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Abstract

:

The accumulation of waste and toxic compounds has become increasingly harmful to the environment and human health. In this context, the use of laccases has become a focus of interest, due to the properties of these versatile enzymes: low substrate specificity, and water formation as a non-toxic end product. Thus, we begin our study with a general overview of the importance of laccase for the environment and industry, starting with the sources of laccases (plant, bacterial and fungal laccases), the structure and mechanism of laccases, microbial biosynthesis, and the immobilization of laccases. Then, we continue with an overview of agro-waste treatment by laccases wherein we observe the importance of laccases for the biodisponibilization of substrates and the biodegradation of agro-industrial byproducts; we then show some aspects regarding the degradation of xenobiotic compounds, dyes, and pharmaceutical products. The objective of this research is to emphasize and fully investigate the effects of laccase action on the decomposition of lignocellulosic materials and on the removal of harmful compounds from soil and water, in order to provide a sustainable solution to reducing environmental pollution.
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1. Introduction


The diversity of enzymes synthesized by micro-organisms during their metabolism contributes in profound ways to the degradation of organic or inorganic compounds in the environment, and plays a significant role in practical endeavors related to agriculture, industrial processes, and waste treatment. The soil and water form complex eco-systems that support a wide variety of micro-organisms that fulfill a dynamic role in biogeochemical cycles.



Laccases (EC 1.10.3.2, p-diphenol: dioxygen oxidoreductase) are enzymes that contain copper atoms in the active site, which catalyze the oxidation reaction of diverse substrates such as phenolic and aromatic molecules (ortho- and para-diphenols, amino phenols, methoxy-phenols, poly-phenols), aliphatic amines, and inorganic cations, resulting in water as a product of reduction in molecular oxygen [1]. Due to their properties, laccases are rightly considered as “green catalysts” [2].



1.1. Importance of Laccases for Environment and Industry


In recent times, laccases have been continuously used in many domains, such as the food industry (wine stabilization, fruit juice clarification, baking, and sugar beet pectin production); the textile industry (fiber biobleaching, denim washing); polymer synthesis and green nanoparticle synthesis; the paper and pulp industry (delignification of pulp, deinking of paper); biosensors; the decomposition of lignocellulosic material used as substrate in various processes; etc. [3].



Along with hydrolytic enzymes, laccases are of increasing interest; they can be used with remarkable results in the treatment of environmental pollutants, for the degradation of household waste, of and various compounds resulting from industry and agriculture.



As the accumulation of various substances with more-or-less dangerous potential in the environment has increased in recent times, the need for environmental restoration should capitalize on the biodegradative potential of laccases. These versatile enzymes have a low specificity and, therefore, catalyze the transformation of a large number of substrates and generate only water molecules as a by-product [4,5]. Consequently, the use of laccases is becoming more widespread in the treatment of waste from the agriculture and food industries; the degradation of pesticides; drug and cosmetic residues; the decolorization of dyes; the degradation of residues of the pulp and paper industry; etc. (Figure 1).




1.2. Sources of Laccases


1.2.1. Plant Laccases


The first mention of laccases was made by Yoshida, who discovered their presence in the sumac, in 1883 [6]. Since then, it has been shown that these enzymes are produced by plants, insects, lichens, bacteria, and fungi. Among the plants that synthesize laccases are pears, turnips, cabbages, apples, potatoes, asparagus, and more [1]. There are several studies on laccases isolated from Pinus taeda, Acer pseudoplatanus, Nicotiana tabacum, P. trichocarpa, Liriodendron tulipifera, Lolium perenne, A. thaliana, Zea mays, Oryza sativa, Saccharum officinarum, Brassica napus, and Brachypodium distachyon. In plants, laccases are mainly involved in the processes of lignification, iron metabolism, defense and protection against environmental stresses, and the repair of damaged tissues [7].




1.2.2. Bacterial Laccases


In their natural habitat, micro-organisms (Figure 2) are able to produce laccases in the process of degradation of the substrate, as well as in the processes of protection, virulence and pathogenicity, sporulation, and pigment synthesis [8]. The best known bacteria that synthesize laccases are part of the phyla Firmicutes (B. pumilus, B. subtilis, B. licheniformis), Cyanobacteria (Oscillatoria boryana), Proteobacteria (Escherichia coli, Pseudomonas syringae, Azospirillum lipoferum, Sinorhizobium meliloti, Marinomonas mediterranea), Actinobacteria (Streptomyces coelicolor, S.lavendulae, S. griseus), Aquificae, Deinococcus-Thermus (Thermus thermophilus), Archaea (Haloferax volcanii), and several human pathogens [7,9,10]. The synthesis of bacterial laccases can be intracellular or extracellular, occurs in the exponential growth phase, and is induced by the presence of a specific substrate. Bacterial laccases appear to play a role in sporulation, pigmentation, resistance to stressors, and homeostasis [7].




1.2.3. Fungal Laccases


Fungal laccases are best known for their property of breaking down lignocellulosic material; in this way, they are involved in the biogeochemical cycle of carbon. Fungal laccases act on phenolic compounds, aromatic amines, PAHs, drugs, synthetic dyes, and other substrates [11]. Like bacterial laccases, laccases of fungal origin are involved in the mechanisms of cell protection, sporogenesis, pigmentation, pathogenicity, and in the degradation of the lignocellulosic substrate. Fungal laccases usually have a higher redox potential than in the case of bacteria, with values of approximately 800 mV vs. NHE, and are mainly synthesized by fungi included in the phyla of Ascomycota, Basidiomycota, Chytridiomycota, Zygomycota and Oomycota. Laccase-producing fungi are also involved in litter decomposition and in the humification process. Among the best-known fungal species that synthesize laccases are the Basidiomycetes Agaricus bisporus, P. ostreatus, Lentinula edodes, Ganoderma sp., Phlebia radiate, Trametes versicolor, and the Ascomycetes Trichoderma sp., Chaetomium thermophilum, Theiophora terrestris [1,7,12].





1.3. Structure and Mechanism of Laccases


1.3.1. Structure


The catalytic core of most laccases contains four copper atoms involved in redox processes, which are classified into three types of structures (Figure 3): type 1 (T1), paramagnetic “blue” copper; type 2, paramagnetic “non-blue” copper (T2); and type 3 (T3), the diamagnetic spin-coupled center [8,13]. These three types of copper atoms differ in the amino acids to which they bind and in UV/visible and electronic paramagnetic resonance (EPR) absorption spectra [8,14,15,16,17,18,19,20].




1.3.2. Mechanism of Action


Laccases catalyze the oxidation reaction of the substrate (phenolic and aromatic compounds, aliphatic amines, and inorganic cations), coupled with the reduction reaction of one molecule of oxygen to two molecules of water. This process takes place in three stages: 1. T1 copper is reduced by receiving an electron from the oxidized substrate; 2. T1 copper transfers the received electron to the T2–T3 center; and 3. The formation of two water molecules by reducing the oxygen molecule [3,21,22].



The action of the laccases on the substrate is performed by means of the copper cluster from the active site, and can be described schematically by one of the mechanisms in Figure 4. The simplest case is when the enzyme directly catalyzes the oxidation of substrates when they have the appropriate redox potential. If this direct reaction cannot take place, the oxidation of the substrate can occur through a chemical mediator. This system, known as the “laccase-mediator-system”, is found in organic syntheses and in the biotechnological processes of degradation of some compounds [22].





1.4. Microbial Biosynthesis of Laccases


Isolation of laccase-producing micro-organisms is performed from various natural substrates such as decayed wood, tree barks, and others, using a spread-plate or streak-plate technique. The most productive colonies are selected using screening methods that use chromogenic substrates such as guaiacol. After laboratory testing, the composition of the culture medium (especially carbon and nitrogen sources, trace elements, and inducers), pH, temperature, dissolved oxygen concentration, and agitation should be determined (Figure 5). Due to the relatively high costs, various agricultural by-products such as lignocellulosic substrates (sawdust, wheat bran, rice straw, corn stover, and other cereal waste) have recently been used for the biosynthesis of laccases. Various studies have shown that laccase synthesis occurs at the end of the exponential phase and in the stationary growth phase [23].




1.5. Immobilization of Laccases


Due to the high costs and the rather low stability of laccases, in recent times, a large number of studies have been conducted regarding the immobilization of this enzyme on different supports. The advantages of the immobilization of laccases refer especially to its reusability; the increase in storage, pH, and thermal stability; and the improvement of its resistance to the action of inhibitors [24,25]. For the immobilization of laccases, different types of substrate have been studied, namely inorganic, organic, hybrid and composite materials. When choosing these supports, it should be considered that the copper atoms in the catalytic site of laccases may form chelates with support groups, and may destabilize the immobilized enzyme and the catalytic activity [25,26]. Various immobilization techniques have been applied such as adsorption, inclusion or entrapment, microencapsulation, cross-linking, and covalent bonding [26,27]. Recently, in the circular economy, the use of cheap, biodegradable materials, such as agro-industrial by-products, as supports for laccase immobilization has been studied. Materials including coconut fiber, eggshell, peach stone, pistachio shell, chicken feathers, spent grain, sugar mill bagasse, and others have some advantages that make them interesting and competitive (low cost, non-toxicity, compatibility with the environment) while being easy to procure and safe, as well as reducing the disposal problems of some waste [27].



Currently, considering cost efficiency, and the applicability at the highest scale (pilot and industrial), one of the best immobilization methods could be the use of cheap supports such as residues and by-products generated from agriculture and household waste, which are cheap, environmentally friendly, and non-toxic. Recent studies have shown good stability of the enzyme, a variety of fields of application, and decreasing disposal problems for these residues.



In this review, we present a comprehensive summary of the applications of laccases to reduce environmental pollution. First, we present a general overview of the importance of laccase for the environment and industry, starting with the sources of laccases (plant, bacterial and fungal laccases), the structure and mechanism of laccases, microbial biosynthesis, and the immobilization of laccases. Second, we continue with an overview of agro-waste treatment by laccases wherein we observe the importance of laccases for the biodisponibilization of substrates and the biodegradation of agro-industrial byproducts. Next, we continue with three chapters regarding the degradation of xenobiotic compounds, dyes, and pharmaceutical products. Our aim is to highlight the potential of laccases in solving the problem of accelerated pollutants of the environment. Finally, in the concluding chapter, we present our perspectives on how to further expand the application of laccases in connection with future environmental pollutants.





2. Agro-Waste Treatment by Laccase


Lignocellulosic biomass (LB), such as agro-waste and forestry, is the most abundant and economical renewable feedstock in the world that can be converted into biofuel in a sustainable way [28]. Various chemical, thermochemical, and biological technologies were proposed for the conversion of LB to energy [29]. LB consists of three principal components—cellulose, hemicellulose, and lignin—and its biodegradability is highly affected by its composition [30]. Fermentable sugars of biomass carbohydrates necessary for fermentation, such as cellulose and hemicellulose, are trapped inside the cross-linking structure of lignocellulose. Consequently, pretreatment of biomass is always required [31]. In recent years, physical, chemical, biological and physical–chemical pretreatment methods have been explored in order to remove the combination of lignin and hemicellulose and increase the available contact area between enzymes and cellulose, as shown in Figure 6.



The pretreatment techniques are concentrated on the improvement of the hydrolysis process by altering the polymeric molecules into monomers [35,36,37,38]. LB pretreatment represents the main stage for the degradation of its three components and their further conversion to bioenergy with high efficiency [39]. In this context, research on the sustainable pretreatment of lignocellulosic biomass has gained great importance [36]. The suitable pretreatment method is chosen depending on the type of feedstock used. A biological pretreatment applied to lignocellulosic substrate proved to be an economical method that does not need additional energy. Through this pretreatment the inhibitor generation for biofuel production is very low, thus being an environmental friendly method [36,40].



Biological pretreatment consists of the action of bacteria, fungi and enzymes, which degrade the lignocellulosic biomass (Figure 7). White-, brown- and soft-rot fungi are the most-used for the biomass delignification process. It was discovered that white-rot fungi are the most efficient among all fungal types. The best-known oxidative enzymes synthesized in white-rot fungi that are responsible for lignin biodegradation are laccase, lignin peroxidase and manganese peroxidase, the former being the main enzyme involved [36,41,42]. Laccases are enzymes with copper in their active site that catalyze the oxidation reaction of phenolic components in lignin polymers [43]. The laccase enzyme has an essential contribution in lignin decomposition that enhances the yield of the two successive processes: hydrolysis and fermentation [44].



Furthermore, the enzymatic pretreatment method of LB presents some advantages, such as: quite a low reaction time, low concentrations of nutrients in the substrate for enzymatic reactions, and the fact that it does not require costly plants. On the other hand, the weakness of this method is the high price of enzymes, which continues to be a provocation from an economic point of view [32].



In the literature, much research has been conducted regarding the efficiency of the laccase in the degradation of lignin from lignocellulosic biomass used for biofuel production, especially for biogas and bioethanol.



For example, Jin et al. [45] investigated, in their study, the biological pretreatment (enzyme) and solid-state anaerobic fermentation of wheat straw under different C/N ratios. They used cellulase and laccase enzymes, which were purchased from a biotech company. Their results showed that the main components of the tested feedstock were significantly decomposed after enzyme treatment with degradation at 37.47% for cellulose, 46.96% for hemicellulose, and 14.05% for lignin. Additionally, solid-state anaerobic digestion with a C/N ratio of 25, and 30 days of digestion, led to more lignocellulose decomposition (aprox. 74.20%) and more biogas production (aprox. 77.59 L/kg volatile solid).



Schroyen et al. [46] tested the corn stover pretreatment with laccase, manganese peroxidase, and versatile peroxidase for biogas production and various incubation periods: 0, 6 and 24 h. The authors concluded that the lignin decomposition by laccase pretreatment resulted in an enhancement of methane generation by 25%, whereas peroxidase pretreatment increased methane generation by 17%.



In another study, in 2017, Schroyen et al. [47] investigated the effect of higher concentrations (0, 100, 500, 1000 and 2000 mg/L) of different phenolic compounds on the action of lignin-decomposing enzymes and on biogas generation by anaerobic fermentation of LB (hemp straw and miscanthus). The authors analyzed the link of laccase and versatile peroxidase separately with the phenolic substances. The study results showed that the laccase pretreatment detoxified the feedstock efficiently, whereas versatile peroxidase was inhibited by 100 mg/L of each of the specific phenolic compounds.



In 2018, Wyman et al. [48] analyzed the feasibility of producing enzymes and biogas from corn stover, by using a physical–biological pretreatment followed by an anaerobic fermentation process. Three fungal strains (Pleurotus eryngii, P. ostreatus and T. versicolor) and two particle sizes (the small size was smaller than 4.5 mm, and the large size had values of less than 9.0 mm) of LB were compared. The results showed that the highest laccase activity was reached for the P. eryngii strain at day 12 of fungal pretreatment for small particle dimensions. Regarding the biogas production, P. eryngii showed an increase of 19% after 30 days of treatment for small particle sizes compared with raw corn stover.



The authors, Yadav and Vivekanand [49] studied the ability of C. globosporum to breakdown the lignin coating in wheat and pearl millet straw. The results presented by the authors showed an increase of 124% and 91% in reducing sugar release and an enhancement of 43% and 41% in lignin degradation for wheat and pearl millet straw.



In another paper, Yadav M. et al. continued their research [50], and tested the isolated fungal strain of C. globosporum for biological pretreatment of wheat and pearl millet straw to improve biogas yield. The efficiency of the fungal strain was verified by assessing laccase activity in submerged culture. Optimized treatment conditions were a temperature of 36 °C, 31 days retention time, and an 81% moisture content. The conclusions showed that after biological pretreatment with C.globosporum under improved conditions, the content of lignin decreased for wheat straw by 45%, whilst for pearl millet straw, the lignin content decreased by 48%. The biological pretreatment resulted in a 31% enhancement in biogas yield for wheat straw, and a 46% higher yield for pearl millet straw in comparison to untreated samples.



Moreover, in 2020, biological pretreatment of LB consisting of wheat and pearl millet straw was also performed by Yadav and Vivekanand [51] by using the selected fungal strain of Curvularia lunata, with an improvement in treatment parameters, namely: treatment period (14 days, 28 days and 42 days), temperature (28 °C, 32 °C and 36 °C) and moisture content (65%, 75% and 85%). The ability of fungal strains to synthesize laccase was analyzed by applying a colorimetric test with guaiacol as substrate for the enzymatic reaction. The authors reported remarkable growth in the biogas volume (19% and 28%) and biomethane (23% and 39%) yield for both tested substrates (wheat and pearl millet straw) as compared to unprocessed samples.



In their study, Fithri et al. [52] isolated and evaluated the activity of fungal laccase found in the fungi of oil palm empty fruit bunch. Fungal laccase was tested for the biological treatment of two agricultural wastes (rice straw and corn cob). Additionally, authors used a scanning electron microscope (SEM) to observe the structure of cereal agriculture waste fibers in both treated and untreated samples. SEM images of rice straw and corn cob waste after being treated with laccase indicated the presence of degradation activity.



Cai et al. [53], conducted a comprehensive review regarding the effects of lignocellulosic biomass pretreatment methods (physical, chemical, biological and combined pretreatment) on methane production. The authors concluded that combining biological pretreatment with physical or chemical pretreatment is the most promising pretreatment route.



In the same way, Bruni et al. [54] identified different methods to enhance the biomethane production of biofibers from digested manure. They investigated several pretreatment methods, such as: physical, chemical, biological (laccase and a mixture of cellulases and hemicellulases, and partial aerobic microbial conversion, were used), steam treatment with a catalyst, and combination of biological and steam treatments. In conclusions, the authors reported that a 66% increase in methane production was obtained for chemical treatment and a 26% increase in methane production was reached in the case of steam treatment. In addition, the association of steam treatment and enzyme laccase Novozym 51,003 pretreatment of manure fiber increased the methane yield by 34%.



Sijinamanoj et al. [55] used agricultural residues consisting of paddy straw, sugarcane bagasse, and coconut husk as substrates for biodegradation by Aspergillus nomius and Trichoderma harzianum isolated from gut of the termite, Odontotermes obesus and fungus comb in the termite mound, respectively. Thus, fungal pretreatment of lignocellulosic biomass for 45 days showed that Aspergillus nomius and Trichoderma harzianum degraded 84.4% and 81.66% of hemicelluloses, 8.16% and 93.75% of cellulose, and 52.59% and 65% of lignin, respectively.



In another study, Albornoz et al. [56] found that the fungal treatment of wheat straw with Pleurotus ostreatus, was the most favorable treatment condition to produce laccase and biogas.



Mustafa et al. [57] conducted a study wherein rice straw was subjected to fungal pretreatment using P. ostreatus and T. reesei, to enhance its biodegradability and methane yield through solid-state fermentation. The authors reported that the pretreatment with P. ostreatus was most effective at 75% moisture content and a 20 day incubation period, resulting in 33.4% lignin removal.



Other studies using a fungal delignification pretreatment of LB were performed for bioethanol generation. For example, Salvachua et al. [58] applied a combined pretreatment (fungal pretreatment and mild alkali treatment) to wheat straw for ethanol production. The reported results showed that the glucose production, after 21 days of pretreatment, obtained 69% and 66% of cellulose accessible in the wheat straw, with an ethanol production of 62% in the two cases, with Poria subvermispora and Irpex lacteus.



Chang et al. [59] conducted an experiment in order to increase the lignin degradation and saccharification yield of rice straw, testing laccase (T. versicolor) in the presence of ionic liquid. The authors noted that the maximum cellulose hydrolysis was 40.96% when using a combined pretreatment with laccase + TritonX-100, and 38.24% for laccase + 1-Allyl-3-methylimidazolium chloride, after 72 h of enzymatic saccharification.



In their work, Moreno et al. [60] evaluated the use of MetZyme, a new bacterial laccase for improving the property of hydrolysis and fermentation of steam-exploded wheat straw for ethanol production. The reported results showed that the combination of alkali extraction and laccase treatment led to an increase of 21% and 30% in the glucose and xylose concentrations in the hydrolysate.



Liu et al., in their study, assessed the efficiency of the alkaline fungal laccase PIE5 (pH 8.5) in the lignin degradation and detoxification of alkali-pretreated corncob, to obtain bioethanol [61]. The authors compared fungal laccase PIE5 performance with that of the neutral fungal laccase rLcc9 (pH 6.5). Simultaneously, a classical acidic fungal laccase rLacA (pH 4.0) from Trametes hirsuta AH28-2 was used as an independent control. The results showed that the best values for the laccases’ activity were recorded in the following order regarding the total phenol concentration decrease (0.18, 0.36, and 0.67 g/L), ethanol concentration increase (8.02, 7.51, and 7.31 g/L), and ethanol production (1.34, 0.94, and 0.91 g/L hour): rLacA > rLcc9 > PIE5.



For easy understanding and an overview of the elements mentioned above, we present in Table 1, the synthetic information regarding some substrates, enzymes and pretreatment conditions.



However, in the literature, studies show that the association of physical, chemical and physical–chemical pretreatment methods with biological treatment applied to LB increases lignin removal and enzymatic digestibility [62,63,64,65].




3. Degradation of Dyes


In recent years, laccases have shown high significance in industrial and environmental use, mainly in dye decolorization. According to studies, synthetic paints are considered one of the world’s biggest pollutants today [66].



Dyes are often used in the industrial sector, especially in the food, pharmaceutical, textile, paper, and chemical industries [67]. According to World Health Organization, the textile industry is one of the major contributors (17–20%) to water pollution, with azo dyes (N=Ngroups) comprising 80% of the total amount [68]. Considering the chemical compounds and the utility, dyes are divided into several categories, such as: triphenylmethane, azo, polymers, heterocyclics, and anthraquinones, although the dyes are made up of a group of atoms called chromophores which are capable of coloring [69]. A significant amount of dye—almost 10–15%—is expected to be discharged into wastewater during the production process.



Azo dyes are the most important class of dye utilized in the industrial sector, and pass-through municipal wastewater treatment plants nearly unmodified because of their resistance to aerobic treatment. In anaerobiosis, azo dyes are cleaved by bacteria and fungi to form aromatic amines, which have a carcinogenic effect on the population [70].



Because of the high costs involved in the disposal of dyes, industries face the problem of treating industrial effluent containing dyes because they are made up of different groups of chemicals [71]. The harmful effect is observed in the negative impact on different biotic environments—from phytoplankton, aquatic organisms, zooplankton—but also on human beings [72]. In human organisms, the presence of harmful dyes contained in the effluent discharged into the environment can cause allergies, dermatitis, respiratory disease and systemic disorders [73].



Existing decolorization techniques may be useful, but they have the disadvantage of time and price requirements. Different treatment techniques have been used for the decomposition of dyes in wastewater. These consist of different physical, chemical, and biological decomposition methods (Figure 8) [74]. Physical and chemical methods generate great quantities of iodine, aromatic amines, and secondary products [71]; meanwhile, biological processes, also called bioremediation, are clean, efficient, and environmentally friendly, involving aerobic and anaerobic decomposition produced by bacteria and fungi, which are usually extremophiles that generate diverse enzymes [75].



Bioremediation is a successful process in the treatment of colorants present in wastewater, due to its profitability, the lack of chemical by-products, and green technology to mitigate the negative effects of industrial contamination [77]. During this process, microbial enzymes can remove toxic constituents, and the ecological effect of these textile dyes can be minimized [78].



In recent years, many industries have focused on the enzymatic approach to developing green technology, especially due to the deficit of physical–chemical methods, increasing environmental issues, legislative limitations, and improvement of the scientific knowledge.



The oxidizing enzymes in white-rot fungi are well known, because they act on synthetic dyes. This kind of enzyme represent an important source of dye degradation [79,80]. In enzymatic decomposition, azoreductases, peroxidases and phenol oxidases are capable of biodegrading dyes, but in some ways, these enzymes reduce their biodegradation performance. In particular, laccase-assisted reactions are the subject of extensive research because they are environmentally friendly and have great potential applications. Laccases require only oxygen as a substrate, and they produce water as single by-product [81].



Due to the field of interest, numerous studies have been conducted to remove dyes from different industries, the most relevant being presented as follows:



Jamal M. et al. [73] studied how laccase-producing bacteria have significantly influenced the decolorization of textile azo dyes. In this article, two different strains of bacteria were isolated from Western Ghats. Laccases have been produced from B. cereus and P. parafulva by submerged fermentation. The free and immobilized laccases decolorized the three azo dyes T-blue, yellow GR and orange 3R. Decolorization was confirmed by the data obtained through UV–vis and FTIR spectroscopy, which demonstrated the modification of peaks. As a result of the bacterial decolorization effect, it was concluded that the production of free laccase and the production of immobilized laccase were highly effective against the degradation of azo dyes. Beyond that, P. parafulva produced a higher degree of decolorization than B. cereus for all dyes. The removal efficiency for the three azo dyes was between 89.21–91.69%.



In 2021, Ashutosh Y. et al. [80] studied the possibility of decolorization in the textile dye industry in the presence of laccases. The authors improved the biodegradation of the Remazol Brilliant Blue R (RBBR) dye using laccase derived from Arthrographis kalrae (Figure 9).



The rate of decolorization was influenced by enzyme concentration, pH, time of action, and dye concentration. The process was optimized by improving the decolorization of BBD dye (97.18%), which was demonstrated by FTIR and UV–Vis spectroscopy. Moreover, compared with unprocessed samples, the laccase-treated dye sample indicated a lower phyto- and cyto-toxic effect on Allium cepa L. [80].



In another study, Tauber M.M. et al. [82] investigated the decomposition of azo dyes by oxidative processes using treatment with laccase and ultrasound, applied alone or combined. For this research, laccase obtained from T. modesta was used. The authors showed that laccase reduces Acid Orange and also Direct Blue dyes within 1 to 5 h, but it was ineffective in the case of reactive dyes. The secondary ultrasound treatment applied degraded the evaluated dyes (3 to 15 h). It was demonstrated, for the first time, that treating the effluents containing dyes using laccase and ultrasound at the same time can save more time and also more energy, without compromising the laccase efficiency.



Indigo dyes are blue-colored organic compounds isolated from Indigofera suffructicosa Mill., Indigo feratinctoria L., Polygonum tinctorium or Isatis tinctoria L. extract. Indigo, but also its derivatives, play an important role in several fields, such as food industry, textiles or cosmetics, due to their color; however, they are extremely dangerous for humans. It was shown that the first stage in their degradation is electrochemical oxidation, followed by a nucleophilic attack [83].



Younes and Sayadi in 2013 [84], showed that the enzymatic decomposition of indigo carmine dye using laccase obtained from Scytalidium thermophillum achieved a 98% decolorization rate after one day of treatment. These results were also demonstrated by Campos et al. [83]. They found that the process of indigo decomposition was more efficient using the laccase isolated from the fungus T. hirsuta than using the laccase isolated from the bacterium S. rolfsii.



In another study, Abadulla E. et al. [85] studied the process of decolorization and detoxification of textile dyes using a laccase isolated from the fungal strain T. hirsuta. They reported that this laccase was capable of degrading triarylmethane, indigoid, azo, and anthraquinonic dyes. Treatment using an immobilized laccase reduces dyes’ toxicity by up to 80%. A study conducted by Rui M.F. et al. [86] demonstrated the possibility of improving the enzymatic degradation of textile dyes. The authors proposed the innovative use of ionic liquids (ILs) to enhance the decomposition of indigo carmine (IC) dye using laccase (Figure 10).



It has been shown that the utilization of the decyltrimethylammonium bromide—[N10111]Br is optimal for enzymatic action on dyes. It was significant that in 0.5 h a color removal percentage of 82% was achieved, compared to 6% removal when IL was not been used. After one day of treatment under the same conditions, a decolorization rate of 93% was obtained [86].



Laccase-functionalized micromotors have been investigated by Uygun M. et al. [87]. The results show that enzymes on board micromotors have higher stability in their activity without structural damage. In comparison to the free-enzyme approach, in terms of efficiency, reaction time, and convenience of use, the “self-propelling” action of laccase-modified micromotors enhanced the decolorization capacity. The results showed an efficiency of 76–94% for decolorization treatment when compared with the use of a free enzyme, which achieved a decolorization efficiency of 34% to 55%.



Laccases are recognized for their ability to degrade synthetic dyes present in wastewater, resulting the less harmful products [67]. Based on studies in the literature, it has been shown that laccases have the ability to breakdown various dyes’ structures. In study [88] a removal efficiency of 98.6% was obtained for indigo dyes. The decolorization efficiency of laccases was also applied in study [89]. In the case of Procyon Red, laccase had a yield of 90% [90], compared to 100% in the case of Indole dye [91].



The performance of biodegradation is affected firstly by the group of the organisms that synthesize laccases, and secondly by the staining rates.




4. Degradation of Xenobiotic Compounds


4.1. Basics of Xenobiotic Compounds


The rapid growth in both population and technology has affected and will affect people’s lives whether they want it or not [92]. Most importantly, the increase contributes to global progress and expansion, but at the cost of the environment. Globalization, which is seen mainly as technological progress, represents new substances, products and/or pesticides that are released in the environment; this ultimately has an impact not just on us humans, but on the entire ecosystem [93,94,95]. Pollution is currently one of the most important topics to be discussed and solved, with the European Union channeling parts of their goals into waste reduction, a circular economy, a clean environment, reducing climate change, etc. Since a large part of the pollution is manmade, some of the contaminants cannot be naturally degraded [96].



The most common synthetic compounds are xenobiotics (foreign things in living form) [97], which are widely spread in agriculture, in domestic usage, in the environment, and in industrial activities. To see the impact of xenobiotics on the environment, a series of studies was conducted by scientists, which highlighted the impact of xenobiotics on animals, the environment, and humans.



The 20th century represented an expansion period for humanity; technological progress exploded, and there was an increase in different compounds that were meant to help improve day-to-day life, such as antibiotics, illicit drugs, pesticides, industrial products, dyes, additives, PCPs, etc. (Figure 11). All of these are physicochemical structures that can cause problems should be identified, quantified, and removed [98].



Due to the threat xenobiotic contamination poses, researchers have studied various treatment methods, both physical and chemical (electrolysis ozonation, filtration, chemical precipitation, coagulation, etc.), for degradation and detoxification; however, not all of these were successful or helpful due to high costs, and the generation of toxic by-products [100]. One method that registered success was bioremediation, which is a biological remediation method that did not register any other products that could be harmful [101,102]. Bioremediation methods are mostly designed by using micro-organisms. Removing xenobiotics form sediments, soil, or water represents the process of obtaining CO2 and H2O, products that do not cause damage to the environment [103,104]. The findings obtained in the research, presented in Table 2, reveal that different types of micro-organisms can degrade xenobiotic compounds.



Although they are efficient, there are some factors such as the ecological characteristics that can influence the degradation process outcome. Additionally, bioremediation studies presented the potential for and capability of microorganism biodegradability when having to deal with a large number of environmental contaminants, all because of the mutagenesis processes [113,114,115,116]. In Figure 12, the chemical structures of various xenobiotic compounds are presented.



A lot of these synthetic compounds have been used in agriculture (pesticides) and insect control programs. One of the pesticides most studied by scientists and considered to be highly toxic is lindane (γ-hexachlorocyclohexane) [117,118,119]. After extensive studies, it was concluded that lindane concentration has an impact not only on immunosuppressive diseases in humans, but also on endocrine disruption, carcinogenicity, mutagenicity, etc. [120,121].




4.2. Laccase and Xenobiotics


Laccases’ enzymes play an important role in different industries, because they contribute to xenobiotic biodegradation, paper bleaching, etc. [122]. Their ability to oxidize various substrates, and low substrate particularity, provide laccase with the main factors needed to perform xenobiotic biodegradation [123]. Even with these, there are some drawbacks when using laccase because, according to studies, they have high costs, poor reusability, loss of enzyme activity and low yields [124]. The use of laccase enzymes was analyzed by scientists in relation to different types of pollutants.



In paper [125] scientists presented an analysis regarding the separation of toxic pollutants from water resources. Their main goal was azo dye removal because of its high toxicity. For this, they used a bacterial laccase synthesized by P. mendocina. The results found through LC-MC analysis revealed that degradation mainly happened through oxidation of azo-hydrazo linkages and phenolic groups. Additionally, it showed that dye degradation happened due to laccase-producing bacteria from MBBR isolation.



Environmental pollution can also be caused by Anthraquinones (AQs) which can be found in personal care products, dyes or even some pharmaceutical products [126]. Although some researchers found that laccase removed 72% of the AQ dye in 60 min [127], in paper [128], scientists proposed alizarin green, a typical AQ, for testing the biodegradation ability of the immobilized laccase. A laccase immobilized on a metal–organic framework/polyvinyl-alcohol-cryogel as a substrate was studied in relation to wastewater pollution from personal care products, dyes, and pharmaceutical products. The experiments were conducted by preparing and applying metal–organic-framework-based cryogels such as “PVA/Lac, ZIF-67(Co)/PVA/Lac, HKUST-1(Cu)/PVA/Lac, MIL-53(Al)/PVA/Lac, MIL-68(Al)/PVA/Lac, MIL-100(Fe)/PVA/Lac, MIL-101(Cr)/PVA/Lac, and MIL-101(Fe)/PVA/Lac”. The metal–organic framework that registered the best result was MIL-68(Al)/PVA/Lac, both for relative laccase activity and for alizarin green removal (95.86% success rate).



Continuing with environmental pollution in paper [129], the biodegradation of anthracene was analyzed by studying the immobilization of lignin-decomposing enzyme-laccase on the surface of rice straw biochar. The immobilization of laccase was 66%, obtained by applying acid treatment on the rice straw biochar to obtain carboxyl. An important parameter for the research, to obtain conclusive data, was operation stability which, in this case, was analyzed for consecutive cycles. Depending on the cycle, the laccase activity registered was different, from no loss in the laccase activity registered in the first cycle to 60% for the 6th cycle. Their results are consisted with [130] which, just after two cycles, revealed a 50% loss in laccase activity.



Further research into laccase activity for xenobiotic degradation was conducted using fungi that generate ligninolytic extra-cellular enzymes (Basidiomycetes). According to scientists, white-rot fungi registered a higher efficiency in lignin degradation than other laccases (present in fungi) [131]. Fungi’s abilities in laccase activity were constantly observed and analyzed in correlation to lignin decomposition. Thus, it could be observed that it is very important in xenobiotic degradation compounds, one of these being polycyclic aromatic hydrocarbons (PAHs) [132]. Whether we are considering human activity or natural activities, PAHs are among the environmental contaminants. In paper [133] the authors studied different strains from different areas in Sarawak, which presented great laccase activity in culture. The results revealed that Coriolopsis caperata BM-172 produced the highest value for laccase activity (880 U/L).



Continuing in the same area of xenobiotic degradation, in paper [134], the analysis was focused on pyridine raffinate (organic pollutant) degradation using bacterial laccase. To optimize laccase production, the optimization of carbon and nitrogen sources, pH, time, and temperature were considered. The laccase activity for the samples was measured every 12 h for 5 days, and determined using a guaiacol assay. The results showed a degradation of pyridine raffinate between 51–59.5%, depending on the values of the optimized parameters.



Further studies using white-rot fungi to degrade organic pollutants were conducted. Only a few researched the fungal of degradation 2,3,7,8-tetrachlorodibenzo-p-dioxin. Just a few ligninolytic fungi can degrade this dioxin, among which we can mention Rigidoporus sp. FMD21. Studies revealed a laccase extraction of 77.4% of 2,3,7,8-tetrachlorodibenzo-p-dioxin in 36 days. In paper [135] authors presented a new degradation mechanism. This is based on 3,4-dichlorophenol, which represents the main metabolite of 2,3,7,8-TCDD degradation. Out of six laccase mediators, only violuric acid reached the significance level needed regarding the effect on 2,3,7,8-TCDD degradation by extracellular enzyme extraction. They concluded that Rigidoporus sp. FMD21 produces laccases that can degrade 2,3,7,8-tetrachlorodibenzo-p-dioxin.



Other pollutants that affect both the environment and human health are heavy metals, which can come from various industries (textile, plastics, microelectronics, etc.). Considering this in paper [136], authors describe the study of two heavy metals, Pb and Ni, on laccase activity in Trametes pubescens. The laccase activity remained stable in solutions containing Pb and Ni. Additionally, they concluded that the increase in Pb concentration led to a decrease in laccase activity, while Ni concentration presented an increase in activity for 10 to 25 ppm of Ni.



Another study in PAH degradation in soil was conducted using a laccase mediator system. This was performed using a packed bed reactor. Additionally in this study, as the previous one mentioned, six polycyclic aromatic hydrocarbons were considered for degradation; however, the first step was laccase production by solid-state fermentation. The factors that proved their importance were mediators in the oxidation of PAH. Natural mediators proved to be capable of better results than synthetic ones. The degradation values obtained were 74.8%, 71.9%, 72.2%, 81.8% and 100% degradation for fluorene, anthracene, phenanthrene, chrysene and pyrene, while for benzo[a]pyrene, a 96% degradation was recorded [137].



Another pollutant that has a high resistance to degradation is 2,4-Dinitrophenol (2,4-DNP). Hadiseh et al. [138] analyzed the ability of laccase enzymes (laccase complexes with montmorillonite K10 and zeolite) to decompose 2,4-DNP from wastewater and soil. The results presented percentages of 98.5%, 98.6%, and 90.4% removal from soil containing free laccase, laccase-zeolite, and laccase-montmorillonite complexes; for wastewater, the percentages for the removal of pollutants were 99% and 93.3%, respectively. They concluded that the degradation of 2,4-DNP by applying laccase-zeolite complexes was a success.



Pesticides in agriculture and in household usage has become a widely known practice that, used excessively, can cause environmental pollution influencing the entire ecosystem [139]. As seen in extensive research, some fungal laccases can be used for pesticide degradation, mainly because they do not produce other substances that can be harmful [140]. Continuous studies on pesticide degradation have been conducted, one aiming to characterize the laccase from Tricholoma giganteum AGDR1 in this problem.



121.056 U/g of laccase activity was shown by T. giganteum AGDR1 using wheat straw as a substrate for the experiments. The test revealed that T. giganteum AGDR1 contains elements that are xenobiotic, metal responsive and that exhibit heat shock, which could represent that the laccase enzyme is tolerant to inhibitors, organic solvents and metals. Increased laccase activity of Tricholoma giganteum AGDR1 was seen in solid state fermentation. Additionally, it was found that purified laccase contributed significantly to pesticide degradation [140].



Trying to remove pesticides residues so that pollution does not occur is a concern of many. Scientists perform different methods, even combining adsorption and degradation based on biodegradable microporous starch-immobilized laccase (LA–MPS). To obtain good results, LA–MPS was used with mediators for the removal of atrazine and prometryn (herbicide) from water. The results showed that the method proposed can be applied, because the removal recorded was increased by 61% compared to natural degradation [141].



Organic pollutants are, unfortunately, a factor that contributes to environmental degradation and human health problems. Very harmful for people are polychlorinated biphenyls (PCBs), also mentioned in the Stockholm Convention on persistent organic pollutions [142]. Although there are some strategies in place for PCB removal, scientists conducted a study on the biodegradation of PCBs using fungal strains. The strains used were taken from contaminated soil on a former industrial site and PCB-contaminated sediment [143]. Laccase monitoring and activity was investigated for all 12 strains used in the experiment. Due to the fact that not all strains presented the same PCB biodegradation percentage, just four strains were further investigated (biodegradation level of more than 70%). Out of the four strains, only Penicillium canescens contributed significantly to PCB biodegradation; it had fewer toxic metabolites, unlike P. chrysogenum which, in the biodegradation process, generated metabolites that proved to be much more toxic than PCBs [143,144].



A dangerous material presented in wastewater that has a huge impact on human health (breast cancer, metabolic disorder in babies, prostate glands, etc.) is Bisphenol A (BPA) because of its property of endocrine disruption [145]. The removal of BPA by laccase, both in the presence and absence of rhamnolipid (RL) biosurfactant, was the main purpose for the research in paper [146]. The results proved that lower concentrations of RL registered a positive effect, unlike higher concentrations, which proved to be harmful.





5. Degradation of Pharmaceutical Products


With regard to decreasing damage to ecosystems due to global pollution, biotechnologists from all over the world are investigating and developing new non-polluting methods [2]. Thus, different treatments have been developed, such as physical, chemical, and biotechnological methods.



Pharmaceutical products represent the chemical substances (synthetic or natural) used in the prevention and treatment of diseases, or for the correction of human and animal organic functions. They include more than 4000 different molecules and have a large consumption of several thousand tons per year [147].



Pharmaceutical active compounds (PhACs) are included in the emerging pollutants category, because they are an important cause of pollution of the environment (soil and water); in addition, some PhACs are detected in drinking water and food, which directly threatens population health [148,149,150]. These organic micro-contaminants can be found in the aquatic environments of hospitals, and in industrial and domestic wastewaters (Figure 13) [147].



Considering the activity of pharmaceutical compounds, the literature presents the classification of pharmaceutical products, as can be seen in Figure 14. Important studies conducted in different countries across the world revealed that the following substances were found in surface- and ground-water bodies: analgesics, tranquilizers, antibiotics, steroids, lipid-lowering drugs, anti-inflammatories, antidepressants, beta-blockers, and stimulants [147].



PhACs are often found in the surface water because the wastewater treatment plants cannot remove the low concentrations of contaminants or pharmaceutical active compounds [151,152]. Another reason of the micropollutants’ presence in surface water is related to the fact that PhACs contain substances that are difficult to degrade [153]. Different studies available in the literature showed that conventional wastewater treatment plants are not efficient in pharmaceutical active compound removal [154,155,156]. Therefore, it is necessary to apply alternative innovative methods for water treatment that will be able to resolve the problem of PhAC removal, while being entirely environmentally friendly. In recent years, one of the most intensive research areas has been represented by the laccase-mediated process for the decontamination of polluted water [157,158]. There are two methods of using enzymes: in free or immobilized forms. The immobilized laccase form presents some important advantages such as the preservation of enzymatic activity in time, or resistance to various process parameters (high temperature, interaction with chemical agents) [159]. Enzyme immobilization represents the process that locates (by adsorption, ionic forces, or covalent bonds) the enzyme on a support, which can be made from organic material, inorganic material or hybrid/composite materials, obtaining insoluble structures with enzymatic activity.



The group of white-rot fungi (WRF) are the most representative organisms that can degrade recalcitrant wood components (lignin, cellulose, and hemicellulose). This is possible as a result of extracellular non-specific enzymatic complexes (including the laccases) which are secreted predominantly in extracellular form. Considering this, many researchers have studied the WRF and have proved their capacity to degrade numerous organic compounds, including emerging contaminants such as pesticides, industrial chemicals, dyes, and pharmaceuticals [160,161,162,163].



The degradation of antibiotics was studied by Suda T. et al., in 2012 [164]. In their experiments, tetracycline (TC), chlortetracycline (CTC), doxycycline (DC), and oxytetracycline (OTC) were subjected to degradation process using laccase synthesized by Trametes versicolor, adding the redox mediator 1-hydroxybenzotriazole (HBT). The results demonstrated a complete elimination for tetracycline and chlortetracycline in 15 min, but for doxycycline and oxytetracycline, 1 h was necessary for complete elimination.



In 2020, Zhang C. et al. [4] analyzed the degradation process for antibiotics using synthesized Laccase@Cu-BTC. A simple in-situ bio mineralization method was used in order to immobilize into a cooper-containing substrate (Trimesic acid framework, Cu-BTC) the laccase derived from Bacillus subtilis. The results showed the ability of Laccase@Cu-BTC to degrade tetracycline and ampicillin without any mediators. Compared to free laccase, the Laccase@Cu-BTC was proven to have a faster degradation rate than free laccase, which was consistent with the results measured by using ABTS as a substrate. The study also showed that the toxicity of products resulting from Laccase@Cu-BTC degradation were very weak compared with untreated antibiotics (tetracycline or ampicillin). For this purpose, the products resulting from the degradation process were incubated with two bacteria species (E. coli and Bacillus subtilis). In conclusion, the authors recommended the Laccase@Cu-BTC as an eco-friendly method for the degradation of antibiotics.



Yang J. et al. [165] also studied the degradation of antibiotics using a new form of magnetic cross-linked aggregate M-CLEA containing Cerrena laccase. The conclusion of the study was that Cerrena laccase M-CLEAs had the greatest results for tetracycline and oxytetracycline removal, followed by the degradation of ampicillin, sulfamethoxazole, and erythromycin. Additionally, the study concluded that 80% of tetracycline degradation happened in the first 12 h, with the best degradation results obtained in 48 h for the following process condition: 25 °C and pH 6.



In 2019, Shao B. et al. [166] researched immobilized laccase efficiency for antibiotic contaminant removal. For the experiments, immobilized laccase was obtained using synthesized and modified hollow mesoporous carbon spheres (HMCs). Then, the immobilized laccase was utilized in the degradation of the antibiotics tetracycline hydrochloride (TCH) and ciprofloxacin hydrochloride (CPH). Good results for removal efficiency were obtained for both antibiotics (TCH and CPH) when using redox mediators. Thus, the immobilized laccase in HMCs represents a method that can be used for reducing environmental pollution with antibiotics.



Experiments using commercial laccase from T. versicolor were conducted by Schwarz J. et al. [167] in order to demonstrate the degradation of three sulfonamides: sulfanilamide (SAA), sulfadimethoxine (SDT) and sulfapyridine (SPY). After 15 days, the following transformation percentages were registered: 10% for SAA, 75% for SDT, and 96% for SPY; these different values were attributed to the different molecular substituents.



The degradation of antibiotics by laccases was also studied by Guardado A.L.P. et al., in 2018 [150]. The paper presents a comparative study of three laccases’ (Myceliophthora thermophila, T. versicolor and Pycnoporus sanguineus CS43) degradation efficiencies on antibiotics (amoxicillin, ciprofloxacin, and sulfamethoxazole). Without using any redox mediators, the degradation process of antibiotics was not successful, except for the amoxicillin, which was degraded in all cases. Other experiments were conducted using three redox mediators—namely syringaldehyde, p-coumaric acid, and ABTS—for studying their influence on the degradation process by laccases. The results showed that the best redox mediator was syringaldehyde, which reached the best degradation percentages after 3 h of treatment: 80% for amoxicillin, 100% for sulfamethoxazole, and 40% for ciprofloxacin. Additionally, the study concluded that the commercial laccases produced by M. thermophila and T. versicolor presented better catalytic performance compared with novel laccase produced by P. sanguineus CS43.



The degradation of chloramphenicol using laccase from Trametes hirsuta and various mediators was investigated by Navada K.K. et al. [168], in 2019. In seven days, the laccase enzyme, without mediators, achieved the removal of 0.5 mg/L chloramphenicol. The study also proved that for an efficient degradation of higher concentrations of chloramphenicol (10 mg/L), it is necessary to use a laccase mediator system (LMS), such as syringaldehyde, vanillin, ABTS, or α-naphthol. In the case of using mediators, the degradation rate is enhanced from 10% to 100% during 48 h.



Jureczko M. et al. [169] investigated the removal efficiency of anticancer drugs (bleomycin and vincristine) by the laccases obtained from five white-rot fungus species: Fomes fomentarius (CB13), Hypholoma fasciculare (CB15), Phyllotopsis nidulans (CB14), Pleurotus ostreatus (BWPH), and Trametes versicolor (CB8). The experiments revealed a vincristine degradation rate >94% by CB13, CB15 and CB8 after 4 days; however, in the case of bleomycin, after 9 days, the degradation rate was only 36% by CB8, and 25% by CB15. The degradation of bleomycin and vincristine was in accordance with the laccase production.



Another study regarding the removal of anticancer drugs using laccase was made by Kelbert M. et al., in 2021 [170]. The researchers evaluated the efficiency of laccase from Trametes versicolor on doxorubicin degradation for various operating conditions, meaning enzyme concentrations, pH, and temperature. The experiments showed that laccase degrades doxorubicin for all concentrations all these drugs (50, 250 and 500 μg/mL). It was demonstrated that the required degradation time is inversely proportional to the laccase amount. Another conclusion of the study was that when the laccase concentration increased from 900 to 1800 U/L, the specific initial degradation rate decreased; this means that a great number of enzymes is not necessary for the degradation process. The best degradation result was obtained at a temperature of 30 °C and pH 7, which is similar to wastewater treatment plant conditions.



The biodegradation of diclofenac using crude laccase from Trametes trogii was studied by Aracagök Y.D. et al. [171], in 2018. The study showed a 97% degradation rate of diclofenac, in 48 h, by crude laccase from T. trogii. The researchers also indicated that the biodegradation process was influenced by the pH and temperature. Thus, the maximum diclofenac percentage removal (95% and 97%) was obtained at pH values of 4.5 and 5. While varying the temperature between 15–55 °C at pH 5, a maximum diclofenac removal was found (99%) at 30 °C.



Yusnidar Y. [172], in 2020, realized a study on the biodegradation of diclofenac and ibuprofen from pharmaceutical industry waste using a laccase enzyme immobilized with graphene oxide (GO). It was observed that the GO-laccase system can be successfully used on the removal process of the pharmaceutical products studied in the experiments.



The degradation process of naproxen and diclofenac, two wide-spread anti-inflammatories, using laccase enzyme was studied by Zdarta J. et al. [173] in 2019. For the study, the support for laccase immobilization was poly(l-lactic acid)-co-poly(ε-caprolactone) (PLCL) electrospun nanofibers. The results showed that, in batch mode, a removal rate of higher than 90% was obtained for both anti-inflammatory compounds by encapsulated laccase, at a temperature of 25 °C, and when pH was 5 for naproxen, and 3 for diclofenac. Additionally, the experiments proved a high reuse rate of the immobilized laccases; after five treatment cycles, removal rates of about 60% and 40% for naproxen and diclofenac were obtained.



In a paper from 2021, Masjoudi M. et al. [174] showed the influence of the covalently immobilized laccase from Trametes hirsuta on the removal of two pharmaceutical compounds. For their experiments, the authors used an immobilized laccase in a mini-membrane reactor for the removal of carbamazepine and diclofenac. The experiments proved a removal efficiency of 27% in 48 h for the carbamazepine, while for diclofenac, the removal efficiency was 95% in 4 h [175].



Another study regarding diclofenac (DFC) degradation was made by Primožič M. et al. in 2020 [176]. The results of the experiments revealed a high degradation rate of diclofenac by CLEAs laccase (cross-linked enzyme aggregates) and mCLEA laccase (magnetic cross-linked enzyme aggregates) compared to unlinked laccase. The removal capacity in optimum process conditions had the following values: for unlinked laccase, 11.5 ± 0.3 μg DCF/g laccase; for CLEAs, 15.6 ± 0.4 μg DCF/g laccase; and for mCLEAs, 13.6 ± 0.4 μg DCF/g laccase. The authors concluded that the CLEA laccase and mCLEA laccase is a recommended solution for diclofenac removal from polluted wastewaters.



Likewise, a study realized by Lloret L. et al. in 2010 [177] reported a complete degradation of diclofenac by purified laccase from Myceliophthora thermophile using mediators; in addition, for the experiments realized without mediators, the degradation of diclofenac was at 83%.



Tran N.H. et al. [178] investigated the removal process of some anti-inflammatory drugs (fenoprofen, indomethacin and propyphenazone) using laccase from T. versicolor. The results showed a removal rate >90% after 3 h for fenoprofen and the same removal rate after 30 min for indomethacin, while for propyphenazone, the removal rate was 25% after 3 h.



Jahangiri E. et al. [179] demonstrated the efficiency of laccase from Phoma sp. UHH 5-1-03, cross-linked to polyvinylidene fluoride membranes, on the removal process of indomethacin, mefenamic acid, acetaminophen, bezafibrate, ketoprofen, and naproxen. A high efficiency of the process was obtained after the experiments.



Kang B.R. et al. [180], in 2021, conducted a study regarding the degradation process of pharmaceuticals by native fungal enzymes. For the experiments, the researchers used enzymes from Bjerkandera spp. TBB-03 for the removal of two pharmaceutical products, acetaminophen (ACN) and carbamazepine (CMZ), under various conditions. After 24 h of treatment with laccase, at different temperatures, the remaining concentrations of ACN and CMZ were determined. It was concluded that the heat-inactivated control did not have big influence on ACN (<4%), while the CMZ presented an important decrease (20.5 ± 2.4%). The complete degradation of the ACN was obtained after 2 h at temperatures of 25 °C, 30 °C, and 40 °C, while for temperature of 15 °C and 5 °C, 6 and 12 h, respectively, were necessary. Considering the variation of the pH, it was observed that the ACN was fully degraded after 2 h at 5–7 pH values. On the other hand, during the experiments, CMZ could not be degraded for any pH values. Another conclusion of the study was that the pharmaceuticals were not removed at pH 8.



The degradation of diclofenac, trimethoprim, carbamazepine, and sulfamethoxazole during treatment with laccase from Trametes versicolor was studied by Alharbi S.K. et al. in 2019 [181]. The experiments were realized in two ways: the pharmaceuticals were used individually, or a mixture was made with various concentrations (1.25 and 5 mg/L for every compound). The removal efficiency of the four compounds was higher when tested individually than when tested in mixtures. Another conclusion was that a lower initial concentration will conduce to a lower efficiency for the degradation of trimethoprim, carbamazepine, and sulfamethoxazole in mixture, compared to the results obtained for higher initial concentrations, in both the individual and mixture methods.



Enzymatic degradation with laccase of some pharmaceutical compounds was investigated by Taheran M. et al. [182], in 2017. For the experiments, the laccases were immobilized on a polyacrylonitrile–biochar composite nanofibrous membrane. Further, the resulted laccase system was used for the degradation, in batch mode, of chlortetracycline, carbamazepine, and diclofenac, which represent the most important categories of pharmaceuticals: antibiotics, antidepressants, and anti-inflammatories. After the experiments, the following degradation rates were obtained using immobilized laccase: 72.7% for DCF, 63.3% for CTC, and 48.6% for CBZ.



In 2018, Naghdi M. et al. [183] conducted research regarding the biodegradation of carbamazepine, which represents one of the most widely used pharmaceutical compounds around the world. Crude laccase was obtained from Trametes versicolor and employed for the CBZ removal, in both cases of using, or not using, the ABTS mediator. The study investigated the influence of process parameters and their interactions on the degradation of CBZ. The results demonstrated the influence of ABTS concentration, pH, temperature, and enzyme concentration on the removal efficiency of carbamazepine. The best result of the experiments—meaning a 95% removal efficiency of CBZ after 24 h—was obtained in the following conditions: 35 °C temperature, pH 6, 60 U/L of laccase concentration and 18 μM of ABTS concentration. In conclusion, the authors recommended the use of a laccase-ABTS system in the degradation of carbamazepine from polluted wastewaters. The degradation of antimicrobial and preservative agent triclosan (TCS) using laccase from T. versicolor was studied by Inoue et al., in 2010 [184]. The study showed that laccase removed about 51% of TCS from the reaction mixture after 90 min. Additionally, the use of a laccase-HBT system enhanced the elimination of TCS at 66%.



The results obtained from the studies show that the capacity of the laccase enzyme to catalyze the removal of pharmaceuticals is influenced by various factors, such as substrate type, reaction parameters and enzyme properties. Additionally, the source of the enzymes is a factor that affect the process performance, meaning that the biodegradation of the same pharmaceutical using enzymes obtained from various sources leads to different degradation rates.



In order to overcome the limitations presented by laccases, two new methods were developed: the laccase mediator system and laccase immobilization. The ability of redox mediators to improve the removal process of pharmaceuticals depends on the structure of the compounds and, in some singular situations, it can conduce to a higher toxicity of the involved aqueous media [185,186]. Thus, for good results in the degradation process, it is required to select the appropriate mediator and its optimal concentration [150]. Enzyme immobilization is a method that presents the advantage of a continuous operation, enhances enzyme stability, and facilitates the reuse of laccases.




6. Conclusions


As can be observed from all the data presented, laccases can be used in the treatment of the agro-waste and food industries; the degradation of pesticides, drug, and cosmetic residues; the decolorization of dyes; the degradation of residues of the pulp and paper industry, etc. The variety of sources of laccases (plant, bacterial, and fungal laccases) highlights their versatility and involvement in different types of processes. Their properties make them ideal for the biodegradation of environmental pollutants. Additionally, a very important element that should be mentioned is related to immobilization techniques that are studied in close connection with zero-waste principles.



Regarding agro-waste treatment by laccases, the main idea that needs to be highlighted is that laccase enzymes have an essential contribution in lignin decomposition. The advantages, in this case, are closely connected to the association of physical, chemical, and physical–chemical pretreatment methods with biological treatment applied to LB, which can help the industry to better apply the treatments and the processes for biodegradation.



If we look forward to the degradation of xenobiotic compounds, we can conclude that there are some disadvantages that need to be mentioned, such as high costs, poor reusability, a loss of enzyme activity, and low yields; however, laccase enzymes are still highly important in different types of industries. Additionally, fungal laccases act on xenobiotic substances such as phenolic compounds, aromatic amines, PAHs, drugs, synthetic dyes, and other substrates, which they turn into less toxic compounds.



Another area in which laccases showed potential is related to dye decolorization, mainly due to the fact that synthetic paints are seen as a very important pollutant with an impact on the environment. Laccases are well-known for their ability to degrade synthetic dyes in wastewater and soil, producing fewer toxic compounds; this is demonstrated through the research presented. Although there are many, further studies are required to help in improving not just the environmental aspects, but also to improve human health security.



The pharmaceutics sector is a very important part of human life, and the increased consumption of medicine requires better techniques and technologies to degrade the pharmaceutical compounds that can be found in water and soil. The studies revealed that the use of laccases is an effective method for degrading pharmaceutical products.



Laccases are versatile green enzymes with significant potential in the degradation of harmful and toxic pollutants. Due to their low specificity for substrate, laccases can adapt to a high variety of compounds that come from industry and agriculture, and continue to expand their diversification according to the evolution of human impact on the environment. One of the challenges that needs to be considered is the optimization of the process of biosynthesis and the action of these enzymes from a small laboratory scale to industrial applications. Additionally, the opportunities in this case seem to apply to reaching a sustainable environment in the context of a circular economy, in line with the desire of 2030 European Strategy.



Nowadays laccases represent a research topic for the degradation of xenobiotic compounds, dyes and pharmaceutical products. The cost problems related to laccase usage require studies regarding the improvement of their stability, through the discovery of new sources, action parameter optimization, enzyme stabilization and immobilization using new biodegradable compounds. The microbial biosynthesis of enzymes is an expensive process, but costs can be reduced by (1) the use of cheap culture media containing agri-food by-products; (2) the use of mutant strains with high productive potential; (3) cultivating fungi under solid state fermentation, which is cheaper than submerged cultures; (4) coupling obtaining edible fungal biomass (from some Basidiomycetes) with the synthesis of laccases, which are found in the liquid part of the culture; as well as other solutions. Considering the large amount of substrate or wastewater to be treated, the costs could be reduced by treating the pollutants directly at the source, where the amount of enzyme is minimal.



Nonetheless, continuous investigation of the techniques, technologies, processes, parameters, compounds, etc. needs to evolve to find those efficient and feasible methods that can be applied to each industry and to ensure environmental sustainability. Due to the technological evolution in the last 30 years, laccase enzymes have been intensively studied and applied as being green and environmentally friendly alternatives for pollutant degradation.
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Figure 1. The use of laccases for the degradation of waste and hazardous compounds (authors creation). 
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Figure 2. Phyla of micro-organisms producing laccases (authors creation). 
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Figure 3. Structure of the active site of laccases (modified from [9]). 
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Figure 4. Mechanism of action of laccases (modified from [22]). ox—oxidized state; red—reduced state. 






Figure 4. Mechanism of action of laccases (modified from [22]). ox—oxidized state; red—reduced state.



[image: Energies 15 01835 g004]







[image: Energies 15 01835 g005 550] 





Figure 5. The stages of the biosynthesis process of laccases (authors creation). 
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Figure 6. Lignocellulosic biomass pretreatment techniques (based on [32,33,34]). 
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Figure 7. Biological pretreatment of LB for biogas and bioethanol production (modified from [43]). 
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Figure 8. Existing methods of decolorization (modified from [76]). 
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Figure 9. Biodegradation of RBBR (modified from [80]). 
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Figure 10. Degradation of dyes using surfactant ionic liquids (ILs) (modified from [86]). 
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Figure 11. Xenobiotic compounds (modified from [99]). 






Figure 11. Xenobiotic compounds (modified from [99]).



[image: Energies 15 01835 g011]







[image: Energies 15 01835 g012 550] 





Figure 12. Xenobiotic compounds—chemical structures (selection) (modified from [100]). 
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Figure 13. Potential sources of pharmaceutical pollution (modified from [147]): (1) animal husbandry; (2) industry and hospital; (3) household. 
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Figure 14. Pharmaceutical products categories (authors creation). 






Figure 14. Pharmaceutical products categories (authors creation).



[image: Energies 15 01835 g014]







[image: Table] 





Table 1. Enzyme types used in LB pretreatment [45,46,47,48,49,50,51,52,55,56,57,58,59,60,61].
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Substrate

	
Enzymes

	
Pretreatment Conditions

	
Micro-organism

	
References






	
Wheat straw

	
Cellulase and laccase

	
Solid-state anaerobic digestion with a C/N ratio of 25 and 30 days digestion

	
-

	
[45]




	
Corn stover

	
Laccase, manganese peroxidase and versatile peroxidase

	
Anaerobic fermentation

	
Pleurotus eryngii, P. ostreatus and T. versicolor

	
[46,48]




	
Laccase

	
Physical–biological pretreatment followed by an anaerobic fermentation process




	
Hemp straw and miscanthus

	

	
Anaerobic fermentation

	
-

	
[47]




	
Wheat and pearl millet straw

	
Laccase

	
Biological pretreatment

	
C. globosporum

	
[49,50]




	
Treatment parameters, namely: treatment period (14 days, 28 days and 42 days), temperature (28 °C, 32 °C and 36 °C), and moisture content (65%, 75% and 85%)

	
Curvularia lunata

	
[51]




	
Rice straw and corn cob

	
Laccase

	
Biological treatment, solid-state fermentation

	
P. ostreatus and T. reesei

	
[52,57]




	
Paddy straw, sugarcane bagasse, and coconut husk

	
-

	
-

	
Aspergillus nomius and Trichoderma harzianum, Odontotermes obesus

	
[55]




	
Wheat straw

	
Laccase,

glucose

	
Anaerobic digestion during 30 days

	
Pleurotus ostreatus

	
[56,60]




	
Fungal pretreatment and mild alkali treatment

	
Poria subvermispora and Irpex lacteus

	
[58]




	
Combined pretreatment with laccase + TritonX-100 and 38.24% for laccase + 1-Allyl-3-methylimidazolium chloride

	
T. versicolor

	
[59]




	
Corncob

	
Alkaline fungal laccase

	
-

	
Trametes hirsuta

	
[61]
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Table 2. Microorganism involved in the xenobiotic degradation process [105,106,107,108,109,110,111,112].
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Micro-Organisms




	
Bacteria

	
Fungi

	
Yeasts






	
Pseudomonas

	
Aspergillus

	
Pichia




	
Alcaligenes

	
Penicillium

	
Rhodotorula




	
Cellulosimicrobium

	
Trichoderma

	
Candida




	
Microbacterium

	
Fusarium

	
Aureobasidium




	
Micrococcus

	

	
Exophiala




	
Methanospirillum

	

	




	
Aeromonas

	

	




	
Bacillus

	

	




	
Sphingobium

	

	




	
Flavobacterium

	

	




	
Rhodococcus
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