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Biocatalysts immobilization on nanostructured supports with application in
the biotransformation of emerging pollutants

By
Raul Garcia Morales

Abstract

Biotransformation of emerging pollutants in water samples using biocatalysts
such as laccases, provides an environmentally attractive alternative to complement
conventional wastewater treatments. However, loss and inactivation of enzymes are
challenges to solve for their potential use in water treatment applications. The work
included in this thesis explores the development of new biocatalyst using a new
laccase from Pycnoporus sanguineus CS43 strain. First, the biotransformation of
contaminants with laccases in free form was carried out to demonstrate their removal
potential. Secondly, through enzyme immobilization using nanomaterials as
supports to improve the stability and catalytic properties of laccase enzymes.

In order to demonstrate the biotransformation potential of laccases for
emerging pollutants, two studies were carried out, in which the effect of enzymes in
their free form was analyzed. First, a synthetic matrix was used, followed by using
groundwater as a real matrix. The first work evidenced an enhanced
biotransformation capability to remove common emerging pollutants such as
bisphenol A, 4-nonylphenol, 17-a-ethynylestradiol and triclosan, achieving
biotransformation efficiencies of 89—100 % using synthetic samples. In groundwater,
biotransformation ranged from 55 to 93 %. The second study also focused in proving
the biocatalytic ability of laccases, in this case biotransformation in synthetic samples
ranged from 50 — 97 % for diclofenac, B-Naphthol, 2,4 dichlorophenol and 5,7-diiodo-
8-hydroxyquinoline, while for groundwater laccases biotransformed more than 53%
for all compounds.

Enzyme immobilization onto nanomaterials was achieved using the covalent
approach. Process optimization and later studies demonstrated that the proposed
procedure using 3-aminopropyltriethoxysilane (APTES) as coupling agent and the
cross-linker glutaraldehyde (GLU) as a laccase binder, can enhance inherent
properties of laccase enzymes such as high thermostability and pH stability
Furthermore, the biocatalyst was assessed in the biotransformation of emerging
pollutants such as acetaminophen and diclofenac showing more than 90%
biotransformation in synthetic and real samples.

Consequently, due to the promising results obtained in the aforementioned
studies, where the enzymatic treatment was evaluated under mild reaction condition,
this biocatalytic approach represents a good alternative in the treatment of organic
pollutants in water samples.
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Chapter 1

Introduction

Water is an essential natural resource for the survival of all known life forms,
and is required for most human activities including agriculture, industry and personal
consumption. Therefore, ensuring water quality is a fundamental environmental and
public health issue [1]-[3].

The unregulated use of pharmaceuticals, coupled with the overproduction of
compounds for human consumption have led to an increase in chemical substances
that are released to the environment. Currently, the presence of emerging pollutants
in water is receiving increasing attention. Emerging pollutants are substances that
are currently not included in routine or regulatory control programs even though have
been detected in the environment in range of ng/L to pg/L, which makes them
candidates for future legislation due to its adverse effects and/or persistency [4], [5].
This category includes pharmaceuticals, personal hygiene products, surfactants,
industrial additives and numerous chemical compounds that are being continuously
discharged into the aquatic systems [6]. Some of these compounds have been
identified as possible environmental threats to living organisms due to their
demonstrated toxic potential and even a considerable amount of emerging pollutants
are classified as endocrine disruptors compounds (EDCs) [7]. In addition, some
emerging pollutants are not easily degraded, which can lead to their accumulation
in different trophic levels [8], [9].

Since the lack of regulation, monitoring and disposal or discharge for
emerging pollutants, these have been widely spread to the environment. For this
reason recent attention on this area has been paid, especially for wastewater
treatment since most conventional wastewater treatment plants (pollutants sink)
have not been designed for the elimination of these compounds [6], [10]. This issue
poses important challenges in the design of new treatment plants and the
development of methods focused on the elimination of such substances [11].

In the last decades there has been a growing interest in treatments focused
on the elimination of emerging pollutants through strategies based on biological
processes [12]. A promising method is based on the use of oxidoreductase enzymes
for the biotransformation of pollutants with similar molecular structure to the enzyme
substrates, that include polyphenolic structures and aromatic amines [12], [13]. The
use of these enzymes has been described by studies in which their applicability to
detoxification and biotransformation of several substances in wastewater effluents
of different industries, such as petrochemical, textile, tanneries, and distilleries [14].

Laccases (EC 1.10.3.2) also known as fungal laccases (benzenediol: oxygen
reductase) and are the main enzymes type involved in delignification by white rot
fungi (Pycnoporus cinnabarinus, Coriolopsis rigida, among others). These enzymes
are extracellular glycoproteins that generally contain four copper atoms in their active
site (Figure 1), but other enzymes with two, three, and even six copper atoms have
been described [15]. The molecular weight of these enzymes ranges from 50 to 70
kDa, with an isoelectric point between 2.6 and 4.5. They also contain cysteine and
histidine residues, which are involved in the binding of copper atoms. Their pH and



optimum temperature range from 2-5, 40-65 °C, respectively, and will vary according
to the fungal species [15]-[17].

In the case of laccases from Pycnoporus sanguineus CS43, which are the
enzymes used in this work, it was found that this fungus was able to produce two
major isoforms (Lacl and Lacll). An isoform is an enzyme that differ in amino acid
sequence but catalyze the same chemical reaction. Then both isoforms presented a
molecular weight of 68 kDa, optimal pH range of 2-4 and optimal temperature range
of 40-60 °C. They also presented high pH (5-8) and temperature (25-60 °C) stability,
as well as tolerability to organic solvents and some ionic substances [18].

Particularly, the catalytic efficiency of laccases used in this work can be
ascribed to dissimilarity in their active site, specifically in the region of substrate
binding. A previous study found that different amioacid sequence in the active site
of Lacl and Lacll, exhibited steric hindrance, different polar environment for each
and different mode to form hydrogen bonds. Hence, although enzymes are very
specific, differences in structure could be the reason why laccases are non-specific,
but selective for phenolic and amino compounds [19].

Figure. 1. Ribbon representation of the 3-D structure of laccases from Pycnoporus
sanguineus CS43: Lacl (a) and Lacll (b). Domains 1-3 are shown in red, blue and
green, respectively. Copper ions are displayed as cyan spheres. The carbohydrate
residues in the electron density maps are shown as green sticks. Adapted from [19].

According to laccase substrate reactivity, unlike most oxidoreductase
enzymes; laccases use molecular oxygen as an oxidizing agent, and are capable of
carrying out the monoelectronic oxidation of diphenols and aromatic amines by
removing an electron and a proton from hydroxyl or amino groups, generating
phenoxyl or amino radicals, respectively. The oxidation of the latter allows for the
generation of the superoxide anion, which along hydrogen peroxide are precursors
of the hydroxyl radical. This radical can be responsible for the initial degradation of
complex lignocellulose, and also for similar phenolic substrates [20], [21].

As laccases is a nonspecific enzyme, can oxidize different substrates, and
their reactivity will vary according to the chemical structure of each substrate. The
presence of functional electron-acceptor groups (EAGs) such as amide groups (-
CONRg2), carboxylic groups (-COOH), halogens (-X), and the nitro group (-NO2)



promote a deficiency of electrons in the molecule (Figure 2), making them less
susceptible to oxidative catabolism. Conversely, electron donor functional groups
(EDGs) such as the amine (-NH2), hydroxyl (-OH), alkoxy (-OR), alkyl (-R), and acyl
(-COR) groups make molecules more susceptible to electrophilic attack by
oxygenases (Figure 3) [22], [23].
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Figure 2. Electron Acceptor Functional Groups
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Figure 3. Functional electron donor groups.

For water treatment purposes, enzymes are commonly used in their free form,
i.e. dispersed in a liquid medium, which hinders enzyme recovery after treatment.
Consequently, free enzymes can only be used once, leading to an increase in both
production and purification costs [24]. Furthermore, in free form, enzymes are
susceptible to harmful agents the medium and their stability and activity can be
affected by these complex matrices, such as the case of highly contaminated
wastewater [25] .

An appropriate approach to overcome these drawbacks is enzyme
immobilization, which consists in the fixation of an enzyme in an inert and insoluble
material through chemical or physical processes, where the biocatalyst is physically
located in a well-defined region of space [26], [27]. Some of the characteristics that
are improved or modified with immobilization are: (i) wider optimal temperature and
pH in comparison with their free form counterpart; (ii) greater stability under pH or
temperature changes; (iii) increased activity; (iv) facile enzyme recovery from the
reaction medium facilitating its reuse. Additionally, this process prolongs their shelf
life compared to enzymes in free form [28].

As shown in Figure 4, the main components in an immobilization system are
the enzyme (can be single o multi enzyme system), the support, and the method of
union between the enzyme and the support [28]. Nevertheless, simple enzyme
immobilization may not achieve the desired enhancement of enzymatic activity or
stability, as it may lead to deformation or even denaturalization of enzymatic
structures resulting in loss of activity. Hence, the optimal immobilization conditions
need to be explored for every specific enzyme, making this technique challenging/
labor intensive [21], [29], [30].



For this particular work, a chemical immobilization approach using covalent
binding was selected. This method leads to better outcomes with highly stable
preparations and better enzyme retention compared to other physical-based
immobilization techniques, like adsorption. Thus, the immobilized enzyme is not
detached from the support matrix during the treatment process and can be reused
[31], [32].

= Enzyme

Union
method

—p Support

Figure 4. Schematic representation of the components in an enzymatic
immobilization system

Another important issue in recent years is the development of supports for
enzyme immobilization; among them, nanostructured materials have desirable
properties that can improve these processes. One of the main advantages of these
materials is their large surface areas which allow greater enzymatic loading and
lower resistance to mass transfer for substrates. Besides, they can be synthesized
with a high chemical stability and specific functional groups in their surface to
facilitate functionalization [30], [33], [34].



In particular for the present work, commercially available titanium (IV) oxide
nanoparticulated (titania) has been selected, this material possesses the desired
characteristics mentioned above. Among important features of this materials are its
specific surface of approx. 50 m?/g, crystal structure composed of anatase and rutiles
phases, and considerable photoactivity. Figure 5 shows the characterization by
transmission electron microscopy (TEM) of titanium dioxide nanoparticles, it is
possible to observe that material consist in aggregates of some hundred nanometer
in size with primary particles of average diameter of 21 nm [35].

Figure 5. TEM images of titanium dioxide nanoparticles; a) aggregates and
agglomerates and b) primary crystals. Figure modified from www.aerosil.com [35].

In view of the aforementioned, the present thesis work focused on studying the
effect of a new variety of laccase-type oxidoreductase enzymes obtained from the
fungus Pycnoporus sanguineus CS43 in free and immobilized form, for the
biotransformation of emerging pollutants. The covalent immobilization technique
was coupled with nanostructured materials as supports. UV-Visible Spectroscopy
and RP-HPLC were used for the qualitative and quantitative monitoring of the
biotransformation process.



1.1 Motivation

Despite the fact that water is a renewable resource, its availability has been
gradually reduced in an alarming way as demands for its use increase, where the
food and industrial sectors stand out [36], [37]. Water is highly vulnerable to
deterioration in quality, and the appearance of emerging pollutants lacking of
regulation by government or environmental agencies is a cause of great concern.
The aforementioned represents serious environmental threats due to the known
toxicity and persistence shown by this type of substances [38].

The motivation for this work is the development an environmentally friendly
process based on ligninolytic enzymes for the removal of phenolic type emerging
pollutants to improve water quality, as well as improving their stability to different
agents such as pH, temperature and deactivating substances by means of
enzymatic immobilization onto nanomaterials.

1.2 Problem Statement and Context

Currently, traditional wastewater treatment, such as sedimentation,
coagulation, and activated sludge; as well as more harsh methods, offer the
elimination and inactivation of those pollutants that are high concentrations, but may
have high costs that tend to limit the sustainability of the water treatment process, in
addition they are not very efficient in eliminating emerging pollutants that are at very
low concentrations.

As a result of the aforementioned, there is ongoing concern for the
improvement of wastewater treatments. Thus, new treatment methods have
emerged facilitating and speeding up the removal and/or degradation of
contaminants. Recently, there has been greater interest in the development of
treatments involving biological systems, which offer advantages such as (i)
compatibility with matrices; (ii) decrease use of toxic supplies; (iii) avoiding the
addition of extra compounds in the remediation processes; (iv) generating by-
products with low toxicity.

Within the scope of these systems, one that has been highly effective in
biotransforming emerging pollutants aqueous media has been the use of enzymes
specifically, using ligninolytic enzymes which react over phenolic type compounds
reaching almost total degradations.

Among the disadvantages of enzymatic processes for the degradation of
compounds is that their application is complicated because they need many factors
to remain stable and retain their activity in complex matrices. In addition, in their free
form, they can only be used in a single treatment cycle, so they may not be efficient
at the time of making a treatment on a larger scale than in the laboratory.

Therefore, there are two main problems from this context: first, emerging
pollutants that are not eliminated by conventional water treatment and secondly the
need to increase the stability of enzymes used in the removal of emerging pollutants.



1.3 Objectives

General objective

Immobilize oxidoreductase laccase-type enzymes from the Pycnoporus

sanguineus CS43 fungus onto titanium dioxide nanostructured, for its application in
the biotransformation study of emerging pollutants in water samples.

Specific Objectives

To study the catalytic efficiency of laccase enzymes in their free form in the
biotransformation of emerging pollutants.

Qualitative and quantitative analysis of the biotransformation process of
emerging pollutants of interest in synthetic and groundwater samples due to
free laccase action by UV-Vis spectroscopy and RP-HPLC.

Carrying out enzymatic immobilization through the method of covalent
bonding.

Evaluation of the enzymatic immobilization process onto titania nanopatrticles,
through measurements of pH and optimal temperature and stability of the
immobilized biocatalyst.

Quantitative analysis of the biotransformation process of emerging pollutants
of interest in synthetic and groundwater samples due to immobilized laccase
action by using UV-Vis spectroscopy and RP-HPLC.

1.4 Hypothesis

The use of a new variety of laccase-type enzymes from the fungus Pycnoporus
sanguineus CS43, both in its free form and immobilized onto titania nanostructured
materials, will generate high yields in the biotransformation of selected emerging
pollutants in synthetic and real water samples.
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Chapter 2

Biotransformation of Endocrine-Disrupting
Compounds in Groundwater: Bisphenol A,
Nonylphenol, Ethynylestradiol and Triclosan by a
Laccase Cocktail from Pycnoporus sanguineus
CS43.

This chapter has been published as:
R. Garcia-Morales et. al.

Water, Air, and Soil Pollution Volume 226, Issue 8,
July 2015, Article number 251

DOI 10.1007/s11270-015-2514-3
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This chapter correspond to a peer-reviewed article by Garcia-
Morales et al., published in the indexed journal Water, Air, and
Soil Pollution

2.1 Summary of the chapter

This chapter presents the use of laccase enzymes for
biotransformation in synthetic and groundwater samples of
endocrine-disruptor compounds (EDCs), such as bisphenol A,
4-nonylphenol, 17-a-ethynylestradiol and triclosan,
percentages around 50-100 % were achieved.
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Abstract The biodegradation of organic compounds
present in water at trace concentration has become a
critical environmental problem. In particular, enzymatic
oxidation by fungal laccases offers a promising alterna-
tive for efficient and sustainable removal of organic
pollutants in water. In this work, the biocatalytic ability
of laccases from the Pycnoporus sanguineus CS43 fun-
gus was evaluated. A filtered culture supernatant
(laccase cocktail) evidenced an enhanced biotransfor-
mation capability to remove common endocrine-
disruptor compounds (EDCs), such as bisphenol A, 4-
nonylphenol, 17-x-ethynylestradiol and triclosan. A
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biodegradation of around 89-100 % was achieved for
all EDCs using synthetic samples (10 mg L") and after
the enzymatic treatment with 100 U L™ (50.3 U mg ).
The biodegradation rates obtained were fitted to a first
order reaction. Furthermore, enzymatic biocatalytic ac-
tivity was also evaluated in groundwater samples com-
ing from northwestern Mexico, reaching biotransforma-
tion percentages between 55 and 93 % for all tested
compounds. As far as we know this is the first study
on real groundwater samples in which the enzymatic
degradation of target EDCs by a laccase cocktail from
any strain of Pycnoporus sanguineus was evaluated. In
comparison with purified laccases, the use of cocktail
offers operational advantages since additional purifica-
tion steps can be avoided.

Keywords Laccases - Pycnoporus sanguineus -
Endocrine disrupting compound (EDC) - Groundwater

1 Introduction

Over the last few decades, the water pollution by
micropollutants from anthropogenic sources, such as
pharmaceuticals, manufacturing additives or personal-
care products, has become one of the most urgent issues
to be solved (Lloret et al. 2012). Due to their widespread
presence in the environment and their toxic activity even
at low concentrations (pgL™' — ngL™'; Debaste et al.
2014), the detection and quantification of endocrine-
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disruptor compounds (EDCs) have received increased
attention in water quality management and health care,
since their presence has been detected in rivers, lakes,
groundwater (Sacher et al. 2001; Vega et al. 2007) and
other sources of drinkable water (Robert et al. 2011;
Stanford and Weinberg 2007).

EDCs are a group of environmental chemicals,
from synthetic and natural origin, known for their
negative influence on the endocrine system of
living organisms (LaFleur and Schug 2011).
Several studies have demonstrated that these
chemicals mimic hormones or interfere with the
action of endogenous hormones (Filby et al.
2007; Cabana et al. 2007a). Removal of EDCs
traces in wastewater treatment plants (WWTP)
has been a constant challenge due to higher con-
centrations that can remain in the treated waters.
The accumulation of EDCs in the environment has
been linked to cancer proliferation, mutations and
reproduction disruption in fish, amphibians, birds
and mammals, including humans (LaFleur and
Schug 2011). Typical EDCs of anthropogenic ori-
gin with estrogen-like action include bisphenol A
(BPA), 4-nonylphenol (NP) and 17-«-ethynylynyl
estradiol (EE2); (Cajthaml et al. 2009), as well as
antibacterial triclosan (TCS); (see Fig. 1). Due to
EDCs that are slowly biodegraded under aerobic
conditions, some of them can persist for more than
40 years as observed in estuary sediments (Miller
et al. 2008).

Under such circumstances, the increasing accumula-
tion of EDCs and bactericides in the environment has
motivated the investigation of methods with the ability
to reduce or inactivate these chemicals. Previous works

Fig. 1 Schematic structures of
target EDCs: bisphenol A (BPA),
17-x-ethynylynyl estradiol
(EE2), 4-nonylphenol (NP) and
triclosan (TCS)

@ Springer

BPA

NP

have been directed on UV exposure as well as advanced
oxidation processes such as ozonation (Esplugas et al.
2007). Although these methods produce efficient yields
of removal/inactivation, they are expensive and may
generate by-products with higher toxicity (Lloret et al.
2012). A promising approach to overcome these limita-
tions is oxidation of EDCs by employing ligninolytic
enzymes such as manganese peroxidase and laccases
(Suzuki et al. 2003). The use of fungal laccases (blue
copper polyphenoloxidase, E.C.1.10.3.2) offers a high
potential to degrade and detoxify recalcitrant environ-
mental pollutants (Tsutsumi et al. 2001; Torres et al.
2003).

An exhaustive search concerning laccases from
Pycnoporus sanguineus was carried out, and to the
best of our knowledge, there are no previous stud-
ies about the transformation of BPA, NP, EE2 and
TCS wusing this strain in particular. Moreover, it
was found that only a few works (Tsutsumi et al.
2001; Saito et al. 2004; Cabana et al. 2007a;
Torres-Duarte et al. 2012) have studied the bio-
transformation of the target EDCs simultaneously
with laccases from other commercial strains.

Due to the biotransformation, efficiency of organic
compounds by ligninolytic enzymes in water represents
an interesting option for environmental and industrial
applications; in this work, a filtered culture supernatant
containing a cocktail of laccases from P sanguineus
(CS43 was assayed with synthetic and groundwater sam-
ples coming from northwestern Mexico. In order to
establish a sustainable methodology for the biodegrada-
tion of BPA, NP, EE2 and TCS, a treatment avoiding the
use of mediators and under mild conditions was
developed.
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2 Experimental Section
2.1 Enzyme Laccase and Reagents

Laccases from P. sanguineus CS43 were obtained
from a tomato medium as described in our previ-
ous study (Ramirez-Cavazos et al. 2014a). Mycelia
were removed from the culture supernatant by
filtration using two tangential flow filters in series,
with pore sizes 0.5 and 0.2 pum. After that, the
0.2-um filtered culture supernatant (laccase cock-
tail) was ultra-filtered by using a membrane cut-off
of 10 kDa. The ultrafiltration process avoids the
presence of lower molecular weight solutes present
in the culture that can represent an environmental
risk. Standards of BPA, NP, EE2 and TCS (high
purity grade), 2,2'-azino-bis (3-ethylbenzthiazoline-
6-sulfonate (ABTS), dibasic sodium phosphate and
citric acid salt were obtained from Sigma Aldrich,
USA. Methanol, acetonitrile and ethanol (trace
analysis quality) were supplied from Fisher
Scientific, Tedia and Fermont, respectively.

2.2 Enzyme Characterization

The presence of two abundant laccase isoforms,
denominated Lac I and Lac II, in the filtered culture
supernatant (laccase cocktail) obtained from a tomato
medium is described in our previous work (Ramirez-
Cavazos et al. 2014b) To establish the conditions of
biodegradation on the target EDCs (i.e. BPA, NP, EE2
and TCS), the purification, characterization and stability
information of the two laccase isoforms were applied
and used as previously described.

2.3 Enzymatic Activity Assay

Spectrophotometric measurements were performed in a
micro-plate reader Omega FLUOstar. The enzyme ac-
tivity of 20 pL aliquots of appropriately diluted laccase
cocktail or purified enzyme was assayed with 5 mM
ABTS as the substrate in pH 3 buffer Mcllvain (0.2 M
sodium phosphate dibasic/citric acid 0.1 M), 25 °C, at
420 nm (£,,,=36,000 M"' cm™"). The enzyme activities
were expressed as international units (U), defined as the
amount of enzyme necessary to produce 1 pmol of
product formed per minute.

2.4 Enzymatic Treatment

Stock solutions of 100 mg L~ were prepared by disso-
lution of the standards in a mixture of ultrapure water—
ethanol 50-50 % (v/v). Enzymatic reactions were carried
out in 10 % (v/v) Mcllvaine buffer (dibasic sodium
phosphate 0.2 M/citric acid 0.1 M) pH 5 containing
10 mg L™ of each analyte (using aliquots from stock
solutions). Reactions were performed at room tempera-
ture and started by adding 100 U L™" (50.3 U mg ") of
laccase. In order to perform a qualitative and quantita-
tive biodegradation of EDCs, UV—vis spectrophotome-
try and HPLC-UV chromatography techniques were
employed. Average values and standard deviations of
each reaction were calculated from three independent
replicates; blanks and negative controls were prepared
and measured at the same time. The catalytic constants
of the enzyme were determined varying the concentra-
tion of EDCs until catalytic saturation; the transforma-
tion rate values were fitted to the Michaelis—Menten
equation. In this work, with the only purpose of com-
parison among the catalytic profile of our cocktail and
other reported laccases, a kinetic parameter K,,, was
defined as apparent for K,

2.4.1 UV-Vis Qualitative Analysis

The enzymatic treatment was carried out at room tem-
perature in 5 mL reaction mixture containing 10 mg L™
of each analyte, 10 % (v/v) buffer Mcllvain pH 5 and
100 U L' (50.3 U mg ") of laccase; then the solution
was vortex-mixed briefly for homogenizing and shelter-
ing from light. To detect changes in the absorbance
spectrum in a range of 200-500 nm, aliquots of 3 mL
were taken from each treatment and blank of the analyte
(without laccase treatments). The aliquots were mea-
sured in quartz cells at time 0, 2, 6 and 48 h using a
Hach DR 500 spectrophotometer. After monitoring the
maximum absorption wavelength, the parameters for
the qualitative analysis by HPLC-UV were established.

2.4.2 Quantitative Analysis by HPLC-UV

Determination of EDCs was obtained through a HPLC
system coupled to an UV—Vis detector (Agilent
Technologies) and a reverse-phase column Agilent
Eclipse XDE-C18 150x4.6 mm, 5 p. A reverse-phase
column Agilent Eclipse XDE-C18 150x4.6 mm, 5 y,
was used for the chromatographic measurements. The
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final reaction mixture was performed at 25 °C in 1 mL
vial containing 10 mg L™ of each analyte, 10 % (v/v)
buffer MclIlvain pH 5 and 100 U L™! (50.3 U mg ") of
laccase; then the solution was vortex-mixed briefly for
homogenizing and sheltering from light. The enzymatic
treatments were measured by triplicate. An injection
volume of 20 uL and 1 mL min' gradient elution by
means of (A) acetonitrile (ACN) and (B) 10 mM phos-
phate buffer (pH 3.5) were applied. The gradient pro-
gram was set as follows: 0—11 min, 25 % (A); 11—
23 min, 95 % (A) and 23-30 min, 25 % (A). BPA, NP,
TCS and EE2 were detected at three wavelengths, 206,
290 and 275 nm. The chromatographic analysis was
carried out up to 12 h and the extent of the reaction
was estimated by the decrease of the corresponding
analyte peak analyzed by HPLC-UV chromatography
technique and quantified using a calibration curve.

3 Results and Discussion
3.1 Enzyme Characterization

According to Ramirez-Cavazos et al. (2014b), the
laccase isoforms produced by P. sanguineus in tomato
juice medium and present in the crude extract show a
relative activity of 65 % at 25 °C, increasing up to 100 %
at 40 °C; the optimal pH values were observed in the
acidic region. Table 1 summarized the pH range where
laccase exhibit relative activity 85 % with 2,2"-azino-bis
(3-ethylbenzthiazoline-6-sulfonate (ABTS); 2,6-
dimethoxyphenol (DMP) and guaiacol (+) as substrates
at 25 °C. Based on these results, a temperature of 25 °C
and pH 5 were set to perform the degradation profiles of
micropollutants since laccases still maintain very high
catalytic activity; at the same time, it avoids the use of
severe sample pretreatments (e.g. thermal or acidic pro-
cess) which involves changes in matrix nature (water/
groundwater samples).

Table 1 pH range where laccase isoforms exhibit a high relative
activity and stability by using different substrates

pH range (relative activity 85 %)

ABTS DMP Guaiacol
Lac 1 2-4 3-5 3.5-5.5
Lac II 2-3 2-4.5 3-5

@ Springer

3.2 Qualitative Analysis by UV—vis Absorption
Spectrophotometry

Figure 2 shows the spectroscopic analysis by UV
absorption for the selected EDCs before and after
enzymatic treatment for their biotransformation. As
the figure shows, changes in UV-spectra were ap-
parent for all analytes after 2 h of treatment with
laccase cocktail. It is noteworthy that spectra of
blank analytes (controls) showed no significant
changes after 48 h of monitoring. Bathochromic
shifts were observed by the displacement of ab-
sorption bands around 275 nm to longer wave-
lengths (red shifts), and hypochromic shifts were
recorded by the reduction in the absorbance inten-
sity around 275 nm for EE2 and total disappear-
ance for BPA. Bands around 275-290 nm are
characteristic for phenolic compounds, indicating
a clear biotransformation of these EDCs by laccase
cocktail. Absorption bands were also observed at
300, 250 and 229 nm for BPA, NP and TCS,
respectively, but not for EE2. For this EDC, a
spectral saturation was observed nearly to
200 nm (not shown in Fig. 2). An explanation
for all these new bands can be the possible for-
mation of by-products, which possess a different
spectral behavior. The preliminary UV-absorption
study shows the potential role of this cocktail in
the biotransformation of EDCs.

3.3 Biodegradation Study of EDCs by Laccase Cocktail

A quantitative analysis was performed in order to
determine the biotransformation percentage of tar-
get EDCs by the laccase cocktail. Figure 3 shows
the biodegradation profiles for each analyte due to
enzymatic treatment as well as the chromatograms
corresponding to the peak of interest at different
times of enzymatic treatment.

A decrease in the signal intensity is observed in
chromatograms, which indicates the biotransforma-
tion of the EDCs. It is noticed that around 5.0—
5.5 h of enzymatic oxidation are enough to
achieve a biodegradation higher than 89 % for
all the analytes. These results are consistent since
UV-absorption spectra of EDCs show significant
changes after 6 h of treatment (shown in Fig. 2).
The slight differences among EDCs in biotransfor-
mation percentage can be attributed to their
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Fig. 2 UV-spectroscopic analysis for enzymatic treatment by using 100 U L ™" laccase cocktail at pH 5 and 25 °C

chemical structures (see Fig. 1). Since laccase is
an oxidoreductase which couples the one electron
oxidation of phenolic substrates, the presence of
electron donating functional groups (EDFG) or
electron withdrawing functional groups (EWFGQG)
play an important role in reactivity (Yang et al.
2013; Nguyen et al. 2013). According to Yang
et al. (2013), EDFG such as hydroxyl (—OH),
amines (—NH,), alkoxy (—OR), alkyl (—R) and acyl
(—COR) groups induce the electrophilic attack by
oxygenase enzymes which generates oxidation of
molecules (Tadkaew et al. 2011). Moreover, the
presence of EWFG reduces the efficiency of en-
zymes for attacking the analytes since groups such
as amide (—CONR;,), halogen (—X) and nitro
(—NO,) produce an electron deficiency. The high
biotransformation percentage of EE2 (100+£0.56 %
in 5 h) can be explained by the presence of the
hydroxyl group in the aromatic structure, thus
making EE2 more susceptible to oxidation by
laccase. In the case of NP, the percentage was
93+2.93 % after 6 h of enzymatic treatment.

This compound also features hydroxyl and alkyl
groups in the aromatic structure which can con-
tribute to its degradation. The next compound with
higher biodegradation percentage was TCS (90+
0.94 % in 5.5 h). A particular characteristic of
TCS is the presence of both EDFG and EWFG,
in spite of the effect of chlorinated groups
(EWFQ), it seems that the strong electro-donor
hydroxyl group makes this molecule appropriate
for the laccase oxidation. BPA is another polyphe-
nolic molecule with EDFG, containing two —OH
groups and two —R groups; after enzymatic treat-
ment, it presented a 89+1.05 % of biotransforma-
tion. As reported previously by Cabana et al.
(2007a), TCS were eliminated to a lesser degree,
compared with NP. In this work, TCS and BPA
were less susceptible to degradation by laccase
cocktail than NP and EE2. Studies of enzymatic
treatment with commercially available laccase from
Trametes versicolor report fast enzyme inactivation
after reacting conditions with BPA. This is due to
the interactions between the radicals from BPA
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Fig. 3 Biodegradation profile of 10 mgL ™" synthetic samples for BPA, EE2, NP and TCS by using 100 U L' laccase cocktail at pH 5 and
25 °C. Each graph presents the maximum areas of peak taken from the respective chromatograms at different times of enzymatic treatment

and the enzyme (Cabana et al. 2007b). According
to Cabana et al. (2007b), the removal efficiency is
directly related to the fungal strain, the culture
conditions used and the nature of the xenobiotic
molecules.

3.4 Kinetic Results

Biodegradation rates were fitted to a first order reaction,
according with the following equation:

In[A] = In[A),~k t (1)

where [4,] corresponds to the initial concentration of the
analytes and [A] is the concentration at a determined
time of the reaction; &’ is the adjusted rate constant used
in the general model and ¢ corresponds to time (in
hours). For all the adjustments, an R*>0.97 was obtain-
ed. As can be seen in Fig. 4, £’ constants corresponding
to the EDCs were obtained with a similar order of
magnitude, in which BPA and TCS presented similar
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values (K=0.45 h™"). According to these results, the
reaction order is EE2>NP>TCS=BPA which corre-
sponds with the order of biotransformation percentages
for the target analytes.

Some attempts to incorporate this novel technology
include the construction of bioreactors (Lloret et al.
2013a, b), immobilization of laccases (Cabana et al.
2009; Torres-Duarte et al. 2012) and the assembly of
enzyme electrodes for the biodegradation or monitoring
of EDCs (Oguchi 2011). The vast majority of other
studies have focused on the effects, quantification and
bioremediation of just one EDC at a time. However,
complex mixtures of EDCs are suspected of acting
together on the endocrine system of organisms (Filby
et al. 2007; LaFleur and Schug 2011), which requires a
more extensive analysis. Another limitation is the high
concentration of required enzyme for removing EDCs,
which increases the cost of these processes.

Table 2 summarizes the studies that have been devel-
oped using laccases as free enzyme for biotransformation
of target EDCs. Some of those works (Cabana et al.
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Fig. 4 Biotransformation of EDCs catalyzed by laccase cocktail. Curves were fitted to first order reactions and kinetic rates (k) were

calculated for the target analytes

2007c) present a comparison in the catalytic efficiency
between free and immobilized laccases used for removal
of pollutants; others employed crude extracts, purified or
recombinant enzymes (Fukuda et al. 2001, 2004; Saito
et al. 2003; Cabana et al. 2007a) in biodegradation treat-
ments for synthetic (Kim and Nicell 2006b) or treated
waters (Auriol et al. 2008).

The overall effect of the biodegradation method pro-
posed in this study showed comparable removal per-
centages with respect to previous works using other
fungal laccases (see Table 2). In the case of BPA trans-
formation, the calculated K, value shows that there is
no strong affinity for this compound in comparison with
the K, value for other EDCs. The removal percentage
achieved in this study (89 %) is comparable with the
results reported by Torres-Duarte et al. (2012; 85 %) and
is even better than previous treatments at 25 °C that
reported the use of mediators like 1-
hydroxybenzotriazole (56 %), syringaldehyde (60 %)
and violuric acid (72 %; Kim and Nicell 2006b). It is
important to notice that the use of mediators are very

common in enzymatic treatments; however, it adds
complexity to the system by augmenting the amount
of by-products after the biotransformation of EDCs.
Moreover, they are expensive and some has already
demonstrated to be toxic, such as PEG (Kim and
Nicell 2006c; Murugesan et al. 2010). The best results
for BPA degradation ( 90 %) were obtained only under
high temperatures of reaction (Fukuda et al. 2001, 2004;
Cabana et al. 2007a) and using elevated laccase concen-
trations (Saito et al. 2003, 2004). For EE2, the biodeg-
radation percentage obtained in this study was 100 %
meanwhile Auriol et al. (2007) achieved a biodegrada-
tion of 90 % for (100 ng L") after 1 h of treatment with
800 U L! of laccases from 7. versicolor, with a Km of
3.9 uM. Then, Auriol et al. (2008) obtained 100 % of
removal under the same conditions but using a higher
laccase concentration, 20,000 U L. Finally, Suzuki
et al. (2003) also obtained an EE2 removal of 100 %,
but the temperature of reaction was at 30 °C and 1-
hydroxybenzotriazole was added as mediator. For NP
biotransformation, it can be noted that the highest

@ Springer



128unidg @

Table 2 Catalytic parameters corresponding to the maximal biodegradation of EDCs achieved by different strains of laccases as free enzyme

Laccase strain ~ Analyte T(°C) pH Laccase Catalytic parameters Mediator/ Removal Comments Ref.
(ppm) concentration additive
(UL™ Vsl fer Ko ke KeadKm % Time
(M (M) () (mM (h)
min ")/ st
Ms ™)
Trametes EE2 (0.1x 25 7 800 53.4/9.28x10° 3.8 - - - 90 1 Free laccase with synthetic Auriol et al. (2007)
versicolor 107%) samples and municipal
wastewater after conventional
treatment processes in WWTP
(treated and filtrated waters)
EE2 (0.1x 25 7 20,000 - 38 0.01 223 100 1 Free laccase with synthetic Auriol et al. (2008)
107%) samples and municipal
wastewater after conventional
treatment processes in WWTP
(treated and filtrated waters)
TCS (5.8) 25 5 3,000 0.92 24 - - - 100 4 Free laccase with synthetic Kim and Nicell (2006a)
TCS (5.8) 25 5 3,000 60 180 - - ABTS® (0.01 mM) 100 0.5 samples, oxidation in presence
and absence of mediator
NP (22) 25 5 0.1 mg/mL - 420 - - - 100 1.5 Free laccase with synthetic Catapane et al. (2013)
NP (220) 60 samples
EE2 30 4.5 600 - - - - HBT® (0.2 mM) 100 8 Free laccase reaction under Suzuki et al. (2003)
3) stirring at 150 rpm
NP (50) 30 4.5 100 - - - - - 60 1 Free laccase reaction under stirring  Tsutsumi et al. (2001)
NP (50) 100 - - - - HBT® (0.2 mM) 781 at 150 rpm
BPA (50) - - - - - 70 1
BPA (50) - - - - HBT® (0.2 mM) 97 1
BPA (27.4) 25 5 300 42.7 690 - - - 92 2 Free laccase with synthetic Kim and Nicell (2006¢)
BPA (27.0) 25 5 300 42.7 690 - - PEG® 95 2 samples
(1.5 uM)
BPA (27.0) 45 5 150 - - - - - 68 1 Free laccase with synthetic Kim and Nicell (2006b)
BPA (27.0) 25 5 150 - - - - - 58 1 samples
ABTS? (100 uM) 97 1
HBT® (100 uM) 56 1
SAY (100 pM) 60 1
VLA® (100 uM) 72 1
TEMPO' (100 52 1
uM)
Coriolopsis gallica  TCS (25) 25 45 058Ug! - 970 1.5 1.5 - 100 nr®  Free laccase with synthetic Torres-Duarte et al.
UAMH 8260 NP (25) 25 45 058Ug"' - 420 17.5 422 - 100 nr® samples (2012)
BPA (5.0) 25 45 058Ug"' - 670 13.9 20.7 - 85 18
Trametes villosa BPA 60 6 1,500 - 14100 098 — - 100 1 Recombinant laccase produced in  Fukuda et al. (2001, 2004)
(500) Aspergillus oryzae
Strain 1-4 of the BPA 40 7 50,000 — 10,000 14 14 - 9 3 Free laccase with synthetic Saito et al. (2003, 2004)
Sfamily (1141) 40 7 samples
Chaetomiaceae NP 50,000 — 5,000 1 0.2 — 9 6
(1102)
Coriolopsis BPA (5) 40 5 10 - - - - 100 4 Crude enzyme preparation Cabana et al. (2007a)
polyzona NP (5) 50 1 100 8

y1Joga8ed 1ST
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Table 2 (continued)

Laccase strain Analyte T(°C) pH Laccase Catalytic parameters Mediator/ Removal Comments Ref.
(ppm) concentration additive
(UL Vot K kcEtl Kcat/lglm % Time
(uM (uM) () (mM (b
min')/ 5!
Ms™)
TCS (5) 50 100 65 8
Pycnoporus BP. . 5 5 X . - - - 5.5 Free laccase in synthetic ang Present study
A (10.0) 2 100 14.98 481.9 89 It i thetic and d.
sanguineus EE2 (10.0) 25 5 100 2.17 320" - - - 100 5 groundwaters samples
Sp- €543 NP (10.0) 25 5100 23.84 73.6" - - 93 55
Laccase cocktail b
(Lacl/Lacll) TCS (10.0) 25 5100 7.76 302.5 - - 90 55

# ABTS 2,2 0 -azino-bis-(3-ethylbenzthiazoline-6-sulfonic acid)

® HBT 1-hydroxybenzotriazole

¢ PEG polyethylene glycol
954 syringaldehyde

¢ VLA violuric acid

' TEMPO 2,2,6,6-tetramethoxypiperidine 1-oxyl

€ n.r: not reported
h Kapp

162 :92¢ (S107) M[[0d [10S A 11ep
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affinity for this substrate was obtained with laccase
cocktail from P. sanguineus CS43, with a K, value
of 73.6 uM and obtaining 93 % of removal. A similar
study to the present work (i.e. by using free laccase,
besides culture supernatant) was developed with laccase
obtained from the I-4 strain from the family
Chaetomiaceae (Saito et al. 2004), in which after 6 h,
100 % of NP (1,102 ppm) was removed but using high
amounts of laccase (50,000 U L™"). Lower results were
obtained by Tsutsumi et al. (2001), even using HBT as
mediator (at 30 °C). In the case of TCS, a removal of
90 % was achieved in this work, only surpassed by
works that obtained complete removal employing high
amounts of enzyme (Kim and Nicell 2006a) and acidic
conditions (Torres-Duarte et al. 2012). Under similar
conditions of treatment, this study demonstrated that
the overall degradation effect of the enzymatic reaction
seemed to be comparable and in some cases, better
regarding previous works presented in Table 2. As we
reported in a previous study (Ramirez-Cavazos et al.
2014b), the laccase isoforms, present in the crude extract
used in this study, are thermostable and highly active up
to 70 °C; however, the aim of this work was to develop a
sustainable and low-cost water treatment; thus, the re-
action was maintained under mild conditions.

4 Application on Groundwater Matrices

Due to the high redox potential of free laccases of a
cocktail from P. sanguineus CS43 (data not shown),
these enzymes can be implemented as an efficient meth-
od for the purification of water. In this study, the
enzymatic activity was evaluated in real groundwater
samples. The samples used in the study were obtained
from La Paz Valley, Mexico.

4.1 Experimental Site

La Paz Valley, a desert area located in northwestern
Mexico, has a population of 283,000 habitants (Ojeda-
Lavin 2012); the water supply for this region is obtained
from groundwater resources (87 %). A recent study has
revealed a high salinity in groundwaters (287—
5352 mg L"), showing elevated concentrations of chlo-
rides (902,960 mg L") mainly from NaCl and CaCl; it
has a pH range between 6.8 and 8.3. The presence of
Na®, K¥, Ca**, Mg®*, CI', F HCO; and SO,* and
Si0, ions suggests water—rock interactions, ion
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exchange and seawater intrusion, while fluoride concen-
tration is related to hydrothermal fluids; NO3;  and SO42
~ are related to anthropogenic components. Table 3
shows field parameters and chemical constituents of
groundwater samples.

4.2 Biotransformation Behavior of EDCs
in Groundwater Samples

Since the majority of studies regarding the biodegrada-
tion of EDCs have been carried out by using synthetic
(Kim and Nicell 2006b) or treated waters (Auriol et al.
2008), there are scarcely studies that monitor the enzy-
matic activity in a real matrix with the presence of
denaturant substances of laccases (e.g. organic solvents,
heavy metals, ions, etc.). In this context, the purpose of
this work was also to evaluate the laccase efficiency in a
complex matrix for the biotransformation of the BPA,
NP, EE2 and TCS. To construct a representative bulk
sample, a mixture was assembled with all samples pre-
sented in Table 3 by adding equal aliquotes of each one.
The reaction mixture was prepared by spiking the bulk
groundwater sample with appropriate amounts of each
analyte (final concentration of 10 mg L™") and treated
under the conditions described in Section 2.4. Results of
biotransformations are displayed in Fig. 5.

As Fig. 5 shows, there is a significant decrease in the
biotransformation percentage of TCS (55+2.33 %),
which in fact was the analyte with the lowest rate of
biodegradation in synthetic samples. For the rest of the
analytes, the matrix did not have strong influence in the
laccase catalytic ability; BPA 87+1.48 %, EE2 94+
0.63 % and NP 81+1.53 %. Although in general a
reduction in the removal percentage is observed for all
EDCs in comparison with synthetic samples, it is note-
worthy that the target compounds are not affected in the
same way. This performance can be explained in terms
of the variety of components (see Table 3) which are
normally found in wastewater effluents and groundwa-
ters by soil filtration. The presence of many ions from
soil and antropogenic sources interact with laccases and
cause interferences on the biodegradation of analytes.
Chloride (C1"), halide anions (F~ and Br ) and hydrox-
ide anion (OH ") have been reported to bind to the T2 Cu
of laccase and interrupt the internal electron transfer
between T1 and T2/T3 or to bind near the T1 active
site, blocking the access of the substrate to T1 Cu
(Margot et al. 2013). Our previous study (Ramirez-
Cavazos et al. 2014b) related the presence of some of
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Table 3 Field parameters and major ion concentrations in groundwater of selected wells in La Paz

Sample no.  Water use Land use Temp SEC pH Ca** Mg Na" K" cr HCO; SO, F SiO,
O (uSem) (mgL™) (mgL) (mgL") (mgL" (mgLh (mgL") (mgL") (mgL") (mgL")

LP-01 Urban Urban area 28.9 893 6.8 51.0 16.5 67.5 4.07 159 166 37.1 <0.03 19.6
LP-03 Urban Urban area 29.2 1,537 6.9 103.0 33.7 99.9 5.5 385 185 343 <0.05 21.9
LP-07 Urban Loose topsoil ~ 31.1 2,109 7.1 155.0 60.3 80.9 4.94 521 190 77.1 <0.1 30.7
LP-09 Urban Dessert land  30.5 865 7.4 52.7 20 81.7 2.71 118 280 47.5 0.08 27.4
LP-13 Urban Dessert land ~ 31.8 1,155 7.6 43.6 10.1 141 5.5 188 250 53.5 1.47 39

LP-18 Agriculture Cropland 31.0 5,100 7.0 335.0 186 391 9.12 1,400 578 195 <0.3 379
LP-22 Agriculture Cropland 30.7 7,520 7.0 356.0 131 1,080 10.2 2,260 498 490 <0.3 45

LP-28 Urban-agriculture ~ Cropland 29.0 6,880 7.0 421.0 186 763 8.94 2,030 634 441 <0.3 479
LP-31 Multiple Cropland 27.1 4,770 7.1 189.0 110 693 3.49 1,140 1,290 228 <0.3 43.5
LP-32 Agriculture Cropland 290 2,589 72 237.0 55.9 134 3.59 731 325 50.3 <0.1 33.2
LP-35 Urban Urban area 31.3 2,751 7.2 255.0 74.5 102 2.97 793 276 64.3 <0.1 29.3
LP-38 Agriculture Cropland 29.5 799 7.8 44.5 20.7 59.8 2.05 164 186 11.5 0.07 36.2
LP-39 Agriculture Cropland 299 683 7.6 333 15.2 58.4 2.25 95.6 218 14 0.06 359
LP-40 Urban Urban area 28.7 8,920 7.2  658.0 344 583 14 2,960 984 243 <0.5 36.2
LP-44 Urban Urban area 30.2 630 7.2 33.5 15.6 50.1 1.54 89.7 198 14.5 0.2 25.8

162 :92¢ (S107) M[[0d [10S A 11ep
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Fig. 5 Biodegradation profiles of 100-
BPA, EE2, NP and TCS by using
a representative bulk sample from
groundwater. A concentration of
100 U L™" laccase cocktail from
P. sanguineus CS43 and

10 mg L' EDCs at pH 5 and
25°C

= BPA ‘ ' '
N L L |

100+

80+

60|

Biodegradation percentage %

40
20- /

these components with the decrease in the activity of
laccase isoforms in the crude extract used in this work
(see Table 4). The work of Kim and Nicell (2006b) also
proved that the presence of these components is related
with the decrement of conversion by laccase from
T. versicolor. Other interferences, such as cyanide (orig-
inated by the plastic industry), cause the dissociation at
the copper ion from the enzymatic active site, as well as
calcium, cobalt and zinc chlorides, which tend to inter-
fere by hydrogen bonding (chaotropic effect; Cabana
et al. 2007b).

By taking advantage of the thermostability of
P sanguines CS43 laccase (Ramirez-Cavazos et al.
2014b), the degradation rates obtained in groundwater

Table 4 Effect of inhibitors on purified laccase activities

1C50 (mM) Complete inhibition (mM)
Substrates Lac | Lac II SD Lac I SD Lac II
NaF 0.08 0.02 16 8
NaCl 65 14 2,000% 2,000%
NaNj; 6.20E-06 6.90E-07 16 16
Na,SO, 800° 800° 800 800°

Laccase activity was measured using ABTS as the substrate at
pH 3 (modified from Ramirez-Cavazos et al. 2014b)

# Values refer to the respective highest concentration tested where a
complete inhibition was not observed

®Values refer to the respective highest concentration tested where
50 % inhibition was not observed

@ Springer

100 2 4 6 8 10 12
Time (h)

samples would significantly improve by increasing the
reaction temperature, above 30 °C in the biodegradation
treatment. The implementation of immobilization
methods in different materials can be employed to en-
hance the biodegradation results, as well.

5 Conclusions

Biotransformation of BPA, EE2, NP and TCS using a
laccase cocktail from P. sanguineus CS43 was studied
and compared in both synthetic and real groundwater
samples. A removal higher than 89 % was achieved for
all selected analytes in synthetic samples, which were
achieved using free laccase enzyme and avoiding the
use of mediators. In terms of the biotransformation on
real groundwater samples, a decrease in degradation
percentages caused by the interaction of the ions present
in the complex matrix were clearly observed. This study
reveals the high biocatalytic efficiency of this cocktail
composed by Lacl and LaclI for the removal of common
EDCs with low amounts of laccase activity (100 U L™")
and treatment time in comparison with other studies.
Consequently, laccase cocktail from P. sanguineus strain
CS43 represents a promising alternative for biotransfor-
mation systems with operational advantages such as less
purification steps. To enhance the biotransformation
process, further work will be focused on testing this
enzyme under conditions above 25 °C. Immobilization
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methods as well as scaling-up bioreactors using these
biomaterials can represent an opportunity to study and
to design novel biodegradation technologies.

Acknowledgments Authors would like to thank the following
for their contribution to this project: (a) To Consejo Nacional de
Ciencia y Tecnologia (Conacyt) for Raul Garcia-Morales’ schol-
arship #400714, (b) The nonprofit Fomento Econémico Mexicano
(FEMSA) foundation for its support; our special thanks are ex-
tended to the staff, and (c) we would also like to extend our thanks
to Dr. Flavio F. Contreras-Torres for his contribution in revising
the paper and for his pertinent annotations.

Compliance with Ethical Standards All co-authors have ap-
proved and agree with the contents of the manuscript; there is no
conflict of interest or financial interest to report. This research does
not involve any kind of study in humans or animals. We certify
that the submission is original work and is not under consideration
by another journal.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you
give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons license, and indicate if
changes were made.

References

Auriol, M., Filali-Meknassi, Y., Tyagi, R. D., & Adams, C. D.
(2007). Laccase-catalyzed conversion of natural and synthet-
ic hormones from a municipal wastewater. Water Research,
41,3281-8. doi:10.1016/j.watres.2007.05.008.

Auriol, M., Filali-Meknassi, Y., Adams, C. D., et al. (2008).
Removal of estrogenic activity of natural and synthetic hor-
mones from a municipal wastewater: efficiency of horserad-
ish peroxidase and laccase from Trametes versicolor.
Chemosphere, 70, 445-52. doi:10.1016/j.chemosphere.
2007.06.064.

Cabana, H., Jiwan, J.-L. H., Rozenberg, R., et al. (2007a).
Elimination of endocrine disrupting chemicals nonylphenol
and bisphenol A and personal care product ingredient triclo-
san using enzyme preparation from the white rot fungus
Coriolopsis polyzona. Chemosphere, 67, 770-8. doi:10.
1016/j.chemosphere.2006.10.037.

Cabana, H., Jones, J. P., & Agathos, S. N. (2007b). Elimination of
endocrine disrupting chemicals using white rot fungi and
their lignin modifying enzymes: a review. Engineering in
Life Science, 7, 429-456.

Cabana, H., Jones, J. P., & Agathos, S. N. (2007¢). Preparation and
characterization of cross-linked laccase aggregates and their
application to the elimination of endocrine disrupting
chemicals. Journal of Biotechnology, 132, 23-31. doi:10.
1016/j.jbiotec.2007.07.948.

Cabana, H., Jones, J. P., & Agathos, S. N. (2009). Utilization of
cross-linked laccase aggregates in a perfusion basket reactor
for the continuous elimination of endocrine-disrupting
chemicals. Biotechnology and Bioengineering, 102, 1582—
92. doi:10.1002/bit.22198.

Cajthaml, T., Kresinova, Z., Svobodova, K., & Mdoder, M. (2009).
Biodegradation of endocrine-disrupting compounds and sup-
pression of estrogenic activity by ligninolytic fungi.
Chemosphere, 75, 745-50. doi:10.1016/j.chemosphere.
2009.01.034.

Catapane, M., Nicolucci, C., Menale, C., et al. (2013). Enzymatic
removal of estrogenic activity of nonylphenol and
octylphenol aqueous solutions by immobilized laccase from
Trametes versicolor. Journal of Hazardous Materials, 248—
249, 337-46. doi:10.1016/j.jhazmat.2013.01.031.

Debaste, F., Songulashvili, G., & Penninckx, M. J. (2014). The
potential of Cerrena unicolor laccase immobilized on meso-
porous silica beads for removal of organic micropollutants in
wastewaters. Desalination and Water Treatment, 52, 2344—
2347.

Esplugas, S., Bila, D. M., Krause, L. G. T., & Dezotti, M. (2007).
Ozonation and advanced oxidation technologies to remove
endocrine disrupting chemicals (EDCs) and pharmaceuticals
and personal care products (PPCPs) in water effluents.
Journal of Hazardous Materials, 149, 631-42. doi:10.1016/
j-jhazmat.2007.07.073.

Filby, T. A., Neuparth, K., Thorpe, R., et al. (2007). Health
Impacts of estrogens in the environment, considering com-
plex mixture effects. Environmental Health Perspectives,
115, 1704-1710.

Fukuda, T., Uchida, H., Takashima, Y., et al. (2001). Degradation
of bisphenol A by purified laccase from Trametes villosa.
Biochemical and Biophysical Research Communications,
284, 704—6. doi:10.1006/bbrc.2001.5021.

Fukuda, T., Uchida, H., Suzuki, M., et al. (2004). Transformation
products of bisphenol A by a recombinant Trametes villosa
laccase and their estrogenic activity. Journal of Chemical
Technology and Biotechnology, 79, 1212—1218. doi:10.
1002/jctb.1115.

Kim, Y., & Nicell, J. A. (2006a). Laccase-catalysed oxidation of
aqueous triclosan. Journal of Chemical Technology and
Biotechnology, 81, 1344-1352. doi:10.1002/jctb.1507.

Kim, Y. J., & Nicell, J. A. (2006b). Impact of reaction conditions
on the laccase-catalyzed conversion of bisphenol A.
Bioresource Technology, 97, 1431-1442.

Kim, Y. J., & Nicell, J. A. (2006c). Laccase-catalyzed oxidation of
bisphenol A with the aid of additives. Process Biochemistry,
41,1029-1037. doi:10.1016/j.procbio.2005.11.012.

LaFleur, A. D., & Schug, K. A. (2011). A review of separation
methods for the determination of estrogens and plastics-
derived estrogen mimics from aqueous systems. Analytica
Chimica Acta, 696, 6-26.

Lloret, L., Hollmann, F., Eibes, G., et al. (2012). Immobilisation of
laccase on Eupergit supports and its application for the re-
moval of endocrine disrupting chemicals in a packed-bed
reactor. Biodegradation, 23, 373-86.

Lloret, L., Eibes, G., Feijoo, G., et al. (2013a). Application of
response surface methodology to study the removal of estro-
gens in a laccase-mediated continuous membrane reactor.
Biocatal Biotransformation, 31, 197-207. doi:10.3109/
10242422.2013.815745.

@ Springer



251 Page 14 of 14

Water Air Soil Pollut (2015) 226: 251

Lloret, L., Eibes, G., Moreira, M. T., et al. (2013b). Improving the
catalytic performance of laccase using a novel continuous-
flow microreactor. Chemical Engineering Journal, 223,497—
506. doi:10.1016/j.cej.2013.03.018.

Margot, J., Bennati-Granier, C., Maillard, J., et al. (2013). Bacterial
versus fungal laccase: potential for micropollutant degradation.
AMB Express, 3, 63. doi:10.1186/2191-0855-3-63.

Miller, T. R., Heidler, J., Chillrud, S. N., et al. (2008). Fate of
triclosan and evidence for reductive dechlorination of
triclocarban in estuarine sediments. Environmental Science
and Technology, 42, 4570-4576. doi:10.1021/es702882g.

Murugesan, K., Chang, Y.-Y., Kim, Y.-M., et al. (2010). Enhanced
transformation of triclosan by laccase in the presence of
redox mediators. Water Research, 44, 298-308. doi:10.
1016/j.watres.2009.09.058.

Nguyen, L. N., Hai, F. I, Yang, S., et al. (2013). Removal of trace
organic contaminants by an MBR comprising a mixed cul-
ture of bacteria and white-rot fungi. Bioresource Technology,
148, 234-41. doi:10.1016/j.biortech.2013.08.142.

Oguchi S (2011) Detection and decomposition of bisphenol-a. US
Pat. App. 12/999,469 1.

Ojeda-Lavin A (2012) Proyecciones de la poblacion 2010-2050.
In: Mex. Gov. Off. Data Base, CONAPO 2012. http://www.
conapo.gob.mx/es/CONAPO/Documento_Metodologico
Proyecciones 2010 2050. Accessed 16 Jan 2015.

Ramirez-Cavazos, L. 1., Junghanns, C., Nair, R., et al. (2014a).
Enhanced production of thermostable laccases from a native
strain of Pycnoporus sanguineus using central composite
design. Journal of Zhejiang University. Science. B, 15,343-52.

Ramirez-Cavazos, L. L., Junghanns, C., Ornelas-Soto, N., et al.
(2014b). Purification and Characterization of two thermosta-
ble laccases from Pycnoporus sanguineus and potential role

in degradation of endocrine disrupting chemicals. Journal of

Molecular Catalysis B: Enzymatic, 104, 32-42.

Robert, K, L ERI, Marion, J, et al. (2011). Assessment of
micropollutants from municipal wastewater—combination
of exposure and ecotoxicological effect data for
Switzerland. In: Garcia-Einschlag FS (ed) Waste Water-
Eval. Manag. pp 31-54.

Sacher, F., Lange, F. T., Brauch, H-J., & Blankenhom, 1. (2001).
Pharmaceuticals in groundwaters analytical methods and results
of a monitoring program in. Journal of Chromatography A, 938,
199-210.

Saito, T., Hong, P., & Kato, K. (2003). Purification and character-
ization of an extracellular laccase of a fungus (family

@ Springer

Chaetomiaceae) isolated from soil. Enzyme and Microbial
Technology, 33, 520-526. doi:10.1016/S0141-0229(03)
00158-3.

Saito, T., Kato, K., & Yokogawa, Y. (2004). Detoxification of
bisphenol A and nonylphenol by purified extracellular
laccase from a fungus isolated from soil. Journal of
Bioscience and Bioengineering, 98, 64—6. doi:10.1016/
S1389-1723(04)70243-1.

Stanford, B. D., & Weinberg, S. D. (2007). Isotope dilution for
quantitation of steroid estrogens and nonylphenols by gas
chromatography with tandem mass spectrometry in septic,
soil, and groundwater matrices. Journal of Chromatography
A, 1176, 26-36.

Suzuki, K., Hirai, H., Murata, H., & Nishida, T. (2003). Removal
of estrogenic activities of 17beta-estradiol and
ethinylestradiol by ligninolytic enzymes from white rot fungi.
Water Research, 37, 1972-5. doi:10.1016/S0043-1354(02)
00533-X.

Tadkaew, N., Hai, F. 1., McDonald, J. A., etal. (2011). Removal of
trace organics by MBR treatment: the role of molecular
properties. Water Research, 45, 2439-51. doi:10.1016/j.
watres.2011.01.023.

Torres, E., Bustos-Jaimes, ., & Le Borgne, S. (2003). Potential use
of oxidative enzymes for the detoxification of organic pol-
lutants. Applied Catalysis B: Environmental, 46, 1-15. doi:
10.1016/S0926-3373(03)00228-5.

Torres-Duarte, C., Viana, M. T., & Vazquez-Duhalt, R. (2012).
Laccase-mediated transformations of endocrine disrupting
chemicals abolish binding affinities to estrogen receptors
and their estrogenic activity in zebrafish. Applied
Biochemistry and Biotechnology, 168, 864—76. doi:10.
1007/s12010-012-9825-2.

Tsutsumi, Y., Haneda, T., & Nishida, T. (2001). Removal of
estrogenic activities of bisphenol A and nonylphenol by
oxidative enzymes from lignin-degrading basidiomycetes.
Chemosphere, 42, 271-276.

Vega, D., Agiii, L., & Gonzalez-Cortés, A. (2007).
Electrochemical detection of phenolic estrogenic compounds
at carbon nanotube-modified electrodes. Talanta, 71, 1031—
8. doi:10.1016/j.talanta.2006.05.071.

Yang, S., Hai, F. I, Nghiem, L. D., et al. (2013). Understanding the
factors controlling the removal of trace organic contaminants
by white-rot fungi and their lignin modifying enzymes: a
critical review. Bioresource Technology, 141, 97-108. doi:
10.1016/j.biortech.2013.01.173.



Chapter 3

Biotransformation kinetics of pharmaceutical and
industrial micropollutants in groundwaters by a

laccase cocktail from Pycnoporus sanguineus
CS43 fungi.

This chapter has been published as:
Raul Garcia-Morales et. al.

International Biodeterioration and Biodegradation
Volume 108, March 2016, Pages 34-41.

DOI: 10.1016/j.ibiod.2015.12.003

28



This chapter correspond to a peer-reviewed article by Garcia-
Morales et al., published in the indexed International
Biodeterioration and Biodegradation

3.1 Summary of the chapter

The biocatalytic activity of laccases in their free form was
analyzed using a range of emerging pollutants in synthetic and
groundwater samples. Removal ranged between 50 — 97 % for
diclofenac, (-Naphthol, 2,4 dichlorophenol and 5,7-diiodo-8-
hydroxyquinoline.
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In this work, the biocatalytic ability of laccases from filtered culture supernatant of Pycnoporus sangui-
neus was evaluated without mediators and under mild reaction conditions. This 100 U L ~! laccase
cocktail removed 50% Diclofenac, 97% B-Naphthol and 71% 2,4 Dichlorophenol within 8 h of reaction and
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groundwater sample from northwestern Mexico. In comparison with purified laccases, the use of cocktail
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offers operational advantages since additional purification steps can be avoided.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The contamination of surface waters, groundwaters and drink-
ing water supplies with persistent, bioactive and bioaccumulative
substances is a critical environmental issue due to their potential
health and ecological effects (Petrovic et al., 2003). Agrochemicals,
pharmaceuticals, personal care products, household chemicals and
raw materials for industry are used intensively in daily life, there-
fore they are also introduced into the environment by direct
disposal, surface water run-off, leakage from landfills and effluents
from wastewater treatment plants (WWTPs) (Caliman and
Gavrilescu, 2009). The elimination of these emerging pollutants
from discharges is desirable because of potential damages to
environmental organisms even at low concentrations (Bolong et al.,
2009; Gavrilescu et al., 2015).

Most frequently types of micropollutants detected in water
supplies are industrial pollutants (Deblonde et al., 2011) and
pharmaceutical compounds such as antibiotics, analgesics and anti-

* Corresponding author.
E-mail address: ornel@itesm.mx (N. Ornelas-Soto).

http://dx.doi.org/10.1016/j.ibiod.2015.12.003

inflammatory drugs (Tijani et al., 2014). Since WWTPs are not well-
designed to remove harmful pollutants present at trace concen-
trations (Caliman and Gavrilescu, 2009), the present research is
aimed to propose, design and study a laccase-based bioconversion
method for diclofenac  sodium (DFC), 5,7-Diiodo-8-
hydroxyquinoline (DHQ), [ -Naphthol (f-NP) and 24-
dichlorophenol (2,4-DCP). DCF, a non-steroidal anti-inflammatory
drug prescribed as antipyretic analgesic (Zhang et al., 2008b) is
classified as a harmful environmental pollutant because of its
toxicity and biomagnification in the food chain (Naidoo and Swan,
2009). Due to its extensive use, DCF has been found in several water
supplies, even in groundwater at concentrations between 3.6 and
580 ng L~! (Einsiedl et al., 2010; Stuart et al., 2012). DHQ (or
iodoquinol) is an antibiotic prescribed in the treatment of amebi-
asis and vaginal infections by trichomonas (Nagata et al., 2012);
DHQ constitutes a harmful pollutant due to its mutagenic and
persistence properties (He et al., 2005; Howard and Muir, 2011)
associated with neuropathies (Baumgartner et al., 1979). B-NP is a
hazardous industrial pollutant that is also widely detected in the
environment; it is employed in the production of dyes and phar-
maceutical compounds and is found in the shale oil as well (Roch

0964-8305/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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and Alexander, 1995). B-NP has been proved to be refractory and
dangerous to wildlife and human beings (Croera et al., 2008). Last
but not least, 2,4-dichlorophenol (2,4-DCP), which is the precursor
of the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D), is one of
the most abundant chlorophenols found in water supplies (House
et al,, 1997). 2,4-DCP has been detected in groundwater at con-
centrations ranging from 52 to 3300 ng L~! (Padkel et al., 1992;
Rudel et al.,, 1998; Fava et al., 2005). This compound shows very
high toxicity and low biodegradability, and some studies (Tessier
et al., 2000) demonstrated potential food safety issues due to its
capability to bioaccumulate in various organisms through the food
chain. Under these circumstances, 2,4-DCP was included on the
priority pollutant list by the US Environmental Protection Agency
(EPA) and the European Union (Callahan et al., 1979).

A combination of UV and advanced oxidation processes such as
ozonation (Esplugas et al., 2007) have been shown to produce
efficient removal/inactivation of micropollutants. However, these
processes are expensive (Lloret et al., 2012) and may generate by-
products with higher toxicity. Sein et al. (2008) reported the
presence of two toxic products as result of the oxidation of diclo-
fenac by ozone, diclofenac- 2,5-iminoquinone and 5-
hydroxydiclofenac. A promising approach to overcome such limi-
tations is the application of enzymes from ligninolytic fungi, such as
laccase, lignin and manganese peroxidase to eliminate a wide va-
riety of aromatic compounds under mild conditions (Cajthaml et al.,
2009). In particular, the use of laccase from Pycnoporus sanguineus
has been extensively reviewed and to the best of our knowledge
there are no studies on the biotransformation of DFC, B-NP and 2,4-
DCP in water using this strain in particular or the bioconversion of
DHQ. Moreover, assays of enzyme catalyzed oxidation of organic
pollutants in groundwater have not been reported previously. In
order to establish a methodology for the biotransformation of these
pollutants, in this work, a filtered culture supernatant, which
contains a cocktail of laccases from P. sanguineus CS43, was assayed
in synthetic and groundwater samples from northwestern Mexico.
The results obtained using mild conditions of reaction and avoiding
mediators show that ligninolytic enzymes can biotransform DFC,
DHQ, B-NP and 2,4-DCP, and thus this methodology can represent
an interesting option for environmental and industrial applications.

2. Materials and methods
2.1. Enzyme laccase and reagents

Laccases from P. sanguineus CS43 were obtained from a tomato
medium as described in our previous study (Ramirez-Cavazos et al.,
2014a). In short, mycelia were removed from the culture superna-
tant by filtration using two tangential flow filters in series, with
pore sizes 0.5 and 0.2 pm. After that, 0.2 um filtered culture su-
pernatant (laccase cocktail) was ultra-filtered using a membrane
cut-off of 10 kDa. Standards of DFC, DHQ, $-NP and 2,4-DCP (high
purity grade), 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulfonate
(ABTS), dibasic sodium phosphate and citric acid salt were ob-
tained from Sigma Aldrich, USA. Methanol, acetonitrile and ethanol
(trace analysis quality) were supplied from Fisher Scientific, Tedia
and Fermont, respectively.

2.2. Enzyme characterization

The presence of two abundant laccase isoforms, denominated
Lac I and Lac II, in the filtered culture supernatant (laccase cocktail)
obtained from a tomato medium is described in our previous work
(Ramirez-Cavazos et al., 2014a). Tests to detect other ligninolytic
enzymes in the culture supernatant (e.g. lignin peroxidase and
manganese peroxidase) were carried out as described below.

Total peroxidase activity was first determined by using an in-
direct method reported by Eggert et al. (1996) adding to the laccase
activity assay (section 2.3) a volume of Hy0, to 100 mM final
concentration and recording the difference in absorbance caused
by the possible presence of peroxidases. On the other hand, lignin
peroxidase (LiP), manganese peroxidase (MnP) and manganese-
independent peroxidase (MiP) activities were also measured us-
ing specific standard methods as following: (1) LiP activity was
determined by the oxidation of veratryl alcohol as described by
Arora and Gill (2001). The reaction mixture contained 1 ml sodium
tartrate buffer 125 mM pH 3.0, 500 pL veratryl alcohol 10 mM;
500 pL Hy07 of 2 mM and 500 pL of enzyme extract. The reaction
was started by adding hydrogen peroxide and the production of
veratraldehyde was determined at 310 nm (eajo = 9300 M~ cm™1).
(2) MnP activity was determined by the method of Wariishi et al.
(1992). The assay mixture contained 0.5 mM MnSO4 in 50 mM
sodium malonate (pH 4.5), and the reaction was started by the
addition of 10 pL H,05 to give a final concentration of 0.4 mM. The
formation of Mn (Ill)-malonate complexes was followed at 270 nm
(e270 = 11590 M~! cm™1). (3) Manganese-independent peroxidase
activity (MiP) was calculated from the peroxidase activity of MnP
assay detected in the absence of Mn?* ions (Vyas et al., 1994).

2.3. Enzymatic activity assay for laccase

Spectrophotometric measurements were performed in a micro-
plate reader Omega FLUOstar. The enzyme activity of 20 pL aliquots
of appropriately diluted laccase cocktail was assayed with 5 mM
ABTS as substrate in buffer Mcllvain (0.2 M sodium phosphate
dibasic/citric acid 01 M), pH 3, 25 °C at 420 nm (e
nm = 36 000 M~ 'ecm™"). The enzyme activities were expressed as
international units (U).

2.4. Enzymatic treatment

For DCF and 2,4-DCP stock solutions of 100 mg L~! were pre-
pared by dissolution of standards in ultrapure water; in the case of
DHQ and B-Naftol a mixture of methanol-water 50-50% (v/v) was
employed as solvent. Enzymatic reactions were carried out in 10%
(v/v) Mcllvaine buffer (dibasic sodium phosphate 0.2 M/citric acid
0.1 M) pH 5 containing 10 mg L™! of each analyte (using aliquots
from stock solutions). Reactions were performed at room temper-
ature and started by adding 100 U L~! of laccase. The solution was
vortex-mixed briefly for homogenizing and protected from light.
Quantitative analysis of micropollutants transformation was per-
formed by HPLC-UV chromatography. All treatments and blank
samples were prepared and measured in triplicate. The catalytic
parameters of the enzyme were determined by varying the analyte
concentrations until catalytic saturation. The transformation rate
values were fitted to the Michaelis—Menten equation. The half
substrate concentration of saturation which is considered as an
apparent Km (Kmjpp) and the Vinax values were calculated for each
analyte for comparison with published data for purified laccases.

2.4.1. HPLC quantitative analysis

The quantitative analysis of DCF, DHQ, B-NP and 2,4-DCP was
performed on a HPLC 1200 system (Series Rapid Resolution LC
System Agilent Technologies, Santa Clara, USA) coupled to a UV—Vis
detector. A reverse-phase column Agilent Eclipse XDE-C18 of
150 x 4.6 mm and particle size of 5 pm was used for the chro-
matographic measurements. 20 pL of sample were injected and
eluted at 1 mL min~! with a gradient of (A) acetonitrile (ACN) and
(B) 10 mM phosphate buffer (pH 3.5). The gradient program was set
as follows: 0—11 min, 25% (A), 11—23 min, 95% (A) and 23—30 min,
25% (A). DHQ, DCF, 2,4-DCP and B-NP were detected at 3
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wavelengths: 206 nm, 290 nm and 275 nm. Average values and
standard deviations for all reactions were calculated from three
independent replicates; blanks and negative controls were pre-
pared and measured at the same time.

2.4.2. Application on groundwater matrices: sample collection and
analysis

Fifteen samples were collected from agricultural and domestic
water production wells, from the La Paz valley, a desert area located
in northwestern Mexico. Sampling and analyses procedures for
major and minor chemical components are identical to those used
in Mahlknecht et al. (2004). Briefly, temperature, pH, electrical
conductivity and dissolved oxygen were measured in the field with
a multiparameter probe (WTW Multi 350i). The pH probe was
calibrated before each measurement. Alkalinity was determined on
untreated water samples by volumetric titration (0.02 N H,SO4) to
pH 4.3. In each sampling site, polyethylene bottles (pre-rinsed with
tri-distillate water) were filled with filtered (0.45 pm) groundwater
samples. Then, samples for anion and cation measurements were
stored, in pre-rinsed high density polyethylene bottles (Nalgene) at
4 °C. The cations and anions were determined by Activation Lab-
oratories Ltd. in Ancaster, Ontario, with inductive-coupled plasma
mass spectrometry (ICP-MS) and ion chromatography, respectively.

Samples from the 15 different groundwater were pooled to
construct a representative bulk sample with the following physi-
cochemical characteristics: (conductivity of 3146 pScm™', temper-
ature of 30 °C, pH 7.2, 197.8 mgL~! of Ca®*, 85.3 mgL~! of Mg?",
292.3 mgL~! of Nat, 529 mgL~' of K*, 868.9 mgL~' of CI,
417.2 mgL~" of HCO3, 133.4 mgL~" 0of SO~ and 0.264 mgL~' of F").
The reaction mixture was prepared by spiking the bulk groundwater
sample with appropriate amounts of each analyte (final concentra-
tion of 10 mg L) and treated under the conditions described above.

3. Results and discussion
3.1. Enzyme characterization

Preliminary assays did not detect other ligninolytic enzymes
(e.g. lignin peroxidase and manganese peroxidase) in the culture
supernatant. Peroxidase activity, as determined by ABTS oxidation
in the presence of H,0,, was not detectable, there was no detection
of LiP activity (H20,-dependent veratryl alcohol oxidation) as well.
Moreover, the peroxidase activity could not be ascribed to an MnP-
type enzyme either since it was not dependent on the presence of
free Mn(II). According to Ramirez-Cavazos et al. (2014b) the laccase
isoforms produced by P. sanguineus in tomato juice medium show a
relative activity of 65% at 25 °C, increasing up to 100% at 40 °C.
Reaction was determined to be optimal between pH 3 to 5 using
DMP, guaiacol and ABTS as substrates (Ramirez-Cavazos et al.,
2014b). Therefore, laccase assays in this work were performed at
25 °Cand pH 5.

3.2. Biotransformation of DCF, DHQ, $-NP and 2,4-DCP by laccase
cocktail

The laccase cocktail degraded approximately 50% of DCF within
8 h, 78% of DHQ was biotransformed in just 3.5 h. In the case of f-NP
and 2,4-DCP, the bioconversion of approximately 97% and 71%, was
achieved in 8 h, respectively (Fig. 1).

Since laccase is an oxidoreductase which couples the electron
oxidation of phenolic substrates, the presence of electron donating
functional groups (EDFG) or electron withdrawing functional
groups (EWFG) plays an important role in its reactivity (Nguyen
et al.,, 2013; Yang et al.,, 2013a). According to Yang et al. (2013a),
EDFG such as hydroxyl (—OH), amines (—NH2), alkoxy (—OR), alkyl

(—R) and acyl (—COR) groups are susceptible for electrophilic attack
by oxygenase enzymes. Moreover, the presence of EWFG reduces
the affinity of enzymes for biotransformation on these compounds
since groups such as amide (—CONRj;), halogen (—X) and nitro
(—NOy) produce an electron deficiency (Tadkaew et al., 2011). The
slight differences of the biotransformation percentage between the
compounds can be attributed to their chemical structures. Thus, the
bioconversion percentage of B-NP (97%) can be explained by the
presence of the hydroxyl group attached to the aromatic ring that
facilitates electrophilic attack by laccase. The next compounds with
higher biotransformation were DHQ and 2,4-DCP (78% and 71%,
respectively); a particular characteristic of DHQ and 2,4-DCP is the
presence of both EDFG and EWFG in their structure. In spite of the
effect of iodine (in DHQ) and chlorine (in 2,4-DCP) halogens
(EWFG), the strong electro-donor hydroxyl group apparently made
these molecules appropriate for the oxidation by laccase. In the
case of DCF, the biotransformation percentage was 50% after 8 h of
enzymatic treatment. DCF contains a carboxylic acid group, which
is a strong EWG; however, this compound contains an aromatic
amine, an EDG-type functional group, which may decrease the af-
finity of the enzyme. A similar result was reported by Almansa et al.
(2004) who investigated biotransformation of different dyes by
laccase. Carboxyl groups were identified to be responsible for the
increased recalcitrance of the dyes, while hydroxy-substituted dyes
were most susceptible to enzyme action.

3.3. Reaction kinetics

The biotransformation rates of f-NP and 2,4-DCP were fitted to a
first order reaction, according to the following equation:

InjA] = In[A], — K't (1)

where [Ap] corresponds to the initial concentration of the analytes
(mg L™1) and [A ] is the concentration (mg L™') at a particular re-
action time; k' (h~!) is the adjusted rate constant used in the
general model and t corresponds to time (in hours). In case of DHQ
and DCF the bioconversion rates were adjusted to a second order
reaction, according to the equation:

1 1
I S ¥
AT A, 2)

where [Ag] corresponds to the initial concentration of the analytes
(mg L) and [A] is the concentration (mg L™') at a particular re-
action time; k¥ (M~! h™!) is the adjusted rate constant used in the
general model and t corresponds to time (in hours). For all the
adjustments a R? > 0.96 was obtained (shown in Fig. 1). The first
order biotransformation analysis showed that k' for p-NP
(0.42 h 1), is higher than that for 2,4-DCP (0.23862 h™!). In the case
of DHQ, the velocity of rate degradation was very high
(Kppo = 44856.43 M~" h™') in contrast with the result observed for
DCF (kpp = 4220 M~! h~1). In terms of affinity enzyme-substrate
(Km®P value) the analyte order would be DQH> 2,4-DCP > DCF>
B-NP (Table 1).

Table 1 summarizes the studies that have been performed using
free laccases for the enzymatic biotransformation of the target
micropollutants. In this work, a bioconversion of 50% was obtained
for DCF, which is better than the percentages obtained by Yang et al.
(2013b), who reported 27% removal using mediators. Meanwhile,
Margot et al. (2013b) reported 31% of degradation at pH 5.5 and
25 °C. Almost complete bioconversion (>95%) of DCF was achieved
using mediators such as 1-Hydroxybenzotriazole (Nguyen et al.,
2013), syringaldehyde, violuric acid (VA) (Lloret et al., 2010, 2013)
or with elevated amounts of enzyme (2000 U L) (Marco-Urrea
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Fig. 1. Biotransformation profiles of 10 mg L~' synthetic samples of DCF, DHQ, B-NP and 2,4-DCP by using 100 U L~ laccase cocktail at 25 °C and pH 5. The curves were fitted to first

(B-NP and 2,4-DCP) or second (DCF and DHQ) order of reaction.

et al., 2010; Lloret et al., 2010, 2013). Complete elimination of DCF
was obtained at the expense of extremely long treatment times of 1
day (Nguyen et al., 2014), 3 days (Badia-Fabregat et al., 2014) and
even 7 days (Margot et al.,, 2013a) by using enzymatic reactions.
Studies that report the degradation of DHQ by laccase have not
been conducted up to date. In this study, 78% of biotransformation
was achieved for DHQ. On the other hand, only two studies have
reported the degradation of B-NP with immobilized commercial
laccase. Krastanov (2000) studied the degradation of B-NP using
free laccase from Pyricularia oryzae, observing no degradation of
the compound; a complete removal (100 mg L~! of analyte) was
achieved only after a two-step treatment with the co-
immobilization of laccase and tyrosinase in a fixed-bed tubular
bioreactor (see Table 1). Lante et al. (2000) reported the immobi-
lization of a commercial laccase from P. oryzae in a spiral-wound
asymmetric polyethersulphone membrane reactor, obtaining 18%
of B-NP degradation at initial concentrations of 100 mg L™, pH 6.6
and 35 °C (data not shown in Table 1), a lower efficiency compared
to the 97% of biotransformation obtained for $-NP in this study. The
results showed in the aforementioned studies prove the promising
application of the P. sanguineus laccase (employed in this work) for
biotransformation treatment of B-NP in water, showing high rates
of degradation even as free enzyme. A bioconversion of 71% was
achieved for 2,4 DCP in this work. Higher removals were obtained
in previous studies since they achieved almost complete removal,
but by using free laccase at acidic conditions (Jia et al., 2012),

temperatures around 30 and 50 °C (Zhang et al., 2008a; Gaitan
et al., 2011; Qin et al., 2012; Xu et al., 2013) or employing high
amounts of enzyme (Zhang et al., 2008a).

Under similar conditions of treatment, this study demonstrated
that the overall degradation efficiency was comparable and in some
cases, better compared to previous reports presented in Table 1. As
we reported in a previous study (Ramirez-Cavazos et al., 2014b) the
laccase isoforms, present in the crude extract used in this study, are
thermostable and highly active up to 70 °C; however the aim of this
work was to develop an efficient water treatment, avoiding the use
of mediators and under mild conditions.

It is important to notice that the use of mediators is very com-
mon in laccase treatments, however it adds complexity to the
system by augmenting the amount of by-products after the
biotransformation of micropollutants (Murugesan et al., 2010);
moreover, additives used as stabilizing agents, such as PEG, are
expensive and some are toxic (Kim and Nicell, 2006a).

4. Biotransformation behavior of DCF, DHQ, $-NP and 2,4 DCP
in groundwater samples

Biotransformation of DCF and DHQ in groundwater samples
were similar to those observed in synthetic buffer solution whereas
degradation of B-NP and 2,4-DCP decreased from 97% to 86% and
from 71% to 53%, respectively (Fig. 2). Enaud et al. (2011) reported
that chloride inhibits the oxidation of ABTS, but not that of
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Table 1

Kinetic and catalytic coefficients corresponding to the maximal biodegradation of target micropollutants achieved by different of laccases as free enzyme.
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Compound Laccase sources Laccase Analyte Mediator pH T Removal Time Kinetic (k) and  Comments Ref.
concentration (mg L) (°C) % (h) catalytic
(UL (Vinax, KmPP)
coefficients

DCF Trametes 210 200 - 5 25 96 288 — Wastewater effluents samples (Margot et al.,

versicolor 6 100 144 2013a)
7 100 192
Streptomyces 220 - 5 80 288
cyaneus 6 80 288
7 60 288
Trametes 2000 5.0 — 4 25 99 4  k=0.643" Continuous magnetic stirring; (Lloret et al.,
versicolor 7 27 24 k=0.004" synthetic samples 2013)
HBT"; 4 99 05 k=2618"
1 mM 7 98 24 k =0.182%
SAS; 4 99 2 k=1.028"
1mM 7 50 24 k=0.014"
Trametes 25 1.0 — 4525 100 72 — Biotransformation study with (Badia-
versicolor carbon isotope Fabregat et al.,
2014)
Trametes 35 0.1 — 4528 70 24— Removal of trace organic compounds (Nguyen et al.,
versicolor HBT; 96 by crude enzyme extract 2013)
1 mM
Trametes 40 145 — 45 25 No 22 — Removal of trace organic (Yang et al.,
versicolor removal‘ compounds rotary 2013b)
HBT"; 27 shaker at 120 rpm
1 mM
Trametes 73 20 — 5523 31 248 — response surface method for the (Margot et al.,
versicolor determination of optimal conditions 2013b)
Trametes 35.0 0.1 - 4525 73 24— Removal of trace organic compounds by ~ (Nguyen et al.,
versicolor HBT"; 98 crude enzyme extract at 70 rpm 2014)
1 mM
Trametes 2000 40 - 4525 75 45 — shaking conditions at 135 rpm (Marco-Urrea
versicolor 95 et al, 2010)
Myceliophthora 2000 5 — 5 22 40 8 — Free laccase treatment of synthetic (Lloret et al.,
thermophila HBT"; 65 8 sample with natural/synthetic 2010)
0.5 mM mediators
SAS, 100 1
1 mM
VA/VE, 100 24
1 mM
CA|, 92 24
1 mM
FA®, 83 24
1 mM
Pycnoporus 100 10 - 5 25 50 8 k=0014" Synthetic and Present study
sanguineus Vimax = 5.7245"  groundwaters sampleswith
Sp. CS43 Km®PP = 1076.76' Free laccase
Laccase cocktail
(Lacl/Lacll)

DHQ Pycnoporus 100 10 - 5 25 78 3.5 k=0.113° Synthetic and Present Study
sanguineus Vmax = 11.41"  groundwaters with
Sp. CS43 Km?®P = 61.31'  Free laccase
Laccase cocktail
(Lacl/LaclI)

B-NP Pyricularia 20 000 100 — 6.5 25 No 0.25 — Free laccase with synthetic samples (Krastanov
oryzae removal’ 2000)
Pycnoporus 100 10 - 5 25 97 8 k = 0.420¢ Synthetic and Present Study
sanguineus Vinax = 44.96" groundwaters with
Sp. CS43 Km?PP = 1221.07' Free laccase
Laccase cocktail
(Lacl/LaclI)

2,4-DCP  Trametes 854 mg L-! 50 - 6 50 83 6  k=1590“ Free laccase with synthetic samples (Xu et al,,
versicolor 2013)
Trametes 02mgL! 815 — 4525 94 2 k = 2.280¢ Free Laccase with synthetic samples (Jia et al.,
versicolor 2012)
Trametes 10 15 - 6 40 99 8  k=1147" Free laccase in presence of a (Gaitan et al.,
pubescens mixture of dichlorophenols, 2011)

degradation in shake flasks at 200 rpm.
Amillariella 100 75 - 6.540 97 0 - Free laccase with synthetic samples (Qin et al.,
mellea 2012)
Coriolus 297000 10 — 5530 94 10 k=480 x 10’%  Free laccase with synthetic samples (Zhang et al.,
versicolor 2008a)
Pycnoporus 100 10 5 25 71 8 k = 0.2386" Synthetic and Present Study
sanguineus Vinax = 2.21" groundwaters

Sp. CS43

Km?®P = 224.44'

with free laccase
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Table 1 (continued )

Compound Laccase sources Laccase Analyte Mediator pH T Removal Time Kinetic (k)and  Comments Ref.
concentration (mg L) (°C) % (h) catalytic
(uLh (Vimax, Km?PP)
coefficients

Laccase cocktail
(Lacl/Lacll)

Second order reaction, (L/(mg h)).
HBT; 1-hydroxybenzotriazole.
SA; syringaldehyde (SA).
No removal was observed using extracellular extract of T. versicolor; 27% of removal was reported in presence of mediator HBT and degradation >99% was achieved using
T. versicolor whole-cell.

€ VA/V; Violuric acid/Vanilin.

f CA; p-coumaric acid.

& FA,; ferulic acid.

h' Vmax = MM/min.

! Km?®P = the half substrate concentration of saturation, considered as an apparent Km (units, pM).

J No removal was observed using free laccase from P. oryzae and a complete degradation was reported after a two-step treatment with co-immobilized laccase and
tyrosinase in a fixed-bed tubular bioreactor.

K First order reaction, (hr').

a
b
c
d

anthraquinonic compounds. Also, depending on which ions are 5. Conclusions

present, different effects in the catalytic performance of the

enzyme are observed (Zilly et al., 2011), which may be provoked by The biotransformation of the micropollutants DCF, DHQ, -NP
conformational changes in the active site that determine how and 2,4 DCP using a laccase cocktail from P. sanguineus CS43 was
deeply substrates penetrate into the pocket (Hakulinen et al., studied in both synthetic buffers and real groundwater samples.

2008). For example, chloride (CI7), halide anions (F~, Br~) and hy- The degradation percentages obtained in synthetic samples for DCF
droxide anion (OH™), have been reported to bind to the T2 Cu of (50%), DHQ (78%), B-NP (97%) and 2,4 DCP (71%) were achieved
laccase and interrupt the internal electron transfer between T1 and using free laccase enzyme and avoiding the use of mediators.
T2/T3, or to bind near the T1 active site, thus blocking the access of Degradation of DCF and DHQ was not affected by groundwater
the substrate to T1 Cu (Margot et al., 2013a). In our previous study constituents which decreased the biotransformation efficiency of
(Ramirez-Cavazos et al., 2014b), the presence of some of these the enzyme for B-NP and 2,4 DCP. This study reveals a high bio-
components was related with the decrease in the activity of laccase catalytic efficiency of the cocktail composed by Lacl and LacllI for the

isoforms in the crude extract used in this work. Kim and Nicell removal of micropollutants due to the low amounts of laccase
(2006b) reported that Bisphenol A biotransformation, using lac- employed (100 UL™!). Consequently, laccase from P. sanguineus
case from Trametes versicolor, was also negatively impacted by the strain CS43 represents a promising alternative for biotransforma-

presence of nitrite, thiosulfate, Cu(Il), Fe(Ill), cyanide, fluoride and tion of trace pollutants in complex matrices.

chloride (Kim and Nicell, 2006b). Other interferences, such as cy-

anide and calcium cause dissociation of the copper ion in the Acknowledgments
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4.1 Summary of the chapter

Laccase immobilization was achieved by means of a covalent
approach where 3-aminopropyliriethoxysilane (APTES) was
used as coupling agent and the cross-linker glutaraldehyde
(GLU) functioned as laccase binder. Laccases were
successfully immobilized onto titania nanoparticles, enhancing
thermal and pH stability. Furthermore, immobilized laccase was
assessed in the biotransformation of emerging pollutants like
acetaminophen and diclofenac showing more than 90%
removal in synthetic and real samples.
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ARTICLE INFO ABSTRACT

Keywords: Biotransformation of organic compounds by using biocatalysts such as laccases provides an environmentally
Enzymatic immobilization attractive alternative to supplement conventional wastewater treatment. However, loss and inactivation of en-
Laccases zymes are challenges to solve for their potential use in water treatment applications. Titania presents a high
Biotransformation

chemical stability and easy functionalization, which are important characteristics in a support used for im-
mobilization processes. Therefore, in this study, the immobilization of laccase enzymes produced by Pycnoporus
sanguineus CS43 onto titania nanoparticles (~21 nm) was optimized. Surface modification of the support was
carried out by using different weight% (wt%) of 3-aminopropyltriethoxysilane (APTES) as a coupling agent and
the cross-linker glutaraldehyde (GLU) as a laccase binder. Free and immobilized enzymatic activity were
measured based on 2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) assays and were compared
regarding apparent activity and activity recovery. In addition, the effect of ionic strength on the immobilization
process was studied, finding that low ionic strength (25 mM phosphate buffer) promote a high activity recovery,
greater than 90% and even higher than previous reports. Immobilized laccases showed high thermostability at
50 and 60 °C (half-lives of 45.7 and 3.7 h, respectively), and high stability at low pH values of 2 and 3 (half-lives
of 31.8 and 107.1h respectively). Furthermore, the biocatalyst was assessed in the biotransformation of
emerging pollutants such as acetaminophen and diclofenac by using 100 UL™! of immobilized laccase at pH 4;
the maximum biotransformation percentage of DCF was 68% after 8 h, and more than 90% biotransformation of
ACE was reached after 2h of treatment.

Emerging pollutants

1. Introduction included in routine or regulatory control programs even though have

been detected in the environment, which makes them candidates for

The increasing consumption of chemical products is an urgent
global issue since many of these enter the environment directly or in-
directly, causing pollution of the water bodies [1]. Among these pro-
ducts are the pharmaceutical active compounds (PhACs) or pharma-
cologically active metabolites [2], which are acquired without medical
prescriptions and with annual production volumes typically in the
kiloton to megaton range [3-5].

Currently, for example, more than eighty PhACs have been detected
in aquatic media such as wastewater, surface water, groundwater and
even tap water, which some of them are well-known to be persistent
compounds [2,6]. According with Rivera-Utrilla et al. [7], most of these
PhACs are considered as emerging pollutants, since they are currently not

future legislation due to its adverse effects and/or persistency [7,8].
It has been shown that PhACs have potential ecological and human
health risks and are significantly toxic to aquatic species, even at trace
levels ranging from ngL. ™! to pgL. ™! [9], In a recent report, the Word
Health Organization (WHO) acknowledged that wastewater-impacted
surface water and groundwater can reach PhACs concentrations of
0.1 pgL ™! [10]. Some negative impacts of PhAGs include feminization
of male organisms, growth inhibition, and carcinogenicity, which are
further enhanced through bioaccumulation. In particular, acet-
aminophen and diclofenac are a matter of environmental concern due
to their incomplete removal in wastewater treatment plants and their
potential endocrine disruption, kidney and reproduction toxicity. In
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addition, it has been demonstrated that they can cause neurological
effects in some aquatics organisms [11-15].

Although conventional wastewater treatments are effective in
eliminating most of the organic compounds, many drugs and by-pro-
ducts are released into the environment [16]. Enzymatic bio-
transformation of organic pollutants has progressively attracted in-
creasing interest in the development of alternative treatments due to its
outstanding advantages, including high activity on a broad range of
substrates as well as less toxic biotransformation by-products [17,18].
Laccases (E.C.1.10.3.2) are enzymes that belong to the family of mul-
ticopper oxidases, that catalyze the oxidation of various aromatic sub-
strates monoelectronically to their corresponding radicals in the pre-
sence of molecular oxygen as an electron acceptor and its own
reduction to water [18].

Enzymes in their free form are very difficult to recover from an
aqueous sample [19]; therefore, they can only be used once for water
treatment applications. This leads to increased costs since more enzyme
needs to be produced and purified [20]. In addition, the stability and
activity of free enzymes are affected in complex matrices, e.g., in the
presence of highly polluted wastewater [21]. A suitable approach to
overcome these drawbacks is enzymatic immobilization, that, in gen-
eral, increases the stability and prolongs the shelf-life of enzymes
compared to their free use [22].

The use of nanostructured materials for enzymatic immobilization
has gained a lot of ground as they possess properties that can improve
the immobilization process [23]. Titanium (IV) oxide nanoparticulate
(titania) is a good candidate as a support in the enzymatic im-
mobilization processes, since it provides large surface areas, allowing a
higher enzyme loading and reduced mass transfer resistance for sub-
strates. In addition, titania has high chemical stability and can be easily
functionalized. Moreover, titania offers covalent binding that provides
a strong bond between the enzyme and its support matrix via chemical
reaction, by using bifunctional crosslinking reagents. This method leads
to better outcomes with highly stable preparations compared to other
immobilization techniques based on adsorption interactions [24].
Consequently, the immobilized enzyme is not detached from the sup-
port matrix during the treatment process and can be reused [25].

In this study, the immobilization of purified laccase enzymes from
fungus Pycnoporus sanguineus CS43 was performed by using supports
based on nanostructured titania. Characterization of the immobilized
biocatalyst was also carried out. In addition, the biotransformation of
acetaminophen and diclofenac was evaluated using both free and im-
mobilized enzyme under mild acidic reaction conditions and avoiding
mediators. Finally, biotransformation of DCF and ACE was carried out
on spiked groundwater samples, showing a great potential for the re-
moval of the target pollutants.

2. Experimental
2.1. Materials

Laccases (P. sanguineus CS43) were obtained from a tomato medium
as described in our previous work [26]. Briefly, mycelia were recovered
from the tomato medium supernatant after 10 days of culture by fil-
tration (0.2 um pore size). Then, it was concentrated by ultrafiltration
with a tangential-flow filter (Membrane cut-off of 10kDa, Sartorius
Sartojet). The ultra-filtered sample was purified with a DEAE-cellulose
ion exchange column eluted with 20 to 300 mM phosphate buffer pH
6.0 at a flow rate of 2 mL/min. Finally, laccase fractions were collected
and concentrated.

High purity grade standards of acetaminophen (ACE) and diclofenac
(DFC); 2,20 —azino-bis (3-ethylbenzthiazoline-6-sulfonate (ABTS); di-
basic sodium phosphate and citric acid salt were obtained from Sigma
Aldrich, USA. Acetonitrile and anhydrous ethanol (HPLC grade) were
supplied from Tedia. Titanium oxide nanoparticles (TiO,) (Degussa,
P25) were supplied by Sigma-Aldrich; 3-Aminopropyl triethoxysilane
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(APTES) from Sigma and glutaraldehyde (GLU) from Merck Millipore.
2.2. TiO, modification and laccase immobilization

The immobilization method was modified from Hou et al. [27]. For
TiO, functionalization, 400 mg of TiO, were first dispersed in 15 mL of
anhydrous ethanol and disaggregated with an ultrasonic bath sonicator
for 5min followed by probe sonication during 15min. The corre-
sponding amount of APTES for each wt% (2, 3, 5 and 7%) was diluted
in anhydrous ethanol, and this solution was added dropwise to the
TiO,—ethanol suspension. Then, more anhydrous ethanol was added
until a concentration of 6 mgmL ™! of TiO, was reached. The mixture
was placed under reflux for 24h at 65°C. Afterwards, nanoparticles
were separated by filtration and washed with anhydrous ethanol. Fi-
nally, the TiOs-nanoparticles functionalized with APTES (TiO»-APTES)
were dried under vacuum at room temperature. For GLU functionali-
zation, TiO,-APTES nanoparticles were ground into a fine powder and
50 mg were dispersed in a solution of 4% (v:v) of GLU previously dis-
solved in a 200 mM phosphate buffer solution (pH 7), and left to react
for 12h. Unreacted GLU was removed by centrifugation and re-dis-
persed in phosphate buffer; this washing step was repeated 3 times. For
enzyme immobilization, TiO,-APTES nanoparticles functionalized with
GLU were suspended in 5 mL of laccase solution (1500 UL~ Yfor72hat
20 °C (TiO,-Lac). Afterwards, the unreacted laccase was removed by
centrifugation and re-dispersed in phosphate buffer solution, repeating
this washing step 3 times.

2.3. Assessment of laccase activity

Laccase activity was determined by monitoring the oxidation rate of
ABTS to ABTS™' at 420 nm in a microplate reader Omega FLUOstar
Spectrophotometer at 25 °C. For determination of free enzyme activity,
20 uL of a laccase solution and 20 pL of aqueous ABTS (5 mM) were
added to 160 pL of pH 3 phosphate—citrate buffer solution. 20 pL of pH
3 phosphate—citrate buffer solution were used instead of the free laccase
as a blank. For immobilized laccase activity, 50 mg of TiO,-Lac were
dispersed in 45 mL of pH 3 phosphate—citrate buffer solution, and 5 mL
of 5mM ABTS solution were added to initiate the reaction. Before each
UV measurement, the solution was rapidly filtered through a PTFE
0.2 pm syringe filter to remove TiO,-Lac. In both cases, one unit (U) of
laccase activity was defined as the amount of laccase forming 1 pmol of
ABTS™ per minute.

To evaluate the performance of the immobilization process, activity
recovery was defined as the experimental activity of the immobilized
laccase divided by the laccase activity theoretically immobilized onto
the support. The theoretically immobilized activity was calculated as
the difference between the initial laccase activity, before immobiliza-
tion process, and the residual activity after the process.

2.4. Stability of the immobilized enzyme

Stability of immobilized laccase under different pH was examined
by using phosphate—citrate buffer solution with pH ranging from 2.0 to
8.0, at 25 °C. The residual activity of TiO»-Lac nanoparticles was mea-
sured daily for up to 15 days, and results were compared with the initial
activity. Initial characterization of laccases isolated from P. sanguineus
CS43 showed a wide range thermostability in free form (25-75 °C) [26].
Therefore, a similar range of stability 25 to 80 °C was tested in order to
compare free and immobilized enzymes, and to determine if this
properties were retained or improved by the immobilization process. A
25 mM phosphate buffer (pH 7) was used as incubator solution.

The residual activity of the TiO,-Lac nanoparticles was measured
until their inactivation. For all stability experiments, three replicates
were made. The pH (acidic region) and thermal inactivation versus time
was modelled by using the 3-parameter model of Aymard and Belarbi
[28].
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((A)t/(A)0) = C*exp(—a*t) + (1 — C)*exp(—b*t) Eq. (1)

The ratio (A)t/(A)O represents the enzyme activity remaining after
time t. Exponents a and b are complex expressions of rate constants. The
constant C indicates the weight between the two exponential parts of
the equation. The values of the parameters for this model were obtained
by curve fitting in the plot of the residual enzyme activity versus time.
GraphPad Prism 6.0 software was used for these calculations. Finally,
half-life values were calculated according to Eq. (1) at (A)t/(A)0 = 0.5.

2.5. Determination of kinetic parameters

Michaelis—Menten kinetic parameters Km of the biocatalytic nano-
particles were determined by measuring the laccase activity with ABTS
as a substrate under different concentrations, ranging from 5 to
250 mM. The values of the kinetic parameters were obtained by non-
linear curve fitting in the plot of reaction rate versus substrate con-
centration, following the next equation:

V = (Vmax*[S]/(Km + [S]) Eq. (2)

Where V is the reaction rate, [S] is the substrate concentration and
Vmax represent the maximum rate achieved by the bio-catalytic
system. The Km Michaelis constant is the substrate concentration at
which the reaction rate is half of Vmax and is often used as the in-
dication of the enzyme-substrate affinity.

2.6. Engymatic treatment of pharmaceuticals

Stock solutions (500 mgL~') were prepared by dissolution of the
standards in ultrapure water. For free enzymatic treatment, reactions
were adjusted to 1 mL adding 100 pL of phosphate/citric acid buffer pH
4, and the corresponding volume of stock solution to reach 10 mgL ™! of
the target analyte and ultrapure water. All experiments were performed
at room temperature and started by adding 100 UL™! (50.3 Umg ~ 1) of
free laccase.

For TiO,-Lac nanoparticles, 50 mg of nanoparticles were suspended
in 10 mL solution, containing 10 mgL ™' of the target pollutant. Then,
the mixture was placed into beaker, protected from light to avoid TiO,
photo-degradation, and then stirred at 500 rpm. The pH of the solution
was adjusted using 10% (v/v) phosphate/citric acid buffer pH 4.

HPLC-UV (Agilent Technologies 1200 series) chromatography was
employed in order to quantitatively record the biotransformation of the
target pollutants. The chromatographic method was based on a reverse-
phase column (Agilent Eclipse XDB-C18, 51, 150 X 4.6 mm) using an
injection volume of 20 pL and a flux of 1 mL/min, with gradient elution
by means of (A) acetonitrile and (B) 25 mM phosphate buffer (pH 3).
The gradient program was set as follows: 0 min 10% (A); 9 min, 90%
(A) and 12 min, 10% (A). ACE and DCF were detected at three wave-
lengths, 210, 230 and 280 nm. Chromatographic analysis was carried
out for up to 8h and the level of the reaction was estimated by the
decrease of the corresponding analyte peak and quantified using a ca-
libration curve. Average values and standard deviations of each reac-
tion were calculated from three independent replicates; blanks and
negative controls were prepared and measured at the same time.

3. Results
3.1. Optimization of covalent immobilization onto TiO,

3.1.1. The effect of ionic strength

Purified laccases from Pycnoporus sanguineus CS43 were used in all
experiments. As previously reported, Lac I and Lac II are the most
prevalent enzymes, and preliminary assays have not detected other
ligninolytic enzymes (e.g., lignin peroxidase or manganese peroxidase)
in the culture supernatant [26,29]. Laccase enzymes were immobilized
onto titanium dioxide nanoparticles using a modified covalent method
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Fig. 1. Effect of ionic strength on the immobilization process of laccase enzymes.

from that described by Hou et al., [30]. Basically, in this immobilization
process, during incubation at pH 7, titania nanoparticles and enzymes
obtain opposite charges which increases their mutual attraction. Fur-
thermore, the covalent bonding formed among the enzyme and the
functionalized support allows a higher laccase loading [31].

Since incubation plays an important role, the effect of ionic strength
(provided by the buffer solution) in the immobilization process was
studied, as it is well known that the presence of ions in the medium can
inhibit free enzymes. In order to test the effect of buffer concentration
during incubation, TiO, was first functionalized with 2 wt% APTES and
subsequently with 4% GLU. Then, laccase enzymes and the functiona-
lized support were incubated in various media at different ionic
strength in a range of 25-200 mM (pH 7, phosphate buffer).

As can be seen in Fig. 1, there was an increasing trend in recovered
activity as ionic strength decreases. At 200 mM activity recovery was
50%, whereas for 25 mM it was close to 100%. At the same time, it was
observed that experimental activity was maintained over all tested
media at about 1Uy. These results are related to the fact that chemical
reactions involving enzymes must be carried out under mild conditions
(neutral pH, room temperature, and low ionic strength) in order to
minimize the unavoidable conformational changes [32,33]. Moreover,
a low ionic strength during incubation facilitates a first ion adsorption
and a second covalent binding between the aldehyde groups of the
support and the primary amino groups of the enzyme. Based on these
results, an ionic strength of 25 mM (phosphate buffer) was used for
further experiments.

3.1.2. Effect of APTES (wt%) on the immobilization process

For TiO, functionalization, silane coupling agents are frequently
used to attach molecules with a second terminal functionality for fur-
ther modification; a typical self-assembled monolayer agent is 3-ami-
nopropyl(triethoxy)silane (APTES) wich has been reported as grafting
in several semiconductors including titania nanoparticles [34].

In this work, the functionalization of TiO, with different amounts of
APTES (2-7 wt%) was evaluated. All materials with different grade of
functionalization were subsequently modified with 4% GLU and in-
cubated with 14 Uy of initial laccase activity in order to analyze the
effect of APTES concentration on the immobilization process. As shown
in Fig. 2, the increase in APTES wt% allows a considerable retention of
experimental immobilized activity that could be associated with the
enzyme amount that has been attached to the support. As can be ob-
served, at 2 wt% the experimental activity was about 1 Uy, and a very
pronounced increment was observed when 5wt% is tested, giving a
result of 14 Ur. Similar values of experimental activity were obtained
with 7 wt%. According to this tendency, this behavior is due to the
increment of anchoring sites produced by APTES functionalization of
TiO,. It was also observed that in all cases activity recoveries were close
to 100%. Activity preservation also seems to be given by the low ionic
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Fig. 2. Effect of APTES amount (Wt%) on the immobilization process of laccase enzymes.

strength used in the incubation process. These results are higher than
those obtained by other authors, e.g., as reported by Hou et al. (2014)
with an optimal result of 79% for activity recovery [27]. In another
work, the use of Celite R-633 for immobilization of laccase from Cor-
iolopsis polyzona was investigated by using APTES-GLU functionaliza-
tion, obtaining a 55% of recovery activity [35]. The recoveries observed
in the aforementioned reports help highlight the effectiveness of the
method proposed in this work for immobilizing laccase enzymes onto
TiO5 nanoparticles.

3.2. Characterization of immobilized enzyme (TiO»-Lac)

3.2.1. Effect of pH and temperature on TiO»-Lac activity

As can be seen in Fig. 3a, the optimal pH values for TiO,-Lac were
observed in the same acidic region from 2 to 4, but it was also observed
an increase in relative activity with more than 90% in contrast to 65%
for free laccases at pH 4. Beyond pH 5, there is a similar behavior be-
tween TiOs-Lac and the free laccases. Regarding the effect of tem-
perature, for immobilized laccases more than 85% of relative activity
was obtained between 25 and 60 °C (Fig. 3b); this range was wider in
comparison with free laccases (40 to 60 °C). For both free laccases and
TiOs-Lac, there is a pronounced deactivation effect above 60 °C, losing
around 15-30% in relative activity.

3.2.2. pH and temperature stability of TiO»-Lac

Immobilized laccases were incubated under different pH values
ranging from 2 to 8, during 360 h. As shown in Fig. 4, under acidic
conditions (pH 2 —4) there is still some activity remaining (between 20
and 50%,) whereas, for slight acid to basic conditions, the activity was
well preserved (65-100%). Results of thermal stability (Fig. 5) showed
that laccases immobilized onto titania nanoparticles were stable at
40 °C, having a residual activity of 90% after 72 h incubation. For 50 °C,
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Fig. 4. Stability studies of immobilized laccases at different pH values: pH 2 (H), pH 3

(0O), pH 4 (A), pH 5(0), pH 6 (#), pH 7 (/\), pH 8(»). Data points represent the means of
three replicates + SD.

residual activity fell below 60%; whereas for temperatures beyond
60 °C, the activity was drastically reduced.

The values of half-life for immobilized and free enzyme at different
conditions (pH and temperature) are summarized in Table 1. Data of
half-lives at different pH values showed that TiO,-Lac presented a
substantial improvement over those of free laccases. The values of half-
lives at different temperatures suggest that immobilization provide a
better stability, since a remarkable improvement is observed at tem-
peratures above 60 °C in contrast to free laccases. Improved stability of
TiOs-Lac may be due to the strong chemical bonding between laccase
and the support, that offers structural rigidity and reducing the mani-
festation of drastic conformational changes of the enzyme under ex-
treme conditions, thus leading to a better stability [30,36,37].

3.2.3. Kinetics parameters of TiOx-Lac and free laccases

Table 2 shows the kinetic constants for TiO,-Lac and the free lac-
cases. Since in the present study a conjugate of purified enzymes (Lac I
and lac II) was used, the kinetic constants are shown as apparent con-
stants. As can be seen in Table 2, in the case of free laccases, substrate
affinity (Kmg,,) was 23.55 = 3.65uM, and for TiO,-Lac
21.24 = 1.92 uM. These values fall into the range of those reported for
laccases from other Pycnoporus families [26]. Although the im-
mobilization process did not generate any significant change over the
Km,,, values, it is important to take into account that there was a good
preservation of the affinity between immobilized enzyme and substrate.

Fig. 3. (a) Effect of pH at 25 °C and (b) Temperature
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Table 1 this work simultaneous treatment (ACE-DCF) was also carried out

Half-lives of TiO,-Lac and free laccases at different pH values (at room temperature), and
different temperatures (at pH 7). Calculated half-lives by the biexponential Eq. (1).

Parameter TiO,-Lac R? Free enzyme R?

pH Value

2 31.85 0.95 5.17 0.99

3 107.10 0.97 31.60 0.99

4 261.70 0.86 81.75 0.98

5 > 360 0.92 75.29 0.99

6 > 360 - 290.45 0.98

7 > 360 - > 480 -

8 > 360 - > 480 -

Temp. (°C)

40 >72 - > 1012 -

50 45.70 0.81 73.64 0.98

60 3.69 0.92 3.25 0.97

70 0.55 0.97 0.18 0.99

80 0.30 0.95 0.02 0.99
Table 2

Kinetic constants for TiO»-Lac and free laccases, and their optimal pH and temperature
values.

KM, (LM) Optimal pH Optimal Temperature (°C)
Free TiO,-Lac Free  TiO,-Lac Free TiO,-Lac
23.55 + 3.65 21.24 = 1.92 2-3 2-4 40-60 25-60

3.3. Application on the biotransformation of pollutants

3.3.1. Biotransformation of ACE and DCF by free and immobilized laccases

ACE and DCF are pharmaceutical compounds that have shown toxic
impact on aquatic ecosystems, specially related to endocrine disruption
and reproductive disorders, and their bioaccumulation can also create
toxic effects in humans [38]. These compounds as well as their by-
products have been detected in both surface water and groundwater
[39-41].

In this work, the biotransformation of ACE and DCF was first studied
individually, i.e., each compound was treated separately, and second,
by a simultaneous system in which a mixture of both compounds was
analyzed. Treatments were applied on a synthetic matrix composed of
ultrapure water (UPW) and 100 UL~ ! of free or immobilized laccases at
pH 4. As can be seen in Fig. 6a, for the individual treatment and free
enzyme, ACE undergoes a rapid biotransformation above 90% within
the first 2 h, whereas, for DCF removal above 50% is obtained after 8 h
of treatment. Following with the individual treatment, the use of TiO,-
Lac for biotransformation of ACE and DCF (Fig. 6a) shows that the
removal of ACE was close to 90% with an increase in the treatment time
(4 h). In the case of DCF, removal above 50% was obtained in less time
using TiOs-Lac (4 h) than free laccase (8 h). As mentioned previously, in
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(Fig. 6b) since both ACE and DCF are commonly found together in
aquatic systems, which shows a variety of effects on the performance of
pollutant removal [42,43]. In the case of the biotransformation of ACE-
DCF by using free laccase, the removal of ACE was not certainly af-
fected by the addition of DCF into the reaction mixture, but for DCF, its
biotransformation was reduced with a removal around 30% after 8 h of
treatment. The use of TiOy-Lac for the biotransformation of ACE-DCF
seems to have a similar behavior in the case of ACE, although slightly
affected, showing almost 90% removal after 4 h. Whereas, DCF showed
an improvement in its biotransformation with a 68% after 8 h. It is
important to take into account that pollutant adsorptions on TiO, is
considered insignificant (data not shown) as mentioned in previous
works [44,45].

Laccase reactivity based on substrate functional groups has been
described by the presence of electron donating groups (EDG) such as
hydroxyl (-OH), amines (-NH,), alkoxy (-OR), alkyl (-R) and acyl
(-COR) groups that are susceptible for electrophilic attack by oxygenase
enzymes, conversely, electron withdrawing groups (EWG) reduce en-
zyme affinity since groups such as amide (-CONRy), halogen (-X) and
nitro (-NO,) produce an electron deficiency [46,47]. Consequently, the
high biotransformation percentage for ACE observed in the different
treatments carried out in this work can be explained by the presence of
the hydroxyl and amine group attached to the aromatic ring; the pre-
sence of these functional groups facilitate electrophilic attack by laccase
(Fig. 7a). The low biotransformation percentage for DCF (20-68%), can
be associated to the fact that although DCF molecule contains an amine
group (Fig. 7b), two atoms of chloride are attached to the aromatic ring
which are strong EWG, producing an electron deficiency and decreasing
the affinity of the enzyme [46]. Moreover, the improvement shown on
DCF biotransformation with immobilized laccases can be attributed to
the fact that, at pH 4, TiO,-Lac show higher stability than free laccases
(half-lives of 261.70h and 81.75h respectively, see Section 3.2.3),
which means that more enzymatic activity is preserved and thus
leading to a higher biotransformation capability. In addition, the im-
mobilization process favors the interaction between enzyme and DCF,
allowing a better diffusion of the substrate [48,49].

3.3.2. Biotransformation of ACE and DCF by free and immobilized laccases
in groundwater

Groundwater samples used in this work present a chemical com-
position mainly influenced by calcite and dolomite. Their concentration
of major ions, Na*, K*, Ca®*, Mg?*, C1~, SO,2~, NO;~ and HCO; ™, is
also related with water-rock interaction. The natural pH in this samples
was between 6.77 and 7.88, indicating neutral to slightly alkaline water
conditions in the area.

Treatments were carried out by using a matrix composed of
groundwater (GW) and 100 UL~ of free/TiO»-Lac for both individual
and simultaneous system at pH 4. Neither ACE nor DCF were detected
by previous analyses of the groundwater samples used in this study.
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Fig. 6. Biotransformation behavior in UPW for ACE
and DCF treated (a) individually and (b) simulta-
neously. ACE (H) and DCF (@) for free laccases, and
ACE () and DCF (Q) for TiOs-Lac.
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Fig. 7. Schematic structures of target pollutants: a) acetaminophen (ACE) and b) sodium
diclofenac (DCF).

However, maximum concentrations of this compounds reported in the
literature range between 0.025 and 2.05mgL~' [39]. Consequently
groundwater samples were spiked to treatments at a concentration of
10 mgL™ ' each. In the case of individual treatment, the bio-
transformation of ACE and DCF by using free laccases can be seen in
Fig. 8a. For ACE, a rapid removal of 97% within the first 4h was
reached, which shows similar behavior to biotransformation observed
when using synthetic matrix. In contrast, DCF removal was 34% for
groundwater matrix after 8 h of treatment. The use of TiO,-Lac is also
shown in Fig. 8a. In this case, biotransformation was affected for both
ACE and DCF with a removal of 84% (4 h) and 33% (8 h) respectively. It
is known that the presence of ions in the medium can inhibit free en-
zymes by obstruction of the active site, for example, halide anions (F, Cl
and Br) and hydroxide anion (OH), have been reported to bind to the T2
Cu of laccase and interrupt the internal electron transfer between T1
and T2/T3, or to bind near the T1 active site, thus blocking the access of
the substrate to T1 Cu [50], other ions such as nitrite, thiosulfate, Cu
(1), Fe (III), and cyanide have an effect as they reduce the catalytic
power of enzymes [51]. Also, the presence of metal ions can affect the
catalytic activity of laccases; calcium has been shown to cause dis-
sociation of the copper ion in the enzymatic active site, while cobalt
and zinc chlorides tend to interfere by hydrogen bonding [52].

The effect on biotransformation for the simultaneous system (ACE-
DCF) by using free laccase was also evaluated (Fig. 8b). As all similar

T T T

5
Time (h)

cases, the removal of ACE was not affected, obtaining 96% after 4 h of
reaction; but in the case of DCF poor results were obtained, with only
20% of biotransformation after 8 h of treatment. Although the use of
TiOs-Lac for biotransformation of the simultaneous system ACE-DCF
seems to have a slight lower performance for ACE, showing 89% re-
moval after 4h, nonetheless, the biotransformation of DCF was sig-
nificantly improved with a 58% removal after 8 h.

In previous works, the biotransformation of ACE has been reported
using different enzymatic treatments, e.g., the use of laccase from
Trametes versicolor in synthetic samples leads to more than 90% bio-
transformation after 4 h [53]; Ba et al. [54], tested the biotransforma-
tion of ACE in municipal wastewaters (MWW) and hospital wastewater
(HWW), resulting in 80-100% in 8h of treatment [54]. The use of
immobilized laccase has also been studied by using alginate, showing a
maximum removal of 94% in 4 h [55]. Cross-linked enzyme aggregates
(CLEAs) of laccases has also been reported for ACE biotransformation,
resulting in more than 90% at 8 h when is used in synthetic samples,
whereas in MWW and HWW leads to a complete biotransformation in
24h [56]. Hachi et al. [57] used immobilized laccase from Trametes
hirsuta to transform ACE in spiked individual and binary solutions,
where the immobilized laccase was able to remove 70% in the binary
system while only 25% in the individual system was obtained after 48 h
[571.

Biotransformation of DCF by using free laccases has been widely
reported at different conditions, giving as result low percent removal
among 27% to almost complete but noticing the use of mediators such
as 1-Hydroxybenzotriazole, syringaldehyde, violuric acid or with ele-
vated amounts of enzyme at the expense of extremely long treatment
times (1-7 days) [58-61]. Nonetheless, few works use immobilized
laccases for DCF biotransformation, e.g., laccases from Thielavia sp. onto
biotitania particles were able to catalyze the 54% removal of DFC after
4h of incubation, this result was achieved using an activity loading of
2300 UL™! [62]. The use of laccases from Trametes versicolor and My-
celiophthora thermophila immobilized and co-immobilized onto fumed

Fig. 8. Biotransformation behavior in GW for ACE
and DCF treated (a) individually and (b) simulta-
neously. ACE (H) and DCF (@) for free laccases, and
ACE () and DCF (Q) for TiOy-Lac.
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silica nanoparticles leads to a non-observed biotransformation for any
enzymatic system, showing that this compound is highly recalcitrant
toward laccase oxidation under a complex matrix [23].

Based on previous studies, results reported in this work allow to
argue that the catalytic power of laccase enzymes from Pycnopus san-
guineus CS43 on the pharmaceutical biotransformation are comparable
and, in some cases, even better. Moreover, treatments were carried out
under mild reaction conditions, and avoiding the use of mediators as
well as large amounts of enzyme or increasing temperature. Although it
is known that enzymatic deactivation may be observed due to the large
number of compounds present in complex matrices, in this work the
catalytic power of the immobilized enzymes was not reduced in the
treatment of groundwater samples. To the best of our knowledge (1) no
previous work has addressed the removal of acetaminophen and di-
clofenac (emerging pollutants) simultaneously in groundwater samples
via a biocatalyst immobilized onto titania nanoparticles; (2) the present
study reports the immobilization of laccase enzymes produced by a
native P. sanguineus CS43 strain, for which the immobilization process
onto titania nanoparticles has not been previously explored. This work
addresses for the first time the effect of the ionic strength in the im-
mobilization process of laccase enzymes onto TiO,, in order to obtain a
high activity recovery. Results showed recoveries close to 100%, which
are the highest reported so far.

4. Conclusions

In this work, laccases were successfully immobilized onto TiO, na-
noparticles by using a covalent immobilization approach. The results
revealed that the immobilization procedure leads to a complete activity
recovery for different amounts of APTES (2-7 wt%). It was also ob-
served that immobilization process improved the pH and thermal sta-
bility of laccases. Kinetic parameters for free and immobilized laccases
show similar substrate affinities. Biotransformation of ACE and DCF by
using free and immobilized laccases from P. sanguineus CS43 was car-
ried out in both synthetic and groundwater samples. Consequently, this
biocatalytic approach represents a good alternative in the treatment of
organic pollutants in complex matrices.
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5.1 General conclusions

This work demonstrated the efficient biotransformation of several
emerging pollutants (ACE, BPA, EE2, NP, TCS, DCF, DHQ, B-NP and
2,4 DCP) by free and immobilized onto TiO2 laccases from Pycnoporus
sanguineus CS43. Results showed that biotransformation efficiencies in
synthetic (MQ water-buffer) and a complex matrix (groundwater) ranged
from 50 to 100 %; these results were obtained under mild conditions,
i.e., room temperature (25 C), pH = 5 and 100 U/L of enzymatic activity,
in addition avoiding the use of mediators.

In terms of the biotransformation on groundwater samples, a low
decrease in biotransformation percentages was observed, and was
attributed to the interaction between the enzyme and ions present in the
complex matrix.

Enzymatic immobilization onto a nanostructured support was
successfully achieved. It was observed that immobilization of laccase
enzymes onto TiO2 nanoparticles by using a covalent immobilization
approach leads to a complete activity recovery, and improved pH and
thermal stability of laccases.
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5.2 Contributions

e Laccase enzymes from Pycnoporus sanguineus CS43 strain were
evaluated in the biotransformation of several emerging pollutants
such as ACE, BPA, EE2, NP, TCS, DCF, DHQ, 3-NP and 2,4 DCP.

e lLaccase efficiency was assessed in the biotransformation of
emerging pollutants on a complex matrix, specifically groundwater
samples. To the best of our knowledge there was no research
focused on the biotransformation of emerging pollutants in this
matrix.

e Laccases immobilization was optimized in terms of the following
parameters; ionic strength of buffer for immobilization, variations
on APTES concentrations as coupling agent, and variations on
GLU concentrations as binding agent. This was the first work to
thoroughly study the effect of ionic strength on the immobilization
process.

e Laccases from Pycnoporus sanguineus CS43 were successfully
immobilized onto TiO2> nanomaterials leading a complete activity
recovery, and improvement of pH and thermal stability of laccases.
After an intensive literature examination, it was found that the
present study showed the highest activity recovery values using
titania.

5.3 Future work

Since water treatment by enzymatic processes is a relatively recent
issue, improvement and applicability of these treatments is still under
development.

Future work for this study will be focused on

(i) testing laccase enzymes under real conditions using more complex
water samples,

(ii) analyzing more immobilization methods as well to figure out which
performs better,

(iii) characterization of resulting biomaterials, and

(iii) scaling-up the enzymatic process in bioreactors .

This work in turn can represent an opportunity to study and to design
novel biotransformation technologies in water treatment.
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