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ABSTRACT

Disperse Orange 37 (DO37) is an efficient azo dye for dyeing synthetic textile materials owing to its resistance to
degradation that may also be harmful to humans as DO37 is not entirely eliminated in wastewater treatment. In
this paper, we demonstrate that DO37 is bleached by reduced glutathione (GSH) in a reaction catalyzed by
glutathione-s-transferase (GST), a phase II detoxification enzyme. The reaction included a nucleophilic attack
involving sulfhydryl groups, confirmed using density functional theory (DFT) calculations. DO37 also induced
quenching in the fluorescence of GST through static suppression. The reaction was determined using differential
pulse voltammetry (DPV) by monitoring the oxidation peak at 0.65V of GSH sulfhydryl group. Quantitative
estimation of the product reaction could be made by measuring an additional oxidation peak at 0.91 V which
increased linearly with DO37 concentration. These electrochemical determinations were made possible by
preconcentrating the reaction product on a graphite-epoxy electrode with immobilization of GST onto magnetite
nanoparticles. Straightforward biological implications from the results are associated with the known toxicity of
azo dyes such as DO37, which has been proven here to interact strongly with both GSH and the liver enzyme

GST, and may induce hepatocarcinogenesis or other types of cancer.

Introduction

Effluents from the textile industry contain many chemical pollutants
that must be properly treated or disposed of to avoid contamination of
wastewater treatment plants, surface water and drinking water. Among
such effluents are several types of dyes, especially the toxic and carci-
nogenic azo dyes [1], which have been found harmful to organisms
including humans and genotoxic for bacterial and mammalian cells
[2,3]. Azo dyes are difficult to degrade by bacteria used in biological
effluent treatments owing to their -N=N- and electron withdrawing
groups that promote electron deficiency, thus causing significant en-
vironmental contamination in view of the huge volume of wastewater
generated [4]. The hydrophobic, slightly soluble non-ionic aromatic
disperse dyes are the most used for dyeing synthetic fabrics. The orange
37 dye and products generated even after treatment of water containing
azo dyes showed mutagenic activity in Salmonella mutagenicity assays

[5-7].

Azo dyes also interact with enzymes in the liver, e.g. glutathione-s-
transferase (GST) and cytochrome P450 (CYP) involved in the conver-
sion of xenobiotic compounds to facilitate their elimination [8]. Ex-
posure to such toxic compounds as azo dyes may hamper the GST
catalysis of the conjugation of glutathione (GSH) to a wide variety of
endogenous and exogenous electrophilic compounds [9], thus leading
to cell proliferation in the early stages of oncogenesis [10-12]. Un-
derstanding the interaction between azo dyes, GSH and GST is therefore
crucial for establishing the role of detoxification enzymes against toxic
compounds, which may be useful for developing more effective
methods to degrade azo dyes in water treatment plants.

In this paper, we determine the mechanisms of interaction between
DO37 and GST (and GSH) using a combination of experimental and
theoretical methods. The parameters of reaction kinetics and the groups
involved in the reaction were determined through optical techniques
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Fig. 1. UV-Vis spectra for (a) GSH, DO37 and DO37 in the presence of GSH and GST, with a significant decrease in absorbance of DO37 following the addition of
GSH. (b) Decrease in absorbance with time owing to the conjugation reaction between GSH and DO37 catalyzed by GST. The photo in the inset illustrates the
bleaching of the dye. (¢) Theoretical UV-Vis spectra obtained from DFT modeling using RTD B3LYP 6-31 g basis set.

while density functional theory (DFT) calculations confirmed the me-
chanism proposed. Most significantly, we were able to identify the re-
action product via electrochemical measurements, which was made
possible by preconcentrating the product on the electrode. The strategy
adopted consisted in covalently coupling GST to magnetic nanoparticles
(MNP) functionalized with carboxyl group (-COOH), then deposited
onto a magneto graphite-epoxy electrode.

Experimental
Chemicals and preparation of solutions

Glutathione-s-transferase from equine liver (GST), reduced L-
Glutahione (GSH), N-hydroxysuccinimide (NHS), 1-Ethyl-3-(3-di-
methyllaminopropyl) carbodiimide (EDC), ammonia, citric acid and
acetone were purchased from Sigma-Aldrich (St. Loius, MO, USA).
0.1 molL™! at pH 6.5 phosphate buffer solution (PBS) was prepared
with NaH,PO4 and Na;HPO,. Disperse orange 37 (DO37) was dissolved
in acetone, while GSH, GST, EDC and NHS solutions were prepared in
PBS.

Synthesis and characterization of MNPs

Magnetite nanoparticles (MNPs) were synthesized using the co-
precipitation method [13], where FeCl;.6H,0 and FeCl,.4H,0 in 2:1 M
ratio are dissolved in 40 mL of deionized water. After purging the so-
lution with argon gas, 6 mL of ammonia solution were added under
vigorous mechanical stirring. The resulting black suspension was
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transferred to a three-necked round bottom flask equipped with a reflux
condenser. The temperature was increased to 90 °C and maintained
under argon atmosphere for 30 min. Then, 3 mL of citric acid solution
(0.6 gmL ~ ', pH adjusted to 7 with ammonia solution) were added to
the suspension, and after 7 h the nanoparticles were dialyzed against
deionized water for 48 h. Identification of functional groups in MNPs
was performed with a Perkin Elmer Frontier Fourier transform infrared
spectrometer (FTIR). Dried samples were dispersed in KBr pellets and
scanned over the range of 4000-400 cm ™! with a nominal resolution of
4.0cm™!. Transmission Electron Microscopy (TEM) was used to
monitor MNPs morphology in the colloidal suspension using a Leo 906E
(Zeiss) TEM microscope at 100kV. A drop of the colloidal suspension
(100 pug Fe/mL) was dispersed and dried on a copper grid covered with
collodion and carbon prior to the experiment. A field-emission gun
scanning electron microscopy (FEG-SEM), JEOL model 7500F, with
electron beam energy of 25 keV was also used to characterize the MNPs.

Reaction between reduced L-Glutahione (GSH) and disperse orange 37 dye
catalyzed by GST

UV-Vis measurements were made in a BEL Photonics spectro-
photometer with a 1.5 mL quartz cuvette at 25 °C. Fluorescence mea-
surements were performed in a Varian Cary Eclipse fluorescence spec-
trophotometer with a thermostatic sample compartment at 37 °C with
1.5mL quartz cuvette with a 1.0 cm path length. Fluorescence excita-
tion and emission slit widths were set for 5nm bandpass for all mea-
surements, performed at 290 nm (excitation) and 335nm (emission).
Attenuated total reflection-Fourier transform infrared (ATR-FTIR)
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Fig. 2. Chemical structure of disperse orange 37 (DO37), glutathione (GSH), and the product catalyzed by GST.
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Fig. 3. (a) ATR-FTIR spectra of GSH (black line), DO37 (red line), and product of the reaction between them (blue line), (b) theoretical FTIR spectra, and (c) zoomed
figure with the theoretical spectra. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Ribbon representation of one monomer of human GST. The triptophan
residues are red, both with equal accessibility to the solvent. (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 5. Stern-Volmer plots at 25°C and 37 °C. Fluorescence was measured
(excitation, 290 nm; emission, 335 nm) after each aliquot addition of DO37 to
the GST sample. The slope of the Stern-Volmer plot represents the association
constant of the complex formed.

spectra of GSH, DO 37 and GSH-DO37 were measured with a VERTEX
70/BRUKER FTIR, using the PLATINUM Diamond ATR accessory with a
diamond crystal plate. Theoretical UV-Vis and FTIR spectra were cal-
culated with density functional theory (DFT) using Gaussian 03
Revision B.04 software employing the functional B3LYP Tamm-Dancoff
(TD) approximation with the basis set 6-31G using water as solvent for
the SCF convergence on geometry.

Electrochemical measurements were performed in an Autolab po-
tentiostat at room temperature, using a standard three-electrode elec-
trochemical cell. The working electrode was a 3 mm magneto graphite-
epoxy electrode (m-GEC) [14], made by hand mixing epoxy resin and
graphite powder in a 1:4 (w/w) ratio, whose paste filled a cylindrical
PVC sleeve body (6 mm i.d.) with copper plate as electrical contact, and
a small neodymium magnet (3 mm i.d.) was placed on the electrode
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center. The electrode was cured at 40 °C for 1 week to obtain a rigid
composite [15]. A Pt wire was used as counter electrode and Ag/AgCl/
3M KClI was the reference electrode.

Enzyme immobilization for electrochemical detection

The MNPs modified with COOH group were activated by NHS/EDC
at a proportion of 2:1 for 40 min and washed with 0.1 mol L™ phos-
phate buffer (pH 6.5) [16,17]. The GST enzyme was immobilized on
MNPs functionalized with carboxylic group previously activated with
NHS/EDC by adding 100 uL of 2.5 mgmL ™" stock solution of GST to
500 pL of nanoparticles solution for 45 min. The magnetic nanoparticles
were washed and exposed to different solutions containing 5.6 X 10~°,
1.69 x 1075, 2.26 X 107>,2.82 x 107°,4.0 x 10" >mol L' of DO37
dye with and without 5.0 x 10 *molL™! of GSH during 20 min.
Subsequently, 50 uL of the solution containing nanoparticles were
added for 2min on the magnetic electrode. The dye solutions men-
tioned above were evaluated using differential pulse voltammetry
(DPV). All the MNPs, DO37 and GSH solutions were prepared fresh
daily.

Results and discussion
Interaction between GSH and DO37 catalyzed by GST

Fig. la illustrates the bleaching of DO37 (orange solution) in
acetone/phosphate buffer solution upon interacting with GSH that
shows no absorbance in the range studied. These UV-Vis spectra were
taken at pH 6.5 in the presence of GST enzyme, with the absorbance
being reduced by 82.1% after 4 min of reaction. In subsidiary experi-
ments we observed a similar bleaching without GST but with the
bleaching effect occurring at a much lower rate. Fig. 1b shows that the
rate of bleaching increases with the GSH concentration, as expected,
with the solution becoming yellow according to the inset in the figure.
The theoretical UV-Vis spectra in Fig. 1c calculated with B3LYP 6-31 g
basis set from the optimized geometry in Fig. 2 give support to the
reaction between DO37 and GSH catalyzed by GST, since the reaction
product proposed here bonds covalently to the sulfhydryl group. The
bleaching resulted in a band shift from 451 nm to 550 nm. The large
absorption at small wavelengths for the DO37 + GSH system corre-
sponds to GSH absorption shifted from the theoretical value as pre-
dicted in Fig. S1.

GST is also known to catalyze the nucleophilic addition of tripeptide
glutathione (GSH) for substrates with electrophilic functional groups
[9,18-21]. The interaction between GSH and DO37 occurs by sub-
stitution nucleophilic aromatic reactions (SNAr). GST catalyzes the re-
action between reduced glutathione (GSH) and different molecules
through formation of a thioether bond between the sulfur atom of GSH
and the substrate. Based on the structure of DO37 in Fig. 2, we may
assume that chlorine (Cl) atoms are weak deactivator of ortho and para
directing, while NO, is a strong deactivator. Since NO, is activator for
meta position, this will be the position adopted. In addition, NO5 works
like a good outgoing group in SNAr reactions. Then, NO, comes out and
GSH enters by joining through the sulfur. When GSH enters, a loss of
resonance occurs, thus producing the bleaching because the resonance
of the electron pair in the sulfur is less efficient than the nitrogen pair.
Still considering Fig. 2, we infer that bleaching is related to the loss of
resonance in the dye structure owing to the chemical reaction with the
sulfhydryl group of GSH. This conclusion is consistent with the catalytic
induction of thioether conjugation between the endogenous tripeptide
glutathione and xenobiotic compounds [9,22].

The molecular mechanisms involved in the reaction between DO37
and GSH catalyzed by GST in solution were probed with FTIR spec-
troscopy in the attenuated total reflectance (ATR) mode. Fig. 3a shows
that interaction between GSH and DO37, GSH causes the appearance of
the band at 1694 cm ™' assigned to C=C symmetric stretching. The
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Fig. 6. Characterization of MNPs: (a) TEM image with the inset showing the distribution of particle size; (b) HR TEM image; (c) X-ray diffraction pattern, and (d)

Electron diffraction pattern.

Fig. 7. FEG-SEM images of: (a) MNPs with carboxyl group and (b) MNP modified with GST enzyme.

main features of the experimental spectra could be reproduced in the
theoretical spectra in Fig. 3b calculated with B3LYP 6-31 g basis set
from optimized geometry. The smaller number of bands at experimental
spectra is explained by the dependence of light penetration on sample
which directly affects the intensity of bands, on the other hand the
theoretical spectrum shows all possibilities of vibrational bands from
the molecular structure. A shift of ca. 40 - 50cm ™! toward higher
wavenumbers was observed for the main vibrational bands of DO37
assigned to aromatic ring stretching (1667 and 1190 cm ™!, CN anti-
symmetric stretching (1404 cm™'), and NO, scissor (1275 cm™') and
for the GSH molecule with C=N and COH scissor at 1544 and
1387 cm ™ 1), respectively. This shift probably appears because the ex-
perimental spectra were obtained in solution. We recall, nevertheless,
that the main features are reproduced in the theoretical spectra, in spite
of the shift. The region of the spectra confirming the reaction between
DO37 and GSH is shown in a zoomed image in Fig. 3c, where a new
band appears at 1644 cm ™ that corresponds to the experimental band
at 1694 cm ™! in the experimental spectra.
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GSTs are usually found in the biological environment as dimers,
with two active sites per dimer whose activities are independent of each
other. Each active site consists of at least two binding regions, one very
specific for glutathione (GSH) and another with specificity for the
electrophiles, such as DO37. Therefore, DO37 interaction with GST was
evaluated by fluorescence quenching as a means of proving the binding
of the dye to the enzyme and the possible formation of GSH-DO37
product by GST catalysis. GST was excited at 290 nm to reach a selec-
tive excitation of the two tryptophan residues (W28 and W38) of each
monomer Fig. 4.

The intrinsic fluorescence of GST was gradually quenched with in-
creasing DO37 concentration. Various processes can result from the
quenching, including excited state reactions, energy transfer, complex
formation and dynamic processes [23]. The data in Fig. 5 obtained at
25°C and 37 °C were represented in a Stern-Volmer plot where the re-
lative GST fluorescence (Fo/F) was plotted against DO37 concentration.
The slope is equal to the Stern-Volmer quenching constant (KSV), as
follows:
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In this equation, Fy and F are the fluorescence intensities of GST in
the absence and presence of DO37, respectively. The straight lines in
Fig. 5 are indication that all tryptophan residues of GST are equally
accessible to the dye [24]. In fact, the W28 and W38 residues are
equally exposed to the solvent and consequently to DO37 interaction
(Fig. 5).

The fluorescence quenching data can be explained by either a dy-
namic or static processes. In dynamic quenching the fluorophore and
the quencher come into contact during the lifetime of the excited state,
whereas static quenching refers to fluorophore-quencher complex for-
mation [24]. One way to distinguish them is to examine the tempera-
ture dependence [23], as shown in Fig. 5. Dynamic quenching depends
upon diffusion. Since higher temperatures result in larger diffusion
coefficients, the bimolecular quenching constants are expected to in-
crease with the temperature. In contrast, an increased temperature is
likely to result in decreased stability of the complexes, and therefore
smaller static quenching constants. So, for static quenching (complex
formation), the increase in temperature leads to a decrease in the slope
of the Stern-Volmer plots. From the measurements at two temperatures
in Fig. 5 one concludes that static quenching occurs, in which case the
quenching constant becomes the association constant. Therefore, the
association  constant  (K,) for GST-DO37 complex are
Ko =1.79 x 10°molL™" and K, = 1.05 x 10°mol L' for 25°C and
37 °C, respectively.

Immobilization of GST enzyme on MNPs

Fig. 6a and Fig. 6b show transmission electron microscopy (TEM)
images of MNPs with spherical shape and minimum aggregation, as
warranted by electrostatic repulsion among negatively charged car-
boxylate groups on their surface. The average particle size is
7.6 = 1.5nm, according to the inset in Fig. 6a. The XRD diffractogram
in Fig. 6¢ contains peaks at 20 = 30.7°, 35.6°, 43.2°, 57.2° and 62.9°
assigned to (220), (311), (400), (511), (440), which match in position
and relative intensity the typical pattern of the cubic inverse spinel
structure of magnetite [25-27]. These results are consistent with the
electron diffraction pattern (ED) in Fig. 6d, and with the literature [28].

The identification of carboxyl groups on the MNPs was obtained
through Fig. S2 in the Supporting Information, where the FTIR spec-
trum featured Fe-O stretching, symmetric and asymmetric stretching of
carboxylate vibrational modes at 570, 1400 and 1600 cm™?, respec-
tively. A band at 3300 cm ™! is due to hydroxyl groups also present on
the nanoparticles surface [29-31]. With the MNPs successfully mod-
ified by carboxylate groups, as shown in the FEG-SEM image in Fig. 7a,
GST could be immobilized onto the MNPs, and this is seen through the
agglomerates in Fig. 7b, where the picture in the inset demonstrates
that nanoparticle separation is feasible by means of magnetic interac-
tion.

Electrochemical monitoring of DO37 and GSH reaction

In order to monitor the reaction via an electrochemical method, the
magnetic particles described above were used to preconcentrate GST on
the electrode surface. Fig. 8 confirms the GST immobilization on the
MNPs, where a peak is observed at 0.65V owing to oxidation of sulf-
hydryl groups [22] from GST (red line), which is not present for MNPs
without GST (black line).

The reaction between DO37 and GSH eliminates the oxidation peak
of sulfhydryl groups (also present in GSH), as indicated in the differ-
ential pulse voltammograms (DPV) in Fig. 9 obtained for magneto
graphite-epoxy electrode modified with MNPs and GST containing
1mmolL™!' GSH before (black line) and 4min after addition of
0.1 mmol L™! of DO37 (red line). This behavior is similar to that de-
scribed by Brett et al. [22] for GSH in the presence of 1-chloro-2,4-
dinitrobenzene (CDNB) catalyzed by GST, which we have confirmed in
subsidiary experiments with our electrode system in Fig. S3. GST
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Fig. 11. Mechanism for the reaction between GSH and DO37 catalyzed by GST enzyme.

catalyzes the conjugation reaction of GSH and DO37, which probably
involves the oxidizable sulfhydryl groups available only in free GSH.
With the purpose of elucidating the reaction mechanism and the in-
fluence from cysteine we made this amino acid to react with DO 37,
without GST. There was no reduction peak of the dye (Fig. S4), owing to
a conjugation as depicted in the Supporting Information. In control
subsidiary experiments we noted that: i) DO37 is not oxidized on the
unmodified electrode at 0.65V (Fig. S5 and S6), ii)) GST accelerates
reaction between DO37 and GSH (Fig. S7), iii) GSH also reacts with
other azo dyes (Fig. S8), and iv) GSH better catalyzes azo dye reaction
than cysteine (Fig. S9).

The oxidation peak at 0.65 V decreases with DO37 concentration, as
expected. This is illustrated in Fig. 10, which also shows an oxidation
peak at 0.91 V when DO37 is added, assigned to GSH-DO37 conjuga-
tion. The latter peak increases linearly with D037 concentration in the
range investigated, as shown in Fig. S10. We should note that the peak
at 0.9 V was not observed in Fig. 9 because the DO37 concentration was
so high that the reaction had been completed.

The proposed mechanism for a reaction between DO37 and GSH is
shown in Fig. 11. It was conceived based on experimental evidence
from the literature and from the results presented in this paper. GST is
known to catalyze the nucleophilic substitution reaction of the tripep-
tide glutathione (GSH) to compounds that have electrophilic functional
groups [32], which is the DO37 in the present case.

Conclusion

The body of data presented in this paper shows unequivocally that
the azo dye DO37 affects the enzyme glutathione-s-transferase (GST)
and reduced glutathione (GSH). DO37 reacted with GSH and was
bleached, in a reaction that was shown to be catalyzed by GST. The
groups involved in the reaction could be identified with FTIR spectro-
scopy. For the UV-Vis and FTIR spectra, theoretical confirmation was
afforded by DFT calculations. Also significant is that the reaction pro-
duct was identified in electrochemical measurements, for which pre-
concentration of the product was achieved by immobilizing GST on
magnetic nanoparticles (MNPs). The oxidation of sulfhydryl groups
from GSH was the process used for monitoring the reaction induced by
D037, from which one may infer that the relatively inexpensive elec-
trochemical methods are simple ways for monitoring reactions of pro-
teins with toxic compounds such as dyes. The biological implications
from these results are clear. If DO37 is capable of interacting strongly
with both GST and GSH, it will be toxic to the liver and may trigger
oncogenesis processes owing to the dye binding to the detoxification
enzyme. Indeed, the binding of azo dyes to liver proteins induced he-
patomas, which contain more desoxyribonucleic acid than normal tis-
sues, and led to cirrhosis and other liver damage [33]. By determining
the effects from DO37 we hope to have contributed to establish the role
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of GST in the metabolism of dyes and other xenobiotic compounds,
whose toxicity and influence on the development and progression of
cancer can now be better understood.
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