF-8@MBLs, the small-sized ZIF-S@MBLs would
attach to the Fe;O, surface through the bonding between the
activated carboxyl groups and Zn>" (Fig. 1d). Of course, it
couldn't be excluded that the enzyme molecules were also
directly immobilized on the carboxyl groups of Fe;0, given the
one-pot method was used in the synthesis process. Fig. Slat

1000 nm

Fig. 1 SEM images of FezOy4 (a), ZIF-8 (b), ZIF-8@MBLs (c), and Fesz-
04@ZIF-8@MBLs (d).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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showed the EDS spectrum of Fe;0,@ZIF-8@MBLs, in which Fe,
Zn, O, C, and Si were stably distributed, indicating that MBLs,
ZIF-8, and Fe;0, have been integrated into a composite system.

The XRD patterns of Fe;0,, ZIF-8, and Fe;0,@ZIF-8@MBLs
were shown in Fig. 2a. All typical diffraction peaks of Fe;O,
and ZIF-8 crystal*® were clearly shown and the diffraction angles
of Fe;0,@ZIF-8@MBLs were mostly similar to that of ZIF-8,
which indicated that the doping of Fe;O, and MBLs would
not destroy the original crystal framework structure of ZIF-8.
Not surprisingly in FTIR (Fig. 2b), the stretching vibration of
Zn-N bond (420 cm ") could be observed in both MBLs and ZIF-
8. Multiple characteristic bands (C=N: 1583 cm '; C-N:
993 cm™ ', 1145 cm™ '; imidazole ring: 1350-1550 cm ™ *)** of ZIF-
8 could be identified in Fe;0,@ZIF-S@MBLSs. For Fe;0,@ZIF-
8@MBLs, the weak band at 580 cm™ ' was attributed to the
Fe-O bond of Fe;0,.** The weak band at 2935 cm™' and
1640 cm ™ could be ascribed to the stretching vibrations of the
hydroxyl groups and the amide I band from MBLs, respectively,
which confirmed that MBLs were successfully encapsulated in
the framework of ZIF-8 and immobilized on the surface of
Fe;0,.

As shown in Fig. 2c, the synthesized ZIF-8 and Fe;0,@ZIF-
8@MBLs both exhibited typical I-type isotherms,****** indi-
cating the presence of a large number of microporous structures
in these composites. The surface areas of ZIF-8 and Fe;O,@ZIF-
8@MBLs were 935 m*> g~ and 838 m” g, respectively, which
illustrated that the encapsulation of MBLs slightly decreased
the surface area of the ZIF-8. In addition, the average pore sizes
of those composites were relatively close (ZIF-8: 1.9 nm; Fe;-
O,@ZIF-8@MBLs: 2.2 nm), further demonstrating that the
doping of MBLs would not disrupt the microstructure of ZIF-8.
Fig. 2d showed the zeta potential of each composite. Due to the
doping of negatively charged MBLs (—18.5 mV) and Fe;0,
(—33.7 mV), the potential of Fe;0,@ZIF-8@MBLs (17.98 mV)
was lower than that of ZIF-8 (37.8 mV), indicating that the MBLs
and ZIF-8 frameworks have been formed in situ on the Fe;O,
microspheres. The above characterization results confirmed
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that Fe;0,@ZIF-8@MBLs have been successfully prepared in
this study.

3.2 Degradation performance

The UV-visible absorption methodology of each antibiotic was
first developed. The PG, CEF, and MER were scanned at full
wavelength (Fig. S21) and the standard curves (Fig. S3t) were
established by selecting the appropriate wavelength or local
maximum absorption wavelength. Three linear fitted lines with
R? > 0.999 were obtained for PG, CEF, and MER at 231 nm,*
265 nm, and 300 nm, respectively. Fig. 3a demonstrated the
hydrolysis of PG, CEF, and MER by free MBLs within 3 min. Due
to good dispersibility in solutions, the three B-lactam antibi-
otics were degraded in a very short period. The apparent
hydrolysis rates of antibiotics were: MER > CEF > PG. Given the
instability of meropenem in aqueous solutions, the cephalo-
sporin antibiotic with a suitable degradation rate, CEF, was
selected for the subsequent exploration. Although the catalysis
of MBLs requires the participation of metal ions, excessive or
insufficient metal ions could negatively affect the enzymatic
activity,*** not to mention that Zn>" is the raw material for the
synthesis of Fe;0,@ZIF-8@MBLs. Fig. 3b proved that Zn** at
about 10 mmol L' in the synthetic solution significantly
enhanced the enzyme activity compared to the addition of zinc
ions at concentrations of 0 or 0.1 mmol L™ (the instruction of
the experimental MBLs states that 0.1 mmol L™ Mg”* and Zn**
are important for enzyme action). Similar work can be found in
the study of Li et al.*®

In the first hydrolysis cycle for CEF, Fe;0,@ZIF-8@MBLs
showed a better degradation activity (Fig. 3c). More impor-
tantly, it seemed that CEF didn't continue to be degraded much
after 1 h, which was additional evidence that Fe;O,@ZIF-
8@MBLs may be dual degradation mechanisms, including
adsorption by ZIF-8 and hydrolysis by MBLs. However, it is

difficult to determine antibiotics at relatively low
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Fig. 3 (a) Remaining proportion of PG, CEF, and MER hydrolyzed by
free MBLs within 3 min; (b) relative activity of free MBLs to hydrolyze
CEF at different Zn®* concentrations within 3 min; (c) remaining
proportion of CEF degraded by ZIF-8 and FezO4@ZIF-8@MBLs within
1 h; (d) relative activity of ZIF-8 and FezO4@ZIF-8@MBLs to degrade
CEF over 7 cycles. C, concentration of the antibiotic solution during
the reaction. C, initial concentration of the antibiotic solution.

RSC Adv, 2023, 13, 34884-34890 | 34887


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05973a

Open Access Article. Published on 30 November 2023. Downloaded on 4/21/2026 2:16:43 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

concentrations due to the limitations of UV-visible spectroscopy
(Fig. S37). For subsequent studies, it is necessary to establish
more sensitive methods (e.g., high-performance liquid chro-
matography) to explore the degradation performance of the ZIF-
8 based composites under very low concentration conditions
and demonstrate apparent kinetic parameters to argue for their
utility in real wastewater environments.

Setting the ZIF-8 as a reference, the recyclability of two
composites was next tested (Fig. 3d). The degradation ability
demonstrated by Fe;0,@ZIF-8@MBLs (from 141.9% to 92.5%)
was superior to that of ZIF-8 (from 100% to 40.9%) in the overall
seven rounds, and this was one of the advantages of introducing
Fe;0, into composites. The decrease in the degradation ability
of ZIF-8 and Fe;0,@ZIF-8@MBLs may be explained as the loss
of composites or structural damage during the recovery process.
Similar research demonstrated that the activity of Fe;0,@Cd-
MOF@CS for catalytic degradation of penicillins could retain
62.07% after 5 cycles of reuse.*

3.3 Stability and selectivity

To visually compare the stability of ZIF-8 and Fe;O,@ZIF-
8@MBLs, pretreatments with different temperatures, pH, and
enzyme inhibitors within 1 h were performed, and the degra-
dation activity was quantified by the change in antibiotic
concentration (Fig. 4a-c). ZIF-8 itself exhibited promising
catalytic properties after a series of treatments. It has been
demonstrated that the degradation activity of ZIF-8 towards -
lactam antibiotics was attributed to the presence of Zn>",
similar to the mononuclear and binuclear MBLs.** This present
study further illustrated this idea and tentatively envisaged ZIF-
8 to act as a more stable mimetic enzyme. Moreover, the mes-
oporous cavity of ZIF-8 could restrict the structural changes of
enzyme molecules and thus maintain their activity. The degra-
dation of Fe;O0,@ZIF-8@MBLs was the result of the synergistic
effect of MBLs and ZIF-8,** though the degradation activity of
MBLs and ZIF-8 cannot be simply linearly superimposed.
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Fig. 4 Change in concentration of CEF (2 mL) degraded by ZIF-8 and
Fez04@ZIF-8@MBLs within 1 h after treatment with different
temperatures (a), pH (b), and enzyme inhibitors (c); change in
concentration of PG, CEF, and MER (2 mL) degraded by ZIF-8 and
Fes04@ZIF-8@MBLs within 1 h (d).
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Fe;0,@ZIF-8@MBLs showed undesirable degradation proper-
ties at high temperatures (Fig. 4a), and this may be due to
enzyme inactivation caused by high temperatures as shown in
Fig. S4a.T Besides, this work showed a low degradation activity
of ZIF-8 based composites after incubation in acidic and alka-
line conditions (Fig. 4b), elaborating by Saghir et al* as the
effect of charge surface of the adsorbent and adsorbate related
to the pH of the solution. It is reported that MBLs were more
sensitive to acidic conditions,**® while Fe;O0,@ZIF-S@MBLs
still showed good degradation activity after 1 h incubation at
PH 5.0. And this was another advantage of introducing Fe;0,
magnetic nanoparticles, in which the magnetic nanoparticles
with large particle size could improve the stability of MOF-
immobilized MBLs. When the free MBLs were inhibited by
DETA (Fig. S4bt), the two composites, especially Fe;0,@ZIF-
8@MBLs, exhibited excellent degradation activity (Fig. 4c).

The two ZIF-8 based composites exhibited a certain degree of
selectivity towards the substrate (Fig. 4d and S2b-dt).>* Within
1 h, the strongest apparent degradation effect was observed for
MER, followed by PG and CEF. As for PG, however, the activity of
ZIF-8 would be stronger compared to Fe;0,@ZIF-8@MBLs. This
may be because the slowest apparent hydrolytic rate of the free
MBLs against PG (Fig. 3a) rather affected the overall degrada-
tion activity of Fe;0,@ZIF-8@MBLs. Also, the difference in
absorbance in the full wavelength scan spectrum before and
after antibiotic degradation at the measured wavelengths could
illustrate this (Fig. S21). If an assay without chromatographic
separation (such as the UV-vis spectrometry) is used to deter-
mine the reduction of antibiotics, it is important to select an
appropriate detection wavelength (not the local maximum
absorption wavelength of the antibiotic), which is one of the
limitations of this study. Unfortunately, there is still a lack of
research to further elucidate the internal mechanisms of anti-
biotic degradation by ZIF-8@MBLs. Our works provided some
original insights for subsequent practical investigations on the
degradation of B-lactam antibiotics using magnetic MOF-
immobilized MBLs.

4. Conclusions

Fe;0,@ZIF-8@MBLs were successfully synthesized and char-
acterized in this study, and the degradation performance of the
composites against p-lactam antibiotics was investigated by UV-
visible absorption spectrophotometry. The results showed that
Fe;0,@ZIF-8@MBLs displayed very exceptional degradation
ability, superior reusability, and high stability under harsh
conditions. More research in the future is needed to further
improve the overall performance of ZIF-8-based composites and
to explore their catalytic degradation mechanisms. In conclu-
sion, this work presents a promising strategy to deal with B-
lactam antibiotic residues in the water environment.
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