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Abstract

:

Mesotrione (MES) is a new environmental pollutant. Some reports have indicated that microbial enzymes could be utilized for MES degradation. Laccase is a green biocatalyst whose potential use in environmental pollutant detoxification has been considered limited due to its poor stability and reusability. However, these issues may be addressed using enzyme immobilization. In the present study, we sought to optimize conditions for laccase immobilization, to analyze and characterize the characteristics of the immobilized laccase, and to compare its enzymatic properties to those of free laccase. In addition, we studied the ability of laccase to degrade MES, and analyzed the metabolic pathway of MES degradation by immobilized laccase. The results demonstrated that granular zinc oxide material (G-ZnO) was successfully used as the carrier for immobilization. G-ZnO@Lac demonstrated the highest recovery of enzyme activity and exhibited significantly improved stability compared with free laccase. Storage stability was also significantly improved, with the relative enzyme activity of G-ZnO@Lac remaining at about 54% after 28 days of storage (compared with only 12% for free laccase). The optimal conditions for the degradation of MES by G-ZnO@Lac were found to be 10 mg, 6 h, 30 °C, and pH 4; under these conditions, a degradation rate of 73.25% was attained. The findings of this study provide a theoretical reference for the laccase treatment of 4-hy-droxyphenylpyruvate dioxygenase (HPPD)-inhibiting herbicide contamination.
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1. Introduction


Mesotrione (MES) is a commonly used herbicide that inhibits 4-hydroxyphenylpyruvate dioxygenase (HPPD), which affects the production of carotenoids and photosynthesis in plants [1]. MES is weakly acidic with a pKa of 3.12 at 20 °C; it is also stable, not easy to volatilize, soluble in water, and can also be well dissolved in organic solvents [2]. It is a highly efficient triketone herbicide widely used for controlling broadleaf and grassy weeds in maize, sugarcane, and rice cultures [3,4]. However, after MES is applied in the field, it may remain in the soil and on the surfaces of plants, subsequently penetrating soil and water and causing harm to the environment. A number of studies have shown that MES has significant inhibitory effects on the survival of bee colonies [5] and on the growth of Vallisneria natans [6]. The treatment of MES residues in the environment is, therefore, a necessary task.



The degradation of MES is typically achieved through physical and chemical methods, in addition to biodegradation. For example, high-temperature plasmas [7] and the electro-Fenton process [8] can be used to degrade MES. However, these methods require additional catalysts, and their associated costs are relatively high. In comparison, the use of biodegradation involves no toxicity and results in no secondary pollution. The degradation of HPPD herbicides (such as MES) has been shown to be feasible in many experimental studies [9,10,11]. Laccase in particular has shown potential application value in the degradation of herbicides [9,12,13]. Laccase (EC 1.10.3.2) is a copper-containing polyphenol oxidase which exhibits high catalytic efficiency [14]. The catalytic sites for laccase are typically four copper atoms, that is, T1, T2, and two T3s [15]. T1-Cu, having the highest redox potential, serves as the oxidation site of the substrate, and is linked to two histidines and one cysteine as a ligand; T2 and two T3 Cu atoms combine to form trinuclear copper cluster (TNC), linking to histidine as a side chain. Consequently, laccase transfers an electron from the pollutant to TNC via a His-Cys-His tripeptide and converts O2 to H2O in collaboration with aspartic and glutamic acids. Two carboxylic acid groups from the aspartic and glutamic acids provide hydrogen atoms for reducing O2 to H2O [14,16,17]. In addition, because of its excellent catalytic oxidation ability, laccase is widely used in organic synthesis [18], food processing [19], textile-dye decolorization [20,21], environmental-pollutant detoxification [22], and biosensors [23]. However, the application of free laccase in pollutant degradation involves certain limitations relating to stability, reusability, and activity retention across wide ranges of temperatures and pH values. Addressing these limitations is essential if laccase is to be implemented on a large scale, and immobilization of laccase represents one potential means of doing so [17]. Yang et al. [24] co-immobilized laccase using MOFs and hydrogels as carriers, and found that the immobilized laccase exhibited excellent stability. Mohie E.M. Zayed et al. [25] immobilized laccase with poly(methylmethacrylate) (PMMA) composites, they found that the immobilized laccase had a wider temperature range and exhibited a 4.6-fold improvement in storage stability. The carrier is one factor that affects the immobilization effect of enzymes. Metal nanomaterials are characterized by high specific surface areas and excellent thermal and mechanical stabilities, and are extensively used in the field of enzyme immobilization [26]. Bruera et al. [27] immobilized laccase on nanoporous alumina for black liquor treatment; they found that immobilized laccase exhibited better pH stability and removal efficiency than free laccase. Because of their excellent biocompatibility, chemical stability, and non-toxicity, ZnO nanomaterials have been widely used as chemical sensors and antibacterial agents, as well as for environmental applications [28,29,30]. Jantiya Isanapong et al. [31] evaluated the efficiency of immobilized laccase for the degradation of tertiary butyl alcohol (TBA) on ZnO nanostructures; they found that immobilized laccase exhibited better stability and degradation. Manviri Rani et al. [32] prepared lac-ZnO nanospheres and found that they exhibited improved enzymatic properties compared with free laccase. In addition, ZnO nanomaterials have excellent adsorption properties with respect to organic and inorganic pollutants in the water matrix [33].



For the present study, we carried out research concerning the preparation and screening of nano-ZnO carriers with different morphologies. We then constructed an immobilized laccase system, which was used for the degradation of MES, after optimization of conditions and discussion of enzymatic properties.




2. Materials and Methods


2.1. Materials


Laccase (EC 1.10.3.2) was purchased from Novozymes (China) Biotechnology Co., Ltd. (Tianjin, China). 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonate (ABTS) was purchased from Kuer Chemical Technology Co., Ltd. (Beijing, China). Mesotrione ((2(4-methylsulfonyl)-2-nitrobenzoyl) cyclohexane-1,3-dione, purity > 97%) was purchased from Guangzhou Puxin Biotechnology Co., Ltd. (Guangzhou, China).




2.2. Preparation and Characterization of ZnO Nanomaterials


ZnO nanomaterials were prepared using the hydrothermal reaction method. Ethylene glycol (EG) and deionized water (190 mL in total volume) were added to a beaker in measured proportions (2:1, 1:1, 1:3, 1:4, or 1:6), and then stirred and mixed for 5 min. Zn(COOH)2·2H2O (1.317 g) was dissolved in the mixture until the mixture became clear. NaOH solution (3.6 M, 10 mL) was then added to the mixture and stirred for 30 min. The obtained mixture was transferred into a polytetrafluoroethylene (PTFE) reactor (Shanghai Jinghong Experimental Equipment Co., Ltd., Shanghai, China) and allowed to stand at 140 °C for 12 h. After centrifugal separation of the product, the obtained precipitate was washed with ethanol and deionized water, then dried at 100 °C for 3 h to obtain powdered ZnO. Scanning electron microscopy (SEM, Carl Zeiss AG, Oberkochen, BW, Germany) was used for microscopic morphology analysis of the ZnO product. The prepared ZnO was then characterized by Fourier transform infrared spectroscopy (FT-IR, Thermo Nicolet Corporation, Madison, WI, USA).




2.3. Determination of Laccase Activity


Laccase solution (0.5 mg/mL, 0.2 mL) was added to a reaction system consisting of ABTS solution (0.5 mM, 1.9 mL) and disodium hydrogen phosphate–citric acid buffer solution (pH 4, 1.9 mL) at 60 °C for 3 min. Absorbance was measured using an ultraviolet spectrophotometer (UV, Shanghai Precision Scientific Instrument Co., Ltd., Shanghai, China) at 420 nm before and after the reaction. The methodology for determining immobilized laccase activity was identical to that described above. Enzyme activity was calculated using Equations (1) and (2) as follows:


  Unit enzyme activity of enzyme solution   U   =     10   6   × Δ OD ×   V   1       V   2   × ε × Δ t    



(1)






  Immobilized laccase unit enzyme activity   U   =     10   6   × Δ OD   ε × Δ t × M    



(2)




where V1 is the total volume of the reaction system (4 mL); V2 is the volume of enzyme solution added to the system (0.2 mL); ΔOD is the change in absorbance values within time Δt; Δt is the reaction time (3 min); M is the mass of immobilized laccase (g); and ε is the molar extinction coefficient of the substrate ABTS at 420 nm, with a value of 3600 L·μmol−1·cm−1.




2.4. Relative Enzyme Activity and Enzyme Recovery Rate


Relative enzyme activity refers to a calculation for which the group with the highest enzyme activity was given a value of 100%; the levels of enzyme activity measured in other groups were then compared with this, giving values for relative enzyme activity. The rate of enzyme activity recovery was calculated using Equation (3), as follows:


  enzyme activity recovery rat =     A   1       A   2     × 100 %  



(3)




where A1 is the initial total enzyme activity of the enzyme solution; and A2 is the total immobilized enzyme activity.




2.5. Determination of Laccase Immobilization Capacity


Bradford reagent (5 mL) was added to the pre-immobilized laccase solution and the post-immobilized supernatant (1 mL each). The solution was shaken well and allowed to stand for 5 min before measurement. Absorbance was measured at 595 nm, and the laccase fixation amount was calculated using Equation (4), as follows:


  q =     ( C   0   − C ) × V   m    



(4)




where q is the fixed capacity of the immobilized material for laccase (mg/g); C0 is the initial concentration of laccase solution (mg/g); C is the concentration of laccase in the supernatant at fixed equilibrium (mg/g); V is the volume of the fixed solution (mL); and m is the mass of the immobilized material (mg).




2.6. Preparation of Immobilized Laccase


ZnO nanomaterial (10 mg) was added to laccase solution (20 mL, 0.5 mg/mL) which prepared by dissolution in a buffer solution (pH 7), and cultured in a constant temperature shaker (150 rpm). The immobilized laccase was filtered and separated after a certain time. To determine the best immobilization conditions, five immobilized materials (S-ZnO, C-ZnO, G-ZnO, F-A-ZnO, and F-B-ZnO) were studied using orthogonal experiments at temperatures of 20, 30, 40, 50, and 60 °C, adsorption times of 0.5, 1, 2, 3, and 4 h, and enzyme concentrations of 5, 10, 15, 20, and 25 mg/mL.




2.7. Determination of Kinetic Constants


According to the method described in Section 2.3 above, at the optimal temperature and pH values for free and immobilized laccase, respectively, the concentration of ABTS solution was set to 0.02, 0.04, 0.06, 0.08, and 0.10 mM, successively, for the purposes of analysis. To this end, the Michaelis Equation was used, as in Equation (5).



However, because the above is limited in application, the Lineweaver–Burk double reciprocal method is also commonly used, as illustrated in Equation (6), as follows:


  v =     V   m a x   × S     K   m   + S    



(5)






    1   v   =     K   m       V   m a x     ×   1   S   +   1     V   m a x      



(6)




where v is the initial rate of enzymatic reaction; S is the concentration of substrate ABTS; Vmax is the maximum reaction rate; and Km is the Michaelis constant.




2.8. Detection and Extraction of MES


The reaction substrate in this experiment was 10 mg/L aqueous solution of MES. The concentration of MES was determined during the analysis using high-performance liquid chromatography (HPLC), and the HPLC detection method was employed for MES with an external standard method using Agilent 1260 high-performance liquid chromatography (Agilent Technologies Inc., Shanghai, China). The mobile phase consisted of a solution of 0.7% glacial acetic acid in aqueous solution and acetonitrile. The column temperature was set to 25 °C, the detection wavelength was 252 nm, the flow rate was 1.0 mL/min, and the injection volume was 20 μL.



The solution containing MES (5 mL) and acetonitrile (5 mL) was mixed and shaken on a shaker (180 rpm/min, 30 °C) for 30 min. NaCl (1 g) was then added and the mix was centrifuged at 4000 rpm for 5 min. The upper layer of organic liquid filtration (0.22 μm filter membrane) was taken and refrigerated at −20 °C for testing. The recovery rate of MES in an aqueous solution was then calculated to be 83.3%, indicating that the method satisfied the requirements of the experiment.




2.9. Data Analysis


All experimental treatments were repeated three times. Charts were generated using Origin 2019b (Origin Lab Co., Northampton, MA, USA) and significant difference analysis was carried out on data using SPSS 23.0 (IBM SPSS Inc., Chicago, IL, USA). All data are presented as mean values, with standard deviations represented by error bars.





3. Results and Discussion


3.1. Morphological Characterization of Nano-ZnO


Among all the methods for preparing ZnO materials, the solution method is especially simple and environmentally friendly, and it can be used at low temperatures. The application of different levels of EG content is one of the main methods used to prepare ZnO nanomaterials with different structures. Saito et al. [34] discovered that EG has the potential to hinder the growth of ZnO crystals by acting as a capping agent. EG can also facilitate the aggregation of small granular crystals into rounded particles. However, in cases where the concentration of EG/H2O is low, these rounded particles disintegrate into individual particles. Because of the high hydrophilicity of EG, the hydrothermal reaction process can be optimized by adjusting the ratio of EG to deionized water.



In the present study, the surface morphology of the ZnO material was observed by SEM as illustrated in Figure 1. When the ratio of EG to H2O is 2: 1, nanospheres with a diameter of about 500–600 nm are obtained; these are termed spherical ZnO (S-ZnO). There are depressions at both ends of the spherical particles and folds in the depressions, as shown in Figure 1a. When the ratio of EG to H2O is adjusted to 1: 1, cylindrical particles with a length of about 600–800 nm are obtained (Figure 1b); these are termed cylindrical ZnO (C-ZnO). Cylindrical structures may be tightly bound as a result of interactions between small particles. Figure 1c shows that, when the EG/H2O ratio is 1:3, the granular ZnO (G-ZnO) is composed of irregular ZnO particles with diameters of 50–150 nm. Due to the intermolecular force, the particles are closely bound to each other. When the EG/H2O ratio is adjusted to 1: 4, ZnO nano-flakes with diameters of approximately 150–300 nm and thicknesses of approximately 30 nm are obtained (Figure 1d. Due to electrostatic or intermolecular forces, the flake structures are piled up; this is termed flake (A) ZnO (F-A-ZnO). However, when the EG/H2O ratio is adjusted to 1: 6, ZnO nano-flakes with a similar morphology to F-A-ZnO but with a larger flake diameter (about 200–400 nm) are obtained; this is termed flake (B) ZnO (F-B-ZnO), as shown in Figure 1e. The findings indicate that the morphology of the prepared ZnO is significantly influenced by the ratio of EG to H2O in the solution used for the synthesis of nano-ZnO.




3.2. Comparison of Performance of ZnO@Lac with Different Morphologies


In this experiment, the conditions of immobilizing laccase with ZnO with five different morphologies were optimized by an orthogonal experiment. Temperature, adsorption time, and enzyme concentration were all controlled, with temperatures of 20, 30, 40, 50, and 60 °C, adsorption times of 0.5, 1, 2, 3, and 4 h, and enzyme concentrations of 5, 10, 15, 20, and 25 mg/mL. Significance analysis was conducted using SPSS software; the results are shown in Table 1. Under conditions of 30 °C, 0.5 h, and 25 mg/mL, G-ZnO@Lac exhibited the highest recovery, of 48.35%, with the load capacity being 1058.42 mg/mL. S-ZnO@Lac had a higher load capacity of 1258.31 mg/mL, but recovery was only 23.98%. Given that the activity of the enzyme represents the most crucial factor in the degradation of MES, we concluded that the best immobilization carrier was G-ZnO.




3.3. Characterization of Free Laccase and Immobilized Laccase


To observe the morphologies of free laccase and immobilized laccase, the immobilized laccase prepared under the best immobilization conditions was chosen. Figure 2a, b show an SEM scan image of G-ZnO material and G-ZnO@Lac. It can be seen that the G-ZnO material exhibits an irregular square shape under low magnification, with G-ZnO@Lac being similar to the main morphology of the G-ZnO material. The white part is made of the ZnO material, and the dark spherical part is made of laccase. It can also be observed that laccase binds well to the granular ZnO material. These results demonstrate that laccase can be well adsorbed on G-ZnO materials through adsorption.



Figure 2c is a Fourier infrared spectrogram (FT-IR) of laccase, granular ZnO (G-ZnO), and granular ZnO-immobilized laccase (G-ZnO@Lac). The 470 cm−1 frequency is indicative of the vibration of the Zn–O bond in granular zinc oxide [35]. The peak at around 1035 cm−1 is indicative of the stretching vibration of C-N found in laccase, and the absorption peak at 1115 cm−1 may be attributed to the stretching vibration of C-O [36]. The vibration of asymmetric and symmetric stretching of the C-H bands of laccase is represented by the bands at 2972 cm−1. The vibration at 1698 cm−1 may be ascribed to the C=C bonds [37]. Moreover, the presence of a peak at 3617 cm−1 in G-ZnO@Lac suggests the presence of an amide bond in the laccase protein, thereby confirming the immobilization of laccase on the G-ZnO surface [38].




3.4. Construction of Immobilized Laccase System


3.4.1. pH and Temperature Stability of Laccase and Immobilized Laccase


Under different conditions (pH, temperature), the activity of laccase before and after immobilization was measured with ABTS as substrate. The pH stability of laccase stored for one day at pH 2–8 and the temperature stability of laccase stored for 2.5 h at 20–80 °C were compared. Figure 3b illustrates that the optimal temperature for free laccase and immobilized laccase is 60 °C. However, the optimal pH values (Figure 3a) are different for free laccase and immobilized laccase, being pH 4 and pH 4.5, respectively. After storage for one day, the enzyme activity retention rates of free laccase and immobilized laccase were 71.00% and 74.00%, respectively (Figure 3c,d). The stability of immobilized laccase in buffer solutions with different pH values is generally higher than that of free laccase, indicating that G-ZnO@Lac is conducive to the enhancement of pH stability of laccase. The observed reduction in enzyme activity at alkaline pH may be attributed to the presence of hydroxide ions, which affect the internal structure of the T2/T3 copper in the laccase molecule. This leads to a reduction in the oxygen reduction potential, thereby hindering the catalytic reaction of laccase and reducing the efficiency of the reaction [36]. Additionally, the enzyme molecules are protected by carriers to avoid denaturation and inactivation caused by harsh reaction conditions. From Figure 3e,f, it may be seen that free laccase is inactivated after being stored at 80 °C for one hour, the enzyme activity retention rate maintains a level above 50.00% between 20 and 60 °C, and the retention rate of immobilized laccase remains above 60.00% between 20 and 80 °C, being 62.30% at 80 °C. We may say, then, that the thermal stability of immobilized laccase is significantly enhanced. The immobilized laccase retains more activity at high temperatures because the conformational fluidity of the immobilized laccase molecule is limited, and this enhances the thermal stability of the laccase [39]. Moreover, increasing the temperature within a certain range also helps to overcome the diffusion resistance between the substrate molecule and the laccase molecule, leading to an increase in the relative activity of the immobilized laccase [40]. Therefore, in comparison to free laccase, the adaptive range of immobilized laccase to pH and temperature is improved, and the stability of pH and temperature is enhanced.




3.4.2. Storage Stability of Laccase and Immobilized Laccase


Laccase and G-ZnO@Lac were stored at 4 °C for 28 days. Enzyme activity testing was conducted at 0, 3, 6, 9, 12, 15, 20, and 28 d, and the results are shown in Figure 4a. It can be seen that both laccase and G-ZnO@Lac exhibit a continuous and stable downward trend over the 28 days, but the downward trend of G-ZnO@Lac is relatively slow. In addition, the enzyme activity retention rate of G-ZnO@Lac is higher than that of laccase, indicating that immobilized laccase has significantly enhanced storage stability compared with free laccase. The ZnO carrier protects the structure of laccase and prevents the loss of enzyme activity caused by molecular agglomeration during the use and recycling of laccase, thus making it more stable [39,41].




3.4.3. Reusability of Immobilized Laccase


At the optimal reaction temperature and pH value, immobilized laccase was used in eight consecutive reaction cycles. The results are presented in Figure 4b. After five cycles, the relative enzyme activity was still as high as 60.95%. After eight cycles, the relative enzyme activity still exceeded the original 38.40%, indicating good reusability. One possible cause for this loss of enzyme activity could be the immobilization of laccase through adsorption as the binding force between the carrier and laccase is poor. Washing during the operation reaction can easily lead to partial denaturation and deactivation of the immobilized laccase, as well as a small amount of laccase falling off in the pores of the carrier [42].




3.4.4. Kinetic Parameters


The kinetics of the enzymatic reaction between free laccase and immobilized laccase were discussed. The results are shown in Figure 5. The observed slight decrease in Vmax for immobilized laccase (0.55 mM/min) compared with free laccase (0.65 mM/min), could have resulted from the constrained mobility and decreased availability of active sites in the immobilized enzyme [38]. This reduction should not be related to differences in affinity following immobilization, as the values of Km were similar before and after immobilization (free laccase: 0.15mM; immobilized laccase: 0.17mM).



Such variation in kinetic parameters has been observed in other studies. For example, Dos Santos et al. [43] co-immobilized laccase on agarose-based supports and found a similar trend to that identified in the present work; the Vmax values of the laccase showed a slight decrease upon immobilization (around 0.13 mM/min), but the values of Km did not significantly change (around 0.04 mM). Ruqayah et al. [38] immobilized laccase on modified multiwall carbon nanotubes. They found that the variation in Km values was insignificant, while Vmax values decreased. These results indicate that kinetic parameters are affected by the nature of the carrier and by the type of immobilization. However, because of the specific conditions of the activity assays (e.g., pH), an accurate comparison of our results with those reported in the literature is often difficult [44].





3.5. Optimization of Degradation Conditions of MES by Immobilized Laccase


The effects of the factors of reaction time, initial dosage of G-ZnO@Lac, temperature, and pH on the degradation of MES by immobilized laccase were investigated. Figure 6a illustrates the impact of reaction time (0–24 h) and initial dosage of G-ZnO@Lac (1 mg, 4 mg, 7 mg, 10 mg, and 15 mg) on the removal of the target. An increased concentration of G-ZnO@Lac was found to promote the removal of contaminants to a certain degree due to an increase in immobilized laccase providing more active enzyme sites. However, the concentration of immobilized laccase increased continuously, resulting in an increase in ZnO material, resulting in an agglomeration phenomenon, which hindered the binding of MES to the active site of laccase; on the other hand, the contact with the carrier covered the active center of laccase, resulting in a lower degradation rate [45]. Considering the economic factors and the degradation rate, a 10 mg dosage of immobilized laccase was used under the conditions of this experiment, and the degradation rate of immobilized laccase on MES was found to reach 59.78% after 6 h.



As can be seen in Figure 6b, the removal reached a maximum level of 64.5% at 30 °C. The removal rate of MES exhibited a trend of initial increase followed by a subsequent decline, because within a certain temperature range, the higher the temperature, the higher the enzyme activity. However, the dissolved oxygen concentration in the reaction system decreases when the temperature is too high, and the lower level is not enough to support the higher reaction rate at high temperatures, leading to a decrease in removal [41,46]. It is apparent from Figure 6c that the optimal pH value of immobilized laccase for degradation of MES was 4, and the degradation rate was 67.90%. Hence, the best conditions for degradation of MES by G-ZnO@Lac were determined to be 10 mg, 6 h, 30 °C, and pH 4. Under these conditions, the degradation efficiency of immobilized laccase on MES can reach 73.25%.




3.6. Analysis of the Degradation Mechanism of Mesotrione


Mesotrione, (2-(4-methanesulfonyl-2-nitrobenzoyl) cyclohexane-1,3-dione, C14H13NO7S, 36 atoms, MES) is a triketone herbicide with different functional groups attached to the benzene ring. Depending on the catalytic oxidation of laccase, and on the molecular structure and synthetic pathway of MES, there may be several degradation products in the degradation process of MES by laccase. After oxidation and fragmentation of MES molecules, cyclohexane-1,3-dione (CHD, A), and 4-(methylsulfonyl)-2-nitrobenzoic acid (MNBA, B) were produced. The mesotrione hydroxylamine derivative (C) is formed due to reduction in the nitro fraction of MES. In addition, 2-hydroxyhexanedioic acid (D) and pentanedioic acid (E) are generated by further fragmentation and hydroxylation of CHD (A); MNBA is an intermediate product of oxidation and does not accumulate in the degradation process. Hydroxyl substitutes carboxyl in MNBA, resulting in 1-nitro-3-methylsulfonylphenol (F) and 1-(methylsulfonyl)-3-nitrobenzene (G) products; product C is further catalytically degraded to produce 2,1-benzisoxazole-like mesotrione derivative (I). Moreover, 4-(methylsulfonyl)-2-aminobenzoic acid (AMBA) (H) is formed by the reductive transformation of the NO2 moiety through the formation of intermediates bearing NO and NHOH groups [4,47,48,49,50]. The degradation pathways are shown in Figure 7.





4. Conclusions


In summary, in the present study, we prepared the immobilized laccase G-ZnO@Lac using granular ZnO as a carrier. The optimum immobilization conditions were found to be 30 °C, 0.5 h, and 25 mg/mL. The enzyme activity recovery and immobilization capacity were found to be 48.35% and 1058.42 mg/mL, respectively. The physical protections of G-ZnO on laccase resulted in enhanced thermal stability, acid–base stability, storability, and reusability. Moreover, G-ZnO@Lac maintained high relative activity at temperatures of 20–80 °C with pH values of 2–6, and this represented an improvement compared with free laccase. The relative activity of immobilized laccase remained above 50% (free laccase: 12%) after 28 days of storage. On this basis, the optimal degradation conditions of G-ZnO@Lac for MES were investigated. Under optimal conditions (10 mg, 6 h, 30 °C, and pH 4), the degradation efficiency reached 73.25%. This study provides a theoretical basis for the application of immobilized laccase in the field of herbicides.







Author Contributions


Writing—original draft preparation, W.Y. and X.W.; validation, W.Y., X.W., and J.Z.; investigation, X.W.; data curation, W.Y. and J.Z.; writing—review and editing, W.Y. and X.W.; formal analysis, M.Y.; supervision, J.B. and M.Y.; funding acquisition, J.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Applied Basic Research Plan of Liaoning Province (2023JH2/101300059).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We are grateful to the diligent efforts of the editor and the anonymous reviewers. The authors also appreciate the teachers and students for their excellent help during the experiments. This article represents the views or opinions of its authors.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Bo, H.; Dawei, W.; Wenchao, Y.; Qiong, C.; Guangfu, Y. Advances in Research on 4-Hydroxyphenylpyruvate Dioxygenase (HPPD) Structure and Pyrazole-Containing Herbicides. Chin. J. Org. Chem. 2017, 37, 2895–2904. [Google Scholar]

	



Rouchaud, J.; Neus, O.; Cools, K.; Bulcke, R. Dissipation of the triketone mesotrione herbicide in the soil of corn crops grown on different soil types. Toxicol. Environ. Chem. 2000, 77, 31–40. [Google Scholar] [CrossRef]

	



Mandeep, S.; Saania, B.; Mohan Krishna, D.; Jassasvi, P.; Sandeep, M.; Gurpreet, S. Effect of pre- and post-emergence (HPPD-Inhibitors) herbicides on weed dynamics and yield of kharif Maize (Zea mays). Ecol. Environ. Conserv. 2024, 29, 1568–1571. [Google Scholar] [CrossRef]

	



Xiaotian, C.; Yuanfu, L.; Wei, L.; Ning, H.; Feng, Z.; Ping, H.; Huihua, T. Biodegradation properties and mechanism of triketone herbicide mesotrione via newly isolated bacterium Klebsiella pasteurii CM-1. Int. Biodeterior. Biodegrad. 2024, 187, 105727. [Google Scholar] [CrossRef]

	



Araújo, R.D.S.; Viana, T.A.; Botina, L.L.; Bastos, D.S.S.; da Silva Alves, B.C.; Machado-Neves, M.; Bernardes, R.C.; Martins, G.F. Investigating the effects of mesotrione/atrazine-based herbicide on honey bee foragers. Sci. Total Environ. 2023, 898, 165526. [Google Scholar] [CrossRef] [PubMed]

	



Haoyu, Z.; Shiqi, N.; Zhonghua, W. Effect of single and combined stress of mesotrione and copper on the growth and physiology of Vallisneria natans. Biot. Resour. 2023, 45, 572–583. [Google Scholar] [CrossRef]

	



Giardina, A.; Tampieri, F.; Biondo, O.; Marotta, E.; Paradisi, C. Air non-thermal plasma treatment of the herbicides mesotrione and metolachlor in water. Chem. Eng. J. 2019, 372, 171–180. [Google Scholar] [CrossRef]

	



Zhao, H.; Zhang, Q. Performance of electro-Fenton process coupling with microbial fuel cell for simultaneous removal of herbicide mesotrione. Bioresour. Technol. 2020, 319, 124244. [Google Scholar] [CrossRef]

	



Carles, L.; Joly, M.; Bonnemoy, F.; Leremboure, M.; Donnadieu, F.; Batisson, I.; Besse-Hoggan, P. Biodegradation and toxicity of a maize herbicide mixture: Mesotrione, nicosulfuron and S-metolachlor. J. Hazard. Mater. 2018, 354, 42–53. [Google Scholar] [CrossRef]

	



Liu, Y.; Liu, W.; Li, M.; Liu, S.; Peng, D.; Zhao, F.; Wu, X.; Tan, H. Biodegradation characteristics and mechanism of terbuthylazine by the newly isolated Agrobacterium rhizogenes strain AT13. J. Hazard. Mater. 2023, 456, 131664. [Google Scholar] [CrossRef]

	



Xu, K.; Racine, F.; He, Z.; Juneau, P. Impacts of hydroxyphenylpyruvate dioxygenase (HPPD) inhibitor (mesotrione) on photosynthetic processes in Chlamydomonas reinhardtii. Environ. Pollut. 2018, 244, 295–303. [Google Scholar] [CrossRef]

	



Huang, M.T.; Lu, Y.C.; Zhang, S.; Luo, F.; Yang, H. Rice (Oryza sativa) Laccases Involved in Modification and Detoxification of Herbicides Atrazine and Isoproturon Residues in Plants. J. Agric. Food Chem. 2016, 64, 6397–6406. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, S.; Qin, X.; Xia, L. Degradation of the herbicide isoproturon by laccase-mediator systems. Biochem. Eng. J. 2017, 119, 92–100. [Google Scholar] [CrossRef]

	



Bento, I.; Silva, C.S.; Chen, Z.; Martins, L.O.; Lindley, P.F.; Soares, C.M. Mechanisms underlying dioxygen reduction in laccases. Structural and modelling studies focusing on proton transfer. BMC Struct. Biol. 2010, 10, 28. [Google Scholar] [CrossRef] [PubMed]

	



Jafari, M.; Mojtabavi, S.; Faramarzi, M.A.; Mehrnejad, F.; Soleimani, M.; Mirjani, R. Molecular level insight into stability, activity, and structure of Laccase in aqueous ionic liquid and organic solvents: An experimental and computational research. J. Mol. Liq. 2020, 317, 113925. [Google Scholar] [CrossRef]

	



Arregui, L.; Ayala, M.; Gómez-Gil, X.; Gutiérrez-Soto, G.; Hernández-Luna, C.E.; Herrera de Los Santos, M.; Levin, L.; Rojo-Domínguez, A.; Romero-Martínez, D.; Saparrat, M.C.N.; et al. Laccases: Structure, function, and potential application in water bioremediation. Microb. Cell Fact. 2019, 18, 200. [Google Scholar] [CrossRef] [PubMed]

	



Dong, C.-D.; Tiwari, A.; Anisha, G.S.; Chen, C.-W.; Singh, A.; Haldar, D.; Patel, A.K.; Singhania, R.R. Laccase: A potential biocatalyst for pollutant degradation. Environ. Pollut. 2023, 319, 120999. [Google Scholar] [CrossRef]

	



Martínková, L.; Křístková, B.; Křen, V. Laccases and Tyrosinases in Organic Synthesis. Int. J. Mol. Sci. 2022, 23, 3462. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Ji, A.; Qiu, S.; Liu, Y.; Zhu, Q.; Yin, L. Covalent conjugation of bovine serum album and sugar beet pectin through Maillard reaction/laccase catalysis to improve the emulsifying properties. Food Hydrocoll. 2018, 76, 173–183. [Google Scholar] [CrossRef]

	



Ariaeenejad, S.; Motamedi, E.; Salekdeh, G.H. Highly efficient removal of dyes from wastewater using nanocellulose from quinoa husk as a carrier for immobilization of laccase. Bioresour. Technol. 2022, 349, 126833. [Google Scholar] [CrossRef]

	



Wei, Y.; Zhu, Q.; Xie, W.; Wang, X.; Li, S.; Chen, Z. Biocatalytic enhancement of laccase immobilized on ZnFe2O4 nanoparticles and its application for degradation of textile dyes. Chin. J. Chem. Eng. 2024, 68, 216–223. [Google Scholar] [CrossRef]

	



Bautista, L.F.; Morales, G.; Sanz, R. Biodegradation of polycyclic aromatic hydrocarbons (PAHs) by laccase from Trametes versicolor covalently immobilized on amino-functionalized SBA-15. Chemosphere 2015, 136, 273–280. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, T.; Hui, L.; Yuhai, M.; Junqi, L.; Xiaoxu, L.; Lingyan, P. In-situ growth of enzyme/copper phosphate hybrids on carbon cloth surface as self-powered electrochemical glucose biosensor. Biochem. Eng. J. 2023, 193, 108860. [Google Scholar] [CrossRef]

	



Yang, X.; Chen, X.; Wang, H.; Cavaco-Paulo, A.; Su, J. Co-immobilizing laccase-mediator system by in-situ synthesis of MOF in PVA hydrogels for enhanced laccase stability and dye decolorization efficiency. J. Environ. Manag. 2024, 353, 120114. [Google Scholar] [CrossRef]

	



Zayed, M.E.M.; Obaid, A.Y.; Almulaiky, Y.Q.; El-Shishtawy, R.M. Enhancing the sustainable immobilization of laccase by amino-functionalized PMMA-reinforced graphene nanomaterial. J. Environ. Manag. 2023, 351, 119503. [Google Scholar] [CrossRef]

	



Jeong, J.; Ha, T.H.; Chung, B.H. Enhanced reusability of hexa-arginine-tagged esterase immobilized on gold-coated magnetic nanoparticles. Anal. Chim. Acta 2006, 569, 203–209. [Google Scholar] [CrossRef]

	



Florencia Alejandra, B.; Gustavo Raúl, K.; Juan Ernesto, V.; Marcela Alejandra, S.; María Isabel, F.; Alicia Esther, A.; Pedro Darío, Z. Laccase immobilization on nanoporous aluminum oxide for black liquor treatment. Surf. Interfaces 2022, 30, 101879. [Google Scholar] [CrossRef]

	



Chaudhary, S.; Umar, A.; Bhasin, K.; Baskoutas, S. Chemical Sensing Applications of ZnO Nanomaterials. Materials 2018, 11, 287. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, R.; Umar, A.; Kumar, G.; Nalwa, H.S. Antimicrobial properties of ZnO nanomaterials: A review. Ceram. Int. 2017, 43, 3940–3961. [Google Scholar] [CrossRef]

	



Li, Y.; Li, J.; Li, M.; Sun, J.; Shang, X.; Ma, Y. Biological mechanism of ZnO nanomaterials. J. Appl. Toxicol. 2023, 44, 107–117. [Google Scholar] [CrossRef]

	



Isanapong, J.; Pornwongthong, P. Immobilized laccase on zinc oxide nanoarray for catalytic degradation of tertiary butyl alcohol. J. Hazard. Mater. 2021, 411, 125104. [Google Scholar] [CrossRef]

	



Rani, M.; Shanker, U.; Chaurasia, A.K. Catalytic potential of laccase immobilized on transition metal oxides nanomaterials: Degradation of alizarin red S dye. J. Environ. Chem. Eng. 2017, 5, 2730–2739. [Google Scholar] [CrossRef]

	



Shaba, E.Y.; Jacob, J.O.; Tijani, J.O.; Suleiman, M.A.T. A critical review of synthesis parameters affecting the properties of zinc oxide nanoparticle and its application in wastewater treatment. Appl. Water Sci. 2021, 11, 48. [Google Scholar] [CrossRef]

	



Saito, N.; Haneda, H. Hierarchical structures of ZnO spherical particles synthesized solvothermally. Sci. Technol. Adv. Mater. 2011, 12, 064707. [Google Scholar] [CrossRef]

	



Turan, G.; Cevher Kursat, M.; Fatih, B.; Ezgi, G.; Cihan, O.; Stefano, B. Investigation of dielectric parameters and AC conductivity of ZnO: TiC nanocomposite powders. Appl. Phys. A 2023, 129, 649. [Google Scholar] [CrossRef]

	



Zdarta, J.; Feliczak-Guzik, A.; Siwińska-Ciesielczyk, K.; Nowak, I.; Jesionowski, T. Mesostructured cellular foam silica materials for laccase immobilization and tetracycline removal: A comprehensive study. Microporous Mesoporous Mater. 2019, 291, 109688. [Google Scholar] [CrossRef]

	



Zhang, Y.; Piao, M.; He, L.; Yao, L.; Piao, T.; Liu, Z.; Piao, Y. Immobilization of laccase on magnetically separable biochar for highly efficient removal of bisphenol A in water. RSC Adv. 2020, 10, 4795–4804. [Google Scholar] [CrossRef] [PubMed]

	



Ruqayah Ali, G.; Osamah, J.A.-s.; Mónika, M.; Csilla, S.-K.; Raed, A.A.-J.; Miklós, J.; Edina, L.; Viola, S.; Mohammad Amir, K.; Khalid, S.H. A sustainable nano-hybrid system of laccase@M-MWCNTs for multifunctional PAHs and PhACs removal from water, wastewater, and lake water. Environ. Res. 2024, 246, 118097. [Google Scholar] [CrossRef]

	



Lihui, W.; Huan, L.; Heyu, L.; Xiaobing, Z.; Yanjun, J.; Jing, G. Preparation and application of core-shell hydrophobic magnetic dendritic fibrous organosilica immobilized lipase. CIESC J. 2021, 72, 4861–4871. [Google Scholar]

	



Sun, H.; Yuan, F.; Jia, S.; Zhang, X.; Xing, W. Laccase encapsulation immobilized in mesoporous ZIF-8 for enhancement bisphenol A degradation. J. Hazard. Mater. 2022, 445, 130460. [Google Scholar] [CrossRef]

	



Drozd, R.; Rakoczy, R.; Wasak, A.; Junka, A.; Fijałkowski, K. The application of magnetically modified bacterial cellulose for immobilization of laccase. Int. J. Biol. Macromol. 2017, 108, 462–470. [Google Scholar] [CrossRef] [PubMed]

	



Amin, R.; Khorshidi, A.; Bensch, W.; Senkale, S.; Faramarzi, M.A. Degradation of Sesame Oil Phenolics Using Magnetic Immobilized Laccase. Catal. Lett. 2020, 150, 3086–3095. [Google Scholar] [CrossRef]

	



dos Santos, K.P.; Rios, N.S.; Labus, K.; Gonçalves, L.R.B. Co-immobilization of lipase and laccase on agarose-based supports via layer-by-layer strategy: Effect of diffusional limitations. Biochem. Eng. J. 2022, 185, 108533. [Google Scholar] [CrossRef]

	



Tocco, D.; Wisser, D.; Fischer, M.; Schwieger, W.; Salis, A.; Hartmann, M. Immobilization of Aspergillus sp. laccase on hierarchical silica MFI zeolite with embedded macropores. Colloids Surf. B Biointerfaces 2023, 226, 113311. [Google Scholar] [CrossRef] [PubMed]

	



Fu, M.; Xing, J.; Ge, Z. Preparation of laccase-loaded magnetic nanoflowers and their recycling for efficient degradation of bisphenol A. Sci. Total Environ. 2018, 651, 2857–2865. [Google Scholar] [CrossRef] [PubMed]

	



Huan, W.; Yang, Y.; Wu, B.; Yuan, H.; Zhang, Y.; Liu, X. Degradation of 2,4-DCP by the Immobilized Laccase on the Carrier of Fe3O4@SiO2-NH2. Chin. J. Chem. 2012, 30, 2849–2860. [Google Scholar] [CrossRef]

	



Imrich, R.; Štofko, J.; Boča, R.; Rajnák, C. Electronic structure and molecular properties of nitisinone and mesotrione in water. J. Mol. Model. 2023, 29, 370. [Google Scholar] [CrossRef]

	



Murati, M.; Oturan, N.; Zdravkovski, Z.; Petreska Stanoeva, J.; Efremova Aaron, S.; Aaron, J.-J.; Oturan, M.A. Application of the electro-Fenton process to mesotrione aqueous solutions: Kinetics, degradation pathways, mineralization and evolution of the toxicity. Maced. J. Chem. Chem. Eng. 2014, 33, 121–137. [Google Scholar] [CrossRef]

	



Płonka, J.; Górny, A.; Kokoszka, K.; Barchanska, H. Metabolic profiles in the course of the shikimic acid pathway of Raphanus sativus var. longipinnatus exposed to mesotrione and its degradation products. Chemosphere 2019, 245, 125616. [Google Scholar] [CrossRef]

	



Crouzet, O.; Batisson, I.; Besse-Hoggan, P.; Bonnemoy, F.; Bardot, C.; Poly, F.; Bohatier, J.; Mallet, C. Response of soil microbial communities to the herbicide mesotrione: A dose-effect microcosm approach. Soil Biol. Biochem. 2009, 42, 193–202. [Google Scholar] [CrossRef]








[image: Toxics 12 00434 g001] 





Figure 1. SEM images of ZnO nanomaterials. (a) S-ZnO; (b) C-ZnO; (c) G-ZnO; (d) F-A-ZnO; (e) F-B-ZnO. (a-1,a-2) are different enlarged sizes of the same material. 
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Figure 2. SEM images of granular ZnO (a) and ZnO@Lac (b); FTIR spectra of laccase, G-ZnO, and G-ZnO@Lac (c). 
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Figure 3. Effects of pH (a) and temperature (b) on the activities of laccase and G-ZnO@Lac; pH stability of laccase (c) and G-ZnO@Lac (d); and thermal stability of laccase (e) and G-ZnO@Lac (f). 
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Figure 4. Storage stability of laccase (a); and reusability of immobilized laccase (b). 






Figure 4. Storage stability of laccase (a); and reusability of immobilized laccase (b).



[image: Toxics 12 00434 g004]







[image: Toxics 12 00434 g005] 





Figure 5. The affinity of laccase and G-ZnO@Lac to the substrate. 
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Figure 6. Effects of the following factors on the degradation rate of MES: initial dosage of immobilized laccase and reaction time (a); temperature (b); and pH (c). 
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Figure 7. There may be several degradation products from MES. 
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Table 1. Optimizing conditions for immobilization of laccase with different morphologies of ZnO.
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	Support Material
	S-ZnO
	C-ZnO
	G-ZnO
	F-A-ZnO
	F-B-ZnO





	Enzyme activity recovery rate (%)
	23.98
	27.54
	48.35
	25.12
	35.73



	Fixed load capacity (mg/mL)
	1258.31
	1153.27
	1058.42
	932.48
	830.21
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