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The present work evaluates the action of nitroreductase enzyme immobilized on Tosylactivated magnetic
particles (MP-Tosyl) on three disperse dyes which contain nitro and azo groups. The dyes included
Disperse Red 73 (DR 73), Disperse Red 78 (DR 78), and Disperse Red 167 (DR 167). The use of a magnet
enabled the rapid and easy removal of the immobilized enzyme after biotransformation; this facilitated
the identification of the products generated using high-performance liquid chromatography with diode
array detector (HPLC-DAD) and mass spectrometry (LC-MS/MS). The main products formed by the in vitro
biotransformation were identified as the product of nitro group reduction to the correspondent amine
groups, which were denoted as follows: 50% of 2-(2-(4-((2-cyanoethyl)(ethyl)amino)phenyl)hydrazinyl)-
5-nitrobenzonitrile, 98% of 3-((4-((4-amino-2-chlorophenyl) diazenyl)phenyl) (ethyl)amino)propane-
nitrile and 99% of (3-acetamido-4 - ((4-amino-2-chlorophenyl) diazenyl) phenyl) azanediyl) bis (ethane-
2,1-diyl) for DR 73, DR 78 and DR 167, respectively. Based on the docking studies, the dyes investigated
were found to be biotransformed by nitroreductase enzyme due to their favorable interaction with the
active site of the enzyme. Theoretical results show that DR73 dye exhibits a relatively lower rate of
degradation; this is attributed to the cyanide substituent which affects the electron density of the azo
group. The docking studies also indicate that all the dyes presented significant reactivity towards DNA.
However, Disperse Red 73 was found to exhibit a substantially higher reactivity compared to the other
dyes; this implies that the dye possesses a relatively higher mutagenic power. The docking results also
show that DR 73, DR 78 and DR 167 may be harmful to both humans and the environment, since the
mutagenicity of nitro compounds is associated with the products formed during the reduction of nitro
groups. These products can interact with biomolecules, including DNA, causing toxic and mutagenic
effects.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

dyes. These concerns largely stem from the fact that at the end of
the dyeing process, the non-adsorbed dyes are discharged into

Disperse dyes are colored, non-ionic aromatic compounds that
commonly contain azo and nitro groups, and are widely used for
dyeing synthetic fibers. There have been increasingly growing
concerns regarding the environmental impacts of the use of these

* This paper has been recommended for acceptance by B. Nowack.
* Corresponding author.
E-mail address: jeffersonhfranco@gmail.com (J.H. Franco).

https://doi.org/10.1016/j.envpol.2018.07.054
0269-7491/© 2018 Elsevier Ltd. All rights reserved.

industrial effluents after treatment. A poorly inadequate treatment
system may potentially increase the presence of hazardous dye
residues in wastewater, particularly, from textile processing plants.
Among the dye residues include those from disperse dyes, which
are regarded scarcely soluble in water (Carneiro et al., 2010a,b). The
involuntary ingestion of these dyes may pose serious threats to the
environment apart from causing considerable damages to human
health. As recently described by numerous studies published in the
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literature, the dangers posed by various compounds of this class of
disperse dyes need not be overemphasized. The harmful effects of
these dyes are associated with their mutagenic properties which
have been detected in a diverse range of assays (Chequer et al.,
2011; Oliveira et al., 2010; Ferraz et al., 2011; Carneiro et al.,
2010a,b).

The literature (de Aragao Umbuzeiro et al., 2005) has shown that
the pattern of mutagenicity observed in selected disperse dyes
(disperse blue 373, disperse violet 3 and disperse orange 37) can be
attributed to the effects of the NO, groups present in the chemical
structures of these compounds. Their mutagenic response is
potentialized when they are treated with YG 1041 (HisD3052, rfa,
Dbio, DuvrB, pKM101) strain, which is a nitroreductase and O-
acetyltransferase overproducer (Hagiwara et al., 1993). The same
pattern of behavior can be noted in the use of Salmonella strain TA
98 (Maron and Ames, 1983).

Disperse Red 73 (DR 73), Disperse Red 78 (DR 78), and Disperse
Red 167 (DR 167) are synthetic organic dyes, which are widely used
in textile industries; their chemical structure is shown in Fig. 1. The
dyes that bear azo groups are chromophore, and are characterized
by very low solubility in water. The presence of CN- and CI-
substituents in ortho position relative to nitro groups in the
molecule interferes in the mutagenicity of these compounds
(Franco et al., 2018). Salmonella/microsome assay (Franco et al,,
2018) conducted on the TA 98 and TA 100 strains with and
without liver microsomal fractions (S9) (Zbaida and Levine, 1990)
indicated that DR 73 exhibited the highest mutagenicity among the
dyes. In addition, the presence of S9 contributed towards an in-
crease in mutagenic activity of DR 73. The interaction and reactivity
of these compounds with DNA have also been evaluated by theo-
retical calculations; the results of these calculations indicated that
DR 73, DR 78, and DR 167 may be hazardous to both human beings
and the environment. The reason being that their biotransforma-
tion can produce harmful compounds, such as amines, which have
been categorically disapproved by the International Agency for
Research on Cancer (Franco et al., 2018; Brown and De Vito, 1993;
Chung and Cerniglia, 1992).

Reports in the literature show that the toxicity of nitro aromatic
compounds may be associated with the products formed during
the reduction of nitro groups. Hydroxylamine derivatives can
interact with biomolecules, including DNA, giving rise to toxic and
mutagenic effects. The toxic effects are related to the electrophilic
character of these derivatives, while the mutagenic effects are
mainly associated with the formation of hydroxylamine moiety
adducts through esterification with guanine (Corbett and Corbett,
1995).

The study of the biotransformation of nitroaromatic compounds
via the use of nitroreductases is essentially interesting, in that it

oN CN
164

il
N N
ST
H ()

CN CN

ON cl
: :N

I
N
JOW
(H3COCOCHy)N H)k [€10))

Fig. 1. Structure of Disperse Red 73 (DR 73) (I), Disperse Red 78 (DR 78) (II) and
Disperse Red 167 (DR 167) (III) dyes.

helps one to understand the change in the molecules promoted by
the action of the enzyme, considering that nitroaromatic com-
pounds can be potential environmental pollutants (Padda et al.,
2003). Disperse dyes containing nitro and azo sites have been
found to pose serious risks to human health, affecting the central
nervous systems, heart, liver, and may eventually lead to death
(Singh and Walker, 2006). Nitroreductases are a group of enzymes
from intestinal bacteria and liver which play the central role of
reducing aromatic nitro compounds in primary amine aromatic
compounds (Bryant et al.,, 1981; Ling et al., 1992).

Among the advantages of enzymatic immobilization include the
continuous use or reuse of enzymes, as well as the ease of recovery
and low rate of product contamination (Cao, 2005; Grazu et al,,
2005). Enzymatic immobilization can increase the resistance to
thermal denaturation, in addition to contributing towards signifi-
cant improvement of the enzymatic activity and its preservation for
long periods (Krajewska, 2004; Tischer and Wedekind, 1999; Cao,
2005). In this context, the present study was aimed at the immo-
bilization of nitroreductase on magnetic particles as a way of
improving the reutilization potential of this enzyme (Bahar and
Celebi, 2000).

Since the early reports on magnetic separation technology
(Rembaum et al., 1982), magnetic particles (MPs) have been used
for preconcentration of a huge range of targets in a variety of ap-
plications. They can be easily modified with proteins for the mag-
netic separation and preconcentration of different target from
complex specimens (Carinelli et al., 2015; Brandao et al., 2015).
Furthermore, MPs can be easily incorporated on magneto-
electrodes for electrochemical readout using permanent magnets
in near contact (Zacco et al., 2006). The integration of magnetic
particles (MPs) provides additional advantages, since the use of
MPs greatly improves the performance of the biological reaction by
increasing the surface area, improving the washing steps and,
importantly, minimizing the matrix effect. Moreover, MPs allow
reduction of reaction times and reagent volumes. In addition, MPs
can be easily magneto-actuated using permanent magnets
(Carinelli et al., 2015). A wide range of enzymes have already been
immobilized on magnetic nanoparticles, including cellulase
(Khoshnevisan et al., 2011), lipase (Ren et al., 2011; Jiang et al.,
2009), alcohol dehydrogenase (Liao and Chen, 2001). Yet, to date,
no study has been reported regarding the immobilization of
nitroreductase.

Based on the results obtained with the Ames Test by Franco
et al., it is extremely important to study the metabolites formed by
the reduction of the nitro and azo groups.

Thus, the present work investigates the biotransformation of
disperse dyes containing nitro and azo groups (Disperse Red 73,
Disperse Red 78, and Disperse Red 167) by the action of enzymes
present in the intestinal microflora, such as nitroreductase, which
was immobilized on Fe,0O3 magnetic particles modified with the
tosyl group.

The dyes and their biotransformation products were evaluated
by liquid chromatography coupled to diode array detectors (HPLC-
DAD) and mass spectrometry (LC-MS/MS). This study seeks to
validate previous work that indicates that the nitroreduction of
nitro aromatic compounds can lead to the formation of more haz-
ardous compounds than the original compounds. Studies on the
interaction and reactivity of these compounds with DNA were also
carried out using theoretical calculations aiming at highlighting the
effect of change in the chemical structure as a result of the reduc-
tion of the nitro group through the action of the nitroreductase
enzyme. These three dyes were selected for study because of their
chemical similarity with only few different ligands. Therefore, we
were interested in knowing if azo compounds with similar chem-
ical structures but with few different ligands (CN™~ and CI™) could
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provide more or less toxic metabolites after biotransformation
process.

2. Experimental
2.1. Materials and reagents

Disperse Red 73 (DR 73), Disperse Red 78 (DR 78), and Disperse
Red 167 (DR 167) were obtained from Classic Dyestuffs Inc. (High
Point, NC, USA). The Fe;03 magnetic particles modified with the
tosyl group is assigned as Dynabeads® M-280 Tosylactivated and
was acquired from Thermo Fisher Scientific company. The reagents
used for the immobilization of nitroreductase included the
following: 0.01 M of borate buffer (pH 8.5), 3M of ammonium
sulfate in borate buffer, phosphate buffered saline (PBS) with 0.1%
bovine serum albumin (BSA) (pH 7.4), PBS with 0.5% BSA (pH 7.4)
and nitroreductase derived from Escherichia coli (purity of 90% by
SDS-PAGE, recombinant units/mg protein >100) were acquired
from Sigma-Aldrich (Barcelona, CT, ESP). The reduced form of B-
nicotinamide adenine dinucleotide phosphate (NADPH) was pur-
chased from Sigma-Aldrich (Barcelona, CT, ESP). The chromato-
graphic eluents included acetonitrile (ACN), supplied by Sigma
Aldrich, and water purified in a MilliQ System (Millipore).

2.2. Nitroreductase immobilization

The nitroreductase immobilization is based on a covalent
attachment of amine groups of the basic amino acid moieties pre-
sent in the enzyme. The Scheme of the immobilization procedure is
provided in Supp. data (Scheme S1).

The best experimental conditions obtained for the immobiliza-
tion of nitroreductase enzyme are described as follows: 1 mL of
0.01 M borate buffer (pH 8.5) and 35 L of tosylactivated magnetic
particles (MP-Tosyl) added to an Eppendorf tube containing 100 pg
of nitroreductase (2mgmL~'). Subsequently, 100puL of 3M
ammonium sulfate buffer were added to the solution and mixed for
18 hat 700 rpm in a turbmixer. Following homogenization by vor-
tex and magnetic separation until a clear solution was obtained, the
supernatant was removed and the particles were subjected to
additional washing. Thereafter, the immobilized enzyme on MP-
Tosyl was placed into 1 mL of PBS 0.5% BSA buffer (pH 7.4) and
mixed at 37 °C for 2 h at 700 rpm so as to block the remaining active
sites. The particles were washed twice with 1 mL of PBS 0.1% BSA
buffer and were subsequently resuspended in 198 uL of PBS 0.1%
BSA (Dyal et al., 2003; Johnson et al., 2011) prior to being used in all
the experiments.

2.3. Determination of binding efficiency

The Bradford's reagent was prepared by dissolving 10 mg of
Coomassie Brilliant Blue G 250 dye (Merck) in a solution with 5 mL
of 95% ethanol (Merck) and 10 mL of phosphoric acid (Merck). The
solution was vacuum filtered and the filtrate was placed in a 100 mL
volumetric flask; the volume was filled with distilled water. The
reaction between Coomassie dye and nitroreductase (2.5 mL) was
performed in a polystyrene (disposable) cuvette, under agitation
and at room temperature. After 10 min reaction, the solution was
subjected to spectrophotometric UV/Vis analysis. The absorbance
measurements were performed using a UV—Vis spectrophotometer
at wavelength of 595 nm. The amount of protein in the supernatant
was determined by colorimetric method (595 nm) using a Bio-Rad
Protein Assay: Bradford (1976) concentrate using bovine serum
albumin as the protein standard. The number of bound enzymes
was calculated based on Eq. (1):

% of immobilized enzyme = Ci — % x 100 (1)

where Ci and Cs are the concentrations of nitroreductase initially
used for reaction and the unbound nitroreductase, respectively.

The standard curve was prepared by plotting the average Blank-
corrected measurements for each BSA standard vs its concentration
in pg mL~". The standard curve was used to determine the protein
concentration of each sample; which is in this case, the concen-
tration of immobilized nitroreductase on the magnetic particles.
The absorbance values (585 nm) refer to the unbound enzyme. The
solution turns blue due to the reaction of the enzyme with Coo-
massie Blue.

2.4. Nitroreductase activity assay

The activity of nitroreductase was determined spectrophoto-
metrically at 37 °C based on the procedure described by Bryant
et al. (Bryant and DeLuca, 1991) with slight modifications. The
oxidation of NADH at 340 nm using & 349 nm of 6.220L mol lem™!
was monitored by UV/vis spectrophotometer Hewlett Packard (HP)
model 8453 in the range of 200—800 nm using thermostatic quartz
cells of 1 cm path length.

The reaction mixture of 3 mL contained 0.1 M sodium phosphate
buffer (pH 7.4), 1 mM NADH and 0.2 mM ortho-nitrophenol (ONP)
substrate as well as 100 pL of enzyme solution. One unit of enzyme
activity was defined as the amount of enzyme required to reduce
1 mM of ONP per min. Enzymatic activity was determined through
the quantification of NADH formation, as measured by the increase
in absorbance at 340 nm. The absorbance values were recorded
during 5min of reaction (with an interval of 2s between each
measurement), and the initial velocity was calculated by linear
regression during the first 2—3 min of reaction. The assays were
conducted in triplicate, and controls without added enzyme were
included in each experiment. One enzyme unit (U) was defined as
the amount of enzyme that hydrolyzes 1.0 mol of substrate per
minute at 25 °C.

2.5. Biotransformation of the selected textile dyes

20 uL of each textile dye dissolved in acetonitrile (100 ppm)
were placed in 50 pL of nitroreductase enzyme immobilized on
magnetic particles (2mgmL~') containing 20puL NADPH
(10 mg mL~!) and 310 pL phosphate buffer (pH 7.0) in a final vol-
ume of 400 pL. The solutions were heated at 90 °C and stirred at
700 rpm for 60 min (Dai et al., 2009). Subsequently, the solution in
the eppendorf tube was treated with external magnetic bar and the
clear supernatant was collected for subsequent analysis.

2.6. Analysis procedure

The spectrophotometric measurements were carried out using
Hewlett Packard (HP) spectrophotometer model 8453 in the range
of 200—800 nm. The solutions were placed in a 5-mL quartz cuvette
(Hellma) with optical path of 1.0 cm.

An ultra-Turrax homogenizer, a Centrifuge Excelsa Baby model I
206, a Vortex IKA and ultracentrifuge Hitachi HIMAC CP9OWX were
used to perform the analysis.

HPLC analysis was carried out using a liquid chromatograph
(Shimadzu, model LC-10AT) equipped with two pumps and an
automatic injector (injection volume of 20 uL) coupled to a diode
array detector (model SPD-M10AVP). The chromatograms were
investigated in the range of 200—800 nm; the maximum wave-
lengths selected for analysis of the DR 73, DR 78, and DR 167 dyes
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were 509, 483, and 510 nm, respectively.

The HPLC analysis was performed with the aid of a reversed-
phase column (Shimadzu CLC-ODS, C18, 250 mm x 4.6 mm X
5um, 100 A) preceded by a pre-column (Luna Phenomenex, C18,
1cm x 4.6 mm X 5um, 100 A). Prior to analysis, all the solutions
were filtered through a 0.45-um PTFE filter. The best experimental
conditions under the optimized isocratic mode were: mobile
phase = ACN/H,0 80:20 (v/v), flow rate=1.0mLmin~, and col-
umn temperature =30 °C. The analysis time was 10 min. All the
analyses were carried out in triplicate. UV—Vis spectra in the hy-
drodynamic mode were also recorded for each peak of the
chromatograms.

The analysis by LC-MS/MS was conducted using liquid chro-
matography coupled to mass spectrometry (LC-MS/MS) in a 1200
Agilent Technologies HPLC coupled to a 3200 QTRAP mass spec-
trometer (Linear Ion Trap Quadrupole LC/MS/MS Mass Spectrom-
eter), AB SCIEX Instruments, operating in the positive mode with
Turbolon Spray ionization.

The chromatographic analyses were performed using a
reversed-phase analytical column Luna C-18 (2) (measuring
250 x 4.6 mm id, 5.0 pm). The mobile phase was ACN/H,0 mixture
of 80:20 (v/v) containing 0.1% formic acid at a flow rate of
1mLmin~! in the isocratic mode. The injection volume and the
column temperature were 10 uL and 25 °C, respectively. The ana-
lyses lasted 10 min.

Mass spectrometry (3200 QTRAP) was conducted with the full
scan experiment in the enhanced mode (EMS, enhanced mass scan
with the linear ion trap analyzer). lonization was carried out using
the Turbolon Spray source (electrospray) operating in the positive
mode. Fragment ion experiments (EPI, enhanced product, also us-
ing the linear ion trap ion) were conducted aiming at obtaining
structural information about the possible products.

2.7. Computational details

2.7.1. Docking procedure

To conduct the docking studies, the dyes, namely, DR 73, DR 78
and DR 167 were used to perform the calculations. The partial
charges of atoms present in the structures of the dyes were
calculated using the Gaussian 09 software (J. Frisch et al., 2009). The
dyes were docked inside the crystallographic structure of nitro-
reductase from Escherichia coli (PDB code 1ICU; resolution = 1.8 A)
(Lovering et al., 2001), using the Molegro Virtual Docker program
(MVD®) (Thomsen and Christensen, 2006)(Silva et al., 2016). To
perform the calculations, a radius of 5 A was considered, where the
residues were kept as flexible. Due to the nature of the docking
procedures, the calculations were carried out yielding 100 poses
(conformation and orientation) for the ligands.

The MolDock scoring function employed in the MVD program
comes from the piecewise linear potential (PLP), a simplified po-
tential whose parameters are fitted to protein-ligand structures,
binding data scoring functions and further extended in Generic
Evolutionary Method for molecular docking with a new hydrogen
bonding term and new charge schemes (Ramalho et al., 2009). Ep.p
stands for “piecewise linear potential”, which consists of using two
different parameter sets described as follows: one for approxima-
tion of the steric term (Van der Waals) among atoms, and the other
potential for hydrogen binding (Thomsen and Christensen, 2006).

2.7.2. Semi-empirical and quantum calculations

Semi-empirical calculations are performed aiming at reducing
the computational cost with a good level of accuracy. Currently,
these methods, which have become widely popular, allow one to
apply a quantum chemical treatment to big systems, such as bio-
molecules. The semi-empirical methods emerged in 1931 with the

studies conducted by Michael Polanyl and Henry Eyring (Morgon
and Coutinho, 2007), which shed light on quantum theory
coupled to empirical results, giving rise to significant data. This
category of methods enables one to deal with large systems with
many atoms (Morgon and Coutinho, 2007). In this way, one is able
to work with proteins, DNA, enzymes and other molecular systems.
The PM6 semi-empirical method seems to be appropriate when it
comes to performing calculations related to dyes and their me-
tabolites in the crystallographic structure of B-DNA DODECAMER
(binding energies) (Lercher et al., 2014).

To perform the calculations, the DICKERSON-DREW B-DNA
DODECAMER was obtained from the Protein Data Bank (PDB) with
code 4C64 and resolution 1.32 A (Lercher et al., 2014). This DNA
structure was chosen as the model based on previously reported
studies (Haris et al., 2015; Issar et al., 2015). The dyes and their
metabolites were entirely optimized at DFT level for the subse-
quent PM6 semi-empirical affinity calculations with B-DNA. After
that, the reaction mechanism simulation was carried out through
the application of the QM/MM techniques (Franco et al., 2018). This
methodology has exhibited significantly good performance in the
treatment of large systems with high level of theory. The QM part
was carried out at DFT level, with B3LYP functional density and 6-
31G (d, p) basis set (de Castro et al., 2016; Sartorelli et al., 2016).

3. Results and discussion
3.1. Binding efficiency and stability of enzymatic activity

First, the MP-Tosyl control (without enzyme) was analyzed in
order to evaluate the magnetic efficiency. Thus, with the aid of a
magnet, the particles were completely separated from the solution,
proving that they were in excellent condition for the enzyme
analyzes.

With the aid of spectrophotometric measurements, the per-
centage of nitroreductase bound on MP-Tosyl was estimated as
91.4%. The binding efficiency was calculated based on Eq. (1). The
amount of total enzymes obtained via the Bradford method was
0.0764 mg mL~". The enzymatic activity of the enzyme immobilized
on MP-Tosyl was 55.3 pmol min~! mg~!, while the enzymatic ac-
tivity of the free enzyme was 66.3 pmol min~—! mg~". The activity of
the immobilized enzyme was 11% less than that of the free enzyme.

Remarkably, the most significant advantage of our studies with
immobilized enzyme lies in their long-term stability. We noted
constant activity over one month during our study of nitroredutase
immobilized. The hybrid enzyme-magnetic particle composites
showed only ~15% decrease in activity after 30 d. These experiments
were carried out by separating the magnetic particles from the so-
lution at the end of each day, and washing them with buffer solution.
The recovery efficiency of the enzyme immobilized and free enzyme
was above 97.5% during the 30 d of analysis. This result confirms that
there was no loss of material during recovery, but a decrease in the
enzymatic activity values. The data related to the stability of the
enzymatic activity of both the free and immobilized nitroreductase
enzymes over 30d are presented in Table 1. These results indicate
that the immobilized nitroreductase suffered a loss of 15% in enzy-
matic activity in 30 d, whereas the free enzyme exhibited a loss of
54% of enzymatic activity during the same period.

Essentially, the long-term stability illustrates the advantage of
attaching the enzymes chemically to the magnetic particles, mak-
ing the use of expensive enzymes economically viable, which, thus,
unfolds a new horizon for enzymatic catalysis in biotechnology
(Johnson et al., 2008). Furthermore, the removal of enzyme from
the solution facilitates the identification of the product generated,
which is subjected to analysis by chromatographic techniques,
including HPLC-DAD and LC-MS-MS.
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Table 1

Comparison of enzymatic activity of immobilized and free nitroreductase enzymes after 30 days.

Enzymatic activity of immobilized nitroreductase (umol min~! mg~1)

Enzymatic activity of free nitroreductase (umol min~! mg1)

First day 55.3
After 5 days 54,9
After 10 days 54.2
After 15 days 531
After 20 days 50.8
After 25 days 48.3
After 30 days 47.0

66.3
59.4
51.0
44.7
39.2
34.6
303

3.2. HPLC-DAD analysis

Fig. 2 (A—C) shows the HPLC-DAD chromatograms obtained for
20mgL ! of DR 73 (A), DR 78 (B), and DR 167 (C) before (Curve 1)
and after (Curve 2) the action of immobilized nitroreductase
enzyme under the following optimized conditions: column C18,
mobile phase = ACN/H,0 80:20 (v/v), flow rate = 1.0 mL min~’, and
T=30°C. In the same figure, one will observe the results of the
comparison involving the UV—Vis spectra obtained in the hydro-
dynamic mode for the dyes before (Curve 1) and after (Curve 2)
enzymatic degradation. Well-defined single chromatographic
peaks (peak 1) were obtained for DR 73, DR 78 and DR 167 dyes
before the enzymatic reaction (Curve 1) at retention times of 4.42;
6.36 and 5.95 min, respectively. The respective UV/Vis spectra ob-
tained at hydrodynamic conditions are also shown in the insert of
Fig. 2. The UV/Vis spectra of each dye presented defined spectra
with bands of maxima absorbance at 512, 485 and 529 nm, for DR
73, DR 78 and DR 167 dyes, respectively, at Curve 1 in Fig. 2A, B and
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Another observation that deserves mentioning is the appearance of
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dye after the enzymatic reaction at the retention times of 2.22
(peak 3) and 3.50 (peak 2) min. Following the biotransformation
with nitroreductase enzyme (Curve 2), one notices a reduction in
the dye peak area of up to 50%, 98% and 99% for DR 73, DR 78 and DR
167 dyes, respectively. These results indicate that while DR 78 and
DR 167 were found to be almost completely degraded after 60 min
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Fig. 2. HPLC-DAD chromatograms obtained for 20 mgL~" of DR 73 (A), DR 78 (B), and DR 167 (C) dyes in acetonitrile before (black) and after (red) the action of immobilized
nitroreductase under the following conditions: column C18, mobile phase = ACN/H,0 80:20 (v/v), flow rate = 1.0 mL min~", and T = 30 °C. In the same figure, a comparison is made
regarding the UV—Vis spectra obtained in the hydrodynamic mode for the dyes before (black) and after (red) enzymatic degradation.
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of treatment, DR 73 dye experienced a much lower degradation
rate. This behavior demonstrates the formation of new subproducts
during the biotransformation reaction. The subproducts were
subjected to analysis by mass spectrometry aiming at determining
the reduction site of the molecule.

3.3. LC-MS/MS analysis

The LC-MS/MS chromatographic profile obtained for DR 73, DR
78 and DR 167 standard dyes (20 pg mL™") in EMS mode showed
the elution of DR 73 dye at 4.62 min with m/z 349, which corre-
sponded to the protonated molecule, [M+H]" (Fig. S1a) and its
fragmentation pattern (Fig. S1b). DR 78 dye was detected at
6.76 min, with m/z 359 ([M+H]") (Fig. S2a, fragmentation pattern
S2b), while DR 167 dye was detected at 6.20 min, with m/z 506
(IM+H]" (Fig. S3a, fragmentation pattern S3b).

The potential metabolite (1) of DR 73 obtained after 60 min of
treatment with nitroreductase enzyme is detected through the
mass spectra of my/z 319 ([M+H]™) at 3.49 min, which is attributed
to the product of nitro group reduction of DR 73 to -NH, substit-
uent. This product was further confirmed through the analysis of
extracted ion chromatogram and fragment ions (EPI) of m/z 319
(Fig. S4(A-B)). In addition, the peak of the fragment ion mass
spectrum with my/z 278 is found to be the base peak corresponding
to the methyl cyanide loss (41 Da). Another fragment ion that was
observed was m/z 222, this is suggestive of the loss of the disub-
stituted amine, which was bound to the aromatic ring, as shown in
Scheme 1. Thus, the main enzymatic reduction of DR 73 lies in the
conversion of nitro group towards the formation of the amine
group assigned as: 2-(2-(4-((2-cyanoethyl)(ethyl)amino)phenyl)
hydrazinyl)-5-nitrobenzonitrile. The chemical structure is shown in
Table 2.

The biotransformation of DR 78 dye by the nitroredutase
enzyme exhibited a peak with m/z 328 ([M+H]") at 3.83 min
(Fig. S5(A)); the mass difference of 30 Da relative to the molecular
ion may indicate a chemical reduction in the nitro group, (-NO3) to
NHy. The potential product was further confirmed through the
analysis of fragment ions (EPI) of m/z 328 (Fig. S5(B), m/z 287 and m/
z 259 corresponding, respectively, to the loss of a methyl cyanide
(41 Da), loss of one ethyl group and cleavage of the amine bond
linked to the azo group, which is connected to the chlorinated ar-
omatic ring (Scheme 2). Thus, the main product derived (2) from
the reduction of DR 78 via the action of nitroredutase is the 3-((4-
((4-amino-2-chlorophenyl)diazenyl)phenyl)(ethyl)amino)pro-
panenitrile, as shown in Table 2.
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Scheme 1. Fragmentation proposal for the metabolite (1) m/z 319, formed after in-
cubation of 20ugmL~" of standard DR 73 dye with immobilized nitroreductase
enzyme.

The biotransformation of DR 167 dye following the enzymatic
reaction showed a single peak at 3.67 min with m/z 476 ([M+H]")
(Fig. S6(A)); this indicates the reduction of the nitro group to -NHo.
The presence of this potential metabolite (3) was confirmed by
fragment ions m/z 434 (42 Da) and m/z 416 (60 Da) (Fig. S6(B))
related to the loss of acetaldehyde and acetic acid, respectively, as
shown in Scheme 3. Thus, the main product derived from the
reduction of DR 167 through the action of nitroreductase is (3-
acetamido-4 - ((4-amino-2-chlorophenyl) diazenyl) phenyl) aza-
nediyl) bis (ethane-2,1-diyl) diacetate, as shown in Table 2.

The present results indicate that the biotransformation reaction
with the immobilized nitroreductase enzyme for the DR 73, DR 78
and DR 167 dyes resulted in only one main metabolite for each dye,
where NO, group is converted to NH, group. Our findings are
slightly different from those of previous studies reported in the
literature that indicated the formation of N-hydroxylamines as the
main product derived from the reduction of nitro groups. To verify
whether these reductions from nitro groups to amine groups may
induce DNA damage (Arlt, 2002 (Chadwick et al., 1992), and the
difficulty encountered to get enough subproducts to conduct bio-
logical measurements, the products were studied through the
application of theoretical calculations regarding the interactions of
the original dyes and the products detected with DNA.

3.4. Docking results

The docking methodology aims to predict the ligand binding
mode and ligand affinities within a target binding site. In this sense,
one important aspect is the docking of small molecules into protein
binding pockets (Huang and Zou, 2010). Docking programs are able
to assess the best conformations of ligand in terms of energy and
positioning, allowing the investigation of protein-ligand molecular
interactions. The results are presented in Table S1.

The data in Table S1 reveal that all the dyes presented favorable
interaction energies in the active site of nitroreductase. Based on
the results presented here, all the dyes studied interact with the
protein and are found to be capable of being biotransformed,
resulting in the formation of metabolites, as discussed previously. It
is worth noting that lower intermolecular interaction energy values
lead to a better accommodation and affinity for the ligand in the
active site of the enzyme. From our theoretical findings, Disperse
Red 78 exhibited the best interaction energy in the active site of
nitroreductase, with an energy value of about —27.17 kcal mol~",
followed by Disperse Red 167 (—26.71 kcal mol~') and Disperse Red
73 (—21.33 kcal mol~1), respectively. Now, when one takes into
account the interactions of each dye in the active site, DR 73 was
found to present the lowest interaction value with the enzyme, this
interaction is modulated by only one amino acid residue (Ser40)
and three water molecules. By contrast, DR 78 exhibited in-
teractions with two amino acid residues - Arg207 and Lys20, and
three water molecules. Interestingly, DR 167 presented the highest
number of interactions, six amino acid residues (Arg207, Ser12,
Lys14, Lys74, Ser40, Glu165) and three water molecules. These re-
sults are in agreement with the percentage of biotransformation of
DR 73, DR 78 and DR 167 which reached 50%, 98% and 99%,
respectively, after 60 min of nitroreductase action.

With the aid of the docking calculations, one will observe that
the DR 73, DR 78 and DR 167 dyes interacted very well with the
nitroreductase enzyme and are likely to have undergone
biotransformation, leading to the formation of their metabolites.
One should note, however, that DR 73 exhibited the lowest values
compared to both DR 78 and DR 167. These results indicate that the
cyanide substituent acts as an electron-withdrawing agent,
decreasing the reactivity of the azo group, which is more resistant
to discoloration due to lower enzymatic interaction.
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Table 2

Biotransformation products of Disperse Red 73, Disperse Red 78 and Disperse Red 167 dyes after reaction with immobilized nitroreductase.

Dyes Metabolites Structure m/z Retention time Fragmentation
(min)
Disperse Red 73 2-(2-(4-((2-cyanoethyl)(ethyl)amino)phenyl)hydrazinyl)-5- 319 3,42 278,3; 222,2
nitrobenzonitrile @ @
Disperse Red 78 3-((4-((4-amino-2-chlorophenyl)diazenyl)phenyl) 328 3,78 287,2; 259,2;

(ethyl)amino)propanenitrile

Disperse Red
167 bis
(ethane-2,1-diyl) diacetate

(3-acetamido-4 - ((4-amino-2-chlorophenyl) diazenyl) phenyl) azanediyl)
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Scheme 2. Fragmentation proposal for the metabolite (2) m/z 328, formed after in-
cubation of 20 ugmL~" of standard DR 78 dye with immobilized nitroreductase
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Scheme 3. Fragmentation proposal for the metabolite (3) m/z 476, formed after in-
cubation of 20 ugmL~! of standard DR 167 dye with immobilized nitroreductase
enzyme.

3.4.1. Relative interaction and activation energy of the metabolites
generated after treatment with nitroreductase

Based on the theoretical methodology employed in other works
(Silva et al., 2016), PM6 semi-empirical calculations were applied in

order to evaluate the interaction between each dye, including
metabolites, with human DNA. This methodology has demon-
strated its capability of simulating large systems, considering the
presence of electronic effects. The theoretical findings are described
in Table S2.

The dyes and their metabolites may be extremely toxic, inducing
carcinogenic, mutagenic or teratogenic effects on diverse organ-
isms, including human beings (Franco et al., 2018). The intoxication
associated with these compounds may be related to biotransfor-
mation processes. The data in Table S2 show that Disperse Red 73
dye is the most mutagenic compound, followed by Disperse Red
167 (26.40 kcal mol~1) and Disperse Red 78 (37.19 kcal mol™1). It is
worth pointing out that these values are given in relation to DR 73
(relative energy values). The interaction of DR 73 with DNA may be
related to the presence of the cyanide group, which strongly in-
teracts with DNA, as can be observed in the optimized structures.

A further point that needs mentioning here is the theoretical
study of the biotransformation products formed from each dye
through the nitroreductase enzyme. According to the affinity data,
the DR 73 metabolite, (2-(2-(4-((2-cyanoethyl) (ethyl)amino)
phenyl) hydrazinyl)-5-nitrobenzonitrile), involving the reduction
of nitro group to amine group, presented an energy value
(24.45 kcal mol 1) higher than that of the precursor dye. Hence, the
calculations imply that DR 73 may be more carcinogenic than its
metabolite. However, this observation is not applicable to the DR 78
and DR 167.

The metabolite derived from DR 78 dye, (3-((4-((4-amino-2-
chlorophenyl)diazenyl)phenyl)(ethyl)amino)propanenitrile, which
involved the reduction of nitro group to amine group, presented a
more stable interaction energy than the precursor dye, with an
energy difference of about 24.83 kcalmol L. The same can be
observed for the metabolite from DR 167 (3-acetamido-4 - ((4-
amino-2-chlorophenyl) diazenyl) phenyl) azanediyl) bis (ethane-
2,1-diyl) diacetate, with a difference of 8.83 kcal mol~L Quite
different from the DR 73, these theoretical data indicate that the
metabolites derived from DR 78 and DR 167 may be more carci-
nogenic than the precursor dye; this is reinforced by the better
interaction of these biotransformation products with DNA. It is
important to keep in mind, however, that all compounds studied
here have significant potential to interact with DNA, causing mu-
tations, for instance, via alkylation mechanisms (Luczak and
Jagodzinski, 2006; Mitra et al., 2007).

As aforementioned, the DR 73 presented the best interaction
with DNA, and as expected, it also seems to be more reactive,
showing the lowest activation energy for the alkylation reaction
mechanism pathway. The DR 78 presented the highest energetic
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barrier for the process, and its energy difference relative to DR 73
was about 5.13 kcal mol~.. DR 167 exhibited a median relative en-
ergy value (2.69 kcal mol~!). With regard to the metabolic com-
pounds, our theoretical findings from the reaction mechanism
show that the metabolite from DR 73 is relatively less reactive than
the precursor dye. No such feature was noted for DR 78 and DR 167.

4. Final considerations

The results obtained in this study essentially confirm that the
immobilization of nitroreductase enzyme on Tosylactivated mag-
netic particles (MP-Tosyl) is economical, facile and efficient. The
enzyme can be easily recovered and reused for several times
without evident loss of activity.

Based on the theoretical studies, the dyes investigated are found
to be capable of being biotransformed by the nitroreductase
enzyme due to their favorable interaction with the active site of the
enzyme, as shown in the docking results. These findings lead us to
the conclusion that all the dyes presented significant reactivity
towards DNA. Remarkably, the Disperse Red 73 presented a sub-
stantially higher reactivity compared to the other dyes; this implies
that it also possesses a relatively higher mutagenic power. The
metabolites formed from each precursor dye formed a stable
complex with DNA. The study also found that DR 73 is more reac-
tive than its metabolite.

To sum up, the azo dyes, namely, DR 73, DR 78 and DR 167, can
be metabolized by gastrointestinal tract enzyme, such as nitro-
reductase, leading to the formation of possible mutagenic com-
pounds. One will note that this is possible insofar as the reduction
steps used in this work are considered to be mimicking endogenous
reactions. Having seen the negative effects associated with the
exposure to these dyes, it seems reasonable to say that extreme
caution should be exercised when it comes to their use and appli-
cation, particularly in the textile industries. Considering that the
dye residues find their way into wastewater, effective treatments of
these effluents and drinking water must be rigorously enforced so
as to avoid environmental and human contact with these com-
pounds. It is clear that an oral exposure to these compounds will
lead to the ingestion of possible mutagenic products that may pose
serious risks to both human health and the environment.
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