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Abstract

:

Laccase from Pleurotus ostreatus was immobilised on porous Purolite® carriers and amino-functionalised ultrafiltration membranes. The results indicated a correlation between the carrier structure and the activity of laccase immobilised thereon. The highest activity was obtained for carriers characterised by a small particle size and a larger pore diameter (the porous carriers with an additional spacer (C2 and C6) and octadecyl methacrylate beads with immobilised laccase activity of 5.34 U/g, 2.12 U/g and 7.43 U/g, respectively. The conditions of immobilisation and storage of immobilised laccase were modified to improve laccase activity in terms of bisphenol A transformation. The highest laccase immobilisation activity was obtained on small bead carriers with a large diameter of pores incubated in 0.1 M phosphate buffer pH 7 and for immobilisation time of 3 h at 22 °C. The immobilised LAC was stable for four weeks maintaining 80–90% of its initial activity in the case of the best C2, C6, and C18 carriers. The immobilised laccase transformed 10 mg/L of BPA in 45% efficiency and decreased its toxicity 3-fold in the Microtox tests. The effectiveness of BPA transformation, and the legitimacy of conducting this process due to the reduction of the toxicity of the resulting reaction products have been demonstrated. Reusability of immobilised LAC has been proven during BPA removal in 10 subsequent batches.
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1. Introduction


Laccases are well-known biocatalysts for industrial purposes. Given their substrate promiscuity and the mild reaction conditions, this group of enzymes is widely studied in terms of green catalysis and especially improvement of their properties, which allows adaptation of laccases to specific biotechnological process conditions. Among modern approaches such as direct evolution and rational design, immobilisation of enzymes contributes to increasing laccase stability in adverse reaction conditions, such as extreme pH and temperature values or the presence of organic solvents [1]. Application of an immobilised enzyme in biocatalysis simplifies its separation from the reaction product and reuse in the continuous system of the biotechnological process. This reduces both the cost of production of the biocatalyst and the process itself; hence, immobilisation is the most promising method for industrial application of laccase and enzymes in general [2,3,4]. Many techniques and carriers for immobilisation have been developed over the years; however, there is no universal method of immobilisation or an ideal support for all enzymes and applications. Both have advantages and disadvantages, which need to be balanced through the optimisation process. Regarding immobilisation techniques, the choice is between the activity and stability of laccase, whereas the dilemma for the support lies between the limitations of substrate diffusion and the amount of laccase loaded on the support [5]. Therefore, the improvement of the immobilisation method in terms of the conditions of laccase attachment and extension of preparation’s shelf life is still desired as well as searching for new, cheap supports. An interesting group of supports among many materials used for immobilisation, such as carbon and silica nanostructures, are acrylic resins due to their broad range of structural diversity and ease of modification [6,7]. Depending on the structure, they can be applied as supports for laccase immobilisation through covalent bonds and adsorption giving an efficient and repeatedly used biocatalyst [8]. An alternative for porous carriers may be ultrafiltration membranes characterised by low porosity, which are used especially for covalent attachment of laccase with simultaneous low substrate adsorption. Promising results were reported for laccase encapsulated in alginate, as high activity of immobilised laccase and simultaneous low substrate adsorption were noted [9,10]. However, there may be possible leaking of physically immobilised enzyme from the carrier and limited mass transfer, which are unfavourable phenomena [5,10].



Several groups of porous acrylic carriers (Purolite®) and amine-activated ultrafiltration membranes were tested as potential supports for immobilisation of fungal laccase from Pleurotus ostreatus. The supports differed in terms of the material they were made of, porosity, and immobilisation technique. The goals of this study were to carry out (1) evaluation of the correlation between the structure of the styrene and methacrylate carriers with the porosity ranged from 300 to 1800 Å as well as cellulosic and polyethersulfonic membranes and the activity of immobilised laccase, (2) analysis of the impact of the physicochemical factors of the immobilisation process and storage conditions on the activity of immobilised laccase and long-term stability, (3) transformation of bisphenol A (BPA) as a model endocrine chemical compound and analysis of the process efficiency, and (4) evaluation of the process legitimacy based on the results of BPA transformation and the toxicity of its transformation products.




2. Results and Discussion


2.1. Influence of the Carrier Structure


The carrier structure and immobilisation technique are major factors limiting the process of enzyme bonding to the carriers and, consequently, the applicability of immobilised biocatalysts. The 18 tested supports represented two different groups, i.e., porous carriers and membranes. The former group included ready-to-use (1) supports dedicated for covalent immobilisation and possessing a short (C2) or long (C6) spacer arm, (2) supports used for adsorption and possessing octadecyl groups (C18), and (3) supports used for adsorption without any functional groups (S0) (Figure 1).



The latter group comprised polyethersulfone (PES) and cellulose (CEL) membranes as potential supports for covalent immobilisation, which were additionally functionalised through silanisation. The scheme of LAC immobilisation on various types of carriers through covalent bonds and hydrophobic interactions is summarized in Figure 2.



The present study showed a high impact of the carrier structure on the activity of immobilised laccase (LAC) from the Pleurotus ostreatus strain (Table 1). Both the LAC activity and the yield of protein bonded on porous carriers were significantly higher than in the case of membranes (PES and CEL). This was probably caused by the poor porosity and smaller surface area of the membranes, resulting in low protein loading confirmed by the Bradford method.



As described in several papers, acrylic beads with high porosity provided 100% of protein loading; hence, supports with high porosity are recommended for immobilisation of enzymes [11]. The highest LAC activity in the case of porous carriers with an additional C2 and C6 spacer and octadecyl methacrylate beads (C18) was obtained for those characterised by a small particle size and a larger pore diameter (acronyms ending in a letter C), i.e., a structure representing an optimal setup of carrier capacity and flow properties [11]. Interestingly, in the case of the C2 and C6 carriers, the decrease in the pore diameter reduced the immobilised LAC activity (C2B, C6B).



This may be the result of laccase immobilisation mainly on the carrier’s surface. Therefore, LAC is not protected from external factors, which can be observed in the case of high porosity carriers [11]. Moreover, substrate and product dispersion can be limited due to the smaller pore size; hence, the detected activity of laccase is underestimated.



The length of the spacer arm had an imperceptible impact on the immobilisation process. This conclusion contradicts the general information that an optimal carrier should have a small spacer [5]. Indeed, a short spacer arm promotes multipoint laccase binding, thereby preventing its desorption, but may hinder the mobility of the bound enzyme molecules in contrast to those bound on the longer spacer arm [12,13]. Such bonding and stiffening of the LAC structure may be more desirable in terms of its long-term stability rather than activity.



The immobilisation of LAC was also possible on the tested membranes; however, the activity obtained was much lower than on the porous carriers. Nevertheless, there was a correlation between the pore diameter and the activity. Higher values were obtained after the immobilisation on membranes with 100 kDa porosity, compared to 10 kDa, and the highest LAC activity was observed on the 100 kDa cellulose membranes (CEL100).



Considering the immobilisation technique used, the highest activity of LAC was obtained via adsorption on the C18C support, with a concomitant 100% protein bonding yield, whereas the lowest activity of LAC was detected for the covalent attachment of LAC to the PES membranes. The yields of protein bonding (covalently) to the C2 and C6 carriers were in the range from 40% to 92%, whereas a 100% yield was noted in the case of the C18 and S0 supports (adsorption). This phenomenon was associated with the actual activity of immobilised LAC; however, the enzyme-carrier interactions were important. The cause of the lower activity of covalently immobilised LAC in groups C2, C6, and membranes was not only the lower amount of bonded protein but also the stabilisation of the LAC quaternary structure by strong covalent bonds and multipoint attachment to the carrier. This contributed to LAC rigidity and, consequently, loss of activity, which is a well-known disadvantage of this technique [14,15]. On the other hand, adsorption of LAC on C18 and S0 carriers is possible through weak hydrogen, hydrophobic, and ionic bonds as well as van der Waals forces, allowing sufficiently strong bonds without any distortion of the structure of the enzyme, which maintains its activity [12].



The contribution of different types of bonds formed during the covalent LAC immobilisation was calculated based on the activity of unbonded LAC in eluates obtained during the carrier washing steps (Figure 3). Covalent bonds represented the main type of immobilisation on both groups of carriers, whereas unspecific bonds accounted for up to 12%. The percentage of unspecific bonds ranged from 3.8% to 12.1% in the C2 group and from 1.8% to 4.5% in the C6 group. The two groups of carriers differed in terms of the proportion of unspecific bonds. There was a clear predominance of adsorption over the other ones in the C2 group, whereas adsorption in the C6 group was negligible.



In the case of the membranes, most LAC was present in the decanted solution remaining after immobilisation, due to the very low bonding on the poorly developed specific surface of the membranes. In the case of the C18 and S0 groups, the adsorption of LAC on the porous carriers was so strong that there was no LAC in the solution decanted over the carriers after the immobilisation. Consequently, both factors contributed to the lack of LAC activity in the eluates during washing of the C18 and S0 carriers and the membranes and thus it was not possible to determine the types of bonds formed during LAC immobilisation thereon.



The differences in the immobilised LAC activity depended on the carrier structure and the immobilisation technique, whereas the stability of LAC during long-term storage was not as obvious. Generally, the activity of laccase immobilised covalently on any of the tested carriers remained above 50% activity after four weeks of storage (Figure 4).



LAC immobilised on the C6 supports exhibited the highest stability, as its activity exceed 66% of the initial value. The results obtained on each carrier in its group were comparable, whereas the following differences in the stability were noted between the groups: C6 group > C2 group > membranes. High stability of LAC obtained through adsorption was noted in the case all the C18 carriers, with the value in the range from 66% to 89% of the initial LAC activity after four weeks of storage. The largest discrepancies in the results were recorded for the S0 group. Only for S0B, the carrier retained LAC activity above 60%, which decreased below 50% in the case of the S0A and S0D carriers. Moreover, the dense packing of LAC molecules on the S0A and S0D carriers may have favoured desorption of loosely bound molecules, which could not have been stabilised due to the lack of any functional group on the carriers.




2.2. Immobilisation Conditions


Based on the screening test, six carriers were selected for further studies, i.e., two carriers made from macroporous styrene (S0A and S0D), three made from methacrylate (C2C, C6C, C18C), and one from cellulose membrane (CEL100).



The impact of four physicochemical factors on immobilisation efficiency was evaluated to obtain high activity of immobilised LAC that allows maximising its biocatalytic potential in biotechnological processes. The tested factors included pH values and the concentration of phosphate buffer as an environment of LAC immobilisation, temperature and time of LAC incubation with the support, and the LAC concentration. In this step of the study, the activity of immobilised laccase expressed in U/g was monitored.



2.2.1. Influence of Phosphate Buffer pH Value


Most papers described the use of 0.1 M phosphate buffer pH 7 for protein immobilisation [16,17]. The present results showed a slight effect of the phosphate buffer pH on the activity of immobilised laccase (Table 2).



In the case of the covalently attached protein, the highest values were noted after using buffer of pH 5 (C2C and C6C carriers), which decreased as the buffer pH increased, whereas the highest activity of laccase adsorbed on the carrier was determined for the C18C carrier when buffer pH 7 was used (Table 2).



The correlation between buffer pH and LAC activity in the case of the covalent immobilisation can be the result of the impact of pH on functional groups, especially on ionisation of hydrogen in primary lysine amino groups on the surface of laccase participating in multipoint attachment, which is more likely to form at higher pH values [18]. In the case of adsorption on C18C, the elevated pH may have negatively influenced the octadecyl groups and thus limited the availability of these groups for interaction with laccase molecules. In contrast, the effect of buffer pH on adsorption on the S0 supports was marginal. However, samples of immobilised LAC obtained in the pH 5 buffer turned out to be unstable. The process of LAC washing out from the carriers was monitored with the Bradford method. After 7 days of storage, the activity of unbounded LAC present in the buffer solution was higher in the case of laccase immobilised in the pH 5 buffer than in the samples obtained at pH 7 and pH 8. Similar correlations between the buffer pH value and immobilisation efficiency as well as LAC release from the carrier were observed by Pezzella and co-workers, who noted the highest immobilisation yield of laccase after incubation in phosphate buffer pH 7.5 with no simultaneous desorption of covalently bound laccase [19,20]. Considering all these results, pH 7 buffer was selected for further experiments. This is in agreement with literature data reporting that the phosphate pH 7 buffer is an optimal environment for laccase immobilisation, especially when glutaraldehyde is the bi-functional coupling agent [6].




2.2.2. Temperature and Time of Immobilisation


From the wide range of parameters that are important for immobilisation process, the temperature and time of incubation with the enzyme should be optimised, because they facilitate reduction of the immobilisation process cost. Most of the enzyme-engaging processes occur at the temperature of 4 °C to minimise enzyme degradation. Application of 4 °C for immobilisation of LAC can increase its half-life but can also limit its structure flexibility during attachment to the carrier surface or bond formation. The results of the experiment showed the same correlation for all types of carriers used for covalent immobilisation (Table 3).



The activity of LAC obtained after incubation at 4 °C was lower than in preparations incubated at 22 °C, especially during the first 3 h of incubation; these differences became less significant in the following hours. The optimal time of carrier incubation with the LAC protein varied and depended on the carrier used: it was 3 h for four out of the six carriers. The LAC activities obtained at 22 °C were higher in comparison to their analogue obtained at 4 °C. This may suggest that, after more than 3 h of incubation, the concentration of protein bound to the carrier was too high and restrained dispersion of the substrate and the product [21]. This effect was also observed in the case of the covalent immobilisation of Pleurotus florida laccase, where incubation of the enzyme with the porous silica perlite carrier for more than 4 h had no effect on a further increase in the immobilisation yield and the activity of immobilised LAC [19].




2.2.3. Laccase Concentration


The purified laccase from Pleurotus ostreatus was immobilised in optimal conditions in a concentration range from 0.5 mg/g to 4 mg/g of the wet mass of the carrier. As presented in Table 4, the concentration of LAC bound to the carrier had a significant impact on enzymatic activity.



The application of the higher concentration of LAC in the solution resulted in higher activity of immobilised LAC (Table 4). The protein overcrowding on the carrier surface, affecting the activity of immobilised laccase, is a well-known phenomenon, which limits the full use of carrier capacity. For example, the declared capacity of most of the tested Purolite® carriers is estimated at 50 mg of protein per 1 g of carrier. The present results of immobilised LAC activity clearly indicated that this concentration was far too high for the majority of carriers and did not affect the activity of the obtained laccase proportionally. A drastic decrease in the efficiency after covalent binding of laccase was observed, where the immobilisation yield dropped from 70% to 50% for preparations with 80 IU/g and 300 IU/g loading, respectively [19]. Overloading of the support is a well-known phenomenon, in which a high number of enzyme molecules limit the dispersion of the substrate and reaction product [22].





2.3. Storage Conditions and Thermostability


2.3.1. Composition and pH Value of Buffer


The impact of the buffer composition and its pH value on the activity of both free and immobilised LAC was evaluated during 4-week storage. The results showed that immobilisation of LAC significantly improved its stability (Figure 5).



Moreover, it was noted that pH value of buffer had a significant impact on the activity of immobilised LAC during the long-term storage. In the case of the covalent immobilisation, the optimal buffer for storage of both immobilised and free LAC was pH 6, with a minimum influence of the buffer composition. In the case of the porous C2C and C6C carriers, the highest stability of laccase was observed after using the McIlvain buffer, with 87% and 91% of retained activity respectively, after four weeks of storage (Figure 5). Therefore, this buffer was selected for further studies of laccase immobilised on those carriers, while the pH 6 sodium-tartrate buffer was selected for the CEL100 membrane as the best for preservation of the activity of immobilised laccase.



In the case of the adsorbed laccase, the pH value was the most important factor for the enzyme stability as well; however, the composition of the buffer altered the optimal pH value. As shown in Figure 6, the activity of laccase adsorbed on the C18C carrier varied between the different storage buffer types (Figure 6). The highest values for the McIlvain buffer were noted after storage at pH 6, whereas the peak of activity in the sodium-tartrate buffer was observed after storage at pH 5.



For laccase adsorbed on the S0A carrier, high activity was also noted in the pH 5 sodium-tartrate buffer, but only after 2 weeks of storage. Immobilisation of laccase preserved its activity in comparison with the free form of the enzyme. The results regarding the beneficial effect of immobilisation on LAC activity preservation in adverse conditions during storage are consistent with those reported for inter alia Trametes versicolor laccase immobilised covalently on metal-ion-chelated magnetic microspheres and silica beads [23,24] and laccase adsorbed on vinyl-modified mesoporous fibres or on carbon-based mesoporous magnetic composites [25,26].




2.3.2. Thermostability


One of the main goals of laccase immobilisation is to increase its resistance to adverse environmental conditions such as high temperature. In this experiment, free and immobilised laccase was incubated in the temperature range from 20 °C to 80 °C for 24 h to assess its stability. The results indicated that the immobilisation of laccase improved its stability, compared to the free form (Figure 7). In the case of covalent immobilisation, the highest activity of both immobilised and free laccase was maintained after refrigerated storage and decreased along with the increase in the temperature up to 50 °C, above which protein denaturing conditions were observed. Among the tested covalent carriers, C2C exhibited the highest stability of immobilised laccase in the range of approx. 90% to 50% of the initial activity at the temperature of 20 °C to 40 °C respectively, which constituted a 20% to 11% difference compared to free laccase (Figure 7). The better thermostability results of the C2C samples may have been caused by the formation of multipoint bonds, which are more likely to form when functional groups are mounted on the short spacer and prevent denaturation of the enzyme [18,27]. This feature has been repeatedly described in the literature for different laccases and supports [13,23,27].



The activity of laccase adsorbed on the C18C and S0A carriers was maintained much longer than in the case of the covalent immobilisation. In this case, the results showed approx. 99% and 85% of laccase initial activity at 20 °C and 30 °C, respectively. However, at 40 °C, the stability of the immobilised laccase decreased drastically, even more than that of the free form of the enzyme, which probably resulted from the low stability of the carriers themselves at high temperatures.





2.4. Degradation of Bisphenol A


Bisphenol A (BPA) is a well-known organic pollutant identified mainly in the aquatic environment [28]. Numerous studies have shown that BPA present in drinking water enters the human organism and is contained mainly in human body fluids such as urine, umbilical cord blood, and breast milk [29,30]. Such distribution poses a threat to human health already at the stage of foetal life, since the main harmful effect of BPA is hormonal disorders of the reproductive system [31]. In adults, it leads to infertility in general but also to prostate cancer in men and ovarian cancer in women [32]. Therefore, transformation of BPA is important in terms of limitation of its concentration in wastewater, its distribution in environment, and harmful effects on living organism. Therefore, the potential of immobilised LAC to degrade BPA was assessed.



Samples of immobilised LAC were tested as a potential catalyst for bisphenol A degradation. In the first stage of the experiments, several concentrations of BPA from 0.5 mg/L to 10 mg/L were transformed using immobilised LAC with activity of 5 U/L. After 72 h of transformation, the BPA depletion ranged from 50% to even 100% in the case of the C2C carrier and the C18C carrier, respectively (Figure 8). To distinguish the enzymatic transformation from physical adsorption of BPA, a control experiment regarding BPA adsorption was conducted. The results prompt a conclusion that the depletion of BPA by most of the carriers is mainly due to adsorption of the compound. This was especially visible in the case of the 100% removal by the C18C carrier, probably caused by the presence of octadecyl groups and thus the hydrophobic nature of this carrier, to which BPA as a substance sparingly soluble in water attaches easily. In the case of the C2C and C6C carriers exhibiting the same porosity and particle size, but different functional groups BPA adsorption was no higher than 70%. Interestingly, no BPA adsorption on the CEL100 carrier was observed, and the BPA loss was caused only by the LAC transformation.



Among the tested BPA concentrations, the highest percent of enzymatic transformation for 10 mg/L BPA was observed in the case of the C2 and C6 carriers with covalently immobilised LAC. It could be expected that the highest percentage of transformation would be observed at a lower concentration of BPA. However, the results suggested that most of the BPA sample in the case of the lower concentration was probably strongly adsorbed on the carrier and thus the transformation was inhibited.



To maximise the BPA transformation using immobilised LAC, the higher activity of 12 U/L was applied. This increased the share of enzymatic transformation over adsorption in the BPA loss up to 39%, 45% and 21% for the C2C carrier, the C6C carrier, and the CEL100 membrane, respectively (Figure 9). The best rate of BPA enzymatic degradation obtained for the C6C carrier was 45%, which corresponds to 0.063 mg/L/h of BPA removal. This result was comparable to results obtained for laccase from Trametes versicolor immobilised on Hippospongia communis, i.e., 0.08 mg/L/h of BPA removal, and even higher than those reported for Coriolopsis gallica laccase immobilised on silica beads (>0.03 mg/L/h of BPA removal) [33,34]. Noteworthy, our results were obtained using nearly 5-times lower LAC activity than the activity of C. gallica LAC [33].



In the case of the C18C carrier, the increase in the LAC activity resulted in lack of transformation, even though the LAC activity on this carrier was the highest and the mass of the carrier used in the transformation was the lowest. Therefore, it may be concluded that carriers with LAC immobilised by adsorption are not suitable in BPA and other partially soluble in water substances transformation, even though they exhibit high activity of LAC attached.



The main advantage of immobilised laccase application is its reusability, what was measured during 10 batches of BPA (final concentration 10 mg/L) transformed by covalently immobilised LAC. From four previously tested carriers, the C18C carrier was excluded due to the high adsorption of the BPA. The highest BPA removal was obtained for C6C carrier in the first five batches comparing to C2C carrier (Figure 10A). In next batches, BPA removal rate was equal for both carriers. The lowest reusability was showed for CEL100 membrane, probably due to low surface area, which is a disadvantage of membranes application [17]. Along with BPA removal activity of immobilised LAC activity also decreased (Figure 10B) and retained about 50% of its initial activity in the fourth batch, which is comparable to activity of laccase immobilised in cross-linked aggregates and metal-ion-chelated magnetic microspheres [24,35].




2.5. Toxicity Evaluation


Biological degradation of micropollutants including enzymatic treatment generates reaction intermediates with varied biological activity [36]. Moreover, in some cases, products of reaction may be equally or even more toxic than the treated substrate [37].



Therefore, it is important to ensure that the transformation process is not only effective but also mitigates the hazardous effect of the micropollutant. Since BPA mostly accumulates in the environment, the ecotoxicity of BPA and its transformation products was evaluated and, since it pollutes drinking water and enters the human body through ingestion, its cytotoxicity towards normal colon epithelial cells tests was assessed.



The ecotoxicity was tested using a Microtox® test based on inhibition of bioluminescence of bacterial species Vibrio fisheri, which is one of the most common standardised methods used in ecotoxicity assessment [38]. The results of the EC50 values indicated that BPA transformation products are ca. 2.5-times less toxic than the BPA substrate (Table 5). These results are consistent with results of BPA degradation with crude laccase from P. ostreatus, which reduced BPA toxicity to 4.65% of its initial value [39].



The MTT test showed no effect of BPA and its transformation products on mitochondrial activity after 24 h of incubation with colon epithelial cells CCD-841CoTr (Table 6). After 48 h of incubation, a decrease in the toxicity of the product compared to the substrate was noticeable but both values were still low.



Thus, it may be assumed that BPA and its transformation product had a limited influence on cell metabolic activity at the concentration of 4 mg/L; this corresponds to the concentration of 17 mM, which was still over million times higher than that in drinking and surface water [40]. Lan et al. reached similar conclusions after application of the MTT test of BPA in MA-10 cells. They showed that BPA at a concentration lower that 100 µM had no apoptotic effect as well as a long-term use of a low dose BPA below 1 µM [41]. On the contrary, the MTT test showed that a low dose of BPA in the range from 0.1 nM to 10 µM stimulated proliferation of breast cancer MCF-7 and SkBr-3 cells, which is consistent with the suggestion that even such a low dose of BPA exposure may lead to development of breast cancer [42]. On the other hand, the tested concentration was sufficient to induce damage to the plasma membrane demonstrated in the LDH test. After 24 h of incubation, the results for BPA showed a 15% cytotoxic effect, which decreased in the case of the BPA product obtained after the immobilised LAC treatment to 5%. Therefore, it can be argued that cell exposure to BPA causes a certain degree of membrane damage first; however, the metabolic activity of cells is retained for some time.





3. Materials and Methods


3.1. Microorganism and Culture Conditions


The source of extracellular laccase (LAC) was the white rot fungus Pleurotus ostreatus (PO13) obtained from the Fungal Collection of the Department of Biochemistry and Biotechnology, Maria Curie-Skłodowska University (Lublin, Poland). The Pleurotus ostreatus strain was cultivated on Petri dishes containing maltose agar medium (glucose 20 g/L, maltose extract 20 g/L, peptone 1 g/L, agar 20 g/L), for 10 days in 25 °C and stored in 4 °C afterwards. The four 10 mm plugs of mycelium were transferred to the 250 mL flasks containing 100 mL of PDB medium (glucose 20 g/L, potato extract 4 g/L), and the culture was conducted for 14 days, which was used as inoculum for liquid culture of Pleurotus ostreatus. The liquid culture was conducted in volume of 7 L, in Lindeberg-Holm medium modified by addition of peptone (0.5 g/L) with idle air supplied (flow 3.5 mL/min). The laccase was obtained after 12 days of cultivation [43]. Culture liquid was concentrated by ultrafiltration using a Millipore polyethersulfone membrane (10 kDa) and purified by ion exchange chromatography (HQ-Sepharose) using 1 M (NH4)2SO4 in TRIS-HCl (5 mM) with a linear grade from 0 to 50%. Purified laccase was desalted, concentrated, and stored frozen at −18 °C until use for preparation of working LAC with precise activity.




3.2. Chemicals, Reagents, and Carriers


Glucose, sodium hydroxide, cytric acid, tris(hydroxymethyl)aminomethane (TRIS), and amonium sulphate were purchased from Avantor Performance Materials (Gliwice, Poland). 2,2-Azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), glutaraldehyde, (3-aminopropyl)triethoxysilane bovine serum albumin (BSA), bisphenol A, the MTT dye, the LDH assay kit, and tartaric acid were purchased from Merck-Sigma-Aldrich Company (St. Louis, MO, USA). Porous carriers used for laccase immobilisation were purchased from Purolite® (Gdynia, Poland) whereas polyeterosulphone and cellulose membranes used for LAC immobilisation were purchased from Merck.




3.3. Catalysts


The activity of free or immobilised LAC was determined spectrophotometrically by oxidation of 2.5 mM 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) in 100 mM Na-tartrate buffer at pH 3. The formation of ABTS+˙ was monitored spectrophotometrically at 414 nm (λ414 = 34,450 M−1 cm−1). Laccase activity was expressed in U per litre (U/L). One unit of LAC (U) oxidised 1 µmol of ABTS per 1 min at 25 °C. In the case of immobilised LAC, 5–10 mg samples of the carrier were placed into a stirred vessel containing a three-fold higher volume of buffer and ABTS than the free laccase activity assay; the reaction was monitored using a Cary 50 Bio spectrophotometer (Varian, Pao Alto, CA, USA) equipped with a Peltier stirring module. The activity of immobilised LAC was expressed in Units per gram of the carrier (U/g). The concentration of LAC was evaluated using the Bradford method.




3.4. Immobilisation of LAC


Purified LAC from Pleurotus ostreatus was immobilised covalently and through adsorption using the method developed by Bryjak and Rekuć, respectively [44,45]. For covalent immobilisation, acrylic supports with amino groups (C2 and C6) as well as silanised polyeterosulphone (PES) and cellulose membranes (CEL) were used. The silanisation procedure involved 30 min shaking of membranes scraps in a 5% acetone silane solution (10 mL per 1 g of membranes scraps) and drying at 45 °Cduring the night. In the case of the adsorption technique, macroporous styrene (S0) and acrylic beads with octadecyl groups (C18) were used. The characteristics of the carriers and immobilisation techniques are shown in Table 7. The numbers used in the acronyms of the carrier names refer to the number of carbon atoms on the carrier surface. In the case of carriers C2 and C6, it is the length of the spacers: short, built of two carbon atoms, and long, built of six carbon atoms, both ending with an amino group. In the case of the C18 carriers, there were 18-carbon chains as octadecyl groups. There were no functional groups on the surface of S0 carriers. In turn, the numbers used in the acronyms of membranes PES and CEL refer to the pore size: 10 kDa or 100 kDa (Table 7).



3.4.1. Yield of LAC Immobilisation


The amount of LAC immobilised (LACimm) was calculated based on the difference between the loaded concentration of LAC protein on the support (LACload) and the concentration of protein present in eluates obtained after washing out of unbound laccase from the support (LACunbound) and expressed in mg of protein per g of wet mass of the support according to Equation (1). The yield of protein immobilisation was expressed in percent (%), based on Equation (2):


  L A  C  i m m      (    mg  g   )  = L A  C  l o a d   − L A  C  u n b o u n d    



(1)






  Y i e l d    ( % )  =     L A  C  i m m     L A  C  l o a d     × 100 %  



(2)








3.4.2. Activity of Immobilised LAC


The activity of immobilised LAC was measured in sodium-tartrate buffer 0.1 M pH 3, at 25 °C, using ABTS as a substrate. The activity (Aimm) was calculated based on formula 3 and expressed in U per gram of wet mass of the support (U/g), which is the amount of enzyme able to oxidise 1 μmol of ABTS, where ΔAmin is the absorbance per minute, Vt is the total volume of the sample (2.8 mL), ε414 is the ABTS molar absorption coefficient (34.450), t is the time of reaction (1 min), and m is the mass of the support used in the reaction (g):


   A  i m m   =    A  m i n   ∗ V t    ε  414   ∗ t ∗ m    



(3)







The optimisation of the LAC immobilisation conditions was started from the screening of the type of support and the immobilisation technique (Table 7). The next step was the optimisation of pH (5–8) of phosphate buffer used for immobilisation. Those steps of the experiments were performed using 0.5 g of wet mass of each carrier on which 1 mg of laccase per 1 g of carrier was loaded. In the last step, a concentration-dependent LAC activity test was performed in the range from 0.5 mg to 4 mg of protein per 1 g of wet mass of the support. The selection was based on the highest measured activity (U/g) of LAC attached to the carrier.




3.4.3. Determination of the Bond Type


Unbound laccase after covalent immobilisation was washed off from the carriers using different buffers to break the unspecific bonds formed between the protein molecule and the carrier. Eluted LAC allowed determination of the type of unspecific bonds, such as adsorption (in phosphate eluates), ionic bonds (in NaCl eluates), van der Waals forces (in phosphate-buffer eluates), and hydrophobic bonds (in water eluates). TRIS-HCl buffer was used to block of unreacted active groups. The wash-off procedure was as follows (10 mL of buffer per g of carrier): 0.1 M phosphate buffer pH 7 (washed four times), 0.5 M NaCl (washed twice for 15 min), phosphate-citrate buffer pH 5 (washed three times for 30 min), 0.5 M TRIS-HCl pH 7 (washed three times), distilled water (washed six times for 10 min), and again 0.1 M phosphate buffer twice. The percent of unspecific bonds allowed calculating the percent of covalent bonds [46].





3.5. Stability of LAC


The selected conditions for long-term storage of immobilised LAC were optimised, i.e., the type (Na-tartaric, McIlvain) and pH values (3.0–6.0) of the buffer and the concentration of Na-tartaric buffer pH 5 and 6 (1–100 mM). Triple preparations of immobilised LAC weighing 0.5 g each were stored at 4 °C and the activity of both immobilised and free LAC was measured every second week. The evaluation of thermostability was performed using immobilised LAC samples (0.1 g) and corresponding activity of free LAC suspended in a buffer that was optimal for the tested carrier. Samples of immobilised and free LAC were incubated at the temperature from 4 °C to 80 °C for 24 h. Changes in LAC activity were expressed as a percentage of initial LAC activity (time 0).




3.6. Transformation of Endocrine Disrupting Chemical


Bisphenol A (BPA) was first transformed in the concentration range from 0.5 mg/L to 10 mg/L using LAC immobilised on four different carriers (C2C, C6C, CEL100, and C18C) with final activity of 5 U/L. The amount of bonded protein differed in the case of each carrier and was 1 mg per 1 g of carriers C2 and C6, 0.25 mg per 1 g of carrier CEL100, and 0.5 mg per 1 g of carrier C18. The reaction was performed in 6-well plates containing a mixture of 0.1 M sodium-tartrate buffer pH 5.5 and the substrate. The reaction mixture was incubated on a rotary shaker (115 rpm) at room temperature. The reaction was conducted in a volume of 10 mL in 6-well plates for 72 h, and samples were taken for analysis every 24 h. Afterwards, transformation of BPA at the concentration of 10 mg/L was performed using preparations of laccase with final activity of 12U/L in analogical conditions. The amount of immobilised protein was increased to 4 mg/g of carriers C2 and C6 or 1 mg/g of carriers CEL100 and C18. In every step, control experiments of substrate absorption were performed using immobilised bovine serum albumin (BSA) at a concentration adequate to the concentration of immobilised laccase of 1 mg/g or 4 mg/g incubated with a mixture of the sodium-tartrate buffer and the substrate.



The reusability of immobilised LAC was performed for carriers C2C, C6C and CEL100 in analogical conditions using LAC final activity of 12 U/L. Between each batch the carriers were washed 5-times using 5 mL of 0.1 M sodium-tartrate buffer pH 5.




3.7. High Pressure Liquid Chromatogrpahy (HPLC)


Transformation mixtures containing samples of BPA were analysed using a Zorbax Eclipse-C18 reverse-phase HPLC column (Agilent®, Santa Clara, CA, USA) and eluent consisting of 70% methanol. The sample volume was 5 µL and the analysis lasted 3 min. A signal was recorded at 275 nm and 225 nm.




3.8. Ecotoxicity Microtox® Test


The environmental toxicity test of BPA and the product of its transformation by immobilised laccase was carried out according to the Microtox® biotest methodology, which consists in analysing the decrease in the bioluminescence of Vibrio fisheri bacteria under the influence of the tested compound. The results demonstrated a 50% decrease in bioluminescence intensity designated EC50, i.e., the concentration of tested substances producing a 50% effect. The initial concentration of BPA in this test was 10 mg/L.




3.9. MTT and LDH Cytotoxicity Tests


The cytotoxicity tests examined the effect of BPA and the product of its transformation on the metabolic activity and integrity of the cell membrane in human colon epithelial cells of the CCD-841CoTr line. The solution of BPA and the mixture after its transformation used for the tests were diluted 2.5-times in a 2% solution of foetal bovine serum and a 4 mg/L final concentration solution was obtained, which corresponds to a concentration of 17 mM. Cell viability tests using tetrazolium salt (MTT) and lactate dehydrogenase activity (LDH) methods were performed according to the methodology described in the literature [47].





4. Conclusions


The aim of present work was to describe novel porous Purolite® carriers and ultrafiltration membranes, which had never been tested before as supports for laccase immobilisation, and their utility in BPA degradation through biocatalysis. It is important, that commercially available carriers were tested for this process. The main impact on the activity of immobilised LAC was exerted by the structure of the carrier, which should have a well-developed porosity structure with simultaneously small particle size. The immobilised laccase preparations were stable for one month with certain diversity depending on the immobilisation technique. The selected immobilised LAC preparations proved useful for BPA elimination by both enzymatic conversion and by adsorption of the substrate on the carrier surface. It is reasonable to use enzymatic degradation of BPA for reduction of its ecotoxicity and cytotoxicity, mainly damage to the cell membrane. However, more studies are necessary to determine kinetic parameters of immobilised laccase as well as the operational stability of the most efficient carrier.
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Figure 1. Pictures of carrier’s beads and membranes used in BPA transformation; (A) C2C carrier, (B) C6C carrier, (C) C18C carrier, (D) CEL100 membrane. 
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Figure 2. Schematic structure of tested carriers and the mechanism of laccase immobilisation covalently and through adsorption. 
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Figure 3. Percentage of bonds formed during immobilisation of LAC on porous carriers with C2 and C6 spacer arms. 
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Figure 4. Stability of LAC immobilised on different carriers via covalent bond formation and adsorption during 4 weeks of storage at 4 °C. 
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Figure 5. Stability of covalently immobilised laccase activity during 4-week storage in the McIlvain buffer and sodium-tartrate buffer in the range of pH values from 3 to 6; immobilised LAC—filled, free LAC—empty: pH 3—rhombus, pH 4—circle, pH 5—triangle, pH 6—square. 
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Figure 6. Stability of adsorbed laccase activity during 4-week storage in the McIlvain buffer and the sodium-tartrate in the range of pH from 3 to 6; immobilised LAC—filled, free LAC—empty: pH 3—rhombus, pH 4—circle, pH 5—triangle, pH 6—square. 
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Figure 7. Thermostability of laccase immobilised covalently (A) and via adsorption (B) in comparison to thermostability of free laccase (LAC free). 
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Figure 8. Enzymatic transformation of BPA at a concentration from 0.5 mg/L to 10 mg/L using adsorbed or covalently immobilised laccase and removal of BPA via adsorption on the surface of non-modified selected carriers after 72 h. The standard error of the results did not exceed 5%. 
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Figure 9. Enzymatic transformation and adsorption of BPA at the concentration of 10 mg/L using laccase immobilised covalently and via adsorption on selected carriers after 24, 48 and 72 h. The standard error of the results did not exceed 5%. 
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Figure 10. Rate of bisphenol A transformation during ten subsequent batches (A) and residual LAC activity (B) measured on the tested C2, C6 and CEL100 carriers. 
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Table 1. Influence of the type of carrier and immobilisation technique on the activity of immobilised LAC from Pleurotus ostreatus [U/g] and yield of protein immobilisation [%]—screening test.
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Immobilisation Technique

	
Carrier

	
Aimm

[U/g]

	
Yield

[%]






	
Covalent

	
C2A

	
2.47 ± 0.1

	
40.5 ± 5.4




	
C2B

	
1.58 ± 0.3

	
51 ± 1




	
C2C

	
5.34 ± 0.4

	
80.5 ± 2.5




	
C2D

	
1.86 ± 0.1

	
55.5 ± 5.5




	
C6A

	
2.75 ± 0.2

	
76 ± 3.6




	
C6B

	
2.12 ± 0

	
62 ± 2.1




	
C6C

	
2.12 ± 0.3

	
68 ± 0.1




	
C6D

	
2.65 ± 0.2

	
92 ± 0.5




	
CEL10

	
0.30 ± 0

	
1.23 ± 0.1




	
CEL100

	
0.33 ± 0

	
1.54 ± 0.1




	
PES10

	
0.55 ± 0

	
1.0 ± 0.5




	
PES100

	
0.88 ± 0

	
1.15 ± 0




	
Adsorption

	
C18A

	
1.04 ± 0.1

	
100 ± 0




	
C18C

	
7.43 ± 0.3

	
100 ± 0.1




	
C18D

	
2.55 ± 0.2

	
100 ± 0.1




	
S0A

	
5.80 ± 0.9

	
96 ± 0.4




	
S0B

	
1.05 ± 0.1

	
85 ± 3.5




	
S0D

	
3.87 ± 0.3

	
97 ± 2.1
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Table 2. Influence of phosphate buffer pH value on the activity of LAC [U/g] from P. ostreatus attached covalently or through adsorption on different porous carriers.






Table 2. Influence of phosphate buffer pH value on the activity of LAC [U/g] from P. ostreatus attached covalently or through adsorption on different porous carriers.





	
Immobilisation Technique

	
Carrier

	
Buffer pH




	
5

	
6

	
7

	
8






	
Covalent

	
C2C

	
5.41 ± 0.2

	
4.88 ± 0

	
4.5 ± 0.3

	
3.13 ± 0




	
C6C

	
5.26 ± 0.2

	
4.65 ± 0.2

	
3.99 ± 0

	
3.76 ± 0




	
CEL100

	
0.45 ± 0

	
0.45 ± 0

	
0.35 ± 0

	
0.23 ± 0




	
Adsorption

	
C18C

	
4.78 ± 0

	
4.95 ± 0

	
5.14 ± 0

	
4.72 ± 0




	
S0A

	
1.89 ± 0

	
2.06 ± 0

	
2.09 ± 0

	
1.5 ± 0




	
S0D

	
1.56 ± 0

	
1.53 ± 0

	
1.32 ± 0

	
1.07 ± 0
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Table 3. Influence of the temperature on the activity [U/g] of covalently immobilised LAC from P. ostreatus during 24-h incubation.






Table 3. Influence of the temperature on the activity [U/g] of covalently immobilised LAC from P. ostreatus during 24-h incubation.





	
Carrier

	
Temperature

	
Time of LAC Incubation [h]




	
1

	
3

	
5

	
24






	
C2C

	
4 °C

	
3.43 ± 0.4

	
4.73 ± 0.1

	
4.26 ± 0.3

	
4.44 ± 0.3




	
22 °C

	
4.41 ± 0.2

	
5.18 ± 0.1

	
4.55 ± 0.2

	
4.30 ± 0.4




	
C6C

	
4 °C

	
3.91 ± 0.2

	
4.16 ± 0.2

	
4.37 ± 0.2

	
4.38 ± 0.7




	
22 °C

	
4.55 ± 0.2

	
4.61 ± 0.4

	
3.72 ± 0.2

	
4.01 ± 0.6




	
CEL100

	
4 °C

	
0.55 ± 0.1

	
0.63 ± 0.1

	
0.61 ± 0

	
0.83 ± 0.1




	
22 °C

	
0.73 ± 0

	
0.68 ± 0

	
0.78 ± 0.1

	
0.83 ± 0.1




	
C18C

	
4 °C

	
4.02 ± 0.2

	
3.97 ± 0.2

	
3.63 ± 0.5

	
4.44 ± 0.3




	
22 °C

	
4.22 ± 0

	
4.37 ± 0.2

	
4.01 ± 0.5

	
4.59 ± 0.1




	
S0A

	
4 °C

	
2.20 ± 0.1

	
2.15 ± 0.1

	
2.26 ± 0.1

	
2.33 ± 0.3




	
22 °C

	
2.06 ± 0

	
2.63 ± 0.2

	
2.13 ± 0.1

	
2.51 ± 0.2




	
S0D

	
4 °C

	
2.40 ± 0.1

	
2.44 ± 0.1

	
2.57 ± 0.1

	
2.40 ± 0.1




	
22 °C

	
2.33 ± 0

	
2.99 ± 0.2

	
2.41 ± 0.2

	
2.83 ± 0.2
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Table 4. Effect of the LAC concentration applied for covalent immobilisation (C2C, C6C, CEL100) and via adsorption (C18C, S0A) on the activity of immobilised LAC [U/g]; optimal conditions were: buffer pH 7, buffer concentration—0.025 M for C2C and 0.1 M for C6C, time and temperature of incubation—3 h and 22 °C.






Table 4. Effect of the LAC concentration applied for covalent immobilisation (C2C, C6C, CEL100) and via adsorption (C18C, S0A) on the activity of immobilised LAC [U/g]; optimal conditions were: buffer pH 7, buffer concentration—0.025 M for C2C and 0.1 M for C6C, time and temperature of incubation—3 h and 22 °C.





	
Carrier

	
LAC Concentration [mg/g]




	
0.5/0.25 *

	
1/0.5 *

	
2/0.75 *

	
4/1 *






	
C2C

	
5.38 ± 0.3

	
12.18 ± 0

	
8.14 ± 0.3

	
19.14 ± 0




	
C6C

	
3.82 ± 0.5

	
5.79 ± 0.2

	
10.73 ± 1.3

	
14.09 ± 1.4




	
CEL100

	
0.74 ± 0

	
0.77 ± 0.2

	
0.92 ± 0.1

	
0.97 ± 0.1




	
C18C

	
5.56 ± 0

	
7.51 ± 0.6

	
5.31 ± 0.2

	
5 ± 0.5




	
S0A

	
1.51 ± 0.1

	
3.13 ± 0.1

	
3.27 ± 0.2

	
3.56 ± 0.4








* values of LAC concentration only for CEL100.
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Table 5. Environmental toxicity of BPA and its transformation products obtained using Microtox® test after 5 and 15 min of incubation with Vibrio fisheri and expressed as EC50.






Table 5. Environmental toxicity of BPA and its transformation products obtained using Microtox® test after 5 and 15 min of incubation with Vibrio fisheri and expressed as EC50.





	
Time

	
EC50 [mg/L]




	
BPA

	
Products






	
5 min

	
0.116 ± 0

	
0.316 ± 0.01




	
15 min

	
0.156 ± 0.01

	
0.375 ± 0.02
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Table 6. Cytotoxicity effect of BPA and its transformation products after 24 and 48 h of incubation with human colon cells evaluated using MTT and LDH tests and expressed as % of damaged cells.






Table 6. Cytotoxicity effect of BPA and its transformation products after 24 and 48 h of incubation with human colon cells evaluated using MTT and LDH tests and expressed as % of damaged cells.





	
Time

	
MTT

	
LDH




	
BPA

	
Products

	
BPA

	
Products






	
24 h

	
0

	
0

	
15 ± 1.82

	
5 ± 0.23




	
48 h

	
10 ± 0.77

	
7 ± 1.23

	
17 ± 2.5

	
3 ± 0.71
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Table 7. Characteristics and acronyms of tested carriers.






Table 7. Characteristics and acronyms of tested carriers.





	
Group of Carriers

	
Immobilisation Technique

	
Type of Carriers

	
Functional Groups

	
Pore Diameter (Å)

	
Particle Size (µm)

	
Acronym




	
Porous

	
Covalent

(C2 and C6 carriers)

	
Amino C2 methacrylate

	
NH2

(short spacer)

	
300–600

	
150–300

	
C2A




	
300–710

	
C2B




	
1200–1800

	
150–300

	
C2C




	
300–710

	
C2D




	
Amino C6 methacrylate

	
NH2

(long spacer)

	
300–600

	
150–300

	
C6A




	
300–710

	
C6B




	
1200–1800

	
150–300

	
C6C




	
300–710

	
C6D




	
Adsorption

(C18 and S0 carriers)

	
Octadecyl methacrylate

	
Octadecyl

	
350–450

	
150–300

	
C18A




	
500–700

	
150–300

	
C18C




	
300–710

	
C18D




	
Macroporous styrene

	
None

	
900–110

	
150–300

	
S0A




	
300–710

	
S0B




	
950–1200

	
300–710

	
S0D




	
-

	
-

	
-

	
-

	
Pore Diameter

(kDa)

	
Membrane Diameter (mm)

	
Acronym




	
Membrane

	
Covalent

(CEL and PES carriers)

	
Cellulose (disc)

	
NH2

	
10

	
47

	
CEL10




	
100

	
47

	
CEL100




	
Polyethersulfone (disc)

	
NH2

	
10

	
47

	
PES10




	
100

	
47

	
PES100
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