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The widespread use of antibiotics has led to their continuous release into aquatic environments, creating significant environmental and public health concerns. In this study, magnetic metal–organic framework nanocomposites (mZIF-8) were developed as multifunctional materials enabling simultaneous adsorption and enzymatic degradation of penicillin (PEN). Fe₃O₄ nanoparticles coated with arabinogalactan were incorporated into ZIF-8 to allow magnetic recovery, while β-lactamase was covalently immobilized using glutaraldehyde (GA). The immobilization process was optimized by varying GA concentration, with the highest residual enzyme activity (59%) and immobilization efficiency (90%) obtained at 5% (v/v) GA. The β-lactamase@mZIF-8 system exhibited a dual removal mechanism combining rapid adsorption and catalytic degradation. At 0.1 mg/mL PEN, nearly complete removal was achieved within 40 min, primarily driven by adsorption. At 1 mg/mL, adsorption remained dominant but enzymatic catalysis accelerated removal kinetics. At 10 mg/mL, adsorption capacity became saturated, while immobilized β-lactamase enabled continued degradation, reducing PEN concentration to 6% after 192 h. These results demonstrate that enzyme immobilization on magnetic ZIF-8 significantly enhances pollutant removal efficiency and extends the operational range of adsorption-based systems for antibiotic remediation.
Introduction
The presence of antibiotics in aquatic environments represents a serious environmental challenge due to their extensive use in medicine and agriculture, which leads to continuous release into wastewater and surface waters (Barathe et al., 2024; Ehalt Macedo et al., 2025). The long-term persistence of antibiotic residues promotes antimicrobial resistance, negatively affects aquatic ecosystems, and poses risks to human health (Yan et al., 2024). Among the most frequently detected compounds are β-lactam antibiotics, such as penicillin, largely due to their widespread and prolonged use (Sta Ana et al., 2021). One promising approach for their removal involves enzymatic degradation using β-lactamase, a hydrolytic enzyme that cleaves the β-lactam ring and inactivates the antibiotic (Lin et al., 2025). However, the practical application of free β-lactamase remains limited by poor stability, sensitivity to environmental conditions, and low reusability, motivating the development of suitable immobilization supports (Yang et al., 2021). Metal–organic frameworks (MOFs) are attractive materials for enzyme immobilization due to their high surface area, porosity, chemical functionality, and structural versatility (Bhuyan and Ahmaruzzaman, 2022). Enzyme immobilization within MOFs can enhance catalytic activity and stability while improving resistance to denaturation (Rodríguez-Mejía et al., 2025). Zeolitic imidazolate frameworks, particularly ZIF-8, combine high chemical stability, biocompatibility, and a porous architecture favorable for water treatment applications (Bergaoui et al., 2021; Wu et al., 2019; Dai et al., 2021). Nevertheless, pristine ZIF-8 suffers from limited reusability due to separation challenges, which has led to the development of magnetic MOF nanocomposites incorporating Fe₃O₄ nanoparticles (Subhadarshini et al., 2026). Magnetic functionalization enables efficient material recovery using an external magnetic field, significantly enhancing practical applicability (Aghayi-Anaraki and Safarifard, 2020; Meteku et al., 2020). Immobilization of β-lactamase onto magnetic ZIF-8 nanocomposites can be achieved via physical adsorption, encapsulation, or covalent attachment, with the porous structure providing a favorable microenvironment for catalysis (Hu et al., 2021). Such systems have demonstrated efficient degradation of β-lactam antibiotics, improved enzyme stability across a broad pH range, and sustained activity over multiple reuse cycles (Q. Wang et al., 2023). In this study, magnetic MOF nanocomposites with immobilized β-lactamase (β-lact@Fe₃O₄/ZIF-8) were prepared as a promising platform for sustainable antibiotic removal from water. The synergistic combination of enzymatic selectivity, MOF adsorption properties, and magnetic separability offers strong potential for environmentally friendly water treatment technologies and future industrial implementation (J. Wang et al., 2023).
Materials and Methods
Materials
β-lactamase, zinc acetate (99%), 2-methylimidazole (2-MIM, 98%), bovine serum albumin, ammonia, arabinogalactan, Coomassie Brilliant Blue, di-potassium hydrogenphosphate, potassium dihydrogen phosphate, HEPES (4-(2-hidroksyethyl)-1-piperazineticsulfonic acid), glutaraldehyde were purchased from Sigma-Aldrich, Germany. ABTS (2,2'-azino-bis(3-etilbenzotiazolin-6-sulfonic acid) was purchased from Roche. Acetonitrile, iron (II) and (III) chloride hexahydrate were purchased from Merck. 
Synthesis of AG-MNPs
Ferric (III) ions (FeCl3∙6H2O) and ferrous (II) ions (FeCl2∙4H2O) were combined in a 2:1 M ratio and dissolved completely in 40 mL of deionized water. 20 mL of arabinogalactan (AG) solution and 5 mL of 25% ammonium solution were added into a three-neck flask equipped with a mechanical stirrer. Later on, solutions of FeCl3∙6H2O and FeCl2∙4H2O were added to the mixture. The solution was vigorously stirred at 800 rpm in a nitrogen atmosphere and heated to 85 °C for 1 h. After synthesis, the AG-MNPs were washed three times with deionized water and two times with ethanol, using a magnet to remove excess ammonia and AG, and later on dried at 50 °C.
Synthesis of ZIF-8
The enzyme β-lactamase was added to a 2-methylimidazole solution (160 mM, 20 mL, pH 10.3) prepared in deionized water. Separately, zinc acetate dihydrate (40 mM, 20 mL) was dissolved in deionized water. The two solutions were then rapidly combined and agitated for 10 s. The resulting mixture was aged at room temperature for 24 h to allow precipitation. The solid product was collected by centrifugation at 11,000 rpm for 10 min, washed sequentially with deionized water and ethanol, and subjected to sonication and centrifugation twice in each solvent.
Synthesis of magnetic ZIF-8 (mZIF-8)
The magnetic ZIF-8 nanocomposite was prepared by an ultrasonication-assisted method using an ultrasound bath. Equal masses of ZIF-8 (20 mg) and AG-MNPs (20 mg) were dispersed in methanol and ultrasonicated for 1 h to promote homogeneous mixing and effective incorporation of AG coated Fe₃O₄ nanoparticles into the ZIF-8 matrix. The resulting suspension was rinsed with ethanol and dried at 40 °C for 8 h to obtain a stable powder, which was designated as the magnetic ZIF-8 nanocomposite.
Enzyme immobilization
At first, glutaraldehyde (GA) was used for surface activation of mZIF-8. mZIF-8 (20 mg) was dispersed in a 1.5 mL microcentrifuge tube with appropriate volumes of GA with HEPES buffer and stirred at 300 rpm for 1 h. After magnetic separation, the supernatant was discarded. Enzyme β-lactamase solution (100 μL, 1 mg/mL) and 900 μL HEPES buffer were then added, followed by incubation at 300 rpm for 1 h. The particles were magnetically separated, and the supernatant was collected for protein quantification using the Bradford method. Finally, 570 μL of HEPES buffer was added to the β-lactamase@mZIF-8 conjugate for activity determination.
Activity assay
β-Lactamase activity was assessed spectrophotometrically. The nitrocefin solution contained 5 mg of nitrocefin, 250 μL of DSMO, 4.75 mL of 25 mM HEPES buffer. The reaction that contained 570 μL of β-lactamase enzyme in 50 mM HEPES buffer was initiated with 30 μL of prepared nitrocefin. β-Lactamase activity was monitored by measuring the increase in absorbance at 482 nm for 1 min at room temperature.
Assessment of PEN concentration
PEN degradation study was performed using 0.1 mg/mL of PEN solution with 20 mg of immobilized β-lactamase. Then, the mixture solution was incubated at room temperature for 120 min at 200 rpm. The remaining concentrations of PEN were monitored by HPLC method, using Agilent HPLC with an UltimateR XB C18 column (4.6 × 150 mm, 5 μm) at a flow rate of 1.0 mL min-1, column temperature of 30 °C, mobile phase of methanol and phosphate (0.1 M potassium dihydrogen phosphate, pH 3.5) at a ratio of 50:50, injection volume of 20 μL and detection wavelength of 225 nm (P. Wang et al. 2021).
Results and Discussion
3.1 Activity and immobilization efficiency of β-lactamase@mZIF-8
The immobilization of β-lactamase onto the mZIF-8 support was optimized by varying the concentration of GA used as a cross-linking reagent. Different concentrations of GA (0, 2.5, 5.0, 7.5, and 10.0% v/v) were used to identify conditions that promote efficient covalent enzyme attachment while preserving its catalytic activity. As shown in Figure 1, the residual activity of immobilized β-lactamase@mZIF-8 (0.1 mg/mL) initially increased with increasing GA concentration. In the absence of GA, the enzyme retained approximately 34% of its activity, which increased to 48% at 2.5% (v/v) GA and reached a maximum of about 59% at 5.0% (v/v). Further increases in GA concentration led to a gradual decline in activity, decreasing to 54% at 7.5% (v/v) and 45% at 10.0% (v/v). A similar trend was observed for immobilization efficiency, which remained relatively high for all samples (70–90%), indicating successful enzyme attachment to the carrier surface. The highest immobilization efficiency (approximately 90%) was achieved at 5.0% (v/v) GA, coinciding with the maximum residual activity. These results suggest that such GA concentration provides an optimal balance between effective covalent binding and preservation of enzymatic function. Moderate cross-linking likely stabilizes the enzyme on the support while maintaining its native conformation and accessibility of the active site. In contrast, excessive GA concentrations may induce over cross-linking, leading to reduced enzyme flexibility, restricted substrate diffusion, and consequently limited catalytic performance.
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Figure 1: Residual activity and immobilization efficiency of β-lactamase@mZIF-8 (enzyme concentration 0.1 mg/mL) as a function of GA concentration (% v/v), under the following conditions: 20 mg mZIF-8, 1 h functionalization with GA and 1 h immobilization with 0.1 mg/mL β-lactamase, 25 °C, 300 rpm.

3.2 PEN degradation (0.1 mg/mL) using β-lactamase@mZIF-8
In this study, the removal of penicillin (PEN) at an initial concentration of 0.1 mg/mL was investigated using different enzymatic and adsorption-based systems. For the enzymatic experiments, β-lactamase was applied at a concentration of 0.1 mg/mL, enabling a direct comparison between free and immobilized enzyme systems and allowing the contribution of enzymatic degradation to be distinguished from adsorption effects. The primary objective was to elucidate the dual removal mechanism of PEN, namely adsorption onto the mZIF-8 carrier and enzymatic degradation. As shown in Figure 2, free β-lactamase exhibited relatively limited degradation efficiency, reducing the PEN concentration to approximately 70% after 90 min, corresponding to about 30% substrate degradation. 
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Figure 2: Fraction of PEN degradation/adsorption at an initial concentration of 0.1 mg/mL using β-lactamase (β-lactamase 0.1 mg/mL), as a function of time, under the following conditions: 20 mg mZIF-8, 1 h functionalization with 7.5% (v/v) GA, 1 h immobilization, 25 °C, 300 rpm.

This moderate performance is expected, as free enzymes in homogeneous solution are subject to diffusion limitations, less favorable reaction conditions, and partial destabilization, which collectively result in slower catalytic turnover. In contrast, the mZIF-8 carrier demonstrated an exceptionally high adsorption capacity, with the PEN concentration decreasing to approximately 17% within 10 min and becoming undetectable after 20 min, confirming that adsorption is the dominant removal mechanism due to the high porosity and large specific surface area of ​​mZIF-8. When β-lactamase was immobilized on mZIF-8, PEN removal proceeded slightly more slowly than with the bare carrier, which can be attributed to partial pore blocking and reduced surface accessibility caused by the enzyme layer. The inactivated β-lactamase@mZIF-8 system retained 42% of PEN after 10 min and 13% after 30 min, with complete removal observed after 40 min. The use of inactivated enzyme controls allowed the adsorption contribution to be isolated, enabling the difference between active and inactive systems to be attributed to true enzymatic degradation. Comparison of these systems indicates that, although adsorption onto mZIF-8 is the primary driver of PEN removal, immobilized β-lactamase provides an additional catalytic contribution that accelerates overall removal kinetics. These results demonstrate that mZIF-8 functions as a highly efficient PEN adsorbent, while enzyme immobilization enhances system functionality by introducing a secondary degradation pathway, with inactive controls playing a critical role in clarifying the underlying removal mechanisms.

3.3 PEN degradation (1 mg/mL) using β-lactamase@mZIF-8
In the next step, the initial PEN concentration was increased to 1 mg/mL, while all other experimental conditions were kept constant (β-lactamase concentration of 0.1 mg/mL). The aim of this experiment was to evaluate the system performance at higher substrate loading and to investigate the relative contributions of adsorption onto mZIF-8 and enzymatic degradation. The results obtained at higher PEN concentration are shown in Figure 3. 
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Figure 3: PEN degradation/adsorption capacity at an initial concentration of 1 mg/mL (β-lactamase 0.1 mg/mL), as a function of time, under the following conditions: 20 mg mZIF-8, 1 h functionalization with 7.5% (v/v) GA, 1 h immobilization, 25 °C, 300 rpm.

The use of free β-lactamase again demonstrated limited degradation efficiency under homogeneous conditions. After 10 min, approximately 95% of PEN remained in solution, while after 90 min the concentration decreased only to about 92%, indicating that free β-lactamase degraded approximately 8% of the substrate. This efficiency is even lower than that observed at 0.1 mg/mL PEN and can be attributed to enhanced diffusion limitations, partial saturation of enzyme active sites, and reduced enzyme–substrate accessibility at higher substrate concentrations. In contrast, mZIF-8 exhibited rapid and efficient PEN removal via adsorption, with the PEN fraction decreasing to approximately 43% after 10 min, 19% after 30 min, and 2% after 60 min, while complete removal was achieved after 90 min. Compared to experiments conducted at lower PEN concentration, adsorption kinetics were slower, which is consistent with progressive saturation of adsorption sites at higher substrate loadings. When β-lactamase was immobilized on mZIF-8, PEN removal proceeded slightly more slowly than with the bare carrier, with approximately 62% of PEN remaining after 10 min, 28% after 30 min, and about 5% after 50 min, followed by complete removal after 90 min. A similar but slower trend was observed for the inactivated β-lactamase@mZIF-8 control, where 72% and 54% of PEN remained after 10 and 30 min, respectively, and approximately 5% after 90 min. The use of inactivated enzyme controls enabled isolation of the adsorption contribution by occupying surface sites with an equivalent protein layer, thereby allowing the additional removal observed in the active system to be attributed to enzymatic degradation. Overall, these results confirm that mZIF-8 remains a highly effective adsorbent for PEN even at elevated concentrations, although adsorption kinetics are slowed due to site saturation. While the catalytic contribution of immobilized β-lactamase remains relatively modest compared to adsorption, the active enzyme system consistently outperforms the inactivated control, demonstrating that enzymatic degradation provides a measurable enhancement to PEN removal under high-substrate conditions. The inclusion of inactive controls is therefore essential for accurate mechanistic interpretation, as it enables clear differentiation between adsorption-driven removal and true enzymatic activity.

3.4 PEN degradation (10 mg/mL) using β-lactamase@mZIF-8
In the final step, the PEN concentration was further increased to 10 mg/mL in order to investigate system performance under extreme substrate loading and to assess whether high PEN levels could limit or suppress adsorption onto the mZIF-8 carrier. All other reaction conditions were kept constant. The degradation and adsorption behavior at this concentration is presented in Figure 4. 
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Figure 4: PEN degradation/adsorption at an initial concentration of 10 mg/mL (β-lactamase 0.1 mg/mL; laccase 1 mg/mL), as a function of time, under the following conditions: 20 mg mZIF-8, 1 h functionalization with 7.5% (v/v) GA, 1 h immobilization, 25 °C, 300 rpm.

When free β-lactamase was used, a pronounced lag phase was observed, indicating that the enzyme required a prolonged period to become effective under conditions of high substrate overload. During the initial time points (23–26 h), the PEN fraction decreased from 100% to approximately 70%, followed by a gradual acceleration of removal. After 96 h, around 7% of PEN remained, while complete degradation was achieved after 192 h. This behavior suggests that enzymatic activity is initially strongly limited by diffusion constraints, active-site saturation, and reduced enzyme–substrate accessibility at very high PEN concentrations. As the substrate concentration gradually decreases and enzymatic sites become available, β-lactamase activity increases, leading to accelerated degradation at later stages. Such response is characteristic of free enzymes operating in solution under severe substrate excess. In contrast, enzyme-free mZIF-8 exhibited a rapid initial adsorption phase, followed by the establishment of an adsorption equilibrium. After an initial decrease to approximately 60%, the PEN fraction stabilized in the range of 30–32% even after 96, 144, and 192 h. This plateau indicates complete saturation of adsorption sites at high PEN concentration, beyond which further removal is no longer possible. These results clearly confirm the adsorption capacity limit of mZIF-8 under extreme substrate loading. A markedly different behavior was observed for the β-lactamase@mZIF-8 system, which exhibited substantially higher overall PEN removal than adsorption alone. The PEN fraction decreased from 100% to 78% during the initial phase, further to approximately 30% after 96 h, and to about 6% after 192 h. This demonstrates that immobilized β-lactamase enables continued PEN degradation even after adsorption sites on the carrier are fully occupied. The enhanced long-term performance highlights the high stability of the immobilized enzyme and its improved effectiveness compared to the free enzyme form under high substrate stress. The inactivated β-lactamase@mZIF-8 control showed a slower and clearly limited removal profile. The PEN fraction decreased to approximately 79% initially, then to about 38% after 96 h, and finally stabilized at around 33% after 192 h. The similarity between active and inactive systems during the early stages confirms that adsorption dominates initial PEN removal. However, the pronounced divergence observed at later time points demonstrates that only the active β-lactamase@mZIF-8 system is capable of further PEN degradation once adsorption equilibrium is reached. This confirms that immobilized β-lactamase plays a decisive role in PEN removal beyond the adsorption capacity of the carrier at high substrate concentrations. Overall, the results obtained at 10 mg/mL PEN clearly reveal the intrinsic limitations of adsorption-based removal, as all systems lacking active enzyme reach a plateau at approximately 30–35% residual PEN, corresponding to full saturation of adsorption sites. In contrast, systems containing active immobilized β-lactamase enable continued degradation after adsorption saturation, demonstrating that enzymatic catalysis becomes the dominant removal mechanism under high substrate load. These findings highlight the importance of enzyme immobilization for maintaining removal efficiency at elevated contaminant concentrations and confirm the synergistic interaction between adsorption and catalysis within the β-lactamase@mZIF-8 hybrid system.
Conclusions
In summary, the removal of PEN across a wide concentration range (0.1–10 mg/mL) is governed by a combined adsorption–catalysis mechanism, whose relative contributions depend strongly on substrate loading. At low PEN concentration (0.1 mg/mL), rapid and nearly complete removal is dominated by adsorption onto mZIF-8, with immobilized β-lactamase providing a modest but measurable catalytic contribution. At intermediate concentration (1.0 mg/mL), adsorption remains highly effective but becomes kinetically limited by progressive saturation of available sites, while enzymatic degradation contributes to accelerated removal compared to adsorption alone. At high PEN concentration (10 mg/mL), adsorption reaches a clear capacity limit, resulting in a persistent residual PEN fraction in systems lacking active enzyme. Under these conditions, immobilized β-lactamase enables continued PEN degradation beyond adsorption saturation, demonstrating enhanced stability and sustained catalytic activity compared to the free enzyme. Collectively, these results confirm that enzyme immobilization on mZIF-8 significantly extends the effective operating range of adsorption-based systems and becomes increasingly critical for efficient PEN removal at elevated substrate concentrations.
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