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    Modern civilization is experiencing an environmental catastrophe as a result of prevailing pollution issues worldwide. Scientists, researchers, environmentalists, engineers, and planners, as well as the developing nations, all need to address this problem to some extent through the introduction of microbes in order to recycle waste into useful forms that other well-beings can utilize efficiently. Varied microbial traits offer a strong substitute to get around serious issues as they can withstand practically any environmental situation because of their incredible metabolic activity. Hence, the extensive nutritional capacities of microbes can be exploited in the bioremediation of environmental contaminants. Moreover, these microorganisms can be used in bioremediation to eliminate, degrade, detoxify, and immobilize a variety of physical and chemical pollutants. Enzymes are exploited to destroy and transform pollutants like heavy metals, hydrocarbons, pesticides, oil and dyes.




    Volume 2 of this book series discusses these methods, and efforts are made to eventually manipulate the remediation processes in a way that will make bioremediation economically and scientifically feasible in order to provide pertinent background information that fills in any gaps in this field of study, as microorganisms promise valuable traits to address environmental challenges and procure eco-safety. This book is focused on elaborating the application of microbial enzymes, microalgae and genetically engineered microorganisms in the bioremediation of significant pollutants, food wastes, distillery wastewater and pharmaceutical wastes. Inamuddin Department of Applied Chemistry Zakir Husain College of Engineering and Technology Faculty of Engineering and Technology Aligarh Muslim University Aligarh-202002 India.
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      Abstract




      Environmental pollution is rising and becoming a major global concern for human health, public safety, and flora and fauna life. Physicochemical-based processes, traditionally applied to treat polluted environments, are usually of high cost, and low efficiency, and normally produce extra residues and/or pollutants. On the other hand, biological remediation technologies may be more environmentally friendly and may lead to a higher remediation performance. Therefore, these bio-based approaches have received significant attention in recent years. Bioremediation applies biological sources to remove or reduce pollutants from a contaminated environment. In particular, enzymatic bioremediation based on microbial enzymes is a relatively new field. It has recently received high attention over traditional methods due to its high specificity and ease of handling in the bioremediation of diverse types of pollutants. Numerous microbial enzymes with bioremediation capability have been selected and characterized in recent years. This book chapter describes the recent advances in microbial enzyme technology, namely achieved by oxidoreductases and hydrolases, in the biodegradation of environmental pollutants. Their principles, mechanisms of action, advantages, and limitations are presented and discussed. In addition, the main conditions and factors that affect the bioremediation performance, such as type of enzymes, pH, pollutants, temperature, and presence of redox mediators are also discussed. This book chapter is useful for students, researchers, and professionals in the fields of environmental sciences and biotechnology.
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      INTRODUCTION




      Environmental pollution is a serious global concern; it has increased over the last decades due to the fast industrialization of different sectors, urbanization, and




      inadequate agricultural practices [1]. A vast amount of organic and inorganicpollutants, such as pesticides, dyes, plastics, heavy metals, hydrocarbons, chlorinated compounds, greenhouse gases, and nitrogen-containing compounds persist in the environment above the permissible limits [2], entering the environment by different ways causing severe pollution in air, soil and water [3]. These pollutants are highly toxic and most of them are carcinogenic. Traditionally, pollutants are treated by both chemical and physical methods of remediation, usually based on incineration, adsorption, filtration, coagulation, chemical flocculation and oxidative processes [3]. However, standard technologies are frequently not efficient to particular classes of pollutants, may be of high complexity, may involve the use of high cost chemicals and materials and, in many cases, the degrading treatment methods result in the production of intermediates or by-products that can be more toxic than the original starting compound (secondary pollution) [4].




      The described shortcomings in traditional technologies have addressed efforts towards the development of biological processes as appropriate alternatives, which may be more environmentally friendly and cost-effective approaches. By bioremediation, it is possible to reduce the amount of pollutants in the environment (by degradation, detoxification, mineralization or transformation) [5, 6]. The most studied type of bioremediation of pollutants is by the use of microorganisms, such as bacteria, yeast or fungi. However, its real applicability is reduced and limited since it is a slow process dependent on the manipulation of environmental parameters, such as microbial growth and metabolic pathways [7]. Currently, due to innovations in enzymatic biotechnology processes, bioremediation based on purified or partially purified enzymes is a promising approach. The main advantage is that bioremediation does not depend on the growth of a microorganism, it depends only on the catalytic capacity of the enzyme. Besides, toxic side substances, as generated by microorganisms, may be reduced by using enzymes. Furthermore, enzymatic bioremediation has become one of the fastest approaches for environmental decontamination. There are numerous classes of enzymes, such as oxidoreductases and hydrolases, already investigated in bioremediation processes [8-10].




      This book chapter provides a comprehensive state-of-the-art overview of the use of enzymatic bioremediation approaches. Recent developments and applications of enzymes and their mechanisms of degradation used to improve bioremediation are described. Additionally, this book chapter also provides significant information about enzymatic biotransformation pathways used in the biodegradation of pollutants from the environment.


    




    

      ENZYMATIC BIOREMEDIATION TECHNOLOGY




      The bioremediation concept started in 1930 when Tausz and Donath [11] showed the use of microorganisms to treat contaminated soil with derivatives of petroleum. Since then, bioremediation has been expanding and applied for other purposes as eco-friendly and sustainable emerging technologies for the decontamination of several inorganic and organic pollutants from the environment. Most of these pollutants are highly toxic and carcinogenic, and their accumulation leads to hazardous effects on humans, and flora and fauna life [12]. Bioremediation is a biologically-friendly strategy that comprises a large range of biological processes using plants, organisms, microorganisms and/or specific enzymes to reduce or remove pollutants from the environment (namely soils, sediments, and water) into non-hazardous or harmless substances [13]. Fig. (1) summarizes the example of enzymatic bioremediation and its advantages.




      
[image: ]


Fig. (1))


      General scheme for enzymatic bioremediation and its advantages and impact.



      Bioremediation is usually considered less invasive when compared to conventional physicochemical and advanced oxidation techniques. Additionally, reduced costs of bioremediation lead it into a key position when compared to other techniques [14]. Bioremediation can be divided into two types: (i) in-situ bioremediation (carried out at the polluted place itself), involving the supplementation of the contaminated environment with nutrients to promote microorganisms growth and their ability to degrade pollutants; this strategy avoids damaging the place, permits the ecosystem return to its original condition and eliminates transportation costs [15]; and (ii) ex-situ bioremediation, involving the removal of the contaminated medium from its original environment to a different site for further pollutants treatment; ex-situ leads to more efficient elimination of pollutants since physicochemical parameters are better controlled [16]. Due to microbial engineering, novel strategies for enhanced bioremediation have been developed through the discovery of new metabolic pathways [17]. Despite the novel advantages of microbial remediation with modified microorganisms, regulations in Europe and the USA prohibit the use and release of genetically modified microorganisms into the environment [17]. Table 1 summarizes the main advantages and disadvantages of bioremediation.




      

        Table 1 Advantages and disadvantages of bioremediation. Adapted from [18].




        

          

            

              	Advantages



              	Disadvantages

            


          



          

            

              	Natural, eco-friendly, and sustainable process. Usually takes a reduced time and is easy to implement.



              	Biological processes are often highly specific and need a continuous supply of inoculum, aeration and nutritional supplements.

            




            

              	The residues for the treatment are usually a harmless product.



              	Research is needed to develop bioremediation technologies that are appropriate for mixtures of contaminants.

            




            

              	Simple, less labor-intensive and cheap by being natural-based.



              	Extrapolation of bench or pilot-scale to large scale can be difficult.

            




            

              	Pollutants are degraded, not simply transferred to different environmental media.



              	Regulatory uncertainty remains regarding acceptable performance criteria for bioremediation.

            


          

        




      




      The potential use of microbial enzymes as powerful catalysts for the degradation of pollutants and persistent chemicals has been effectively exploited and developed as an interesting alternative to the direct use of microorganisms. These biocatalytic approaches also face fewer regulatory aspects and are more controllable [17]. Moreover, when compared to conventional technologies, enzymatic processes may reach the same degradation performance without harming the environment since enzymes are biodegradable and non-toxic [19]. Enzymes have the capacity to catalyze the breaking of bonds of hazardous compounds into less toxic and more biodegradable waste products [20]. The main mechanisms of action are based on the catalytic ability of enzymes, for instance, oxidative reactions, reduction of a nitro group to an amino group, hydrolysis, addition of oxygen to a double bond, dehalogenation, replacement of sulphur with oxygen, ring cleavage, among others [21]. Unlike microorganisms, enzymes are more specific to a broad range of pollutants, are not inhibited by inhibitors of microbial metabolism, have a high dispersion (small size) than microorganisms, and are more active in a large range of pH and temperature [22]. Additionally, enzymes can be efficient at low pollutant concentrations, use a smaller amount of reagents, water and energy, produce less waste, and require mild conditions [3]. On the other hand, the major disadvantage of enzymes is their relatively high cost. To overcome this, one of the emerging strategies for bioremediation is by applying enzyme immobilization; in this case, the enzyme is supported on a solid or liquid carrier allowing their reuse, thus decreasing the biocatalysts contribution cost [23, 24]. This strategy may also enable the improvement of some intrinsic and operational catalytic properties. For a successful bioremediation, the selection of the immobilization approach and support is vital to designing an efficient immobilized enzyme system. The traditional enzyme immobilization methodologies used in bioremediation are adsorption, covalent bond, entrapment/encapsulation, and cross-linking [25]. Moreover, to improve the bioremediation process, it is also important to take into account the type of bioremediation (in situ or ex situ, as previously described), type of toxic compound(s) to be treated and amount in the environment and properties and nature of the immobilized enzyme [26].




      The most frequent environmental pollutants can be classified based on their biodegradability. For instance, compounds such as phenols, esters, hydrocarbons, alcohols, amines, and amides are very simple to be biodegraded. On the other hand, pesticides, polychlorinated biphenyls (PCBs) and polycyclic aromatic hydrocarbons (PAHs) are more difficult to be biodegraded [21]. Among environmental contaminants, compounds that persist in the environment for several years, before being completely mineralized, are known as persistent pollutants [27]. These pollutants in particular lead to serious risks to humans as well as to the environment. For example, aromatic compounds from textile industries have been associated with an enhanced occurrence of cancer in workers from these industries [28]. Similarly, substances from pharmaceuticals and personal care products (PPCPs) such as anti-inflammatory, oral contraceptives, antibiotics, among others, are widely and easily acquired. After being consumed, these PPCPs can enter into the environment by human excretion or improper disposal, causing serious and harmful adverse effects [29]. To be biodegradable by enzymes, these toxic compounds must be accessible to the enzymatic systems. If soluble, they can be degraded by enzymes; if they are not soluble, firstly they must be converted into a soluble compound.




      In subsequent sections, the most referenced enzymes in the literature capable of degrading pollutants are presented and discussed. For each enzyme, the structure, main mechanisms of action, strategies to improve catalytic activity and stability performance for bioremediation are also considered. Table 2 summarizes the enzymes and the reactions that they catalyze.




      

        Table 2 Summary of main microbial enzymes used in biodegradation processes.




        

          

            

              	Enzyme



              	Pollutant



              	Reactions



              	References

            


          



          

            

              	Monooxygenase



              	Alkane, halogenated, aliphatic and aromatic compounds



              	Transfer of one O2 atom to an inorganic or organic substrate, FAD/NADH/NADPH as coenzymes.


              Hydroxylation, dehalogenation, desulphurization, denitrification, ammonification.



              	[30]

            




            

              	Dioxygenase



              	Phthalate, lignin-derivates, polycyclic aromatic hydrocarbons (PAHs) and other aromatic compounds



              	Transfer of two O2 atoms to an inorganic or organic substrate. Aromatic ring hydroxylation and aromatic ring cleavage.



              	[30]

            




            

              	Laccase



              	
o- and p- diphenols, aminophenols, polyphenols, polyamines and lignins



              	Oxidation, decarboxylation, and demethylation of the substrate.



              	[31]

            




            

              	Lignin peroxidase



              	Polycyclic aromatic compounds, halogenated phenolic compounds and other aromatic compounds



              	Substrate oxidation in the presence of co-substate H2O2.



              	[32-35]

            




            

              	Manganese peroxidase



              	Lignin and other phenolic compounds



              	Oxidation of Mn2+ to Mn3+ using H2O2 as oxidant and Mn as mediator. Mn3+ act as a mediator in the oxidation of phenolic compounds.



              	[32-35]

            




            

              	Tyrosinase



              	Phenolic and non-phenolic aromatic compounds



              	Hydroxylation of monophenolic substrates occurs, transforming them into o-diphenols, each is then oxidized to o-quinones.



              	[36, 37]

            




            

              	Lipase



              	Lipids



              	Hydrolysis, esterification, inter-esterification, alcoholysis, acidolysis and aminolysis.



              	[38]

            




            

              	Cellulase



              	Cellulosic material



              	Hydrolysis of β-1,4 glycosidic bonds from cellulose into sugars.



              	[39]

            


          

        




      


    




    

      



      MICROBIAL ENZYMES APPLIED IN THE BIOREMEDIATION OF POLLUTANTS




      

        Oxidoreductases




        According to the enzyme classification (EC) system, oxidoreductases (enzymes catalyzing redox reactions) are classified as EC 1. Oxidoreductases can be subdivided into the following enzyme classes: Peroxidases, EC 1.11.1.7; Oxygenase, EC 1.13 or 1.14; Laccases, EC 1.10.3.2; Tyrosinases, EC 1.14.18.1 [40]. All oxidoreductases have a considerable role in the bioremediation of pollutants. Their main mechanism of catalysis is based on the substrate (pollutant) oxidation with concomitant electron transfer from one molecule (reducing agent) to another one (oxidant) [41]. Oxidoreductases are usually produced by microorganisms such as bacteria, yeast and fungi [42]. Oxidoreductases exhibit high potential in the bioremediation of hazardous pollutants such as phenol-based compounds, dyes, pharmaceuticals, among others. However, the mechanisms of action, structures and cofactors differ for each type of enzyme [43]. Selected examples of the oxidoreductases most commonly applied in bioremediation are discussed in detail below.




        

          Laccases




          Laccases (benzenediol: dioxygen oxidoreductase, EC 1.10.3.2) are copper-containing enzymes that belong to the oxidoreductases family. Their producers are mainly bacteria and fungi [44]. Laccases from fungal origins have been the most intensively studied. Among fungi, basidiomycetes, specifically Pleurotus ostreatus, Trametes versicolor, Agaricus bisporus, Phanerochaete chrysosporium, Trametes villosa, Cerrena unicolor and Coprinus cinereus are the most common and efficient laccase producers [45]. The active site of laccases is composed of three redox groups containing four atoms of copper, which are classified according to their paramagnetic and spectroscopic properties: type 1 (mononuclear Cu1), type 2 (mononuclear Cu2) and type 3 (binuclear, Cu3) [44, 46]. Cu1 gives laccase its characteristic blue color and is related to the oxidation of the substrate acting as the initial electron acceptor. Cu2 and Cu3 are arranged in a trinuclear copper cluster and are the site where the reduction of molecular oxygen to water occurs [40]. The electrons of the substrate molecules reduce Cu1, which will then be extracted and transferred to the tri-nuclear cluster. The electrons that are accumulated allow the oxidation reaction and, at the same time, the reduction of molecular oxygen to water. The reduction of Cu1 is the limiting step in these reactions since it is located in the cavity close to the enzyme's surface [40, 45, 46]. Laccases are able to catalyze the oxidation of various organic and inorganic compounds by reducing molecular oxygen to water (only by-product generated) [47]. These compounds include phenolic and non-phenolic molecules such as polyamines, polyphenols, aryl diamines, amino-phenols, lignin, and other inorganic ions. Typical laccase substrates, such as phenolic compounds, are oxidized to phenoxyl radicals [47]. On the other hand, non-phenolic substrates cannot be directly oxidized by laccase, needing an enzyme mediator. Usually, this mediator is a small compound that is continuously reduced by the substrate and oxidized by the enzyme [31]. Laccases also catalyze anabolic and catabolic reactions, which include but are not limited to humidification of soil organic matter and degradation of lignin, respectively [47]. A general scheme of the catalytic cycle of laccase in the presence and absence of a mediator is depicted in Fig. (2).
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Fig. (2))


          Catalytic cycle of laccase.



          Among all oxidative enzymes, laccases have been widely used for organic pollutants bioremediation. For instance, laccases have been extensively applied in the decolorization of dyes. Kashefi et al. [48] used laccase from genetically modified Aspergillus covalently immobilized onto graphene oxide to decolorize Direct Red 23 (DR23) and Acid Blue 92 (AC92) dyes. A degradation above 75% for both dyes was obtained after 6 cycles of reaction, demonstrating the good stability and reusability of the biocatalyst [48]. In another study, laccase from P. ostreatus URM 4809 was able to degrade in 86% a simulated effluent containing the textile dye Remazol Brilliant Blue R (RBBR) [49]. Lastly, Iark et al. [50] studied the decolorization of Congo red (CR) dye by laccase from Oudemansiella canarii. In this work, after 24h, laccase decolorized 80% of 50 mg/L of the dye, and it was demonstrated that the degradation products are less toxic than the dye itself [50]. All these examples show the effectiveness of laccase in the degradation of dyes.




          Laccases are also able to oxidize various phenolic compounds such as phenol, p-chlorophenol and catechol. Fathali et al. [51] used laccase from T. versicolor and entrapped it in porous silica (E-CLEA) to study its ability to remove phenol. After 20 cycles of reaction, the biocatalyst maintained 79% of its initial activity and phenol was completely removed in approximately 32 mg of E-CLEA [51]. Mohammadi et al. [52] investigated the degradation of phenol, p-chlorophenol and catechol. In this work, laccase from Myceliophthora thermophila was immobilized on epoxy-functionalized silica particles and removal of 95% of catechol, 76% of phenol and 60% of p-chlorophenol was attained after 5 cycles of reaction, with 61% of its initial activity [52]. Furthermore, this enzyme can degrade endocrine-disrupting chemicals such as bisphenol A (BPA), antibiotics and other pharmaceutical compounds. Fu et al. [53] studied laccase from T. versicolor immobilized on magnetic nanoflowers to degrade BPA. This nanobiocatalyst led to a degradation of 100% in only 5 min, and after being stored for 60 days at 4°C was able to retain 92% of the initial activity [53]. To degrade tetracycline, Wen et al. [54] used laccase from T. versicolor immobilized on bentonite-derived mesoporous materials. In the presence of 1-hydroxy- benzotriazole mediator, degradation of 60% was obtained in 3h [54]. In the pharmaceutical field, laccase was applied to the degradation of diclofenac (DCF), trimethoprim (TMP), carbamazepine (CBZ), and sulfamethoxazole (SMX) pollutants [55]. From the two sets of experiments performed, namely degradation of pharmaceuticals individually or in mixtures, the first one achieved better results since after 8h DFC was fully degraded and after 48h the degradation of TMP, CBZ and SMX achieved 95%, 85% and 56%, respectively [55]. More recently, encapsulated laccase from T. versicolor degraded 93% of Indigo Carmine dye in 30 min, and without the presence of a mediator using a micellar system based on ionic liquids [56]. A summary of environmental pollutants that laccases can degrade, together with the main results achieved, is provided in Table 3.




          

            Table 3 Recent examples of laccases in the bioremediation of pollutants (data from the last 2 years).




            

              

                

                  	Source



                  	Enzyme Form



                  	Pollutant



                  	Main Results



                  	References

                


              



              

                

                  	Genetically modified Aspergillus



                  	Immobilized on graphene oxide nanosheets



                  	Dyes DR23 and AB92



                  	Degradation superior to 75% for both dyes after 6 cycles.



                  	[48]

                




                

                  	Trametes versicolor



                  	Immobilized on bentonite-derived mesoporous materials



                  	Tetracycline



                  	Degradation of 60% in 3h.



                  	[54]

                




                

                  	Pleurotus ostreatus URM 4809



                  	Free (production induced by microbial fuel cell)



                  	Dye Remazol Brilliant Blue R



                  	Decolorization of 86%.



                  	[49]

                




                

                  	Trametes versicolor



                  	Laccase-loaded magnetic nanoflower



                  	Bisphenol A (BPA)



                  	Degradation of 100% in 5 min. Above 92% of initial activity was retained after 60 days of storage at 4°C. Degradation efficiency decreased 5% after 5 cycles.



                  	[53]

                




                

                  	Myceliophthora thermophila



                  	Immobilized on epoxy-functionalized silica particles



                  	Phenol, p-chlorophenol and catechol



                  	Removal of 95% of catechol in 2h. After 24h of treatment still remained 76% of phenol and 60% of p-chlorophenol.



                  	[52]

                




                

                  	Trametes versicolor



                  	Free



                  	Diclofenac (DCF), trimethoprim (TMP), carbamazepine (CBZ), and sulfamethoxazole (SMX)



                  	Degradation of 100% DCF, 95% of TMP, 82% of CBZ and 56% of SMX.



                  	[55]

                




                

                  	Trametes versicolor



                  	Immobilized on E-CLEA in porous silica



                  	Phenol



                  	Efficient degradation of phenol. After 20 cycles, 79% of initial activity was maintained.



                  	[51]

                




                

                  	Oudemansiella canarii



                  	Free



                  	Dye Congo Red



                  	Decolorization of 80% in 24h at 30°C and pH 5.5.



                  	[50]

                


              

            




          


        




        

          Peroxidases




          Peroxidases (EC 1.11.1.x) are oxidoreductase enzymes with high redox potentials that decompose hydrogen peroxide (H2O2) with concomitant oxidation of phenolic and non-phenolic compounds [57]. Peroxidases are divided into two main categories: heme (prosthetic group) and non-heme peroxidases [58]. Heme peroxidases are sub-divided into two different groups: the first group consists of peroxidases that are only found in animals, and the second group are peroxidases present in plants, bacteria, and fungi. The second group can be further divided into 3 different classes: class 1 contains intracellular peroxidases produced by a few plants, yeast and bacterial; class 2 are peroxidases secreted by fungi such as manganese peroxidase (MnP) and lignin peroxidase (LiP); and class 3 are peroxidases produced by plants [57, 58]. LiP is involved in the oxidation of organic pollutants, namely phenolic compounds and non-phenolic lignin requiring H2O2 as a co-substrate [32-35]. This enzyme is mainly produced by white-rot fungi such as P. chrysosporium, Phlebia radiata and P. tremellosa [32]. The catalytic reaction mechanism of LiP is summarized according to the following three steps [32, 35], also shown in Fig. (3):




          1. H2O2 oxidizes the resting ferric enzyme ([LiP]-Fe(III)) to form compound I oxoferryl intermediate ([LiP]0+ -Fe(IV));




          2. A molecule of a non-phenolic substrate (S) reduces compound I by donating one electron, thus forming compound II ([LiP] –Fe(IV));




          3. The catalytic cycle is completed when compound II returns to its resting ferric state (LiP) by the donation of one electron from the reduced substrate (S).
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Fig. (3))


          Catalytic cycle of lignin peroxidase (LiP). Adapted from [32].



          MnP is an extracellular and heme-containing peroxidase that catalyzes the oxidation of Mn2+ to Mn3+ using H2O2 as oxidant and manganese (Mn) as a mediator. This enzyme is produced by fungi that degrade lignin, such as Phanerochaete sordida, P. chrysosporium, T. versicolor and Ceriporiopsis subvermispora. The catalytic reaction of MnP is analogous to that of LiP (given in Fig. 4). Mn2+ stimulates the production of MnP and Mn3+ (acquired from MnP), acting as a mediator in the oxidation of the substrate [32-35].
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Fig. (4))


          Catalytic cycle of manganese peroxidase (MnP). Adapted from [32].



          LiPs are applied in diverse fields of bioremediation, such as in the treatment of wastewater, dye decolorization, oxidation of aromatic compounds, among others [32]. For example, Guo et al. [59] immobilized LiP from Pichia methanolica on Fe3O4@SiO2@polydopamine nanoparticles to degrade several organic pollutants. After 4h of reaction, the degradation of tetracycline, dibutyl phthalate, 5-chlorophenol and phenol was higher than 70% [59]. After 48h, degradations of 100%, 100%, 100%, 100%, 79%, 73% and 65% were obtained for tetracycline, dibutyl phthalate, 5-chlorophenol, phenol, phenanthrene, fluoranthene, and benzo(a)pyrene, respectively [59]. Bilal et al. [60] immobilized LiP in calcium-alginate beads to decolorize RBBR in a packed bed reactor system. The removal of the dye was superior to 90%, and after 5 cycles of reaction, 80% of the decolorization removal was obtained [60]. The degradation of DCF, CBZ, and paracetamol from aqueous solutions was achieved using magnetic sol-gel LiP encapsulated in a surface silica layer [61]. At pH 5 and high temperature, CBZ and DFC achieved a degradation of 68% and 64%, respectively, with the total degradation of CBZ and DCF reached after 3 days at pH 3 and 55°C [61]. On the other hand, paracetamol exhibited a rate of degradation of about 10% [61].




          MnPs can be useful in the biodegradation of organic and xenobiotic pollutants, dyes and phenols [33, 45]. Bayburt et al. [62] evaluated the decolorization of six synthetic dyes with MnP from Lentinus arcularius immobilized on calcium-alginate beads. The free enzyme reached a decolorization of 65% for amaranth and 78.38% for malachite green [62]. When immobilized, 90% decolorization was achieved for all dyes in 2 cycles [62]. However, on a reactor scale, in the first cycle, the rate of removal decreases to 84% within 24h. In the second cycle, this rate was reduced to 37%. Still, 63% of enzyme activity was retained after 2 cycles [62]. Lueangjaroenkit et al. [63] studied the degradation of six dyes using two MnPs from Trametes polyzona KU-RNW027. The anthraquinone dye RBBR was completely decolorized after 10 min, while the degradation of Reactive Blue 120 (RNB) and Reactive Yellow 160 (RBY) was superior to 80% and 70%, respectively. However, the decolorization of Reactive Orange 107 (RGY), Reactive Red 198 (RR) and Reactive Red 180 (RBR) were inferior to 50% with both MnPs [63]. MnPs can also be helpful for the degradation of pharmaceutical products. In the same experiment, the two MnPs were investigated to degrade tetracycline, doxycycline, amoxicillin and ciprofloxacin. In this study, the temperature was established at 50° C and the pH at 4.5. After one day, tetracycline and doxycycline were completely degraded. The second MnP revealed better results when it comes to the degradation of amoxicillin and ciprofloxacin, achieving the respective rates of 100% and 73.3% [63]. Zhang et al. [64] used MnP from Cerrena unicolor BBP6 for the decolorization of six dyes. This enzyme was able to degrade 80.9% of crystal violet (CV), 77.6% of methyl orange (MO), 62.2% of bromophenol blue (BPB) and 53.9% of CR [64]. RBBR achieved a decolorization of 81% in 5h [64]. Without any mediator, azure blue only reached 10.9% of degradation after 24h. In the presence of gallic acid, the previous rate increased to 63.1% [64]. Recombinant MnP was studied for the first time in the degradation of two PAHs using a gene from MnP from Cerrena unicolor BBP6 expressed in Pichia pastoris [65]. The decolorization of phenanthrene and fluorene was 90.6% and 80.2%, respectively [65]. Recent applications of peroxidases in the bioremediation of pollutants are summarized in Table 4.




          

            Table 4 Recent applications of peroxidases in the bioremediation of pollutants (data from the last 2 years).




            

              

                

                  	Enzyme



                  	Enzyme Form



                  	Pollutant



                  	Main Results



                  	References

                


              



              

                

                  	LiP



                  	Immobilized in Ca-alginate beads by covalent binding



                  	Dye Remazol Brilliant Blue R (RBBR)



                  	Degradation of 90% of RBBR. 80% of dye degradation efficiency was retained after 5 cycles.



                  	[60]

                




                

                  	LiP



                  	Magnetic sol-gel encapsulated enzyme in a surface silica layer



                  	Diclofenac, carbamazepine, and paracetamol



                  	Degradation to 68% of carbamazepine and 64% of diclofenac at pH 5. Within 3 days at pH 3 carbamazepine and diclofenac were totally degraded.



                  	[61]

                




                

                  	LiP from Pichia methanolica



                  	Immobilized on


                  Fe3O4@SiO2@


                  Polydopamine nanoparticles



                  	Tetracycline, dibutyl phthalate, 5-chlorophenol, phenol, phenanthrene, fluoranthene and benzo(a)pyrene



                  	Degradation of 100% of tetracycline, 100% of dibutyl phthalate, 100% of 5-chlorophenol, 100% of phenol, 79% of phenanthrene, 73% of fluoranthene, and 65% of benzo(a)pyrene. After 8 cycles more than 30% of the enzyme initial activity was maintained.



                  	[59]

                




                

                  	MnP from Lentinus arcularius



                  	Free and immobilized in Ca-alginate beads



                  	Six synthetic dyes (RBBR, Remazol Black, Cibacron Blue 3R, Amaranth, Crystal Violet and Malachite Green)



                  	Decolorization of 65% for Amaranth and 78% for Malachite Green. When immobilized in Ca-alginate beads 90% decolorization was achieved for all dyes in 2 cycles. 63% of the enzyme activity was retained after 4 cycles.



                  	[62]

                




                

                  	MnP from Trametes polyzona KU-RNW027



                  	Free



                  	Tetracycline, doxycycline, amoxicillin and ciprofloxacin



                  	Complete degradation of tetracycline and doxycycline in 1 day and amoxicillin in 5 days.



                  	[63]

                




                

                  	Dyes RBBR, RNB, RBY, RGY, RR and RBR



                  	Decolorization of 100% for RBBR in 10 min and superior to 80% for RNB.

                




                

                  	MnP from Cerrena unicolor BBP6



                  	Free



                  	Dyes congo red, methyl orange, RBBR, bromophenol blue, crystal violet and azure blue



                  	Decolorization of 53.9% of Congo red (in 12 h), 77.6% of methyl orange (in 12 h), 81.0% of RBBR (in 5 h), 62.2% of bromophenol blue (in 12 h) and 80.9% of crystal violet (in 12 h). With the presence of mediator decolorization of azure blue was 63.1%.



                  	[64]

                




                

                  	MnP from Cerrena unicolor BBP6



                  	MnP gene expressed in Pichia pastoris




                  	2 PAHs


                  fluorene (FLR)


                  phenanthrene (PHE)



                  	Degradation of 80.2% of FLR and 90.6% of PHE in 24h.



                  	[65]

                


              

            




          


        




        

          Oxygenases




          Oxygenases (EC 1.13 or 1.14) are a group of enzymes widely distributed in both prokaryotic and eukaryotic organisms [30]. They are divided into two types: (i) monooxygenases, when one O2 atom is involved during the oxidative catalytic reaction, and (ii) dioxygenases, when two O2 atoms are involved [30]. They play an essential role in the organic compound metabolism since oxygenases are able to increase water solubility, reactivity, or cleavage of aromatic rings [34]. These enzymes catalyze the substrate oxidation via oxygen transfer from molecular O2, using flavin adenine dinucleotide (FAD)/nicotinamide adenine dinucleotide reduced (NADH)/nicotinamide adenine dinucleotide phosphate reduced (NADPH) as coenzymes [30]. An available database, OxDBase, contains detailed information about the degradation of xenobiotics by oxygenases and oxygenases-catalyzed reactions [66].




          Monooxygenases (EC 1.13) are classified into two groups based on the cofactor used: P450 monooxygenases (heme-containing enzyme) and flavin-dependent monooxygenases [33]. Monooxygenases catalyze diverse important reactions for bioremediation, such as hydroxylation, dehalogenation, desulphurization, denitrification, and ammonification, among others [25]. Aromatic and halo-genated organic compounds are a large group of environmental pollutants, being used as fungicides, plasticizers, herbicides and intermediate in chemical synthesis, that can be treated with monooxygenases [34]. The main mechanism of biodegradation of aromatic compounds consists of the addition of one O2 molecule, upgrading their solubility and reactivity [33]. For example, Awad et al. [67] immobilized P450 BM3 monooxygenase from engineered E. coli into TiO2-Cu nanoparticles for isopropanol degradation, achieving 95% degradation. It was also shown that monooxygenase from Bacillus megaterium BM3 can degrade aromatic compounds and fatty acids [68]. Flavin-dependent monooxygenases are involved in different biological processes and catalyze a wide range of other reactions, such as sulfoxidation, epoxidation, hydroxylation, and halogenation (Fig. 5) [69, 70]. Accordingly, Fang et al. [71] explored halogenated phenolic compounds degradation using a 2,4,6-trichlorophenol monooxygenase and NAD(P)H:FAD reductase from Cupriavidus nantongensis, achieving a degradation rate of 96.73, 74.48, 87.31 and 98.37% for 2,4-dichlorophenol, 2-chloro-4-bromophenol, 2-bromo-4-chlorophenol and 2-chloro-4-nitrophenol, respectively. The authors concluded that the monooxygenase used had a dual function: dehalogenation and denitration ability [71].
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Fig. (5))


          Example of HadA flavin-dependent monooxygenase mechanism reaction: 1) phenolic compounds with a substituent at the p position, the enzyme catalyzes hydroxylation and eliminates the group at position 4 of the phenolic compound; 2) when a substituent is not at the p position, the enzyme only catalyzes hydroxylation.



          Dioxygenases (EC 1.14) are considered a multi-component system of enzymes that add molecular O2 into their subtract [34]. Dioxygenases are classified into 2 groups based on their mechanism of action: aromatic ring hydroxylation dioxygenases and aromatic ring cleavage dioxygenases (Fig. 6) [72].
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Fig. (6))


          General mechanism of dioxygenases reaction: 1) Aromatic ring hydroxylation dioxygenases; 2) Aromatic ring cleavage dioxygenase.



          Aromatic ring hydroxylation dioxygenases exhibit a catalytic diversity, as reviewed by Verma et al. [73]. This type of enzyme catalyzes the double hydroxylation of the same substrate, requiring a coenzyme such as NADPH and NADH [74]. A wide range of enzymes belongs to this prominent group of dioxygenases. Ebenau-Jehle et al. [75] investigated an aerobic phthalate degradation pathway and concluded that phthalate degradation is strongly dependent on dioxygenases reactions. Another group of dioxygenases, i.e. aromatic ring cleavage dioxygenases, break the 1,2-position of the aromatic ring to incorporate two O2 atoms into the substrate [76]. Among them, catechol dioxygenase is the most studied dioxygenase. They are found in soil bacteria, and used in aromatic compound degradation by transforming them into aliphatic products [34]. Singh et al. [77] studied the microbial treatment of PAHs using Pseudomonas stutzeri P2, achieving 98 and 92.6% degradation of phenanthrene and pyrene in 7 and 10 days, respectively. Catechol 2,3-dioxygenase and catechol 1, 2-dioxygenase were identified as the enzymes involved, suggesting their importance in the biodegradation process of these PAHs [77]. Aromatic ring cleavage dioxygenases are also crucial for the degradation of lignin-derived aromatic compounds, such as catechol and protocatechuic acid, into linear structures that can be metabolized into the tricarboxylic acid cycle [78, 79].




          Many published works involving oxygenase-mediated ring oxidation focus on the study of the microbial metabolism and bioremediation using whole-cells. From these studies, the importance of these enzymes for the bioremediation of pollutants is confirmed, while showing their potential to be applied in enzymatic bioremediation. Relevant efforts have been made to map metabolism, identify oxygenases and their function, identify the genes that encode these enzymes, and cloning these genes. These efforts will ultimately increase the understanding of enzyme characteristics and their application.


        




        

          Tyrosinases




          Tyrosinases (EC 1.14.18.1) is a copper oxidase found in bacteria, fungi, plants and animals [37, 80]. It is a crucial enzyme in living organisms with multiple functions, such as in the synthesis of melanin, responsible for the defensive system against UV [36]. Although this enzyme is extensively studied in the application of other biotechnological areas, such as food, drug synthesis, and biosensors, it has been increasingly studied for environmental applications and bioremediation [37].




          Tyrosinases can be isolated from macrofungi like Agaricus bisporus, and Streptomyces species [81]. Furthermore, bacterial species are also able to produce tyrosinases, like Rhizobium [82], Aeromonas media [83], Bacillus thuringiensis [84], Bacillus megaterium [85], Marinomonas mediterranea [86], Pseudomonas maltophilia [84], Pseudomonas putida [87], Ralstonia solanacearum [88], Symbiobacterium thermophilum [89], Thermomicrobium roseum [90], and Verrucomicrobium spinosum [91]. The isolation of tyrosinases in different microfungi has been investigated as well, such as Aspergillus oryzae [92], Aspergillus niger [93], Acremonium rutilum [94], Neurospora crassa [95], Penicillium jensenii [96] and Trichoderma [97]. Moreover, recent progress has been made in producing recombinant tyrosinases in microorganisms such as Escherichia coli [98], Pichia pastoris [99], Saccharomyces cerevisiae [100] and Aspergillus niger [101]. Min et al. [102] reviewed the efforts of the scientific community for recombinant tyrosinases in terms of physicochemical properties, production yield and expression protocol. In nature, tyrosinases transform L-tyrosine into L-DOPA (also known as l-3,4-dihydroxyphenylalanine). Tyrosinases contain two copper atoms located at the active site of the enzyme, which define the catalytic cycle and its catalytic mechanism for different substrates [37]. The general tyrosinase reaction mechanism is composed of two successive reactions. First, hydroxylation of monophenolic substrates occurs, transforming them into o-diphenols (monophenolase activity). Second, o-diphenols are then oxidized to o-quinones (diphenolase activity) [36, 37]. Both reactions use molecular O2 as an electron acceptor and H2O is released at the end of the oxidation (Fig. 7). However, the precise organic chemical mechanism is still unclear [81].
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Fig. (7))


          General reaction mechanism of tyrosinase.



          This metalloenzyme is nonspecific and catalyzes a variety of phenolic compounds and also non-phenolic aromatic substrates [37]. Due to these particular characteristics, tyrosinases have relevant potential for enzyme bioremediation since they can eliminate different pollutants from the environment [37]. For example, tyrosinases can detoxify phenol pollutants present in wastewaters and soil [37, 80, 81, 102], requiring only molecular O2 as a cofactor. In addition, tyrosinase reaction can lead to phenol compound polymerization, making the pollutants precipitate and allowing their easy elimination during the treatment of pollutants [81, 103].




          Several reviews have been published over the last decade concerning tyrosinases and their bioremediation applications [36, 37, 81, 102-105]. The bioremediation of pollutants using tyrosinases can be achieved by 2 modes of action: (i) removal of phenolic and non-phenolic aromatics pollutants and (ii) decolorization (degradation of dyes) [104]. For instance, tyrosinase from Streptomyces antibioticus can degrade pollutants such as 3- and 4-fluorophenols [106] and 3- and 4-chlorophenols [107]. Montiel et al. [108] used tyrosinase from Amylomyces rouxii to achieve 85% degradation of pentachlorophenol, a xenobiotic used as a pesticide. Osuoha et al. [109] used tyrosinase purified from Verticillium sp. and Penicillium sp. and immobilized on alginate for the degradation of phenol. After 96h of reaction, 89.6 and 83.3% of phenol degradation with Penicillium sp. tyrosinase and Verticillium sp. Tyrosinase was achieved, respectively [109]. Besides phenolic and non-phenolic compounds, tyrosinase also is used to bioremediate polluted environments with textile dyes. Lade et al. [110] studied the treatment of textile wastewater polluted with the azo dye congo red using a microbial consortium. The enzymatic activities of oxidoreductases were evaluated and it was confirmed that tyrosinase activity was induced significantly (110%) in the presence of the dye, suggesting that tyrosinase played a mandatory role in dyes degradation [110]. In another work, Franciscon et al. [111] used tyrosinase from Brevibacterium sp. strain VN-15 for the biodegradation of sulfonated azo dyes resulting in 99% decolorization.




          Most works in the literature studied bioremediation using tyrosinase from macrofungi sources, normally edible mushrooms. Also, existing works using microbial sources studied the oxidation of polluting compounds but do not quantify or focused on their degradation. Even though more research is needed, tyrosinase is an enzyme with a proven capacity for use in bioremediation, and with high potential to be widely applied.


        


      




      

        Hydrolases




        According to the enzyme classification (EC) system, hydrolases (enzymes catalyzing hydrolysis reactions) are classified as EC 3. Hydrolytic enzymes are other class of microbial enzymes involved in the bioremediation of pollutants [33]. Several fungi and bacteria are able to produce hydrolases. Their main mechanism of catalysis is the hydrolysis of chemical bonds, such as esters, carbon-halide, peptide, among others. Besides hydrolysis, hydrolases also catalyze numerous similar reactions such as reversal of hydrolysis and alcoholysis (a cleavage using alcohol in place of water) [112]. Due to their substrate specificity, hydrolases have a crucial role in the bioremediation of several pollutants, such as insecticides, pesticides, oil spill, organic polymers, food waste and also water-insoluble compounds [112]. A list of microbial hydrolases involved in the bioremediation of environmental pollutants is described below.




        

          Lipases




          Within hydrolases, lipases (triacylglycerol hydrolases, EC 3.1.1.3) are enzymes that are chemoselective, regioselective and stereoselective. Microbial lipases are produced by many species of bacteria, fungi, yeast and actinomycetes, being the main producers of the genera Pseudomonas, Bacillus, Candida, Aspergillus, Penicillium, Geotrichum and Rhizopus [113]. Reactions catalyzed by lipases are hydrolysis, esterification, inter-esterification, alcoholysis, acidolysis and aminolysis [114]. Among these, the main function of hydrolases is to metabolize lipids producing free fatty acids, namely, glycerol, diglycerides and monoglycerides [38]. Lipases are more active in insoluble aqueous substrates, such as triglycerides with more than ten atoms of carbon [115]. All lipases are composed of an α-β hydrolase fold (structure constituted of a parallel β strands core surrounded by α helices). Their catalytic centre is constituted by a triad of three amino acids: histidine base, serine nucleophile, and aspartic acid/glutamic acid residue [116]. The structure of lipase has four substrate-binding pockets: an oxyanion hole (active site constituted by amino acids that stabilize the intermediate reaction) and three pockets. The pocket’s border surface consists of hydrophobic residues that interact with the hydrophobic substrate [117]. The pockets are used to hold the fatty acids of the substrate [38]. The serine residue is protected by an α-helical lid structure (closed form of lipase). However, in the presence of a hydrophobic medium, the lid that covers the active site changes from the “closed’ form” of the enzyme into the “open” form, leading to an accessible catalytic triad. Thus, the open form exposes the active centre, allowing the interaction between the hydrophobic internal active site and the hydrophobic residues with the enzyme substrate [114]. Fig. (8) depicts a general scheme for the open and closed forms of lipases.
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Fig. (8))


          General scheme for open and closed forms of lipases.



          Lipases are versatile biocatalysts used in bioremediation due to their high stability at extreme conditions of temperature, pH, and in presence of organic solvents [118]. Moreover, lipases can split the main bonds of the chemical pollutants, like an ester bond, allowing to decrease the toxicity of the pollutants [118]. So, lipases are investigated in the biodegradation of food waste (oils), plastic waste and insecticides, being their enzyme forms, sources, pollutants and main results summarized in Table 5.




          

            Table 5 Applications of lipases in the bioremediation of environmental pollutants (data from the last 10 years).




            

              

                

                  	Source



                  	Enzyme Form



                  	Pollutant



                  	Main Results



                  	References

                


              



              

                

                  	Fusarium incarnatum KU377454



                  	Immobilized on Fe3O4 nanoparticles



                  	Waste cooking oil



                  	80% of the waste cooking oil was converted into biodiesel after 10 h of incubation.



                  	[119]

                




                

                  	Lactobacillus plantarum



                  	Immobilized on polymer film with a stabilizer (Tween 20)



                  	Polymer - Poly(ε-caprolactone), PLC



                  	Polymer film lost 73% of mass when 8% lipase is load and with incubation of 8 days.



                  	[120]

                




                

                  	Bacillus licheniformis



                  	Free



                  	Waste cooking oil - fatty acids



                  	66.5% of fatty acids were converted to methyl esters after 24 h at 50 ºC and 200 rpm.



                  	[121]

                




                

                  	Pseudomonas aeruginosa HFE733



                  	Free



                  	Waste cooking oil



                  	Oil content decreased by 95.44% and the chemical oxygen demand (COD) by 89.14%, after 6 days of treatment.



                  	[122]

                




                

                  	Citrus sinensis (Orange plant waste)



                  	Free



                  	Waste cooking oil



                  	Soybean oil wastes treated with core and frit lipases through transesterification reaction were less toxic than the untreated oils.



                  	[123]

                




                

                  	Candida antarctica



                  	Free



                  	Polymer - Polybutylene succinate, PBS



                  	Using only 1 wt% of enzyme was sufficient for the degradation of the polymer to oligomers (Mn about 4.5 kg.mol−1) in 5 minutes.



                  	[124]

                




                

                  	Pseudomonas aeruginosa SL-72



                  	Free



                  	Effluent - Wastewater contaminated with crude-oil



                  	Reduction of the crude-oil content to 82.83% after 7 days of incubation.



                  	[125]

                




                

                  	Penicillium chrysogenum SNP5



                  	Free



                  	Waste cooking oil - fatty acids



                  	The concentration of free fatty acid has increased up to 69%, after 2h of incubation.



                  	[126]

                




                

                  	Aspergillus awamori BTMFW032



                  	Free



                  	Effluent - Wastewater contaminated with oil



                  	Reduction of 92% fat and oil content in the effluent laden with oil, using 1% (v/v) enzyme during 24 h, 35 ºC at 100 rpm.



                  	[127]

                


              

            




          




          Most of the studies of lipase in biodegradation report their use in the treatment of oil wastewater. This trend is also because lipases are ubiquitous enzymes that catalyze the lipolytic reactions at the lipid-water interface. The food industry is responsible for generating wastewater rich in lipids, which can lead to the formation of oily films on aquatic surfaces and thus contribute to the green-house effect due to interruption in oxygen diffusion [112]. Thus, the biodegradation of cooking waste, such as fat and oil, plays an essential role in wastewater management. Several authors studied the use of lipases to remove oil waste through the degradation of lipids to free fatty acids and glycerol. Hu et al. [122] and Verma et al. [125] used bacterial lipase from Pseudomonas aeruginosa in the treatment of oil wastewater. The results showed a decrease in the oil content of 95% after 6 days and 83% after 7 days, respectively [125]. On the other hand, bacterial lipase from Bacillus licheniformis was demonstrated to be faster in the conversion of oil content, i.e., 66.5% of fatty acids were converted to methyl esters after 24h of incubation [121]. Basher et al. [127] showed a reduction of 92% in oil content in the effluent after 24h using fungal lipase from Aspergillus awamori, using only 1% (v/v) of the enzyme. Kumar et al. [126] demonstrated that fungal lipases from Penicillium chrysogenum can be efficient and faster in the conversion of oil into free fatty acids. More specifically, an increase of up to 69% in the concentration of free fatty acids within 2h of incubation [126]. Recently, Joshi et al. [119] opened new doors for fungal lipase in the treatment of waste cooking oil. The authors showed that lipase from Fusarium incarnatum immobilized on iron oxide (Fe3O4) nanoparticles could convert 80% of waste cooking oil into biodiesel in 10h [119].




          Lipases are also being investigated to hydrolyze plastic waste. Current studies showed that lipases can degrade poly(ε-caprolactone) (PLC) [120] and polybutylene succinate (PBS) [124]. Khan et al. [120] showed that a small amount of bacterial lipase (8%) from Lactobacillus plantarum, together with tween 20 as a stabilizer, could reduce the polymer weight by 73% after 8 days of incubation. Moreover, Jbilou et al. [124] showed that lipase from Candida antarctica could degrade the polymer PBS into oligomers (Mn about 4.5 kg·mol−1) in a few minutes, with 1 wt% of the enzyme. Details about lipases applications in the degradation of polymers, and deeper discussions on the various factors that can influence the degradation of polymers, can be found in the reviews of Banerjee et al. [128] and Kundys et al. [129].


        




        

          Cellulases




          Cellulases (EC 3.2.1) are carbohydrate-active enzymes that catalyze hydrolyse β-1,4 glycosidic bonds from cellulose into sugars [39]. Usually, they are produced during their growth on cellulosic materials by various microorganisms, such as bacteria, actinomycetes, and fungi, being the genera Aspergillus, Clostridium, Cellulomonas, Thermomonospora and Trichoderma the most extensively studied cellulose producers [130]. According to their crystal structure of amino acid and sequences, and substrate specificity, cellulases are classified into three types, namely β-1,4- glucosidases (EC 3.2.1.21), endo-β-1,4-glucanases (EC 3.2.1.4) and exo-β-1,4-glucanases or cellobiohydrolase (EC 3.2.1.91) [130]. Endoglucanases hydrolyses internal bonds (O-glycosidic bonds) of cellulose chains to produce oligomers with different chain lengths. Exoglucanases attack and degrade the ends of the cellulose polymer to generate β-cellobiose [131]. Glucosidases hydrolyze disaccharides of β-cellobiose to glucose and also participate in reactions of transglycosylation of glucose. Fig. (9) shows all three components and functions of cellulase responsible for the enzymatic hydrolysis of cellulose.




          
[image: ]


Fig. (9))


          Action of various cellulases on the surface layer of cellulose. Adapted from Phitsuwan et al. [132].



          Cellulases can be specifically designed to exhibit specific properties necessary for bioremediation, due to their diversity in terms of properties, structure, and mechanisms of catalysis. In general, cellulases are commonly used in the treatment of pesticides [133], metals [134], bioremediation of paper recycling [6, 135] and agricultural residues [136-139]. Some reviews have been published in the last decade concerning cellulases and their applications [130, 132, 140]. Table 6 presented some recent examples of the use of cellulases in the degradation of environmental pollutants.




          Cellulases are shown to be efficient in the bioremediation of pesticides, which are of particular environmental concern due to their high durability in the soil [133]. For example, Wang et al. [133] demonstrated that fungal endoglucanases from Trichoderma longbrachiatum were able to degrade the pesticide dicofol into 4,4-dichlorodibenzophenone, i.e., in a non-toxic compound.




          

            Table 6 Some applications of cellulases in bioremediation of environmental pollutants.




            

              

                

                  	Source



                  	Pollutant



                  	Main Results



                  	References

                


              



              

                

                  	Trichoderma longbrachiatum



                  	Pesticide - dicofol



                  	Cellulase could degrade dicofol by an oxidative process resulting in the degradation product 4,4′-dichloro-dibenzophenone.



                  	[133]

                




                

                  	Humicola insolens



                  	Wastepaper - Whatman no. 1 Filter Paper, printed office paper and non-printed office paper



                  	Cellulose was hydrolyzed by a mixture of β -glucosidase with cellulases from Trichoderma reesei, obtaining 100% glucose yield, without the need for pre-treatment of the wastepaper.



                  	[135]

                




                

                  	
Bacillus amyloliquefaciens-ASK11



                  	Soils contaminated with heavy metals



                  	Reduction of 68, 45 and 38% of chromium present in the soil spiked with 100, 250 and 500 ppm of the metal, respectively.



                  	[134]

                




                

                  	Bacillus cereus



                  	Poplar biomass



                  	Maximum total sugars of 31.42 mg/mL were obtained by saccharification, after 6 h of incubation at 50 °C.



                  	[136]

                




                

                  	
Bacillus subtilis


                  KF625179.1



                  	Rice straw



                  	61% of alkali-lignin could be degraded within 48 h.



                  	[137]

                


              

            




          




          One of the most popular uses of cellulases is in the treatment of agricultural residues, such as rice straw, sugarcane bagasse and tree knots [132, 136, 137]. The main structural components of the plant biomass are cellulose, hemicelluloses and lignin. The bioconversion of lignocellulosic biomass via cellulase enzyme is also known as enzymatic hydrolysis or saccharification. It should be however remarked that to obtain an efficient conversion of cellulose into sugars it is necessary to use the three types of cellulases described above (endoglucanase, exoglucanase, and β-glucosidase) [132]. Chang et al. [137] verified that 61% of alkali-lignin from rice straw could be degraded within 48h, using bacterial cellulases from Bacillus subtilis. However, the authors concluded that in the point of view of sugars yield after enzymatic hydrolysis, a two-step processing procedure (pre-treatment using cellulase from Bacillus subtilis followed by lactic acid bacteria) looks to be more efficient, leading to 68.6% sugar yield (versus 24.3% sugar yield obtained with the use of cellulase from Bacillus subtilis alone) [137]. In fact, various authors verified that a pre-treatment is a good option to obtain efficient lignocellulose hydrolysis [137, 141]. The low susceptibility of lignocellulose to hydrolysis is due to the crystalline structure of cellulose fibrils, which is surrounded by hemicellulose and account for lignin, which hinders the penetration of the enzymes, and consequently their degradation [137, 141]. In a different line, Tabssum et al. [136] constated that bacterial enzymes from Bacillus cereus lead to better results in the saccharification of untreated Poplar biomass. The hydrolysis for untreated biomass and pretreated biomass was 11.5% and ≤6.5%, respectively [136]. The low saccharification rate from pretreated biomass perhaps results from the production of some inhibitory compounds that restricted the enzyme action [136]. Furthermore, the authors could obtain maximum total sugar yields of 31.42 mg/mL by saccharification after 6 h of incubation at 50 °C [136]. These results suggest the potential utilization of this strain in saccharification, especially for bioethanol production from plants biomass.




          Cellulases also have been used in the process of recycling papers, mainly to obtain reducing sugars that can be used in the production of ethanol [6, 135]. However, physical and/or chemical pre-treatments are often necessary to achieve acceptable levels of saccharification from waste papers [142], and in accordance with what was discussed before with the agricultural residues. Meleiro et al. [135] studied the depolymerization of waste paper, with and without pre-treatment, by a mixture of β-glucosidase from Humicola insolens with cellulases from Trichoderma reesei. The results showed that the studied mixture of cellulases could degrade waste paper, such as Whatman no. 1 (filter paper), printed office paper and non-printed office paper, leading to 100% glucose yield after 30 h of incubation [135]. According to the authors, the enzyme β-glucosidase from Humicola insolens played a key role in the degradation of waste paper without the need for pre-treatment [135]. However, for other types of waste paper, like napkin paper, magazine paper, cardboard and newspaper, the authors could not achieve a complete conversion into glucose [135], which may be due to the presence of impurities such as fillers, coatings, and ink [142]. In summary, agricultural residues and waste paper are promising feedstock for the production of cellulosic ethanol, but it should be kept in mind that enzymatic cocktails containing both cellulases and hemicellulases are necessary.




          Recently, Singh et al. [134] investigated a different application for bioremediation by cellulase, i.e. the rehabilitation and bioremediation of agro-industrial soils contaminated with heavy metals. More specifically, the authors found that bacterial cellulase from Bacillus amyloliquefaciens could reduce 68, 45 and 38% of chromium in optimized media spiked with 100, 250 and 500 ppm of the metal, respectively [134]. These results open new doors for the use of this type of enzymes in the bioremediation of heavy metals.


        


      


    




    

      CONCLUSION




      In this chapter, the application of enzymes in bioremediation was overviewed, together with the main advantages, types of enzymes and pollutants addressed, and mechanisms of action. Novel pathways towards sustainable bioremediation of environmental contaminants were discussed. In particular, substantial progress has been made in enzymatic bioremediation with oxidoreductases and hydrolases. This type of enzyme has been attracting particular interest from academia as emerging technology, and it is a fast-growing research area of environmental issues due to their ability to transform a diversity of pollutants into harmless forms.




      The use of microbial enzymes allows to design and increase the range of pollutants to be treated due to their specific substrate binding ability and improved catalytic activity. These imperative properties of microbial enzymes will continue to be developed for both current and novel enzymes. Moreover, while significant gains have been achieved in developing microbial enzymes as promising candidates for bioremediation, further tests with real-life samples are required to validate the potential of enzyme application on a large-scale. For this, active collaborations between industry players, researchers from academia, and government representatives are also required. Each of these partners possesses a unique set of skills, and thus could significantly contribute and increase the rate of development of enzymes application in large-scale bioremediation. Enzymatic emerging technologies have the potential to transform the future of bioremediation, thus decreasing pollution concerns.
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