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Abstract

The fast-growing consumer demand drives industrial process intensification, which
subsequently creates a significant amount of waste. These products are discharged
into the environment and can affect the quality of air, degrade water streams, and
alter soil characteristics. Waste materials may contain polluting agents that are
especially harmful to human health and the ecosystem, such as the synthetic dyes,
phenolic agents, polycyclic aromatic hydrocarbons, volatile organic compounds,
polychlorinated biphenyls, pesticides and drug substances. Peroxidases are a class
oxidoreductases capable of performing a wide variety of oxidation reactions, ranging
from reactions driven by radical mechanisms, to oxygen insertion into C-H bonds,
and two-electron substrate oxidation. This versatility in the mode of action presents
peroxidases as an interesting alternative in cleaning the environment. Herein, an
effort has been made to describe mechanisms governing biochemical process of
peroxidase enzymes while referring to H,O,/substrate stoichiometry and metabolite
products. Plant peroxidases including horseradish peroxidase (HRP), soybean
peroxidase (SBP), turnip and bitter gourd peroxidases have revealed notable
biocatalytic potentialities in the degradation of toxic products. On the other hand, an
introduction on the role played by ligninolytic enzymes such as manganese
peroxidase (MnP) and lignin peroxidase (LiP) in the valorization of lignocellulosic
materials is addressed. Moreover, sensitivity and selectivity of peroxidase-based
biosensors found use in the quantitation of constituents and the development of
diagnostic kits. The general merits of peroxidases and some key prospective
applications have been outlined as concluding remarks.

Keywords: Hazardous contaminant; Biodegradation; Renewable biocatalyst;
Biosensor; Biofuel.
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1. Introduction

The proliferation of industries in different sectors leads to the generation of
hazardous organic compounds and hardly decomposable waste. The perpetual
release of these toxic substances into water, air and soil without adequate waste
management systems leads inevitably to a degradation of our ecosystem quality and
endangers human health. These contaminants come from various production
processes including pharmaceutical industry, petrochemical refineries, textile
factories, dye and chemical manufacturing (Liu et al., 2020; Rasheed et al., 2019).
Numerous studies have been carried out on a multitude of dangerous compounds
including Polycyclic Aromatic Hydrocarbons (PAHSs). More than 400 kinds of PAHs
and their ramifications have been identified of which 16 are categorized as priority
contaminants by the US Environmental Protection Agency (EPA) (Mojiri et al.,
2019). PAHs are chemical molecules showing a preference for fats, favoring
attachment to organic matter and insoluble in water, which makes them lipophilic and
hydrophobic. These characteristics lead to an accumulation of PAHs in soils and
sediments, thus becoming less bio-available and therefore difficult to biodegrade
(Kronenberg et al., 2017). For instance, based on its proven toxicity, phenanthrene
is referenced in the list of 16 PAHs considered as priority pollutants by the US EPA.
Generally present in natural waters at concentration levels around pg L™* and not
exceeding ng L™, it is however often found at concentrations ranging from 7.6 pg L™
to 9.9 pg L™ in wastewater from petroleum refineries (Wang et al., 2019). Similarly,
the atmosphere is also affected by the pollution problem and for this reason, the
European Commission (EC) legislations and regulations on air quality and waste air
treatment are more prevalent in terms of management and control industrial waste

(Tandjaoui et al., 2019). A large number of Volatile Organic Compounds (VOCs)



constitute a significant part of air pollution and are directly responsible for
greenhouse effect, stratospheric ozone depletion and photochemical smog (Zhang
et al., 2017). Globally, pollution affects all media constituting the environment by
causing an ecological imbalance in nature, which leads directly or indirectly to
undesirable consequences on human health and the ecosystem (Anderson et al.,
2012; Schwarzenbach et al., 2010). Table 1 summarizes the sources and health

effects of some typical contaminants.

In order to protect the receiving environment, many wastewater treatment processes
are implemented to reduce the impact of hazardous organic compounds, such as
physical adsorption, extraction or chemical oxidation. However, these conventional
methods exhibit certain drawbacks like, for example, low efficiency, high cost and
limited stability of the process and generation of toxic by-products that are harmful to
human health (Bilal et al., 2017a; Rasheed et al., 2019). The biological approach
appears to be a viable and cost-effective alternative for the treatment of industrial
wastewater (Villegas et al., 2016). It requires the use of bacteria, algae, fungi and
enzymes for the biological degradation of toxic compounds via aerobic, anaerobic
processes, or even a combination of both of them (Speight, 2017). The advantages,
limitations and development stage of different treatment processes are outlined in

Table 2.

However, the enzymatic treatment differs from the various biological protocols by its
ease of implementation, a higher reaction velocity and seems to be and ecological
method. In addition, the use of enzymes offers more advantages in terms of
specificity and selectivity but also a better capacity for converting complex chemical
structures (Bodalo et al., 2006; Gholami-Borujeni et al., 2011). Therefore, this

technique offers new perspectives for wastewater treatment by meeting
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environmental and sustainable development requirements. Among various enzymes,
peroxidases have the ability to catalyze the oxidation of various chemical compounds
using hydrogen peroxide as a co-substrate (Husain, 2010; Pradeep et al., 2015).
These biological catalysts have immense industrial potential and have found
application in multiple biotechnological fields such as, biosensors but also in
bioremediation, for example the elimination of synthetic dyes from textile industry and
the polymerization of phenolic compounds (Bilal et al., 2017a; Gholami-Borujeni et
al., 2011; Sellami et al., 2021; Thenmozhi & Narayanan, 2017). Despite the
effectiveness of peroxidases in hazardous compounds degradation, an application on
an industrial scale cannot be envisaged in a free form, which is often associated with
a lack of operational and storage stability. In order to overcome these drawbacks,
enzymatic engineering has devoted special attention to the conditioning and
immobilization of this protein structure (Devi et al., 2021). In extreme conditions of
pH and temperature, the immobilization preserves the free enzyme from
denaturation. Moreover, Insolubilization gives more interesting mechanical and
biochemical properties with an improvement of the efficiency and stability of the
biocatalyst. In addition, the immobilized enzymes offer more advantages, including a
reduction in the reaction time, help to minimize microbial contamination, and probably
the most important features for large scale application, an easy separation of the
biological catalyst from the reaction medium and the ability to operate continuously
(Bilal et al., 2017a; Bilal et al., 2018a; Sellami et al., 2021). It is obvious that the
application of peroxidases for environmental and biotechnological purposes is a
topical research area. This work presented in the form of a review, summarizes
recent studies using peroxidase as a biological catalyst on wide range of potentially

dangerous compounds for the bioremediation of different media. The contaminants



that can be treated by peroxidases, their distribution, source and the consequences

related to their release into the nature are illustrated in Fig. 1.

2. Global market of commercial enzymes

Biotechnology plays a significant role in the current technological revolution,
particularly in terms of energy consumption and waste production, which are less
important compared to conventional processes. In addition, this transition to a
sustainable bio-economy will prevent pollution at source and obtain clean industrial
products and processes. Industrial biotechnologies exploit the properties of enzymes,
their specificity, their efficiency as well as their diversity for various industrial
applications such as food industry, textile industry, detergent industry, paper and pulp
industry, animal feed industry, biofuel industry and personal care product (Singhania
et al., 2015). The growing need for sustainable solutions had led to an increasing
demand for industrial enzymes. Currently, enzymes and whole microbial cells are
used as catalysts in about 150 industrial processes. Furthermore, enzymatic
biocatalysis process is involved in the manufacture of more than 500 industrial

products (Adrio & Demain, 2014; Kumar & Singh, 2013).

In order to meet market needs, large-scale commercial enzyme production has been
carried out from the fermentation of bacteria or fungi. This manufacturing process
requires gentle and tightly controlled conditions but also involves several steps,

including (Leisola et al., 2002):

e Selection of an enzyme;
e Selection of a production strain;
¢ Genetic modification of the selected strain into an overproducing strain;

e Development of production conditions and optimization of the culture medium;



e Optimization of recovery process;
e Formulation of a final product from an enzyme concentrate, by adding
preservatives, stabilizers, standardizing agents and salts.

Few industries have the technology and skills to develop commercial enzymes, which
makes the global industrial enzymes market highly competitive. It is mainly led by
Novozymes company, followed by DSM and DuPont (after having acquired the
majority of Danisco’s shares including its Genencor division) (Li et al., 2012). This
increased competition is boosted by several factors, in particular the capacity for
innovation and the desire to offer high-performance and quality products. Major
producers of enzymes have been relatively concentrated in few developed European
countries such as Denmark, Switzerland, Germany, and Netherlands but also in
North America (USA). However, the pace development encountered in the Asia-
Pacific region suggests that Chinese, Japanese and Indian companies will join this
small circle of countries producing enzymes for industrial applications with the

possibility of becoming world leaders in the near future in this sector.

In 2012, global industrial market for enzymes was valued at 4.5 billion USD and was
expected to reach 4.8 billion USD by 2013. According to BCC research report, global
industrial enzymes market was estimated nearly 4.6 billion USD in 2014 and 4.9
billion USD in 2015. The market of industrial enzymes was projected to grow by 4%
annually to reach about 6.4 billion USD in 2021. This market is expected to register a
compound annual growth rate (CAGR) of 6.3% during the forecast period (2021-
2026), growing to over 8.7 billion USD for the 2026 (Global Markets for Enzymes in

Industrial Applications 2021-2026).

The majority of currently used industrial enzymes are hydrolytic in action, including

lipases and proteases, which remain the dominant enzyme type used in the
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detergent, dairy and chemical industries (Singh et al.,, 2016). Various
carbohydrases, primarily amylases and cellulases, used in starch, textile, detergent
and baking industries, represent the second largest group (Zhu et al., 2011). In
addition to these two major categories, oxidoreductases and more particularly
peroxidases have enjoyed remarkable interest on an industrial scale. Indeed HRP
has been widely used for the manufacture and development of enzyme-linked
immunosorbent assay (ELISA) kits (Singh et al., 2019). This method makes it
possible to evaluate the presence of antigens or antibodies in a sample via a reaction
catalyzed by an enzyme, which releases a colored component quantified by
spectroscopy. It is considered as an effective tool for the detection of the human
immunodeficiency virus (HIV) responsible for the acquired immunodeficiency
syndrome (AIDS), it is also a practical means used for the identification of human
immunoglobulin G (igG) and immunoglobulin M (igM) antibodies against SARS-CoV-
2 in human serum or plasma. These biocatalysts are gaining additional consideration
in the enzyme market due to a strong potential for exploitation in industrial waste
bioremediation. For instance, bioconversion of organic compounds is only performed
at laboratory scale, including the degradation of synthetic dyes, the removal of
phenolic compounds and several other dangerous chemicals (Krainer & Glieder,
2015). However, certain constraints linked to the low solubility of these substances in
water and the inactivation of peroxidases by peroxides are hindering the move to a
large scale. An improvement in the stability of peroxidases through genetic
engineering, medium engineering and immobilization is necessary for an industrial

scale extrapolation.
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3. Sources and oxidation mechanism of peroxidases

Peroxidases (EC 1.11.1.X) have been classified into two main categories, heme and
non heme-containing enzymes. Heme is a complex between an iron ion (Fe**) and
the molecule protoporphyrin IX. This type of enzymes have a molecular weight
ranging from 30000 to 150000 Da. As stated by PeroxiBase database, 74% of the
peroxidase protein sequences were identified to be heme peroxidases and mainly
found in plants, fungi, bacteria and animals. In addition, 87% of known heme
peroxidases are reported as non-animal origin. On the basis of sequence
homologies, non-animal peroxidases are categorized into three classes namely,
class I, Il and Ill (Passardi et al., 2007a). Class | was determined as incorporating
principally ascorbate peroxidase, yeast cytochrome c and bacterial catalase-
peroxidases. They turned out to be necessary in scavenging and elimination of
intracellular hydrogen peroxide (Passardi et al., 2007b). Extracellular Class Il heme
peroxidase, includes lignin peroxidase (LiP), manganese peroxidase (MnP) and
versatile peroxidase (VP). They showed a potential for lignin degradation derived
from plants. The involvement of LiP in the oxidation of various aromatic nhonphenolic
lignin compounds occurs through various enzymatic reactions including side-chain
cleavages, ring-opening reactions, demethoxylations and oxidative dechlorinations
(Conesa et al., 2002). The typical LiP reaction is a redox process comprising one
oxidation and two reduction steps. As a first step, Compound | (oxo-ferryl
intermediate [Fe (IV)]) is formed via the action of H,O, on the native enzyme LiP-Fe
(1) by a two-electron oxidation. Compound | is then reduced by a reducing substrate
(A) to form compound Il. Finally, compound Il is restored to its initial state with an

electron gain to the reducing substrate (Choinowski et al., 1999). According to

11



recent studies, LiPs have been compared to other peroxidases for their ability to
oxidize lignin without mediator and were found to have a high redox potential (1.2 V
at pH 3) (Ertan et al., 2012). Similarly, manganese peroxidase follows the same
reaction mechanism as that adopted by LiP during the peroxidative cycle. However,
MnPs act differently on lignin and phenolic lignin by the oxidation of Mn®* to Mn*".
Then, Mn®* ions form a complex with organic acids also secreted by the fungus to
finally oxidize the phenolic compounds in lignin to phenoxy radicals (Passardi et al.,
2007b). Another group of class Il peroxidases family, versatile peroxidases share a
hybrid characteristics bringing together those of LiP and MnP. VPs exhibited
oxidation ability for phenolic and non-phenolic dimers, and aromatic alcohols

(Camarero et al., 1999).

Class Ill peroxidases are widely present in plant kingdom and account for almost
70% of the total plant-derived peroxidases (Bakalovic et al., 2006). Different sources
belonging to this group of peroxidases have been the subject of several studies in the
context of environmental bioremediation, such as, horseradish peroxidase (HRP)
(Bilal, Rasheed, et al., 2019), soybean peroxidase (SBP) (Mashhadi et al., 2019).
With a very similar structure to that class Il peroxidases, plant secreted peroxidases
are also involved in the hydroxylation of an important number of various chemical
structures which differ from the peroxidative cycle (Liszkay et al., 2003). Once H,0
react with the heme of peroxidase in native state, an intermediate comprising an oxo-
ferryl Fe (IV) center and a cationic radical porphyrin is generated, called compound 1.
The next step in the catalytic cycle is the formation of compound Il and free radical
from a reducing substrate. Compound Il is then returned to the resting state of the
enzyme by the reduction of a second molecule of the substrate (Henriksen et al.,

1999). Reaction of excess hydrogen peroxide with resting state enzyme gives
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compound 11l which is a catalytically inactive intermediate. Some recent reports

regarding the role of peroxidases from different sources are listed in Table 3.

4. Peroxidases-H,0O, system

The use of hydrogen peroxide is diverse and multiple. It is employed as a preventing
infection agent, bio-decontaminant and sterilizing agent widely adopted in food
industry and pharmaceutical production (Chen et al., 2013). In addition, H,0O, is
involved in many biological processes, intracellular pathways, and plays an important
role in transduction of the defense signal in plants (Apostol et al., 1989). Hydrogen
peroxide also participates in the catalytic reactions of peroxidases as well as oxidant
and mediator for the enzymatic transformation of organic reactants. This function
occupied by H,O, makes peroxidases dependent to this essential co-substrate in
their catalytic cycle; therefore, improper handling of this oxidizing agent affects the
operational stability of the enzyme. Indeed, several studies have shown that enzyme
inactivation occurs according to two distinct pathways, the first is related to the
excess of H,O; in the reaction medium (Van Deurzen et al., 1997), and the second
consists of an attack by radical intermediates generated during substrate oxidation
(Ward et al., 2001). For that reason, maintaining H,O, at low concentrations is
required to keep a stable catalytic activity of the enzyme, which leads to an increase
of conversion rate while organic compounds transformation. To this end, two
methods are used to ensure that the amount of H,O; in the medium remains at low
levels, a gradual addition of H,O, adjusted according to the progress of the reaction
or by an in situ generation of H,O, (Van De Velde et al., 2001). A study devoted to
the oxidation of indole to oxindole using chloroperoxidase enzyme, has shown that a
feed-on-demand addition of H,O, resulted in an increase of the total turnover number

and space-time yield by 20 times (Seelbach et al., 1997). Similarly, operational
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stability of peroxidase was improved by generating hydrogen peroxide in situ using a
bi-enzymatic system. Glucose is oxidized by glucose oxidase (GOD) with formation
of H,O, that is subsequently used by chloroperoxidase to oxidize thioanisole; this
approach enhanced the total turnover number by twice for this reaction (Van De
Velde et al., 2000). Recently, an application of immobilized horseradish peroxidase
for phenol degradation was conducted. The work indicated that an excessive addition
of H,O, dose slowed down enzymatic catalysis by inhibition, which led to a decrease
in phenol removal efficiency (Ai et al., 2016). The same observation was made in a
study that investigated biodegradation of 2,4-dichlorophenol by immobilized HRP.
The results showed that an optimal molar ratio ([H.O;] / [substrate] = 1) gave a better
conversion efficiency (Wang et al., 2015). In summary, the concentration of
hydrogen peroxide in a reaction catalyzed by peroxidases depends on the nature of
the reaction medium, the chemical structure of the substrate and its initial

concentration.

5. Potential use of peroxidases in organic compounds degradation and

their bio-sensing

The implementation of alternative solutions to reduce the quantity of waste
discharged into the environment has become a necessity. In this context, enzymatic
transformation aroused a growing interest in the design of innovative processes
known as “eco-process”, offered an interesting option to succeed chemical catalysts
and switch to biological catalysts capable to convert very complex molecules under
moderate conditions (Shakerian et al., 2020; Stadlmair et al., 2018). A wide range
of enzymes from plants or micro-organisms have contributed significantly to the
treatment and remediation of various organic compounds (Husain, 2006).

Peroxidases embody and assume this role of biocatalyst exploited for environmental
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purposes by biotechnological industries. These protein structures participate to the
oxidation/precipitation of hazardous contaminants for their elimination; make them
biodegradable and allow their conversion to value-added products for certain
applications (Chen & Wan, 2017). The technical reason that enzymatic
bioremediation has not been used on an industrial scale is essentially due to the
functional instability of free enzymes under unfavorable conditions. Other obstacles
hamper the exploitation of native enzymes in a treatment process, namely the
inability to recover and reuse the biological catalyst. Therefore, enzyme engineering
contributed significantly to the development and design of enzyme structures with
optimized and improved performance. So far, immobilization has been studied in its
various forms, including adsorption on a carrier (support) (Quilles Junior et al.,
2016), covalent attachment to a support (Besharati Vineh et al., 2018),
encapsulation in a carrier (Bilal et al., 2018b), and cross-linking (carrier-free)

(Sellami et al., 2021; Tandjaoui et al., 2015).

Physical adsorption of enzymes on the surface of porous materials takes place via
reversible interactions that include hydrogen bonds, van der Waals forces and ionic
interactions (Hanefeld et al., 2009). This approach does not require any chemical
reaction and allows the enzyme to retain its activity by preserving the active site from
any possible denaturation (Nguyen & Kim, 2017). In this type of process, the
enzyme in its crude or purified form is first contacted with the supporting solid for a
period, and then the enzyme-carrier complex is recovered and washed to remove the
unbound enzyme. However, this technique suffers from easy enzyme desorption
mainly caused by the weakness of attraction forces, variations in pH, temperature
and ionic strength. Unlike adsorption, covalent attachment is achieved by stable

covalent bonds between the functional groups of enzyme molecules and the
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chemically modified support matrix. The functionalized support undergoes activation
using a crosslinking agent (glutaraldehyde, carbodiimide, disuccinimidyl suberate,
epichlorohydrin, genipin or various bifunctional agents) that ensure reactivity towards
protein functional groups. The functional group present on the enzyme molecules
should not be essential for the enzymatic activity, which usually involves the binding
via the side chains of lysine (€-amino group), aspartic acid (carboxylic group),
cysteine (thiol group) (Novick & Rozzell, 2005). Thus, the enzyme leakage rate from
the host matrix is considerably reduced. Nevertheless, the complexity of the process,
the problems associated with steric hindrance and the risk of protein structure
denaturation represent a serious handicap for this technique. Entrapment is also a
part of strategies using solid organic or inorganic matrix. It is a method based on the
confinement of enzymes within the internal cavities of a gels or fibers by covalent or
non-covalent bonds (Singh, 2007). Enzyme caging is carried out under mild
conditions following a variety of procedures such as microencapsulation,
photopolymerisation, electropolymerization or sol-gel process (Spasojevi¢ et al.,
2019). The method exhibits almost no effect on the enzymatic structure due to the
weak enzyme/matrix interactions. The enzyme is first mixed into a monomer solution,
which is subsequently polymerized. One of the advantages of this technique lies in
the ability to provide a beneficial microenvironment for the enzyme, depending on the
material of the gel and its modification. However, an alteration in the chemical and
physical properties of the matrix can affect the kinetic behavior of an enzyme for a
giver reaction. The system is also unsuitable for macromolecular substrates involving
a slowing rates diffusion. In addition, the enzyme leakage can be substantial when

the polymer network has large pores (Sassolas et al., 2012).
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The applied supports for enzyme insolubilization are commonly divided into two main
categories: organic and inorganic. The first group includes compounds of naturel and
synthetic origin such as cellulose, dextran, chitosan, alginate, polyacrylamide,
poly(vinyl alcohol), or even polyamides for certain applications. While inorganic
supports are constructed from silica-based and oxide-based materials such as
ceramics, titania, alumina, zirconia (Zucca & Sanjust, 2014). Recently, enzymatic
immobilization has seen the use of a new type of material endowed with
biocompatible, robust and recoverable properties. Metal-organic frameworks (MOF)
emerged as a promising support material with a number of advantages, such as
porosity and high surface area, which is desirable for the accommodation of
biocatalysts; uniformity of the size and shape of the pores with the possibility of
adjusting their size; resistance to metal aggregation and structural degradation, thus
offering the possibility to reuse the support (Bilal et al., 2019). Carbonaceous
nanomaterials were also considered a potential support carrier for enzymes
immobilization notably for their exceptional optical, electrical, chemical and thermal

activities (Bilal et al., 2020).

In a completely different approach, cross-linked enzyme aggregates (CLEAS) are one
of the rare insolubilization techniques that do not require the use of a support. The
development of water-insoluble CLEAs particles involves the combination of
precipitation, purification and immobilization into single unit operation. Physical
aggregation of enzymes is achieved by addition of salts, water-miscible organic
solvents or nonionic polymers without denaturation (Hanefeld et al., 2009;
Spasojevi¢ et al., 2019). Subsequent cross-linking of the precipitated biocatalysts
using a linker molecule such as glutaraldehyde renders them permanently insoluble

while maintaining their protein structure, and therefore their catalytic activity (Sellami
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et al., 2021). The quantities of precipitating and crosslinking agents as well as
biocatalyst amount must be optimized for each enzyme in order to ensure maximum
recovery of the catalytic activity. CLEA technology has the advantage of being easy
to implement with low production costs. In addition, the absence of a solid support
makes it possible to obtain a mass consisting essentially of proteins with low
mechanical stress. Storage stability, recovery and reuse are also advantages
attributed to the carrier-free immobilization technique. Despite the several
advantages, a lack of enzyme aggregates size control, mass-transfer issues and

rigidity can affect CLEAs performances (Sheldon & van Pelt, 2013).

New strategies have also been developed in recent years, where the advantages of
different techniques are combined to overcome the drawbacks of the techniques
used individually and obtain a robust biocatalyst with long lasting life (Cui et al.,
2016; Cui et al., 2014; Cui & Jia, 2013). Immobilization methods are illustrated in

Fig. 2.

In this section, the various challenges of industrial and environmental applications of

peroxidase are described and discussed.

5.1 Removal of phenolic contaminants

Enzyme-based processes using peroxidases have shown significant potential for
phenols polymerization. These kind of aromatic compounds represents one of the
major classes of pollutants. Very often detected in wastewater from diverse industries
including plastics, textiles, coal conversion, petroleum refining, paint, pulp and paper
(Mohammadi et al., 2015). All studies carried out on the treatment of industrial
effluents containing these substances have mentioned the degree of phenols toxicity,

and have indicated their impacts on humans and the environment (Dargahi et al.,
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2017; Sridhar et al., 2018). Several published works have developed a process
combining biology and catalysis to result in a biological catalyst with high selectivity,
better tolerance to phenol and its derivatives while overcoming the inhibitory effect
encountered by micro-organisms (Karigar & Rao, 2011). The conversion of phenol
by HRP has been widely used in the field of wastewater treatment. Other sources of
peroxidases have also been identified and proposed as substitutes for HRP, such as
soybean hulls which are an abundant by-product of food industry (Wilberg et al.,
2002). Turnips contain peroxidase enzyme and showed an attractive potential for
phenol degradation (Azizi et al., 2014). Peroxidases extracted from bitter gourd
(BGP) also have a pronounced ability to remove phenols from contaminated
wastewater (Ashraf & Husain, 2011). Peroxidases mediate phenol transformation,
which is activated by hydrogen peroxide; phenoxy radicals are generated to finally
form a polymeric precipitates (Huang et al., 2002). Alemzadeh and Nejati (2009)
employed encapsulated HRP in five successive batch reactions for phenol removal.
The experimental study showed that dropping 5.5% (w/v) of calcium chloride solution
containing a pre-determined enzyme concentration in 1.0% (w/v) of sodium alginate
gel improved enzyme retention in the matrix. Immobilized HRP displayed a good
chemical stability with an important phenol conversion efficiency (= 80%) without
altering enzyme activity after 4 repeated tests. The results revealed that an [H202] /
[phenol] =1 molar ratio was sufficient to achieve optimum conversion. This value
corresponds to the 1:1 stoichiometry found for phenols polymerization (Wagner &
Nicell, 2001). However, based on the catalytic cycle of peroxidases, when the
enzyme is oxidized by one molecule of hydrogen peroxide, two molecules of phenol
are oxidized. Consequently, the stoichiometric ratio between the peroxide consumed

and the precipitated phenolic compound is equivalent to a theoretical value of 1:2
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provided that the formed dimer is insoluble. This difference in stoichiometry between
the theoretical and measured value was explained by a sequence of reactions by
soluble dimers with the enzyme to produce polymers of larger size. In fact, the
soluble coupling products can serve as phenolic substrates and undergo further
transformation until trimmers, tetramers or larger polymer is formed which is insoluble
in water. Thus, the more the size of the polymers increases during the polymerization
reaction, the more [H202] / [phenol] ratio tends towards unity as a limit (Nicell et al.,
1993). Vasileva et al. (2009) demonstrated the degradation of phenol by covalently
immobilized HRP on modified ultrafiltration membranes at a flow rate of 1.02 x 10
m® m? s, A total removal of phenol was noticed for concentrations ranging from 5 to
40 mg L™ with 0.5 mmol L™ of hydrogen peroxide initial concentration. In another
work, cross-linked peroxidase isolated from black radish was assessed for phenol
and p-cresol polymerization in the presence of H,O,. The immobilized enzyme
exhibited a good storage stability for more than 8 weeks and was characterized by a
high tolerance to pH and temperature variations. The resulted aggregated peroxidase
recorded a maximal yield of 98% for p-cresol and 92% for phenol respectively. The
reuse study revealed that immobilized biocatalyst was able to transform phenolic
compounds over 4 successive cycles without any treatment or washing operation.
However, it should be noted that during the enzymatic transformation of phenol,
some polymeric deposits occur on the surface of the immobilized enzymes which
implies a decrease in the catalytic performances (Sellami et al., 2021). The main
disadvantage of enzymatic bioconversion is that enzymes suffer from inactivation
during the reaction. One of the possible pathways causing peroxidases inactivation is
their sorption/occlusion by the formed polymers. Nakamoto & Machida (1992)

suggested that the adsorption of the enzymatic molecules by the product resulting
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from phenol polymerization hinders the access of the substrate to the enzyme active
site. Yu et al. (1994) identified the polymeric products resulting from phenol
conversion and revealed that only 7% of the formed precipitate mass was dimers
(p,p™-biphenol, o,0-biphenol and p-phenoxyphenol) while the rest of the phenol
molecules were polymerized into oligomers characterized by high hydrophobicity.
The authors demonstrated that the three dimers were subject for further oxidation by
peroxidase to generate tetramers or trimmers through coupling dimeric radicals or by
reaction of dimeric radicals with monophenoxy radicals, respectively. The study
concluded that the predominant polymerization bonds in the phenol transformation
precipitates expected to be oxygen-para connections or/and para-para ones.
Researchers conducted an enzymatic treatment for phenol and p-chlorophenol in a
magnetically stabilized fluidized bed reactor. HRP was grafted on activated magnetic
poly(glycidylmethacrylate-co-methylmethacrylate) beads using glutaraldehyde. At a
flow rate of 20 mL h™, phenol and p-chlorophenol concentrations were reduced by
100% and 92% respectively. A considerable inactivation rate of HRP catalytic activity
was observed during the oxidation of p-chlorophenol in comparison with phenol. The
study suggested a possible involvement of released chlorine ions in the inhibition of
the biological catalyst during the biodegradation process (Bayramoglu & Arica,
2008). The release of chlorine ions was the result of oxidative coupling reaction and
takes place when the unpaired electron of a free radical is located at a chlorine
substituted aromatic carbon (Park et al., 2000), rather than enzyme activity
(Szatkowski et al., 2011). The concentration of released chlorine was found to
constitute about 20 to 25% of the total chlorine initially associated with chlorophenols
(Dec & Bollag, 1990; Tatsumi & Wada, 1996). However, it is important to note that

the position of substituent groups influences on the enzymatic oxidation of
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chlorophenols. Indeed, the activity of peroxidases increases according to the meta <
ortho < para positions of the chloride atom (Yamada et al., 2007). Recently,
researchers have successfully supported HRP onto modified reduced graphene
oxide nanoparticles (RGO-NH,@HRP) by simple physical adsorption. At an optimum
pH equal to 7, functionalized support-HRP showed better catalytic performance
compared to free enzyme. Indeed, an increase in the catalytic constant k¢ and
catalytic efficiency kea/Km was observed, reaching values 6 to 7 times higher. After
35 days of storage, free HRP retained more than 60% of its initial activity while the
immobilized HRP retained only 55% of its initial activity. The decrease of
RGO-NH,@HRP activity was greater because the nanoparticles tend to aggregates,
thus causing enzyme entrapment. However, for 2500 mg L™ initial phenol
concentration, the supported horseradish peroxidase conducted a total degradation
of the pollutant against 53% achieved by free HRP after 40 min reaction time (Vineh
et al., 2018). Chang et al. (2016) synthesized graphene oxide/Fe3;O4 nanoparticles
for enzyme immobilization and its application in phenol removal from aqueous
solution. The resulted carrier was used for the covalent immobilization of HRP by
cross-linking with 1-ethyl-3-(3-dimethyaminopropyl)carbodiimide. The insolubilized
biocatalyst kept 65% of its initial activity after binding on support. The obtained
removal of phenol and total organic carbon by supported HRP was 95% and 78%
respectively, within 3h reaction period. The interest of this study is the recovery
simplicity of the biological catalyst under a magnetic field from agueous media and its
reuse. Azizi et al. (2017) proved the feasibilty of a coupled process
Fenton/enzymatic polymerization for industrial wastewater remediation. The alginate-
entrapped turnip peroxidase was used as a complementary treatment to the Fenton

oxidation of phenol. The operation achieved 99.3% of phenol removal with a
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reduction in COD and BODs by 72% and 66.7% respectively. For an initial activity of
5U and a hydrogen peroxide concentration of 10.6 mM, 165 min were necessary for
a complete enzymatic transformation of the phenol present in the pharmaceutical
effluent. SBP was grafted by glutaraldehyde on silanized glass support for
continuous conversion of phenol and 4-chlorophenol in stirred tank reactors. The use
of sequential treatment by an equal distribution amount of enzyme between both
tanks improved phenols removal efficiency. The findings of the work have
demonstrated that the first tank acts as a filter for the second one, which implies a

decrease in the risk of enzyme deactivation (Gémez et al., 2012).
5.2 Biodegradation of synthetic dyes

The colored organic compounds are extensively used for textile dyeing, color
photography, paper printing and as an additive in petroleum products. However,
these complex aromatic molecular structures participate in the deterioration of
aguatic surfaces in terms of water quality and aesthetics (Anjaneyulu et al., 2005).
In the Asian region, textile industry represents a significant portion of water pollution,
especially in china (10%) and India (35%) (Ito et al., 2016). In Bangladesh (2016)
nearly 217 million m* of wastewater loaded with various pollutants were generated by
the textile industry (Hossain et al., 2018). Synthetic dyes are toxic substances,
recalcitrant and constitutes a serious threat to public health. Many effective methods
have been developed and tested for dye removal, essentially based on a physical or
chemical treatment processes. However, some techniques suffer some economic
disadvantages in the form of high cost realization, a significant energy consumption;
technical limitations including restricted applicability and production of hazardous by-
products. Therefore, finding alternative technologies to conventional methods has

become a necessity. Enzymatic treatment is presented as cost-effective and eco-
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friendlier method with high potential on an industrial scale. Peroxidases are part of
this enzymes category, which can remove dyes from aqueous solutions and reduce
their toxicity. Bilal et al. (2018b) used entrapped HRP on a polyacrylamide gel for the
treatment of Methyl Orange dye. Immobilized peroxidase achieved more than 90% of
dye decolorization in a packed bed bioreactor. Phytotoxicity tests based on Triticum
aestivum and Phaseoulus mungo germination showed that insolubilized biocatalyst-
treated azo dye product was less toxic than the parent dye. Recently, Sandal-fix Red
C4BLN (S.F. Red), Sandal-fix Black CKF (S.F. Black), and Sandal-fix Turg blue
GWWEF (S.F. Turqg blue) removal capability of cross-linked enzyme aggregates Lignin
peroxidase (LiP-CLEAS) was compared with those of native LiP. After cross-linking
step, the biodegradation efficiency was increased by 55.69%, 22.11% and 54.36%
for S.F. Black, S.F. Turg blue and S.F. Red, respectively. The LiP-CLEAs retained
more than 62% of their initial activity after 3 repeated cycles. A notable decrease in
enzymatic activity was observed after 7 consecutive runs (6h per cycle), displaying a
value of 21.8%, 32.6% and 34.7% for S.F. Red, S.F. Black, and S.F. Turq blue
decolorization (Parveen et al., 2020). In a further study, Bilal et al. (2016) evaluated
mutagenicity and cytotoxicity of remediated textile effluent by soluble and entrapped
MnP. Under optimum pH (5.0) and temperature (40 °C) conditions, the immobilized
MnP was able to accomplish 87.4% of effluent decolorization in the presence of H,0O,
(1 mmol L™ and 1 mmol L™ of 1-hydroxybenzotriazole (HOBT) used as mediator
redox during 5h of reaction time. The investigators also demonstrated the reliability of
bioassays evaluation methods to validate contaminant detoxification efficiency,
presenting them as an alternative to conventional analytical and chemical methods
used for toxicity evaluation. After enzymatic treatment, pollutant toxicity and

mutagenicity were considerably reduced. Ali et al. (2013) reported a complete
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degradation of Crystal Ponceau 6R (CP6R) by commercial soybean peroxidase.
Results showed that SBP/HOBT/H,0, system achieved 64.5% of dye mineralization.
Based on intermediate products identification, the analysis indicated that both
symmetric and asymmetric bond cleavage were involved in CP6R enzymatic
treatment. Fig. 3 illustrates a hypothetical reaction/breakdown pathways of CP6R by
commercial soybean peroxidase. Courgette peroxidase (CP) extract was partially
purified and subjected to immobilization step in entrapped form. Free-CP (FCP) and
insolubilized-CP (ICP) were used in a laboratory-scale for Direct Yellow
decolorization. It has been shown that both forms were able to oxidize the target
molecule under optimal conditions, by obtaining 87% and 75% of decolorization yield
for FCP and ICP, respectively. The catalytic capacity of ICP remained relatively
constant after 3 repeated batches. An analysis of the precipitate by Fourier transform
infrared (FT-IR) spectroscopy was carried out where the authors noted the
disappearance of parent dye absorption peak and the appearance of a new band at
1649 cm™ which could correspond to the formation of aromatic compounds like
aromatic amines (Boucherit et al., 2013). Hailei et al. (2009) hypothesized that the
azo bonds (—-N=N-) of the characteristic conjugated chromophores in the azo dye

molecule were broken.

A hybrid system combining enzymatic catalysis and electrogeneration of H,O, was
developed for dye-based textile effluent treatment. A two-compartment packed-bed
flow reactor operating at a flow rate of 1 mL min™? at -0.5V was used to evaluate
HRP-immobilized graphite felt capacity for dye degradation. The electroenzymatic
method has successfully decreased Orange Il concentration by 74%, which includes
azo bond breakage and formation of by-products consisting of an aromatic amine,

sulfanilic acid, and other intermediate products (Kim et al., 2005). In a 50 mL beaker
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filled with HRP covalently attached to the acrylate groups of modified, polysulfone
materials were employed for anthraquinone and diazo dyes degradation at pH 5.0 for
1h. The supported enzyme displays a good retention of its catalytic activity for nearly
46 days, while the native enzyme completely loses its catalytic activity after only 16
days. The experiments were concluded by an effective removal of 70% for both Acid
Black 1 and Reactive Blue 19 (RB-19) after 3 reuse (Celebi et al., 2013). Kalsoom et
al. (2013) reported that peroxidase induce the diazo dye destructuring via
symmetrical azo cleavage and radical-initiated ring opening of metabolites. It was
also mentioned that no formation of polymers was observed due to the complexity of
dye structure. The balance is shifted in favor of smaller (less aromatic) intermediates
that may eventually be mineralized to CO, and ammonium ions, rather than
generating high molecular weight precipitate. On the other hand, the degradation of
RB-19 is initiated by the cleavage of the C-N bond which leads to the formation of
two by-products (m/z 322) and (m/z 265). Then, the resulting intermediates will be
subjected to several transformation processes including cleavage of quinone ring,
oxidation of the hydroxyl group and reduction of the —COOH group. Adipic acid (m/z
148), glutaric acid (m/z 132) and 2-hydroxypropanoic acid (m/z 90) were identified as

the final fractions of RB-19 decomposition (Bilal, Rasheed, et al., 2019).

5.3 Biotransformation of pharmaceutically active compounds (PhACs)

and pesticide products

Improving life quality and increasing average longevity are closely linked to progress
in health care but also the results of better access of individuals to medication. In
2015, nearly 3420 billion doses of pharmaceutical were used worldwide (Mezzelani
et al., 2018). China considered as the world’s largest producer and consumer of

pharmaceutical products, uses more than 25000 tons of antibiotics per year (Xie et
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al., 2019). This remarkable advance is not without consequences for natural
ecosystems. Indeed, these compounds considered today as emerging contaminants
(ECs) are detected in the various environmental matrices and wastewater treatment
plants (WWTPs). The aqueous environment is continuously reached by these
emerging trace organic chemicals (ng L™ to pg L) from different sources such as
drain water, human excretion (sewage), landfill leachate, wrongful disposal, or from
industries (Archer et al., 2017). Due to the preoccupying ecotoxicological potential of
PhACs, the relevance biological approach has already been proven through the
strategies implemented for the reduction of these contaminants in the environment
(Tiwari et al., 2017). Enzymatic catalysis seems to be the perfect candidate to
participate in this transition to green processes, especially for its lower carbon
footprint than conventional treatment methods. A wide range of active molecules
from pharmaceutical industries has been degraded by the peroxidase enzymes due
to their substrate specificity. For example, Ai et al. (2017) described the
immobilization of HRP on silica-coated aminated magnetic nanoparticles (HRP/NH.-
Fe;0,@SIi0,) via a crosslinking method. The results indicated that the stability of the
immobilized enzyme against harsh conditions was improved. After immobilization
step, the free and supported enzymes (IM-HRP) were applied for the estrogens (E2)
removal under optimal conditions. IM-HRP reduced initial estrogens concentration
(1000 pg L™) by 80.85% at pH 7.0 and 24 mg L™ H,0,. It is important to stress that
the native enzyme achieved a better degradation efficiency with a maximum of
89.5% estrogens disappearance. The researchers group also demonstrated the
involvement of the -OH and -O;" radicals in E2 degradation with dominant oxidant
tendency for -O; radicals. Metabolites identification analysis confirmed the presence

of two intermediates (m/z 178.98 and 288) after E2 conversion. More than 45%
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estrogens amount from aqueous media was removed by IM-HRP during 7 reaction
cycles. In recent published paper, VP was assembled with laccase and GOD
enzymes in carrier-free immobilization form by successive aggregations, and using
chitosan with 1-ethyl-3-(3-dimethyaminopropyl)carbodiimide hydrochloride as cross-
linker agent. Then, the combined CLEAs (combi-CLEAS) were experimented for
PhACs removal in synthetic solutions and municipal wastewaters. The designed
versatile biocatalyst resulted in a decrease of catalytic activity, where laccase saved
only 27.7%, 38.9% for VP and 36.4% for GOD, whereas thermal and pH stability,
conversely, were upgraded. The enzymatic biotransformation of acetaminophen,
naproxen, mefenamic acid, diclofenac and indometacin present in mixed solution
achieved more than 80% of degradation yield. The results of enzymatic-based
treatment of real wastewater provide insight of combi-CLEAs oxidative potential in
the cascade conversion of various molecules (Touahar et al., 2014). A comparative
study between enzymatic transformation and chemical (UV+H,0,) destruction of
sulfamethoxazole (SMX) was conducted by Al-Maqdi et al. (2018). The first tests
related to the use of an SBP/H,0O, system revealed the need to include a redox
mediator (HOBT) to achieve 80% of SMX degradation within 10 min of the started
reaction. From this study, it was found that the remediation mechanisms followed
different pathways during enzymatic biocatalysis or in the case of chemical oxidation.
Indeed, in a system (UV+H,0,) a cleavage occurs at N-O bond which leads to the
formation of hydroxylated intermediates (m/z 254 and 270); on the other hand,
(SBP/H,0,/HOBT) system generated smaller products (m/z 99 and 120). The
degradation pathways of sufamethoxazole by soybean peroxidase is illustrated in
Fig. 4 In a recent investigation, Pylypchuk et al. (2020) conducted a physical

adsorption of HRP and LiP onto silica-coated magnetite nanocomposites to remove
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an array of different pharmaceuticals. The immobilized green catalysts exhibited a
high resistance to elevated temperature (55 °C) and denaturing environments, such
as acidic medium. In addition, the silica shell formed around HRP and LiP loaded
onto the spherical particles prevents enzyme leakage and allows them a long-term
and durable stability over 20 successive cycles for 20 days (24h per cycle). The
immobilized HRP and LiP performed a complete removal of diclofenac and
carbamazepine at pH 3.0 (55 °C) after 72h of enzymatic treatment. The
characterization of by-products from drug decomposition suggest a hydroxylation of
the compound by peroxidase enzymes. A presence of two metabolites was revealed
according to the referenced studies, namely 4’-hydroxy-diclofenac and 5-hydroxy-
diclofenac. It has been also indicated that 5-10% of the treated recalcitrant pollutant
was converted into diclofenac-2,5-iminoquinone, while most of the molecule was
probably eliminated by other pathways. The LiP oxidative properties involve the
formation of radical cation throught one electron oxidation, leading to side-chain
cleavage, demethylation, intramolecular addition and rearrangements (Wong, 2009).
It generates and forms a tryptophanyl radical on the surface of the enzyme through
electron transferring to the heme molecule. Tryptophan variability is a factor that can
modulate the enzyme activity, stability and substrate specificity (Falade et al., 2017).
In their study, Wen et al. (2010) appraised the degradation capability of manganese
peroxidase produced from Phanerochaete chrysosporium to reduce the
concentration of two pharmaceutical compounds present in the reaction medium.
Decomposition profile indicated a degradation efficacy of 84.3% and 72.5% for
oxytetracycline (OTC) and tetracycline (TC), respectively, within 4h using 40 U L™ of
initial enzyme activity. It was noticed that applying MnP/co-reactant (H,O,) system

improved TC conversion. It was also observed that the optimal rate of OTC and TC
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elimination was obtained with almost two equivalents of H,O, to antibiotic. While in
the case of estrogenic compounds, Zdarta et al. (2021) reported that the
stoichiometry of the H,O, / estrogen ratio was 0.45 which correspond to the
theoretical molar stoichiometry of peroxide-to-substrate described by Auriol et al.

(2007).

Pesticides are defined as substances that fight against organisms considered to be
harmful. They bring together the biocidal actions of insecticides and herbicides to
ensure the conservation of plant products. However, these products are often at the
origin of surface water contamination by runoff and by ignorance of parameters,
which could have an influence, such as soils permeability and the location of
underground drainage systems (Leu et al., 2004). These chemicals are also known
for their adverse effects on human health corresponding to birth defects, neurologic
deficits, cancer and memory disorders (McCauley et al., 2006). Peroxidases show
an interesting potential for reducing pesticides toxicity in soils (Pizzul et al., 2009).
For example, Mougin et al. (1994) reported that white rot fungus Phanerochaete
chrysosporium decomposed atrazine herbicide into deethylatrazine and
hydroxyatrazine, which were less toxic than the parent molecule. From the
peroxidases activity profiles, LiP and MnP were involved in the degradation process
of atrazine. The herbicide triazine (hexahydro-1,3,5-trinitro-1,3,5-triazine) present in
soil sample was incubated with Rhodococcus sp. strain DN22 for its biological
transformation. A ring cleavage metabolite (4-nitro-2,4-diazabutanal) was produced
and subsequently used as nutriment by Phanerochaete chrysosporium, which led to
a complete mineralization of the compound with the liberation of nitrous oxide. It has
been proven that MnP was implicated in triazine removal (Fournier et al., 2004). In a

further study, chloroperoxydase (CPO) from Caldariomyces fumago catalyzed the
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biotransformation of pesticides pentachlorophenol (PCP) and 2,3,5,-6-
tetrachlorophenol (TCP) leading to their polymerization, and thus reduce their
toxicity. The CPO conversion of PCP led to the formation of an insoluble polymer,
dimer and tetrachlorobenzoquinone (TCBQ), while a trimer was identified after CPO
transformation of TCP (Longoria et al., 2008). Samokyszyn et al. (1995) explained
that the mechanism governing PCP conversion to TCQB by peroxidases included the
formation of oxygen-based radical followed by radical delocalization and p-chlorine
release. Rittimann-Johnson & Lamar (1996) suggested that the TCBQ produced by
peroxidase enzymes could easily polymerize into higher molecular-weight material.
However, another was has also been proposed to describe the formation of TCBQ.
The dimers are first formed by a coupling reaction of phenoxyl radicals, then in a
second step they are decomposed to form the quinone molecule (Kazunga et al.,
1999). This last route was supported by the results obtained by Longoria et al. (2008)

where only 2.5% of PCP was converted into TCBQ.

5.4 Bio-oxidation of polycyclic aromatic hydrocarbons (PAHs) and

polychlorinated biphenyls (PCBs) molecules

PAHs are molecules containing carbon and hydrogen atoms, whose structures
includes at least two condensed aromatic rings. These organic contaminants are
characterized by their semi-volatility, low water solubility and easily adsorbed in soils
and sediments. Several studies reported enzymatic transformation of PAHSs into
simple chemical structures using fungal ligninolytic enzymes (Haritash & Kaushik,
2009). In vitro degradation of anthracene by MnP has been studied in the presence
of cofactors and mediators (Mn?**, H,O, and organic acids) and other influencing
elements (oxygen, temperature and light source). To allow better contact between

MnP-enzyme and PAH-substrate, mixture of water/miscible organic solvent
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containing 36% acetone (v/v) was used, which upgraded anthracene solubility by 140
times. The oxidation of anthracene was quite effective, 100% anthracene was
removed in 6h by MnP (Eibes et al., 2005). The same group carried out enzymatic
degradation of recalcitrant polyaromatic compounds including dibenzothiophene,
pyrene and anthracene, using MnP as reaction catalyst and acetone as co-solvent.
The results showed that anthracene was converted to 9,10-anthraquinone which then
underwent further oxidation to form phthalic acid, and had highest degradation rate
followed by dibenzothiophene oxidation which resulted in a ring cleavage product 4-
methoxybenzoic acid and hydroxylation of pyrene transformed to 1-hydroxypyrene
intermediate. The authors quantified the concentration of the formed anthraquinone
which reached 12 pM. This value represented more than 50% of the degraded
anthracene, making it the main product of the reaction (Eibes et al., 2006). The
enzymatic degradation of anthracene goes through several stages. First, the
polycyclic aromatic ring undergoes one-electron oxidation to give a cationic radical.
This species can then accept water to yield a hydroxylated aromatic free radical that
gives 9-hydroxyanthracene intermediate after oxidation. A similar series of steps
would yield the hydroquinone. Finally, the anthraquinone is obtained by a two-
electron oxidation of hydroquinone (Kraus et al., 1999) .Torres et al. (1997)
experimented the degradation of 18 PAH molecules using lingnin peroxidase,
cythochrome ¢ and haemoglobin. It was observed that aromatic compounds
characterized by an ionization potential less than 8 eV were converted by LiP. In the
presence of H,O,, anthracene was oxidized to form anthraquinone products; 2-
methylanthracene decomposition generated 2-methylanthraquinone compound;
pyrene and benzo[a]pyrene conversion resulted in pyrenedione and

benzo[a]pyrenedione ending products; and the mass spectra of metabolites from
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acenaphthenone transformation corresponded to 1-acenaphthenona and 1-
acenaphthenol. Eibes et al. (2010) investigated anthracene degradation in an
enzymatic two-phase partitioning bioreactor (TPPB) using VP produced from white
rot fungus Bjerkandera adusta. For a better bioavailability of the target pollutant, an
immiscible organic phase (silicone oil) was used to achieve complete solubilization of
the polycyclic aromatic compound. Then, effects of various factors were studied,
including agitation rate, solvent viscosity and surfactant concentrations. Under
optimal conditions, 88% of anthracene consumption was obtained after 38h. It was
noticed that using a hydrophobic solvent was more benefic for the enzyme structure
which can be explained by the hydrophobicity of the medium, while a stripping
phenomenon occurs in the case of hydrophilic solvents which tend to bind to water

layer surrounding the proteins and thus leading to their denaturation.

Polychlorinated biphenyls molecules are industrially synthesized and chemically
close to dioxins. Depending on their chlorine content, they can be liquid or resinous
and are insoluble in water. The chemical stability of PCBs leads to their persistence
in the environment and their concentration in the food chain. PCBs are considered
toxic, ecotoxic and reprotoxic (Borja et al., 2005). There are some potential
applications of enzymes that have been identified PCBs degradation. For example,
Colosi et al. (2007) developed an oxidative coupling processes for indirect removal of
polychlorinated biphenyl contaminant. In fact, the introduction of a co-reactant more
reactive than the target compound with respect to the catalyst leads to the formation
of nonspecific free radicals, which are involved in the coupling reactions between
substrates to transform them into larger molecular aggregates. This hypothesis was
demonstrated by incorporating 2,2’-dichlorobiphenyl (PCB-4) covalently with the

aggregation of natural organic matter (NOM), after catalysis of Suwannee River fulvic
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acid used as co-substrate by HRP. For a better understanding of the phenomenon,
phenol and 4-methoxyphenol were used as alternative co-substrates for PCB-4
removal. The results indicated that the elimination of the compound was related to
molecular characteristics of the native co-substrate and its corresponding phenoxy-
radical stability. Kéller et al. (2000) demonstrated the ability of peroxidase enzyme to
metabolize PCB substrates. HRP was used to catalyze oxidation of 2,5-
dichlorobiphenyl (PCB 9) and 2,2’,5,5-tetrachlorobiphenyl with hydrogen peroxide as
co-substrate. After 220 min of reaction time, the enzymatic catalyst reduced the
amount of PCB 9 and PCB 52 by 90% and 55%, respectively. The metabolites
formed were principally dechlorinated hydroxybiphenyls, benzoic acids, non-
substituted 1,1’-biphenyl, some higher chlorinated biphenyl isomers were identified,
following the first dechlorination step. Based on the intermediates generated during
the conversion of PCBs by peroxidase, the authors have suggested two main steps,
dechlorination with release of chloride ions and hydroxylation. Indeed, after the
dechlorination of PCBs or hydroxylated PCBs, the dechlorinated hydroxybiphenyls
and 1,1’-biphenyl undergo further hydroxylations. As for the formation of the aromatic
carboxylic acid, this is the result of subsequent reaction, in particular the cleavage of
the cyclic system. Additional results also revealed the appearance of side reactions,
which remain very weak, such as dimerization of phenyl radicals, and the reaction of
phenyl radicals with PCBs. In parallel, an experiment was carried out using white rot
fungus Trametes multicolor for PCB 9 removal which achieved 80% of degradation
efficiency after 4 weeks. Analysis of the intermediates revealed the presence of
dichlorobenzenes, chlorophenols and alkylated benzenes. In a further study,
researchers investigated biotransformation of various PCB molecules using HRP and

cytochrome ¢ enzymes. It was observed that HRP obtained a better transformation
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rates for di-, tetra- and hexa-chlorinated biphenyls as compared to tri- and penta-
chlorinated biphenyls. The results of biodegradation displayed an average percent

removal ranging from 60 to 80%, depending on the congener (A. Singh et al., 2000).

5.5 Treatment of odorant substances and hydrophobic volatile organic

compounds (VOCs)

Olfactory pollution is generally due to a multitude of compounds generated from
agricultural operations and food industry discharged into the atmosphere. Among the
molecules detected in the polluted air, volatile fatty acids, indoles and phenols,
ammonia and volatile amines, hydrogen sulfide and mercaptans (Rappert & Muller,
2005). In agricultural facilities, a high concentration of ammonia and nitrogen
compounds present in stored manure, results in health problems for both animals
and human workers (Whitehead & Cotta, 2004). Some potential applications of
enzymatic treatment for manures deodorization were described in earlier reports
(Govere et al., 2005, 2007). Ye et al. (2009) investigated a biocatalytic process using
HRP with co-reactants (H,O, or CaO,) for the reduction of swine manure odor
intensity. Bioremediation tests were carried out on seven malodorous compounds,
including isobutyric acid, isocaproic acid, isovaleric acid, phenol, p-cresol, indole and
skatole. Depending on peroxide type or concentration used for deodorization
experiments, the odor intensity in a confined build was abated by 54-84% in all
operations. It was observed that 100% of p-cresol was removed, 32-54% of
bioremediation efficiency was accomplished for indolic compounds and degradation
of 28-41% was achieved for volatile fatty acid pollutants. The treatment effect can
last up to 48h. A commercial SBP enzyme in combination with H,O, or CaO, was
applied for reducing odorous compounds emissions from standard phenolic solutions

and swine manure. It was observed that the most relevant odorant product in a fresh
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manure was p-cresol, which displayed an odor activity value (OAV) varying from 68
to 81%. During 24h of bio-based treatment, 62% and 98% of the emitted p-cresol
was removed using H,O, and CaO,, respectively. The researchers indicated that
SBP/Ca0,; system led to better results by reducing the flow of the odorous compound
(p-cresol) by 98% in 24h and by 92% after 48h of treatment, with corresponding

decreases in summed OAVs of 94% and 68% (Parker et al., 2012).

In the case of hydrophobic VOCs, an aqueous phase treatment operation may be
complicated due to their low solubility. Some authors suggested the introduction of
non-aqueous phase in a Two-Phase Partitioning Bioreactor (TPPB) to improve the
transfer of the hydrophobic VOC from gaseous phase to the liquid phase (aqueous +
organic solvent), followed by a degradation using microorganisms (Béchohra et al.,
2015; Lhuissier et al., 2018). However, the need to rule out problems linked to the
separation of the two liquid phases at the end of the treatment, bioavailability of
VOCs for microbiological species and organic phase regeneration (Mufioz et al.,
2007), have led to present an alternative solution that is simpler in its implementation
involving a single organic phase and a biocatalyst. Tandjaoui et al. (2016) developed
an innovative technique for air waste treatment combining VOC absorption in a neat
organic phase followed by its enzymatic transformation. The catalytic activity of the
enzyme being altered by its presence in a non-aqueous medium must undergo
certain modifications to withstand the denaturing effect of the organic solvent (silicon
oil); consequently, Brassica rapa peroxidase was immobilized using cross-liking
method (BRP-CLEASs) (Tandjaoui et al., 2015) which resulted in regenerable and
insoluble enzyme for 2-chlorophenol (2-CP) removal in organic solvent. The study
showed that the absorption capacity of 2-CP was better in silicon oil than in water

medium by displaying an air-oil partition coefficient value of 0.136 Pa m*® mol™, which
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was five times lower than air-water partition coefficient. Bioremediation experiments
revealed that in the presence of 6 mM hydrogen peroxide amount, 69% of 2-CP initial
concentration (80 mg L™) was converted using 2.66 U mL™ of BRP-CLEAs. After 3
batches (100 min per cycle), 59% of initial removal efficiency was retained The same
group demonstrated the degradation of a hydrophobic VOC (toluene) by an
integrated process coupling absorption and enzymatic catalysis. Silicon oil (PDMS
47V20) was used as VOC reservoir, which exhibited a high affinity for toluene. Mean
value for toluene partition between gas phase and organic solvent was determined
as 2.08 Pa m® mol™, which was approximately 333 times lower than the one obtained
by water. The toluene biotransformation was optimized by adopting a statistical
method based on response surface methodology (RSM). BRP-CLEAs with initial
enzyme activity of 8.56 U mL™ was applied for toluene removal. From biodegradation
tests carried out over a period of 4h, it was observed that 60% of toluene at 366.3 mg
L™ initial concentration was converted, in the presence of H,O, as co-substrate
(0.175 M) (Tandjaoui et al., 2020). The oxidation of aromatic compounds begins
with the hydroxylation of the C-H aliphatic bond. The oxygen molecule involved in
this transformation comes from hydrogen peroxide (Ullrich & Hofrichter, 2007).
Zaks & Dodds (1995) have shown that chloroperoxidase was able to catalyze the
oxidation of toluene and benzene to the corresponding benzaldehyde. The
mechanism of benzylic oxidation of toluene has been proposed by (Kinne et al.,
2010). The transformation was catalyzed by the extracellular peroxidase of Agrocybe
aegerita. Oxidation of toluene leads to the formation of benzaldehyde and benzoic
alcohol, which undergo further oxidation to give benzoic acid as the end product of

the transformation cycle.
6. Peroxidases in the detection of target compounds
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Biosensors are analytical instruments engineered for the detection and quantification
of analytes constituting the center of interest for a chemical or toxicological analysis
procedure. The immobilized bioelement recognize the target substance in a complex
medium and the biological reaction is converted by transducer into a measurable
electrical signal, which correlates with the concentration of the target molecule.
According to their particular application, biosensors are also employed in medical
diagnostics, phathogen and toxin detection in water and food, and environmental
monitoring (Leung et al., 2007). Due to their high selectivity and sensitivity, low cost,
adaptable design and fast response time, enzymatic biosensors are more beneficial
and profitable compared to other analytical techniques. In recent years, enzyme
biosensors-mediated electrochemical methods have been developed using various
electrochemical signal transducers, where enzyme is preserved by immobilization.
Peroxidases showed an immense potential as bioanalytical tool and were extensively
used in the development of biosensors (Ruzgas et al., 1996). Due to its involvement
in the progression of Alzheimer's disease, Parkinson’s disease and other
neurodegenerative disorders, the rapid and reliable analysis of hydrogen peroxide
has become a very attractive line of research in various fields (Chen et al., 2012).
For the first time, HRP-based biosensor for hydrogen peroxide and glucose detection
has been developed using tin oxide grafted glass. The bioreceptor was covalently
immobilized to the silanized electrode surface, which was able to achieve a detection
limit of H,O, of 10® M. Then, a bi-enzymatic system using HRP/GOD was employed
in the determination of glucose concentration, the sensor showed high performance
and good sensitivity (Tatsuma et al., 1989). Recently, Rahemi et al. (2016) coated
Au electrodes by a composite mixture containing TiOz-entrapped HRP (50%), 45% of

graphite and 5% nafion®. The obtained enzyme electrode exhibited a hydrogen
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peroxide detection limit of 1 pM with an average sensitivity of 1 A M™* cm™?. The
researchers observed a significant increase of H,O, reduction when mesoporous
TiO, was introduced as platform for HRP in comparison with non-porous TiO,. At the
same time, biosensors also have an ability to transmit a number of information that
can give an indication about cytotoxicity and genotoxicity of the examined or
monitored chemical compound. Selective inhibition of the enzymes by the target
contaminant followed by a decrease in the catalytic activity of the immobilized
biological catalyst allows analyte quantification by the enzymatic biosensors. The
vast majority of peroxidase-based electrochemical biosensors have been used for
H,O, determination, there are also some applications carried out on the detection of
phenolic compounds by immobilized peroxidases on electrodes. A biosensor for
rapid detection and determination of phenolic products was developed by adsorbing
and cross-linking HRP on a silica-titanium material used for the construction of
carbon paste electrode. The low conductivity of silica gels resulted in the suppression
of the direct reduction of H,O, by the enzyme, which led to an increased detection
sensitivity of phenol, catechol, hydroquinone, resorcinol, vanillin and 4-chloro-
3methyl phenol by HRP-biosensor (Rosatto et al., 1999). Dai et al. (2005) found that
when a co-immobilization of tyrosinase and HRP was applied to a mesoporous silica
coated electrode, the biosensor sensitivity for phenolic substrates was significantly
increased when compared to mono-enzymatic systems, without use of any mediator.
The sensitivities of tyrosinase-HRP-biosensor for p-cresol, phenol and catechol were

13, 14 and 45 pA pM™* cm™, respectively.

7. The possible role of peroxidases in the transition from fossil fuels to

biofuels
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Biofuels or agrofuels are fuels produced from non-fossil organic materials, derived
from biomass and which complements or substitutes fossil fuels. The two most
common types of biofuel are biodiesel and bioethanol, which are produced from
sugars or starch, and lignocellulosic materials with a neutral carbon balance
previously fixed by plants during photosynthesis. Lignin is one of the major
components of the plant cell wall that is difficult to degrade. Lignin and plant
polysaccharides have complex and organized structures that allow them to resist
enzymatic attacks. For an improved saccharification, lignin must be physically
removed from plant tissues so that the resulting biomass becomes more sensitive to
biological conversion (Weng et al., 2008). Several strategies for depolymerizing
lignin in lignocellulosic materials have been developed including physical and
chemical procedures. However, current delignification approaches have certain
economic drawbacks linked to equipment cost and energy consumption; as a result,
a massive production of cellulosic biofuel is unfeasible (Hamelinck et al., 2005).
Enzymatically metabolizing lignin seems to be a practical and encouraging
alternative displaying significant benefits such as, a considerable reduction in energy
intake while keeping the same conversion efficiency, an absence of chemicals
involved in the chemical treatment process (Sun & Cheng, 2002). Often, efficient
enzymatic degradation of insoluble polysaccharides requires a strong interaction
between the enzymes and their substrates. Some strains of fungi produce
peroxidases and polyphenol oxidases, which are known to be involved in lignin
biodegradation. These enzymes act in a non-specific way, through the generation of
unstable free radicals. These renewable biocatalyst include 4 major groups which
primarily affect lignin structure namely, lignin peroxidases, manganese peroxidases,

versatile peroxidases and laccases (Furukawa et al., 2014; Garlapati et al., 2020).
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Ligninolytic enzymes produced by the white-rot fungi were adopted by several
researchers for lignin conversion in different lignocellulosic biomasses. Kong et al.
(2017) reported the use of a novel strain fungus (Physisporinus vitreus) for enzymatic
recalcitrance reduction of corn stover by relying on its ligninolytic enzymes including
VP for efficient bio-delignification. It was observed that saccharification of corn stover
achieved a maximum glucose yield of 349.1 mg/g and 91.5 % of cellulose conversion
ratio was accomplished, after 28 days of pretreatment. The fungal pretreatment
generated a significant reduction of lignin contents by 54%. The purified VP exhibited
a high potential redox of 1.131 eV with oxidative activity on phenolic and nonphenolic
monomeric lignin compounds and break different linkages in lignin structure, which
make it a suitable biocatalyst for lignin removal in biorefinery processes. Asgher et al.
(2013) proposed an ecofriendly approach for bio-ethanol production after
delignification of sugarcane bagasse biomass, using ligninolytic enzymes (LiP, MnP,
and laccase) extracted from Pleurotus ostreatus. The crude extract produced under
pre-optimized solid state fermentation medium managed to eliminate up to 33.55% of
lignin when the reaction was carried out at 35 °C for 48h. Recently, researchers have
adopted a method that includes waste management and reducing energy
consumption. During this study, it was discussed to use old newspaper as a source
of lignocellulosic material for bioethanol production. Pre-treatment of the newspaper
waste was carried out by a chemical technique (alkali treatment) and enzymatic
delignification (ligninolytic). The highest lignin removal of 42.2% was recorded after
24h of reaction time at room temperature using ligninolytic enzymes, whose
conversion rate was 4.5% higher than that obtained by 4% alkali solution (Bilal et al.,

2017c).

8. Conclusion
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In the context of sustainable technologies, enzymes are presented as biodegradable
biological agents having the ability to catalyze a wide variety of processes in water
and organic media. The present review emphasized that an enzymatic approach
based on peroxidase activity is a promising method for various environmental and
biotechnological applications, and have a considerable potential in the energy
transition. The characterization of these enzymes and the researches carried out on
their mechanism of action, have facilitated the development and the design of various
insoluble biocatalytic constructions achieved by different immobilization strategies.
These advances made in the field of protein engineering allow stability, or even an
improvement, in the catalytic performances of the biocatalyst, which leads to a
significant reduction in the cost of the desired application. In addition to improved
catalytic properties, immobilized peroxidases are green, eco-friendly and effective
tools for the elimination of environmentally persistent aromatics in different types of
media without producing additional waste. Moreover, these biological catalysts,
derived from renewable and sustainable raw material, offer a certain operating
versatility, both in the bioremediation of ecosystems and in the monitoring and
detection of target compounds via their incorporation into biosensors. From a
biotechnological point of view, white-rot fungi ligninolytic enzymes including MnP, LiP
and VP, are of major interest for biofuel production processes. Indeed, these
enzymes may have a promising future in biorefineries for the conversion of
ligninocellulosic biomass into bioethanol. In conclusion, peroxidases fit perfectly with
the ambition of economic transition from classical models to a system based on a
circular economy. Nevertheless, it is important to note the considerable gap between

the use of these green catalysts on a laboratory scale and industrial scale, which is
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often associated with the high amounts of enzymes required for a given application.

This is why enzyme/carrier improvements or modifications should be focused on:

>

Design of materials with good chemical and mechanical resistance with high
protein retention capacity.

Combining medium engineering and protein engineering for certain
applications requiring the use of an organic phase.

Develop an oriented immobilization of enzymes to ensure a maximum number
of active sites available for substrate reception.

Finding hydrogen peroxide substituents, in particular for applications in
hydrophobic organic medium.

For organic phase use, a development of hybrid membrane with delivery
system from embedded hollow fiber, where the hallow fiber is hydrophilic while
the rest of the matrix is hydrophobic, H,O, diffuses from hallow fiber into the
porous matrix at the interface where the enzymes are grafted and solubilizes
to its capacity into the organic phase.

In the case of VOCs, a conception of hydrophobic biomass capable to
preserve enzyme from denaturation and achieving gaseous effluent

“absorption” in the same matrix for its biotransformation.
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Fig. 1. Contaminants that can be treated by peroxidases, their distribution, source
and the consequences related to their release into nature.
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Fig. 2. Schematic illustration of immobilization strategies for efficient biocatalysis.
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Table 1

Sources and health effects of some typical contaminants.

Sources Typical contaminants Health effects Reference
BTEXs Carcinogenic, neurotoxic Sun et al. (2021)
Kottuparambil et al.
Petrochemical industry Phenols Carcinogenic, phytotoxic QOM)’;SQ?;“' etal.
. . . Kronenberg et al. (2017);
PAHs Carcinogenic, genotoxic Le Di-Lacoste et al.
(2013)
Loss of nerve function,
Organophosphorous eventual death of the Kapoor and Rajagopal
insecticides animal (2011)
Reproductive problems,
Agriculture/livestock Herbicides malformations, Gupta (2018)

teratogenic

Odorant compounds of
swine manure

Decrease livestock
growth rates, causes

infections Govere et al. (2007)

Anti-inflammatory drug
Medicinal and cosmetic (Diclofenac)

products

Reduction in microbial
biodiversity, negative
influence on living
systems

PrimoZi¢ et al. (2020)

Disinfecting soaps
(Triclosan)

Contributes to bacterial
resistance to antibiotics

Li et al. (2016)

Azo dyes

Textile manufacturing

Carcinogenic, mutagenic,
affects photosynthetic

Parveen et al. (2020)
processes

Anthraquinone dyes

Carcinogenic, mutagenic

Bilal et al. (2017b)

Industrial textile effluent

(dyes mixture)
Food industry

Carcinogenic, mutagenic,

Bilal et al. (2016)
genotoxic

(distillery waste) Melanoidins

Alzheimer’s disease

Diabetes mellitus,
cardiovascular
complications,

Kumar & Chandra

(2020); Somoza (2005)
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Table 2

Advantages, limitations and development stage of different treatment processes.

Treatment process

Description

Development phase

Advantages

Limitations

References

Physical methods

Recovery process
allowing the selective
concentration of

Fast kinetics with
good removal
efficiency

High cost related to the
regeneration or disposal
of used adsorbent

(Crini et al., 2019)

Adsorption pollutants on the Full-scale Treatment adapted to Pollution transfer from
surface of adsorbent different one phase to another
materials configurations without destruction
The preferential Possibility to recover High energy requirements  (Ezugbe &
passage of one species and reuse water and Membrane clogging Rathilal, 2020)
among others between the desired product Disposal issue of
two compartments by Availability of various concentrated sludge
Membrane separation  change in membrane
. . Full-scale : . .
processes concentration gradient geometries with wide
through a selective field of application:
barrier clarification,
production of pure
water
The technique is based Simple technology, Most resigns are sensitive (Fu & Wang,
on the reversible tested and easy to to pH of effluentandtoa  2011; Sonune &
exchange of ions control certain type of waste Ghate, 2004)
between insoluble Adapted to the (strong oxidants)
lon exchange macromolecules (resin) Full-scale concentration of Pre-treatment required to

with other ions of
similar charges present
in the solution
surrounding the solid

metals and minerals
Effective at low metal
levels (ppb)

avoid resinous matrix
fouling
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Table 2 (continued)

Chemical methods

The generation of
highly reactive oxidizing
species (eOH or ¢0,)
initially induced by
activation of a

Rapid and efficient
degradation kinetics
against recalcitrant
molecules

No sludge production

Formation of undesirable
by-products

Significant economic cost
relating to the synthesis of

the catalyst, its

(Crini &
Lichtfouse, 2019)

Photocatalytic oxidation photocatalytic nature Pilot-scale Possibility of regeneration and the Use
leads to the oxidation of operating using solar of UV lamps
organic pollutants into energy
non-toxic mineral
species.
The electrochemical Improves the Anode passivation and (Chen, 2004)
oxidation of organic biodegradability of sludge deposition
compounds takes place organic contaminants High cost of energy
according to two No need of pH consumption

Electro-oxidation fundamental ways, Pilot-scale adjustment Generation of hazardous
direct (at the surface of Adapted to large materials, in particular
the electrode) or volumes at different halogenated products
indirect (through active flow rates
species produced at
the electrode)
Ozone reacts with the Easy production of Incomplete and partial (Mecha &
different contaminants ozone from air or mineralization of Chollom, 2020)
by direct oxidation oxygen by electric refractory organic
using molecular ozone discharge compounds
which involves Multiple applications Short half-life for only 20
selective reactions with (disinfection, min
Ozonation low rates, and indirect Full-scale reduction of odor,

mechanism through OH
radicals (non-selective
and highly reactive)
produced by the
decomposition of ozone

chemical oxygen
demand and turbidity)

On-site ozone generation

is necessary due to its
instability
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Table 2 (continued)

Physico-chemical

treatment
Chemical coagulation Very widespread use The addition of the (Jiang, 2015)
and flocculation cause of the process coagulant can be complex
a change in the (equipment and and require continuous
physical state of chemical agents adjustment depending on
constituents dissolved available) the effluent composition
. or suspended in water, Stable system Production of a large
Coagulation- in order to facilitate Full-scale adapted to sludge volume
Flocculation their removal by temperature, load and The toxicity of the sludge
sedimentation flow variations) produced requires
Significant reduction treatment before disposal,
of phosphorus and which results in an
nitrogen additional cost to the
process
Biological methods
In an aerobic Process suitable for High operating cost (Crini &
environment, the high organic loads especially for small Lichtfouse, 2019)
microbial culture breaks Process adapted to installations
Activated sludge down organic the intensive Rigorous maintenance
contaminants and Full-scale treatment of

process

forms a biological floc
in suspension, and
consequently a gradual
clarification of the water

phosphorus
Limited land holdings

Substantial sludge
production

Algae decomposition

The algal cell absorbs
and transforms organic
and inorganic
compounds into nucleic
acids and proteins for
the growth of algal
biomass

Pilot/large-scale

Low energy
consumption due to
its autotrophy

v Nontoxic detoxifying

agent

Ability to fix carbon
dioxide present in the
ambient environment

Difficulty in harvesting
and separating algae
biomass

Ineffective against micro-
pollutants

Reduced performance in
cold climates

(Lavrinovi¢s &
Juhna, 2018)
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Table 2 (continued)

Enzyme technology

Enzymes extracted
from microorganisms
and plants lower the
activation energy and
facilitate the rapid and
complete breakdown of
organic compounds

Pilot-scale

Rapid, cost effective
and highly specific
Safe and eco-friendly
Can be applied to a
large range of
different compounds
in mixture

x Limitations on the stability
and activity of enzymes
for multi-cycle use

(Bilal et al., 2021)
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Table 3

Role and application of peroxidases from different sources.

Family Enzyme Enzyme source Role/Application Reference
. Scavenge and detoxify
Ascorbate peroxidase - reactive oxygen species Ashraf (2009)
(APX) i
in plants
Class | Cytochrome ¢ Zhang et al.
peroxidase (Cyt c) - H.O, biosensor (2019)
Catalase-peroxidase . Treatment of textile- Fruhwirth et al.
(CP) Bacillus SF bleaching effluents (2002)
Degradation of
tetracycline, dibutyl
L . i : phthalate, 5-chlorophenaol,
Lignin pe_:romdase Pichia methanolica phenol, phenanthrene, Guo et al. (2019)
(LiP) fluoranthene,
benzo(a)pyrene
Ganoderma Dve decolorization Shaheen et al.
lucidum IBL-05 y (2017)
Enzymatic transformation Zhana et al
Class Il Trametes sp.48424 of different dyes and geral
Manganese PAHS (2016)
peroxidase (MnP)
Cerrena unicolor Decolorization of Zhang et al.
BBP6 anthraquinone, azo and (2018)
triphenylmethane dyes
Lentinus Crop residues Ravichandran et
. . squarrosulus delignification al. (2019)
Versatile peroxidase Evans blue, guinea green 1 Burdic of
(VP) Pleurotus eryngii B and amido black 10B '
. (2020)
degradation
Ginger peroxidase Ginger Degradation of Reactive Ali et al. (2018)
(GP) Blue 4 dye
Soybean peroxidase Soybean hulls Biodegradation of azo Calza et al.
Class Il (SBP) (Glycine max) dyes and carbamazepine (2016)
Horseradish Horseradish Aflatoxin B1 removal Zhou et al.
peroxidase (HRP) (2019)
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Highlights

e Peroxidases ability to catalyze oxidation of a broad spectrum of environmental
pollutants.

e Mechanism of action and metabolites resulted from peroxidases applications
are shown.

e Biocatalyst versatility is advanced for economical and profitable biotechnology

applications.
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