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Abstract

:

Enzymatic degradation of organic pollutants is a new and promising remediation approach. Peroxidases are one of the most commonly used classes of enzymes to degrade organic pollutants. However, it is generally assumed that all peroxidases behave similarly and produce similar degradation products. In this study, we conducted detailed studies of the degradation of a model aromatic pollutant, Sulforhodamine B dye (SRB dye), using two peroxidases—soybean peroxidase (SBP) and chloroperoxidase (CPO). Our results show that these two related enzymes had different optimum conditions (pH, temperature, H2O2 concentration, etc.) for efficiently degrading SRB dye. High-performance liquid chromatography and liquid chromatography –mass spectrometry analyses confirmed that both SBP and CPO transformed the SRB dye into low molecular weight intermediates. While most of the intermediates produced by the two enzymes were the same, the CPO treatment produced at least one different intermediate. Furthermore, toxicological evaluation using lettuce (Lactuca sativa) seeds demonstrated that the SBP-based treatment was able to eliminate the phytotoxicity of SRB dye, but the CPO-based treatment did not. Our results show, for the first time, that while both of these related enzymes can be used to efficiently degrade organic pollutants, they have different optimum reaction conditions and may not be equally efficient in detoxification of organic pollutants.
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1. Introduction


Organic compounds are a major class of pollutants that are frequently detected in different water bodies [1]. These compounds, including some that are potentially carcinogenic, are becoming a serious environmental issue and pose serious health risks to humans and other aquatic organisms [2,3,4]. Organic pollutants include pesticides, industrial waste, pharmaceuticals, and personal care products (PPCPs). Industrial organic waste, especially aromatic textile dyes, are considered one of the most abundant and hazardous pollutants. For example, some classes of dyes, such as azo dyes, are mutagenic and are linked to increasing incidences of cancer amongst textile workers [5,6]. In addition to their potentially carcinogenic nature, these dyes can reduce sunlight penetration and dissolved oxygen in water bodies.



Chemical, physical, and biological approaches have all been used to efficiently degrade organic pollutants [7,8,9,10,11,12,13]. However, biological methods are increasingly attracting the attention of scientists as they are more environmentally benign than other strategies [14,15,16,17,18]. In biological methods, agents such as microorganisms, plants or enzymes from different origins are used to degrade different classes of organic pollutants [19,20,21,22]. Enzymatic treatments, particularly peroxidases, offer the added advantage of scalability, especially when coupled with recombinant DNA technologies. A review of the literature shows that diverse peroxidases, such as soybean (SBP), manganese, lignin, chloroperoxidase (CPO), and horseradish (HRP) peroxidases have all been extensively used to efficiently degrade various classes of organic pollutants [23,24,25,26,27,28]. All of these peroxidases are heme-containing enzymes and belong to the same superfamily of heme-dependent peroxidase (E.C. 1.11.1) and hence have a conserved catalytic cycle (Figure 1) that allow them to oxidize a wide range of substrates or pollutants. Briefly, the catalytic cycle starts with the resting form of the enzyme (with the heme iron in Fe(III)+ state) reacting with hydrogen peroxide to form a Fe(IV+●) cation radical form of the enzyme (called Compound I), which further reacts with its substrate (or pollutant, RH), to form a Fe(IV+) form called Compound II and a pollutant radical. Compound II further reacts with another molecule of the pollutant to return to the resting form of the enzyme and generate another pollutant radical. These pollutant radicals can further react with themselves or other species in the reaction mixture leading to further degradation.



The promiscuity of these peroxidases with regards to the diverse substrates they can act upon and the common catalytic cycle has led to the impression that all peroxidases are same/similar when it comes to the degradation of organic pollutants. Although plausible, this hypothesis has not been thoroughly tested. Despite the numerous reports of various peroxidases being used for the degradation of organic pollutants, only a few studies have been published that highlight differences between these enzymes in terms of their specificities and degradation mechanisms/pathways. For example, Li et al. reported that two closely related peroxidases, SBP and HRP, were both able to degrade triclosan [26]. However, in their study, SBP, but not HRP, was able to completely eliminate the toxicity of triclosan. We have also recently carried out a comparative study of the degradation of two different thiazole compounds using SBP and CPO enzymes. Our results showed that SBP could efficiently degrade Thioflavin T (ThT), while CPO only produced a chlorinated form of ThT without any actual degradation [27]. Additionally, SBP-degraded ThT was non-phytotoxic, whereas CPO-treated ThT was still toxic to Lactuca sativa seeds (data not shown). In the present study, we have extended our previous study [27] by using these two related and commonly used peroxidases (SBP and CPO) to examine in detail the degradation of another aromatic dye, Sulforhodamine B (SRB dye). Although not a typical organic pollutant, Sulforhodamine B is a carcinogenic dye and has been used by scientists in the field as a model aromatic pollutant to study non-enzymatic oxidative degradation as well as adsorption from simulated waste water [29,30,31,32]. In addition to studying enzymatic degradation of SRB dye, we tested the phytotoxicity of the intermediates generated during the remediation process by the two enzymes. Our results show that these two peroxidases have different optimum operating conditions with regards to SRB dye degradation and produce different degradation products with different toxicities.




2. Results and Discussion


2.1. The Requirement for Redox Mediator


It is well established that most peroxidases are able to oxidize a wide range of organic substrates in the presence of hydrogen peroxide. However, in some cases peroxidases also require a small, diffusible, and easily oxidized compound known as a “redox mediator” to facilitate the oxidation-reduction reaction [33,34]. Our initial degradation experiments with SRB dye showed neither SBP nor CPO were able to degrade the SRB dye at all in the presence of H2O2 alone (Figure 2A). However, when 1-hydroxybenzotriazole (HOBT), one of the most commonly used redox mediators, was added to the reaction mixture, rapid and efficient SRB dye degradation was observed (Figure 2A,B). This absolute requirement of HOBT was not observed in the SBP-degradation of many other dyes [27,35], but is consistent with peroxidase-mediated degradation of Crystal Ponceau 6R and ThT dyes [27,36]. Optimization of HOBT concentration for efficient SRB dye degradation showed that 50 μM HOBT was the optimum amount of redox mediator for SBP-based degradation, whereas the CPO-based reaction showed the best degradation of SRB dye at 167 μM HOBT (Figure 2B). Interestingly, higher concentrations of HOBT (beyond the optimum) caused a significant reduction in SRB dye degradation by both SBP and CPO. This was most likely because HOBT at higher concentrations may compete with SRB dye to bind to the active site of the enzymes, and hence lead to a slower degradation rate.




2.2. Effect of Reaction pH


Enzyme-based reactions are strongly influenced by the pH of the solution as changing the pH affects the ionization of the amino acid side chains in the active site of the enzyme, thus affecting the enzymatic activity. Changes in pH may also alter the ionization state of the substrates, which may also affect binding to the enzyme. Therefore, we examined the effect of pH on SBP- and CPO-mediated degradation of SRB dye, while keeping the other parameters constant. As expected, both enzymes were active under acidic conditions, and were totally inactive in the pH range 6–9. For SBP-based degradation of SRB dye, there were no significant differences in the decolorization percentages of SRB dye at pH values of 2, 3, or 4. However, SRB dye degradation by CPO was optimal at pH 2 and further increases in pH caused the degradation to decrease dramatically until it reached almost 25% at pH 4 (Figure 3A). These results are in agreement with previously published studies with SBP, where maximum degradation of Trypan Blue [35], Crystal Ponceau 6R [36], Amido Black [37], and Remazol Turquoise Blue G 133 [38] dyes were observed between pH 3–4, whereas CPO degradation of Alizarin Red and Crystal violet [39], Orange G and Sunset Yellow [40], and Thioflavin T [27], was maximum in the pH range between 2–3. Collectively, these results indicate that enzymatic remediation activity is significantly influenced by the pH of the reaction mixture, and SBP and CPO have different pH optima of pH 3–4 and pH 2–3, respectively.




2.3. Enzyme Concentrations


Enzyme concentration plays a significant role in enzymatic-based degradation. In addition, it is important to establish the minimum enzyme concentration that efficiently degrades the organic pollutant to ensure the enzymatic approach is economically viable. Our enzyme optimization experiments showed that SBP was more efficient at degrading SRB dye compared with CPO (Figure 3B). For example, at an enzyme concentration of 50 pM, SBP showed almost complete degradation of SRB dye; however, degradation was only 25% using the same concentration of CPO. As can be seen from Figure 3B, the optimum concentration of SBP was 50 pM, while the optimum CPO concentration was about ten times higher at 440 pM. It is worth noting that high concentrations of enzymes caused less efficient degradation, which might be due to the excess enzymes reacting with and consuming all of the hydrogen peroxide present in the reaction mixture, leading to a lower degradation of the substrates. The optimized enzyme concentrations in this study are slightly lower than those reported in other studies. For example, the optimum CPO concentration for the degradation of Alizarin Red, Crystal Violet, Orange G, and Sunset yellow has been reported as 150 nM, 30 nM, 250 nM, and 50 nM, respectively [39,40].




2.4. Hydrogen Peroxide Optimization


Hydrogen peroxide is essential for any peroxidase-based reaction since it acts as a co-substrate and generates the radical form of the enzyme “compound I”, which then reacts with organic substrate. However, excess H2O2 might lead to the formation of the Compound III form of the peroxidase (Fe-3+-OOH●), which may then lead to irreversible heme destruction and eventual loss of activity [41]. Conversely, low and sub-optimal concentrations of H2O2 might restrict the enzymatic activity of these enzymes and lead to poor degradation of organic pollutants. This was clearly observed in the case of CPO-mediated degradation of SRB dye. There was no observed SRB dye degradation in the absence of H2O2 and the degradation percentage increased with increasing H2O2 concentration until it reached maximum degradation at 0.2 mM H2O2. However, the CPO-mediated SRB dye degradation decreased dramatically with further increases in H2O2 concentration reaching only about 15% at 16.5 mM H2O2 (Figure 3C). A similar inhibitory effect of high H2O2 concentration on peroxidase activity has been reported previously [27,40]. Interestingly, SBP enzymes showed a different behavior, and appeared to be resistant to oxidative heme damage even at very high concentrations of H2O2. As can be seen from Figure 3C, there was no significant change in the degradation of the SRB dye by SBP at H2O2 concentrations ranging from 0.2 mM to 16.5 mM. These results, along with those previously reported, suggest that SBP is a remarkably stable enzyme, compared to CPO, as it can tolerate high concentrations of strong oxidants, such as H2O2 [35,36,42].




2.5. Effect of Temperature on SRB Dye Degradation


Temperature has a significant effect on enzyme-based reactions, such that increases in temperature initially enhance enzyme activity. However, after the reaction reaches the maximum activity, further increases in temperature begin to denature the enzyme, change the active site, impair substrate binding, and eventually reduce catalysis [43]. This was clearly observed in CPO-mediated degradation of SRB dye (Figure 3D), where the degradation increased from 55% to 90% with increasing temperature from 20 °C to 40 °C (Figure 3D). However, the degradation of SRB dye dramatically decreased to approximately 25% when the temperature increased to 60 °C. Interestingly, CPO did not show any degradation at temperatures beyond 60 °C, suggesting that CPO had completely denatured and become inactive. Surprisingly there were no significant differences in SBP-based degradation of the SRB dye when the temperature increased from 20 °C to 80 °C (Figure 3D).



These results suggest that SBP is a robust and a thermostable enzyme. This observation is consistent with previous studies, which showed that SBP can maintain its activity at temperatures up to 80 °C [44,45]. Thermal stability studies of the two peroxidases were also conducted by pre-heating the enzymes for 10 min at elevated temperatures (up to 80 °C) before assaying them for activity at room temperature (data not shown). These experiments showed very similar results and further confirmed that CPO and SBP have very different thermal stabilities. Collectively, optimization experiments revealed that SBP and CPO have different optimum conditions for degrading SRB dye, as summarized in Table 1.




2.6. LC–MS Analyses


To further confirm that dye decolorization was in fact due to the degradation of SRB dye, extensive liquid chromatography mass spectrometry analyses were conducted on pure and CPO- and SBP-degraded SRB dye samples. Figure 4 and Figure 5 show the total ion chromatograms of various SBP- and CPO-degraded SRB dye samples (pure dye, 20%, 70%, and 100% degradation). As can be seen from the chromatogram (Figure 4) of pure dye, there is a major peak at 559 m/z, which represents SRB dye. In addition, there is another peak at 531 m/z, which corresponds to the de-ethylated form of SRB dye (a minor contaminant). Addition of peroxidase, H2O2, and HOBT resulted in new peaks (intermediates) appearing until the SRB dye peak completely disappeared. Tandem mass spectrometry fragmentation experiments were conducted to further identify the structures of the intermediates produced after 100% degradation by either SBP or CPO (Figure 6). Interestingly, most of the intermediates detected (102 m/z, 116 m/z, and 120 m/z) were produced by both enzymes, however, their intensities (concentrations) in the SBP-based treatment were much lower compared to those in the CPO-based treatment, as shown in Table 2. It is quite likely that the differences observed in the intensities of the intermediates produced could just be due to the differences in the kinetics and reaction rates in the two different enzyme systems. However, CPO treatment of SRB dye produced at least one different intermediate (168 m/z) (Figure 6D).



Figure 7 summarizes the liquid chromatography tandem-mass spectrometry (LC-MS/MS) studies where the proposed structures of the intermediates generated during SRB dye degradation by SBP and CPO are shown. Our results concur with those of other studies of the photocatalytic degradation of Rhodamine B [46,47,48] and Triphenylmethane dyes, such as Crystal Violet [39], Malachite Green [49], and Basic Violet 3 [50], that report similar N-demethylation, desulfonation, and chromophoric ring openings during dye degradation.




2.7. Toxicity Tests


Most of the aromatic dyes (and other aromatic pollutants) can be toxic to various organisms [2,3,4], specifically to aquatic organisms and plants. As such, one of the aims of the enzymatic degradation process is a decrease or elimination of toxicity associated with the compounds being treated. This has been reported in several enzyme-based degradation studies, in which enzyme treatments significantly reduced the toxicity of the compounds [51,52]. To test this hypothesis in our system, phytotoxicity of untreated SRB dye and SRB dye that was enzymatically treated was studied using lettuce (L. sativa) seeds. Complete degradation of the treated SRB was confirmed by spectrophotometer and LC–MS analyses. Additionally, the other compounds (H2O2, HOBT and buffer) were tested alone and the result showed that they do not have a significant toxic effect.



Our data showed that SRB dye was toxic to the plant and significantly affected its growth and development. Surprisingly, there were no significant toxic effects of SRB dye on the actual germination of the seeds (Figure 8). Figure 8B also shows that after the SBP/H2O2 treatment, the toxicity of SRB dye was reduced. Surprisingly, treatment of SRB dye with CPO/H2O2 failed to eliminate the toxicity of the dye. Statistical analyses showed that there was no significant difference in the root length of seeds treated with SBP-degraded SRB dye (1.64 ± 0.66 cm) compared with the control (2.36 ± 1.12 cm), suggesting almost complete elimination of SRB dye toxicity to L. sativa seeds. Conversely, the mean root length of the seeds treated with CPO-degraded SRB dye was only 0.14 ± 0.17 cm compared to those of seeds treated with SBP-degraded SRB dye (Figure 8B). This difference between SBP- and CPO-treated SRB dye shows the importance of phytotoxicity analyses of remediated wastewater samples. One possible reason for the difference could be due to the way the two enzymes degraded SRB dye. Figure 7 and Table 2 show that, although most of the intermediates produced by both enzymes were the same (compounds A, B, and C), the concentrations of intermediates A and B after CPO-based degradation were significantly higher than those produced in the SBP-based treatment. This difference might explain the toxicity of the CPO-treated samples. Additionally, the 168 m/z intermediate (compound D) was only observed during the CPO treatment, so it is possible that the toxicity of the CPO-treated SRB dye could also be partly due to this compound. Interestingly, other researchers have also reported that enzymatic degradation of dyes could result in increased toxicity in some cases [53,54]. These results highlight the dramatic differences between SBP and CPO enzymes and also stress the importance of toxicological evaluation of peroxidase-degraded enzymatic pollutants.




2.8. The Effect of Halides on Enzymatic Degradation


Some peroxidases, especially CPO, can halogenate aromatic compounds in the presence of halides [55]. Therefore, we also investigated the effect of chloride ions in SBP- and CPO-mediated degradation of SRB dye. As shown in Figure 9, the presence of chloride ions did not have any significant effect on SBP-mediated degradation of SRB dye. However, the addition of chloride ions to the CPO reaction mixture resulted in a dramatic shift in the λmax of SRB dye from 565 nm to 600 nm, indicating possible formation of (a) new compound(s) (Figure 9). Further investigation using LC–MS showed that the CPO-based treatment in the presence and absence of chloride ions resulted in some of the same intermediates being produced. However, some new chlorinated intermediates were detected in the samples that included chloride ions in the reaction mixture (Figure 10A). The proposed structures of the chlorinated intermediates (based on LC–MS/MS analyses) are shown in Figure 10B. Additionally, the presence of dichlorinated intermediates was further confirmed by the characteristic chlorine isotope signatures 35Cl and 37Cl. For example, the 571 m/z intermediate showed several lines, which could be interpreted as a combination of chlorine isotopes representing M+, M+2, and M+4, as illustrated in Figure 10B. Chlorination of organic compounds by CPO has also recently been reported in CPO-mediated treatment of ThT, in which addition of Cl to the original compound made it colorless, but did not result in any actual degradation of the compound [27]. However, this chlorination property of CPO is not extensively reported and, to our knowledge, chlorination of SRB dye (and ThT in a previous study [27]) are the first reports of dyes being halogenated by CPO.





3. Materials and Methods


3.1. Enzymes and Chemicals


Sulforhodamine B at 97% purity (molecular formula = C27H30N2O7S2, formula weight = 558.6 g·mol−1) was purchased from AnaSpec (Fremont, CA, USA). SBP and CPO were purchased from Bio-Research Products (North Liberty, IA, USA). The specific activities of the enzymes were as follows: SBP was 2700 IU/mg (1 mg/mL), 26 μM, while CPO activity was 1296 IU/mg (17 mg/mL), 405 μM. The enzymes were diluted in water to the appropriate concentrations as needed. Hydrogen peroxide (30% w/v) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Universal buffers were prepared using 0.1 M citric acid and 0.2 M K2HPO4. LC–MS grade acetonitrile, methanol, and formic acid were obtained from Sigma-Aldrich Chemical Co.




3.2. Dye Degradation and Optimization Studies


The dye degradation assays were carried out in 3 mL total volume by incubating the specific concentration of the dye with either SBP or CPO in the appropriate buffer (pH 4 for SBP and pH 2 for CPO) and different concentrations of hydrogen peroxide and monitored using a 4 mL quartz cuvette in a Spectrophotometer Carry 60 (Agilent Technologies, ‎Santa Clara, CA, USA) as previously described [35,36]. When needed, the redox mediator, HOBT, was added in the reaction mixture to help with the dye degradation assay. The exact experimental conditions and reagent concentrations are also included in all the figure legends. Different experiments were conducted to optimize the reaction conditions of HOBT concentration, buffer pH, enzymes concentrations, H2O2 concentration, and reaction temperature using one-factor-at-a-time methodology. That is, the effect of each factor was investigated by changing one factor while keeping the other parameters constant. All the optimization experiments (except for temperature studies) were conducted using a 96-well plate in a BioTek Epoch plate reader (BioTek, Winooski, VT, USA) and monitoring the λmax of SRB dye (λmax = 565) for 10 min. The effect of temperature was studied by incubating the enzyme reaction mixture (enzyme, H2O2, dye, buffer, HOBT) at the specific temperature for 10 min, after which the spectra were recorded. In all experiments, % decolorization was calculated as follows:    %   decolorization =     A 0 − At   A 0     ×   100 ,    where A0 refers to the initial absorbance of dye solutions and At refers to the absorbance of the solutions at any given time. Each optimization experiment was replicated at least 3 times under identical conditions and the results are reported as mean ± SD (Standard Deviation).




3.3. HPLC and LC–MS Analyses


The biodegradation and intermediates produced after the decolorization of SRB dye by SBP and CPO were analyzed using LC–MS. All SRB dye samples were filtered using a 0.45 μm syringe filter prior to analysis. The LC–MS was fitted with a ZORBAX Extend-C18 column (3.5 μm particle size, 4.6 mm × 250 mm length, Agilent Technologies) maintained at 35 °C, coupled to a tunable Ultraviolet–visible (UV-Vis) detector (Agilent Technologies) and 6420 Triple Quadrupole LC–MS System detector (Agilent Technologies). The mobile phases were: A = water with 0.1% formic acid and B = 100% acetonitrile. The gradient was 0–5 min: 0% B, 5–20 min: 0%–100% B, 20–25 min: 100% B, and 25–30 min: 0% B at a 0.2 mL/min flow rate. The electrospray ionization source used in the LC–MS system was in positive polarity mode. Other LC–MS operating conditions were as follows: capillary voltage was set at 4 kV; the nebulizer pressure was 45 psi; drying gas flow was 11 L/min and drying temperature was 325 °C. The mass range monitored was 100–1000 Da. Tandem MS experiments were conducted using the product ion mode wherein nitrogen gas was used as a collision gas with different collision energies.




3.4. Phytotoxicity Assay


The toxicity of SRB dye before and after complete enzymatic degradation was measured using the phytotoxicity effect of the SRB dye samples on the germination of lettuce (L. sativa) seeds, as previously described [56] with slight modifications. Briefly, Whatman filter paper (No. 3, sterilized) L. sativa was placed on a Petri dish and saturated with 4 mL of the sample, avoiding bubble formation. Twenty seeds were placed on the filter paper with sufficient space to allow germination. Petri dishes were incubated for 5 days in a humidified chamber at 22 ± 2 °C to avoid moisture loss. Distilled water was used as a negative control and each sample was tested in quadruplicate. The effect of untreated and treated dye (completely degraded SRB dye) samples on germination was calculated according to the following equation:


    %   germination   =     number   of   germinated   seeds   total   number   of   seeds     ×   100    











Complete degradation of the peroxidase treated SRB dye was confirmed by spectrophotometric as well as LC–MS analyses. Additionally, appropriate controls were also included, where all the reagents (HOBT, H2O2, etc.) were tested alone and no significant phytotoxicity was observed. Moreover, the effect of the original dye and the dye samples degraded by either SBP or CPO was also examined by measuring the length of the root of the germinated seeds and the percentage of root inhibition was calculated as below:


   %   root   inhibition =     mean   of   control   root   growth   −   mean   of   sample   root   growth   mean   of   control   root   growth   ×   100   











Statistical analyses were conducted for each group of treated seeds (n = 80). The data were analyzed via unpaired t-tests. Data are reported as group mean ± SD and significance for all statistical comparisons was set at p < 0.05.





4. Conclusions


In summary, the data show that peroxidases are a versatile group of enzymes that have potential for organic pollutant degradation and wastewater remediation. However, these peroxidase-based treatments can be affected by various factors, such as the type of peroxidase, pH, temperature, dye structure, and the presence of redox mediators. All these factors must be optimized for efficient degradation. Interestingly, we also showed that related peroxidases (from same superfamily), such as SBP and CPO, behaved differently when degrading SRB dye, with different pH optima, thermal stabilities, and H2O2 tolerances. Furthermore, LC–MS studies showed that the treatment of SRB dye with these two enzymes generated some different products. While SBP-mediated degradation of SRB dye completely eliminated the dye toxicity, the CPO treatment did not. This surprising result highlights the importance of detailed toxicological evaluations of the degraded organic pollutant. In conclusion, our results further emphasize that commonly used peroxidases may not all be “equal” when used for remediation of organic pollutants and have specific optimal conditions and may use different mechanisms and pathways for the degradation reaction.







Acknowledgments


The authors graciously acknowledge the generous funding from United Arab Emirates University (UAEU) to S.S.A. (UAEU Program for Advanced Research (UPAR) grant #31S170 and National Water Center grant #31R078.




Author Contributions


Syed Salman Ashraf conceived and designed the experiments; Aysha Hamad Alneyadi and Syed Salman Ashraf performed the experiments; Aysha Hamad Alneyadi, Syed Salman Ashraf analyzed the data; Iltaf Shah contributed in LC–MS experiments; Synan F. AbuQamar helped in performing phytotoxicity experiment; Aysha Hamad Alneyadi and Syed Salman Ashraf wrote the paper and the rest of authors have read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, D.; Gersberg, R.M.; Ng, W.J.; Tan, S.K. Removal of pharmaceuticals and personal care products in aquatic plant-based systems: A review. Environ. Pollut. 2014, 184, 620–639. [Google Scholar] [CrossRef] [PubMed]

	



Martins, M.; Santos, J.M.; Diniz, M.S.; Ferreira, A.M.; Costa, M.H.; Costa, P.M. Effects of carcinogenic versus non-carcinogenic AHR-active PAHs and their mixtures: Lessons from ecological relevance. Environ. Res. 2015, 138, 101–111. [Google Scholar] [CrossRef] [PubMed]

	



Richardson, S.D.; Plewa, M.J.; Wagner, E.D.; Schoeny, R.; DeMarini, D.M. Occurrence, genotoxicity, and carcinogenicity of regulated and emerging disinfection by-products in drinking water: A review and roadmap for research. Mutat. Res./Rev. Mutat. Res. 2007, 636, 178–242. [Google Scholar] [CrossRef] [PubMed]

	



Alam, M.Z.; Ahmad, S.; Ahmad, M. Mutagenicity and genotoxicity of tannery effluents used for irrigation at Kanpur, India. Ecotoxicol. Environm. Saf. 2010, 73, 1620–1628. [Google Scholar] [CrossRef] [PubMed]

	



De Lima, R.O.A.; Bazo, A.P.; Salvadori, D.M.F.; Rech, C.M.; de Palma Oliveira, D.; de Aragão Umbuzeiro, G. Mutagenic and carcinogenic potential of a textile azo dye processing plant effluent that impacts a drinking water source. Mutat. Res./Genet. Toxicol. Environ. Mutagen. 2007, 626, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



De Roos, A.J.; Ray, R.M.; Gao, D.L.; Wernli, K.J.; Fitzgibbons, E.D.; Ziding, F.; Astrakianakis, G.; Thomas, D.B.; Checkoway, H. Colorectal cancer incidence among female textile workers in Shanghai, China: A case-cohort analysis of occupational exposures. Cancer Causes Control 2005, 16, 1177–1188. [Google Scholar] [CrossRef] [PubMed]

	



Amini, M.; Arami, M.; Mahmoodi, N.M.; Akbari, A. Dye removal from colored textile wastewater using acrylic grafted nanomembrane. Desalination 2011, 267, 107–113. [Google Scholar] [CrossRef]

	



Capar, G.; Yilmaz, L.; Yetis, U. Reclamation of acid dye bath wastewater: Effect of pH on nanofiltration performance. J. Membr. Sci. 2006, 281, 560–569. [Google Scholar] [CrossRef]

	



Lin, D.; Zhao, Q.; Hu, L.; Xing, B. Synthesis and characterization of cubic mesoporous bridged polysilsesquioxane for removing organic pollutants from water. Chemosphere 2014, 103, 188–196. [Google Scholar] [CrossRef] [PubMed]

	



Ali, I. New generation adsorbents for water treatment. Chem. Rev. 2012, 112, 5073–5091. [Google Scholar] [CrossRef] [PubMed]

	



Tan, K.B.; Vakili, M.; Horri, B.A.; Poh, P.E.; Abdullah, A.Z.; Salamatinia, B. Adsorption of dyes by nanomaterials: Recent developments and adsorption mechanisms. Sep. Purif. Technol. 2015, 150, 229–242. [Google Scholar] [CrossRef]

	



Wang, J.; Chen, B. Adsorption and coadsorption of organic pollutants and a heavy metal by graphene oxide and reduced graphene materials. Chem. Eng. J. 2015, 281, 379–388. [Google Scholar] [CrossRef]

	



Yagub, M.T.; Sen, T.K.; Afroze, S.; Ang, H.M. Dye and its removal from aqueous solution by adsorption: A review. Adv. Colloid Interface Sci. 2014, 209, 172–184. [Google Scholar] [CrossRef] [PubMed]

	



Chaalal, O.; Zekri, A.Y.; Soliman, A.M. A novel technique for the removal of strontium from water using thermophilic bacteria in a membrane reactor. J. Ind. Eng. Chem. 2015, 21, 822–827. [Google Scholar] [CrossRef]

	



García-Delgado, C.; Yunta, F.; Eymar, E. Bioremediation of multi-polluted soil by spent mushroom (Agaricus bisporus) substrate: Polycyclic aromatic hydrocarbons degradation and Pb availability. J. Hazard. Mater. 2015, 300, 281–288. [Google Scholar] [CrossRef] [PubMed]

	



Helbling, D.E. Bioremediation of pesticide-contaminated water resources: The challenge of low concentrations. Curr. Opin. Biotechnol. 2015, 33, 142–148. [Google Scholar] [CrossRef] [PubMed]

	



Liu, H.; Guo, S.; Jiao, K.; Hou, J.; Xie, H.; Xu, H. Bioremediation of soils co-contaminated with heavy metals and 2,4,5-trichlorophenol by fruiting body of Clitocybe maxima. J. Hazard. Mater. 2015, 294, 121–127. [Google Scholar] [CrossRef] [PubMed]

	



Paniagua-Michel, J. Chapter 31—Bioremediation with microalgae: Toward sustainable production of biofuels. In Handbook of Marine Microalgae; Kim, S.-K., Ed.; Academic Press: Boston, MA, USA, 2015; pp. 471–481. [Google Scholar]

	



Ahemad, M. Enhancing phytoremediation of chromium-stressed soils through plant-growth-promoting bacteria. J. Genet. Eng. Biotechnol. 2015, 13, 51–58. [Google Scholar] [CrossRef]

	



Li, W.-W.; Yu, H.-Q. From wastewater to bioenergy and biochemicals via two-stage bioconversion processes: A future paradigm. Biotechnol. Adv. 2011, 29, 972–982. [Google Scholar] [CrossRef] [PubMed]

	



Malik, B.; Pirzadah, T.B.; Tahir, I.; Dar, T.u.H.; Rehman, R.U. In Soil Remediation and Plants; Hakeem, M., Sabir, M., Ozturk, M., Mermut, A., Eds.; Academic Press: San Diego, CA, USA, 2015; pp. 131–146. [Google Scholar]

	



Ullah, A.; Heng, S.; Munis, M.F.H.; Fahad, S.; Yang, X. Phytoremediation of heavy metals assisted by plant growth promoting (PGP) bacteria: A review. Environ. Exp. Bot. 2015, 117, 28–40. [Google Scholar] [CrossRef]

	



Bilal, M.; Asgher, M.; Iqbal, H.M.; Hu, H.; Zhang, X. Bio-based degradation of emerging endocrine-disrupting and dye-based pollutants using cross-linked enzyme aggregates. Environ. Sci. Pollut. Res. 2017. [Google Scholar] [CrossRef] [PubMed]

	



Coconi-Linares, N.; Ortiz-Vázquez, E.; Fernández, F.; Loske, A.M.; Gómez-Lim, M.A. Recombinant expression of four oxidoreductases in Phanerochaete chrysosporium improves degradation of phenolic and non-phenolic substrates. J. Biotechnol. 2015, 209, 76–84. [Google Scholar] [CrossRef] [PubMed]

	



Husain, Q. Peroxidase mediated decolorization and remediation of wastewater containing industrial dyes: A review. Rev. Environ. Sci. Biotechnol. 2010, 9, 117–140. [Google Scholar] [CrossRef]

	



Li, J.; Peng, J.; Zhang, Y.; Ji, Y.; Shi, H.; Mao, L.; Gao, S. Removal of triclosan via peroxidases-mediated reactions in water: Reaction kinetics, products and detoxification. J. Hazard. Mater. 2016, 310, 152–160. [Google Scholar] [CrossRef] [PubMed]

	



Alneyadi, A.H.; Ashraf, S.S. Differential enzymatic degradation of thiazole pollutants by two different peroxidases—A comparative study. Chem. Eng. J. 2016, 303, 529–538. [Google Scholar] [CrossRef]

	



Duran, N.; Esposito, E. Potential applications of oxidative enzymes and phenoloxidase-like compounds in wastewater and soil treatment: A review. Appl. Catal. B Environ. 2000, 28, 83–99. [Google Scholar] [CrossRef]

	



Jain, R.; Mathur, M.; Sikarwar, S.; Mittal, A. Removal of the hazardous dye Rhodamine B through photocatalytic and adsorption treatments. J. Environ. Manag. 2007, 85, 956–964. [Google Scholar] [CrossRef] [PubMed]

	



Fang, Y.-F.; Huang, Y.-P.; Liu, D.-F.; Huang, Y.; Guo, W.; David, J. Photocatalytic degradation of the dye Sulforhodamine-B: A comparative study of different light sources. J. Environ. Sci. 2007, 19, 97–102. [Google Scholar] [CrossRef]

	



Gosetti, F.; Bolfi, B.; Marengo, E. Identification of Sulforhodamine B photodegradation products present in nonpermanent tattoos by micro liquid chromatography coupled with tandem high-resolution mass spectrometry. Anal. Bioanal. Chem. 2015, 407, 4649–4659. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Tang, X.; Sun, Y.; Wang, Y.; Long, Y.; Jiang, J.; Xu, H. Removal of Rhodamine B from wastewater by modified Volvariella volvacea: Batch and column study. RSC Adv. 2015, 5, 25337–25347. [Google Scholar] [CrossRef]

	



Husain, M.; Husain, Q. Applications of redox mediators in the treatment of organic pollutants by using oxidoreductive enzymes: A review. Crit. Rev. Environ. Sci. Technol. 2007, 38, 1–42. [Google Scholar] [CrossRef]

	



Van der Zee, F.P.; Cervantes, F.J. Impact and application of electron shuttles on the redox (bio)transformation of contaminants: A review. Biotechnol. Adv. 2009, 27, 256–277. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kalsoom, U.; Ashraf, S.S.; Meetani, M.A.; Rauf, M.A.; Bhatti, H.N. Mechanistic study of a diazo dye degradation by soybean peroxidase. Chem. Cent. J. 2013, 7, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Ali, L.; Algaithi, R.; Habib, H.M.; Souka, U.; Rauf, M.A.; Ashraf, S.S. Soybean peroxidase-mediated degradation of an azo dye—A detailed mechanistic study. BMC Biochem. 2013, 14, 35. [Google Scholar] [CrossRef] [PubMed]

	



Ashraf, S.S. Raising environmental awareness through applied biochemistry laboratory experiments. Biochem. Mol. Biol. Educ. 2013, 41, 341–347. [Google Scholar] [CrossRef] [PubMed]

	



Marchis, T.; Avetta, P.; Bianco-Prevot, A.; Fabbri, D.; Viscardi, G.; Laurenti, E. Oxidative degradation of Remazol Turquoise Blue G 133 by soybean peroxidase. J. Inorg. Biochem. 2011, 105, 321–327. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Zhang, J.; Tan, Y.; Jiang, Y.; Hu, M.; Li, S.; Zhai, Q. Rapid decolorization of anthraquinone and triphenylmethane dye using chloroperoxidase: Catalytic mechanism, analysis of products and degradation route. Chem. Eng. J. 2014, 244, 9–18. [Google Scholar] [CrossRef]

	



Zhang, J.; Feng, M.; Jiang, Y.; Hu, M.; Li, S.; Zhai, Q. Efficient decolorization/degradation of aqueous azo dyes using buffered H2O2 oxidation catalyzed by a dosage below ppm level of chloroperoxidase. Chem. Eng. J. 2012, 191, 236–242. [Google Scholar] [CrossRef]

	



Valderrama, B.; Ayala, M.; Vazquez-Duhalt, R. Suicide inactivation of peroxidases and the challenge of engineering more robust enzymes. Chem. Biol. 2002, 9, 555–565. [Google Scholar] [CrossRef]

	



Silva, M.C.; Torres, J.A.; de Sá, L.R.V.; Chagas, P.M.B.; Ferreira-Leitão, V.S.; Corrêa, A.D. The use of soybean peroxidase in the decolourization of Remazol Brilliant Blue R and toxicological evaluation of its degradation products. J. Mol. Catal. B Enzym. 2013, 89, 122–129. [Google Scholar] [CrossRef]

	



Shuler, M.L.; Kargi, F. Bioprocess Engineering Basic Concepts; Prentice-Hall: Englewood Cliffs, NJ, USA, 1992. [Google Scholar]

	



McEldoon, J.P.; Dordick, J.S. Unusual thermal stability of soybean peroxidase. Biotechnol. Prog. 1996, 12, 555–558. [Google Scholar] [CrossRef]

	



Wright, H.; Nicell, J.A. Characterization of soybean peroxidase for the treatment of aqueous phenols. Bioresour. Technol. 1999, 70, 69–79. [Google Scholar] [CrossRef]

	



Ravi Dhas, C.; Venkatesh, R.; Jothivenkatachalam, K.; Nithya, A.; Benjamin, B.S.; Raj, A.M.E.; Jeyadheepan, K.; Sanjeeviraja, C. Visible light driven photocatalytic degradation of Rhodamine B and Direct Red using cobalt oxide nanoparticles. Ceram. Int. 2015, 41, 9301–9313. [Google Scholar] [CrossRef]

	



Natarajan, T.S.; Thomas, M.; Natarajan, K.; Bajaj, H.C.; Tayade, R.J. Study on UV-led/TiO2 process for degradation of rhodamine B dye. Chem. Eng. J. 2011, 169, 126–134. [Google Scholar] [CrossRef]

	



Luan, J.; Li, M.; Ma, K.; Li, Y.; Zou, Z. Photocatalytic activity of novel Y2InSbO7 and Y2GdSbO7 nanocatalysts for degradation of environmental pollutant Rhodamine B under visible light irradiation. Chem. Eng. J. 2011, 167, 162–171. [Google Scholar] [CrossRef]

	



Bibi, I.; Bhatti, H.N.; Asgher, M. Comparative study of natural and synthetic phenolic compounds as efficient laccase mediators for the transformation of cationic dye. Biochem. Eng. J. 2011, 56, 225–231. [Google Scholar] [CrossRef]

	



Nouren, S.; Bhatti, H.N. Mechanistic study of degradation of Basic Violet 3 by Citrus limon peroxidase and phytotoxicity assessment of its degradation products. Biochem. Eng. J. 2015, 95, 9–19. [Google Scholar] [CrossRef]

	



Anastasi, A.; Coppola, T.; Prigione, V.; Varese, G.C. Pyrene degradation and detoxification in soil by a consortium of basidiomycetes isolated from compost: Role of laccases and peroxidases. J. Hazard. Mater. 2009, 165, 1229–1233. [Google Scholar] [CrossRef] [PubMed]

	



Bilal, M.; Asgher, M.; Iqbal, M.; Hu, H.; Zhang, X. Chitosan beads immobilized manganese peroxidase catalytic potential for detoxification and decolorization of textile effluent. Int. J. Biol. Macromol. 2016, 89, 181–189. [Google Scholar] [CrossRef] [PubMed]

	



Silva, M.C.; Corrêa, A.D.; Amorim, M.T.S.P.; Parpot, P.; Torres, J.A.; Chagas, P.M.B. Decolorization of the phthalocyanine dye Reactive Blue 21 by turnip peroxidase and assessment of its oxidation products. J. Mol. Catal. B Enzym. 2012, 77, 9–14. [Google Scholar] [CrossRef]

	



Kunz, A.; Mansilla, H.; Durán, N. A degradation and toxicity study of three textile reactive dyes by ozone. Environ. Technol. 2002, 23, 911–918. [Google Scholar] [CrossRef] [PubMed]

	



Vázquez-Duhalt, R.; Ayala, M.; Márquez-Rocha, F.J. Biocatalytic chlorination of aromatic hydrocarbons by chloroperoxidase of Caldariomyces fumago. Phytochemistry 2001, 58, 929–933. [Google Scholar] [CrossRef]

	



Garcia, J.C.; Simionato, J.I.; Almeida, V.D.C.; Palácio, S.M.; Rossi, F.L.; Schneider, M.V.; Souza, N.E.D. Evolutive follow-up of the photocatalytic degradation of real textile effluents in TiO2 and TiO2/H2O2 systems and their toxic effects on Lactuca sativa seedlings. J. Braz. Chem. Soc. 2009, 20, 1589–1597. [Google Scholar] [CrossRef]








[image: Biomolecules 07 00031 g001 550] 





Figure 1. The catalytic cycle of heme-peroxidases. RH: organic pollutant; R●: radical form of the organic pollutant. 
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Figure 2. The effect of the redox mediator, 1-Hydroxybenzotriazole (HOBT) on Sulforhodamine B (SRB) dye degradation by Soybean peroxidase (SBP)and Chloroperoxidase (CPO). (A) SRB dye degradation by SBP in the absence and presence of 100 μM HOBT. [SBP] = 50 pM, [SRB dye] = 10 ppm, [H2O2] = 0.2 mM, pH = 4. (B) HOBT concentration optimization for CPO-based degradation for SRB dye. [CPO] = 440 pM, [SRB dye] = 6.25 ppm, [H2O2] = 0.2 mM, pH = 2. 
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Figure 3. Optimization studies for SRB dye degradation by SBP and CPO. (A) pH profile ([SRB dye] = 15 ppm, [SBP/CPO] = 86 pM, [H2O2] = 0.2 mM, [HOBT] = 50 μM); (B) Enzyme concentration (([SRB dye] = 15 ppm, (SBP, pH) = 4, (CPO, pH) = 2 [H2O2] = 0.2 mM, [HOBT] = 50 μM); (C) H2O2 concentration (SBP: pH = 4, [SBP] = 50 pM, [SRB dye] = 10 ppm, [HOBT] = 50 μM; CPO: pH = 2, [CPO] = 440 pM, [SRB dye] = 6.25 ppm, [HOBT] = 167 μM); and (D) Effect of reaction temperatures of SRB dye degradation by SBP and CPO (SBP: pH = 4, [SBP] =17 pM, [SRB dye] = 10 ppm, [HOBT] = 16 μM, [H2O2] = 0.05 mM; CPO: pH = 2, [CPO] = 43 pM, [SRB dye] = 6.25 ppm, [H2O2] = 0.05 mM , [HOBT] = 82 μM). 
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Figure 4. Liquid chromatography mass spectrometry (LC-MS) chromatogram of SRB dye degradation by SBP. “*” = De-ethylated form of SRB dye and “+” indicates the elution of HOBT. The conditions of 100% degradation are pH = 4, [SBP] = 50 pM, [SRB dye] = 10 ppm, [H2O2] = 0.2 mM, and [HOBT] = 50 μM. A–C are the compounds detected (Table 2). TIC: total ion chromatogram. 
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Figure 5. LC–MS chromatogram of SRB degradation by CPO. The conditions of 100% degradation are pH = 2, [CPO] = 440 pM, [SRB dye] = 6.25 ppm, [H2O2] = 0.2 mM, [HOBT] = 167 μM. A–D are the compounds detected (Table 2) and “+” indicates the elution of HOBT. 
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Figure 6. Tandem mass spectrometry fragmentation analyses of intermediates produced by after SRB dye degradation by SBP (Panels A, B, C) and CPO (Panel D). Panel (A) intermediate with m/z of 102; panel (B) intermediate with m/z of 116; panel (C) intermediate with m/z of 120 and panel (D) intermediate with m/z of 168. 
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Figure 7. Proposed structures of some of the intermediates generated during SBP- and CPO-based degradation of SRB dye ((A–C) and (A–D), respectively). 
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Figure 8. SRB dye toxicity on Lactuca sativa seed. (A) Representative sample of L. stavia seed treated by SRB dye (10 ppm), SRB dye decolorized by SBP (SRB + SBP) and SRB dye treated by CPO (SRB + CPO); (B) Root length (cm) after treating the seeds with SRB dye samples. Statistical analysis was performed using unpaired t-test (n = 80). The asterisk (*) shows a significant difference (p < 0.05). 
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Figure 9. The effect of halide on CPO-based degradation of SRB dye. (A) UV-Vis chromatograms and (B) Total ion chromatograms of SRB dye degradation by CPO in the absence and presence of NaCl. 
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Figure 10. LC–MS analyses of chlorinated intermediates. (A) Extracted ion chromatogram of chlorinated intermediates produced by CPO in the presence of NaCl (33 mM); (B) The proposed structure of the chlorinated intermediates; (C) MS spectra at 15.87 min showing the 571 m/z intermediates. The insert shows the chlorine signature pattern for dichlorination. 
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Table 1. Optimization experiments of SRB dye degradation by SPB and CPO.







Table 1. Optimization experiments of SRB dye degradation by SPB and CPO.







	
Optimum Conditions

	
SBP-Based Degradation

	
CPO-Based Degradation






	
[HOBT] (μM)

	
50

	
167




	
pH

	
4

	
2




	
[Enzyme] (pM)

	
50

	
440




	
[Dye] (ppm)

	
10

	
6.25




	
[H2O2] (mM)

	
0.2

	
0.2




	
Operational temperature range (°C)

	
20–80

	
20–50
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Table 2. Intensity of intermediates produced during the degradation of SRB dye by SBP and CPO.
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Compound ID

	
m/z

	
RT (min)

	
SRB DYE + SBP

	
SRB DYE + CPO




	

	
Intensity

	

	
Intensity






	
A

	
102

	
12.56

	
+

	
0.5 × 104

	
+

	
4.0 × 104




	
B

	
116

	
14.56

	
+

	
1.0 × 104

	
+

	
6.0 × 104




	
C

	
120

	
13.46

	
+

	
7.5 × 104

	
+

	
9.0 × 104




	
D

	
168

	
2.84

	
−

	
−

	
+

	
1.4 × 104








RT: retention time; +: compound detected; -: compound not detected.
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