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The electrochemical reduction of sterigmatocystin in acetonitrile +0.1 M tetrabutylammonium perchlorate at
glassy carbon electrodes is studied for the first time using cyclic and square wave voltammetries, and controlled-
potential electrolysis. Two reduction peaks centered at−1.77 and−2.33 V vs. Ag/AgCl were found, which corre-
spond to the formation of the radical anion and dianion, respectively. The overall electrode process was diffusion
controlled. The initially formed radical anion undergoes an irreversible dimerization reaction with a rate constant
of 2.06 × 104M−1 s−1, producing a basic dimeric dianion, which is protonated by the starting molecule. An unsta-
ble dimeric reaction productwas detected byUHPLC-MS/MSmeasurements. A value of (3.1±0.9) ×10−5 cm2 s−1

was calculated for sterigmatocystin diffusion coefficient from convoluted cyclic voltammograms. Thermodynamic
and kinetics parameters were determined from digital simulation of cyclic voltammograms. Probable chemical
structures for the dimer are proposed based on the results of theoretical calculations. The effect of the addition of
tetrabutylammonium hydroxide, trifluoroacetic acid and water on the voltammetric signals was also investigated.
The quantitative determination of sterigmatocystin was carried out by square wave voltammetry using the com-
mercial reagent. The calibration curvewas linear in the concentration range from0.050 to 11.2 ppm, and the limits
of detection and quantification were 10 and 33 ppb for signal to noise ratios of 3:1 and 10:1, respectively.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Mycotoxins are toxic secondary metabolites produced by differ-
ent kinds of fungi [1]. Ingestion, inhalation and/or dermal adsorption
of mycotoxins can produce illness or death of animal and human
being [2].

Sterigmatocystin (STEH) was first isolated in 1954 from Aspergillus
versicolor cultures [1]. However, it has been reported that STEH can be
also produced by fungal species phylogenetically and phenotypically
different such as Aschersonia, Aspergillus, Bipolaris, Botryotrichum,
Chaetomium, Emericellai, Eurotium, Farrowia, Fusarium, Humicola,
Moelleriella, Monocillium and Podospora [3].

STEH is a precursor of aflatoxin B1 in the biological transformation
[4]. Chemical structures of STEH and aflatoxin B1 are similar (Fig. 1).
Acute toxicity, carcinogenicity and the metabolism of STEH are com-
pared to aflatoxin B1 and other hepatotoxic mycotoxins. Thirty-three
species of Aspergillus may produce STEH [3]. There are more species
that produce STEH (55 spp) than aflatoxins (13 spp).

The International Agency for Research on Cancer (IARC) classifies
STEH in the group 2B (possible human carcinogen) [5] due to its toxico-
logical, mutagenic and carcinogenic effects in animals [6].
otmail.com (M.A. Zon),
(H. Fernández).
Although aflatoxins are considered 150–200 times more powerful
than STEH, the quantities of STEH produced by some strains under opti-
mal conditionsminimize this difference [7]. Studies on STEH aremainly
focused on themechanism of toxin producing, toxin contamination and
carcinogenic effects [8–10].

No country has legislation related to STEH levels permitted in
food. However, some countries set STEH maximum levels allowed
in some food. Thus, Czech Republic and Slovakia allow a level of
50 ppb for rice, vegetables, potatoes, flour, chicken, meat and milk,
and of 20 ppb for other foods. The Department of Health of California
(USA) proposes a LD50 of 8 μg/kg of body weight for an adult of 70 kg
[11], being LD50 the amount of a toxic substance that kills 50% of a
group of test animals [1].

Relatively high levels of STEH (in the order of ppm)were detected in
housing and construction materials contaminated with A. versicolor
[12]. The post harvest contamination of cerealswith Aspergillus fungi in-
volves risk to human health due to the potential production of STEH and
other mycotoxins such as aflatoxin B1 and ochratoxin A [13].

STEH was found in 55 of 215 samples of different grains (barley,
wheat, buckwheat, rye) in Latvia in a concentration range between 0.7
and 83 ppm [14]. There is only one report related to the presence of
STEH in beer. STEH was found in 2 of 26 samples analyzed in the con-
centration range from 4 to 7.8 ppm [15].

A. versicolor is often present in cheese, whereas aflatoxin producing
fungi as A. flavus and A. parasiticus are rarely present in this food.
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Fig. 1. Chemical structures of sterigmatocystin and aflatoxin B1.
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Thus, the presence of STEH was detected in different kinds of cheese
[16–19]. However, aged cheese (over six months) inhibits the produc-
tion of STEH [20].

So far, the most common analytical methods used for the determina-
tion of STEH in food are: ELISA immunoassays [21–23], chromatographic
methods [6] and enzyme biosensors [24,25]. However, chromatographic
methods are the most widely used.

In this study, we discuss the electrochemical reduction of STEH at
glassy carbon (GC) electrodes in acetonitrile (ACN) + 0.1 M
tetrabutylammonium perchlorate (TBAP) using cyclic (CV) and square
wave (SWV) voltammetries, and controlled potential electrolysis. We
evaluated three alternative reaction mechanisms; however, one of
them is themost likely based on the results of digital simulation of cyclic
voltammograms and results of controlled potential electrolysis. More-
over, we also propose themost probable structures of the reaction prod-
ucts based on theoretical calculations. SWV was used to perform the
quantitative determination of STEH using the commercial reagent.
2. Experimental

2.1. Reagents

STEHwas purchased fromSanta Cruz Biotechnology, USA, and used as
received. ACNwas Sintorgan (HPLCdegree). Itwasfirst distilled over P2O5

(Fluka) and the distillate was dried over 3 Ǻmolecular sieves during 48 h
prior to use. TBAP (Fluka, electrochemical degree) was dried at 25 °C in a
vacuum oven during 24 h and then the temperature was gradually raised
to 60 °C andmaintained during 24 h. Finally, it was stored in a desiccator.

Tetrabutylammonium hydroxide (TBAOH, 1.0 M in methanol) was
Fluka, trifluoroacetic acid (TFA) was Sigma-Aldrich and acetone (Ac)
was Sintorgan (HPLC degree). Theywere used as received. TBAOH solu-
tion was titrated previously to the experiments. NaClO4 (Merck p.a.)
was used as supporting electrolyte in controlled potential electrolysis
measurements at a concentration of 0.1M. It was first dried in a vacuum
oven at room temperature and then the temperature was gradually in-
creased to 180 °C. Then, it was stored in a desiccator.

STEH stock solutions (1.5 × 10−2 M) were prepared in ACN and kept
in the refrigerator. Working solutions were prepared daily by adding ali-
quots of the stock solution to ACN+ 0.1 M TBAP. The STEH bulk concen-
tration (cSTEH⁎) was varied from 3.1 × 10−8 to 5.1 × 10−3 M for
voltammetric measurements. A cSTEH⁎= 5.6 × 10−4 M was used for
performing controlled potential electrolysis measurements. In all cases,
final concentrations were calculated through UV–vis absorption
measurements.

For security reasons and considering the toxicity of STEH, all solu-
tions and experimental measurements were carried out using latex
gloves and a facial mask. The residues were discarded in special bottles
properly labeled. They were periodically collected by a company re-
sponsible for their final destination.
2.2. Apparatus and experimental measurements

Voltammetric and controlled potential electrolysis measurements
were performed with an AutoLab PGSTAT 12 potentiostat, controlled
by GPES 4.9 electrochemical software from EcoChemie, The
Netherlands. In CV, the scan rate, v, was varied from 0.025 to 4 V s−1.
The characteristic parameters in SWV were: amplitude, ΔESW =
50 mV, staircase height, ΔEs = 10 mV, and the frequency, f, was varied
from 10 to 200 Hz.

A two-compartment Pyrex cell with a volume of 2 mL was used to
perform voltammetric measurements [26]. The working electrode was
a GC disk (BAS, 3 mm diameter). It was polished using 0.3 and
0.05 μm wet alumina powder (from Fischer), copiously rinsed with
H2O and sonicated in a water bath during 2 min. Finally, it was rinsed
with Ac and dried under an air flow. Its electrochemical area, A, was de-
termined through amperometric measurements [27] using a solution of
9.87 × 10−4 M K4[Fe(CN)6] + 0.50 M KNO3 at 25 °C. A value of
7.6 × 10−6 cm2 s−1 was obtained from the literature for the
K4[Fe(CN)6] diffusion coefficient [28]. An average value of A =
(0.08 ± 0.02) cm2 was determined from four replicated measurements.
The counter electrodewas a large-area platinum foil (A ~ 2 cm2). The ref-
erence electrodewas Ag/AgCl (3MNaCl). The cell for controlled potential
electrolysis was one of the three-compartment types [29]. A fiberglass
paper separated the working and counter electrode compartments. The
working electrode was a rotating GC rod with a geometric area of
3.52 cm2, the pseudo-reference electrode was a Ag wire and the counter
electrode was a Pt foil of large area [29]. The oxygen concentration was
minimized by bubbling pure argon saturated with the blank solution
through the STEH solution for about 20–25min, until the oxygen classical
reduction peak at about −1.0 V disappeared [30]. Then, an argon atmo-
spherewas kept above the solution in the cell throughout the experiment.

The positive-feedback technique was used in all experiments to
compensate the solution resistance. The temperature was 25 °C.

Cyclic voltammograms were convoluted, after subtraction of back-
ground currents, by applying the method proposed by Oldham [31].
The fitting of experimental cyclic voltammograms was performed
using BAS DigiSim®.

UV–vis absorption spectra were recorded using a Hewlett Packard
model 8452A spectrophotometer equipped with temperature control-
ler. Silica cells were 1 cmpath length. STEH has two absorptionmaxima
at λ=240 nm and λ=321 nm in ACN. In addition, an absorption peak
of lowabsorptive appears at 280nm. Absorption spectra recorded at dif-
ferent cSTEH⁎ showed that STEH satisfies to the Lambert and Beer Law.
Molar extinction coefficients, ε, were ε240 = (3.72 ±
0.01) × 104 M−1 cm−1 and ε321 = (1.62 ± 0.01) × 104 M−1 cm−1.

The UHPLC-MS/MS system consisted of an Acquity™Ultra High Per-
formance LC system (Waters, Milford) equipped with auto-sampler in-
jection and pump systems (Waters, Milford). The auto-sampler vial tray
wasmaintained at 15 °C. It was coupled to aMass Spectrometry analyz-
er with a Quattro Premier™ XE Micromass MS Technologies triple



Fig. 2. a) Cyclic voltammogram recorded for STEH electrochemical oxidation in
ACN + 0.1 M TBAP. cSTEH⁎ = 1.0 × 10−3 M, v = 0.050 V s−1. b) Cyclic voltammogram re-
corded for STEH electrochemical reduction in the same reaction medium as a). cSTEH⁎ =
5.1 × 10−3 M, v = 0.100 V s−1. Arrows indicate the direction of sweep potential.
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quadrupole mass spectrometer (Waters, Milford, USA). An atmospheric
pressure chemical ionization (APCI) source was used for the analysis of
STEH and its probable reaction product. The source was operated in a
positivemode at 400 °CwithN2 as the nebulizer and the source temper-
ature was kept at 120 °C. The corona discharge current was maintained
at 2.6 μA, the extractor voltagewas set at 4.0 kV and the radio frequency
(RF) lens at 0.2 V. Ultrapure nitrogen was used as desolvation gas at a
flow of 300 L h−1. Considering that the analyses were focused on the
identification of STEH and its product generated during controlled po-
tential electrolysis, detection of both STEH and its protonated dimer
molecules [M + H]+ of m/z 325 and 649, respectively, was performed
in the selected ion monitoring mode (SIR). The data were acquired
using MassLynx Mass Spectrometry Software (Waters, Milford, USA).

The separation was performed by injecting a 10 μL sample onto an
ACQUITY UPLC BEH C18 (Waters, Milford, USA) analytical column
with 2.1 mm internal diameter, 50 mm length, and 1.7 μm particle
size. The binary mobile phases consisted of water (A) and acetonitrile
(B), both containing 0.1% (v/v) formic acid. A gradient was used at a
flow rate of 0.3 mL min−1. Thus, the gradient started at 60% mobile
phase A with a decrease to 5% at 3 min. Initial column conditions were
reached at 5.5 min, the run time was 6 min and the column was within
this time reconditioned prior to the following injection. The column
temperature was held at 40 °C.

Calculations to find the most probable chemical structure/s of the
reaction product/s were carried out through HyperChem® software.

3. Results and discussion

Based on the molecular structure of STEH, we can predict that the
mycotoxin can be electrochemically oxidized and/or reduced due to
the presence of a phenolic species and a carbonyl group conjugated
with two benzene rings, respectively (Fig. 1). Fig. 2 shows cyclic voltam-
mograms recorded for the oxidation (Fig. 2a) and the reduction (Fig. 2b)
of STEH. Thus, a main oxidation peak was found during the anodic po-
tential sweep centered at about 1.6 V, and a pre-peak at about 0.9 V.
The corresponding cathodic peaks were absent when the direction of
the potential sweep was reversed, highlighting the presence of homo-
geneous chemical reaction/s coupled to the initial electron transfer re-
action [27]. In addition, consecutive scans performed in the anodic
potential direction showed a gradual decrease of oxidation peak cur-
rents, behavior that is expected when a phenolic species is responsible
for the main oxidation peak [32], generating intermediate reaction
products that polymerize and produce a gradual fouling of the electrode
surface. This behavior made it difficult to study the electrochemical ox-
idation of STEH, at least under these experimental conditions.

On the other hand, two reduction peaks were found during the ca-
thodic sweep, centered at−1.77 and−2.33 V, which can be associated,
in principle, to the formation of the radical anion and dianion, respective-
ly, of STEH (Fig. 2b). Consecutive scans carried out in this potential region
showed a very good reproducibility, allowing performing a full study of
STEH electrochemical reduction in this non-aqueous reaction medium.

3.1. Electrochemical behavior of the first STEH reduction peak

Fig. 3 shows cyclic voltammograms recorded for the first STEH elec-
trochemical reduction peak in ACN + 0.1 M TBAP at different v, after
background currents subtraction. These results show that the chemical
reaction coupled to the initial electron transfer reaction has relatively
slow kinetics, since the complementary anodic peak starts to define
clearly at about v = 0.300 V s−1 when the direction of potential
sweep is reversed. The relatively high stabilization of the radical anion
in the time scale of voltammetric experiments could be explained by
the formation of an intramolecular hydrogen bondwith the –OHpheno-
lic group present in STEH chemical structure (Fig. 1) [33]. In addition,
the radical anion is also stabilized by resonance through π bonds.
Plots of cathodic peak currents, Ip,c,1, as a function of v1/2 were linear
at different STEH concentrations, with correlation coefficients (r) of
0.9984, 0.9992, 0.9992 and 0.9980 for cSTEH⁎ = 0.09, 1.2, 1.8 and
5.1 × 10−3 M, respectively. This behavior indicates that the electrode
process is diffusion controlled [27].

Plots of the cathodic peak potential, Ep,c,1, as a function of log v were
linear, with slopes in the range from −0.015 to −0.026 V/decade,
depending on the concentration of STEH. Slopes tend to zero as
the STEH concentration decreases. This behavior is predicted theoreti-
cally for ErCi type reactions, where ∂Ep/∂log v varies from 0 to
−0.030 V/decade with the concentration [34]. Here, Er represents a
reversible electron transfer reaction and Ci is a coupled irreversible
homogeneous chemical reaction. On the other hand, a plot of Ep,c,1 vs.
log cSTEH⁎ was linear, with a slope of 0.019 V/decade.



Fig. 3. Cyclic voltammograms recorded for the first STEH reduction peak in ACN + 0.1 M
TBAP at different v. cSTEH⁎ = 1.8 × 10−3 M. v = 1) 0.050, 2) 0.500, 3) 1.0 and 4) 4.0 V s−1.
Arrows indicate the direction of sweep potential.

Fig. 4. a) Dependence of the current function,Ψ, with v for different STEH concentrations.
cSTEH⁎ =(▲) 1.2 × 10−3, (●) 1.8 × 10−3 and (■) 5.1 × 10−3M. b) Dependence of Ip,a,1/Ip,c,1
ratio for the first reduction peak with v for different STEH concentrations. cSTEH⁎ = (■) 0.1,
(▲) 1.2, (●) 1.8 and (▼) 5.1 × 10−3 M.
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Fig. 4a shows plots of the current function, Ψ = Ip,c,1 v-1/2cSTEH⁎ , as a
function of v for different STEH concentrations. As it can be observed,
Ψ decreases as v increases, and tends to level off at v higher than
3 V s−1. Ψ also reached higher values at lower cSTEH⁎ for a given scan
rate. These results also suggest a mechanism of the ErCi type, with a
second-order chemical reaction coupled to the initial electron transfer
reaction [27,35,36].

A plot of the ratio between the anodic peak current (Ip,a,1) and Ip,c,1
obtained for different STEH concentrations is shown in Fig. 4b. The
ratio Ip,a,1/Ip,c,1 is higher as the STEH concentration decreases at a given
v. Moreover, this ratio tends to 1 as v is increased. This result also indi-
cates that the kinetics of the chemical reaction coupled to the initial
charge transfer reaction depends on the STEH concentration.

On the other hand, the difference between the half-peak potential
and the peak potential, Ep,c,1 − Ep/2,1, was 0.060 V in the range of scan
rates from 0.025 to 1.5 V s−1 for low concentrations of STEH (cSTEH⁎ b

6 × 10−4 M). However, for STEH concentrations higher than
6 × 10−4 M, Ep,c,1 − Ep/2,1 varied from 0.060 to 0.070 V for low scan
rates, i.e., from 0.025 to 0.150 V s−1. This behavior also shows that the
kinetics of the homogeneous chemical reaction coupled to the initial
electron transfer reaction depends on STEH concentration.

The STEH diffusion coefficient, DSTEH, was determined from convolut-
ed cyclic voltammograms recorded at different v and different cSTEH⁎ . Con-
voluted currents did not return to zero after the cyclic scan was
completed (results not shown). This behavior is expected for electro-
chemical systems where the product of the initial electron transfer reac-
tion is consumed by a homogeneous chemical reaction, in principle, of
the type A+ne−=B, 2B→ products [37] (see Section 3.4), in agreement
with results obtained fromCVmeasurements [27,37]. A tentative average
value for DSTEH was calculated considering the convolution model pro-
posed for an EC (DIM1) reaction mechanism [37]. Thus, plots of E vs. log
[(IL,con–Icon)/I2/3] obtained in the scan rate range from 0.05 to 1 V s−1 for
different STEH concentration in the 1–5 × 10−3 M range were linear,
where Icon is the convoluted current, IL,con is the limiting convoluted cur-
rent and I the experimental current. The average slope was (0.116 ±
0.009) V/decade, in agreement with the one calculated through digital
simulation (i.e. 0.119 V/decade, see Section 3.4.).

The slope of these plots gradually decreases for concentrations lower
than about 1 × 10−3M (i.e., 0.082V/decade for 0.1 × 10−3M) and tends
to value close to that of a simple reversible reaction
(i.e., 0.059 V/decade), showing the smallest effect of the following ho-
mogeneous chemical reaction to the electron transfer step on the
overall chemical reaction. These variations are in very good agreement
with results obtained by digital simulations using themost probable re-
action mechanism proposed in Section 3.4.

By inserting the average slope in the expression for IL,con [37]:

IL;con ¼ n F A c�STEH D1=2
STEH ð1Þ

where A is the area of the electrode and the other terms have their usual
meaning, an average value of (3.1 ± 0.9) ×10−5 was calculated for
DSTEH. This value is reasonable considering the molecular weight of
STEH molecule and the reaction medium [38].

3.1.1. Controlled potential electrolysis
Controlled potential electrolysis was carried out at an E = −1.9 V

during 120 min. Cyclic voltammograms recorded during electrolysis
showed several changes (Fig. 5). Therefore, a cyclic voltammogram re-
corded before electrolysis for the blank solution (ACN + 0.1 M
NaClO4) showed no peak in the potential region from 0 to −2 V
(Fig. 5, line 1). STEH characteristic reduction peakwas found in the pres-
ence of themycotoxin before electrolysis, with a Ep,c,1=−1.64 V vs. Ag
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wire (Fig. 5, line 2). As electrolysis progressed, the reduction peak was
shifted at less negative potentials with lower current, and an anodic
peak starts to define at about −0.90 V during the reverse scan, which
could be assigned to the oxidation of the homogeneous chemical reaction
product/s (Fig. 5, line 3). At an electrolysis time of 120min, the reduction
peak practically disappeared and the anodic peak is well defined (Fig. 5,
line 4). However, the specie responsible for this peak was unstable, as
the peak current decreases and the peak disappeared in about half an
hour, precluding the process of isolation and identification of the product.
Based on these results, the analysis of products of controlled-potential
electrolysis was performed using measures “in situ” of UHPLC-MS/MS.
Therefore, Fig. 6 shows the extracted ion chromatograms (EICs) for 325
and 649 molecular masses. Before the electrolysis, at a retention time of
1.60min, STEHwas eluted (Fig. 6a). A chromatographic peak also appears
at 2.13min, which could be an impurity of STEH, whichwas not detected
by electrochemicalmeasurements. As expected, therewas no peak corre-
sponding to the dimer at this time.

At the end of the electrolysis, a peak appears at a molecular mass of
649 with a retention time of 4.44 min (Fig. 6b). This retention time is
expected considering that the interaction forces of the dimer with the
stationary and mobile chromatographic phases are larger than those of
STEH. The presence of this peak confirms that the dimer proposed in
the STEH electrochemical reaction mechanism described by
Eqs. (15)–(18) would be one of the reduction products (see
Section 3.4). However, this peak disappears in about half an hour,
highlighting its instability, which is in very good agreement with the
results obtained by CV measurements recorded during controlled poten-
tial electrolysis.

In addition, UV–vis spectra recorded during electrolysis showed lit-
tle change in the absorption bands at λ = 240 and 321 nm, with only
a slight decrease in absorbance as the electrolysis progressed (Fig. 5b).
These results suggest that the chromophore group responsible for
these absorption bandswould be also present in the product of electrol-
ysis. Moreover, a slight decrease in absorbance at λ = 280 nm was
found. Considering that the absorption band at λ = 280 nm is a transi-
tion of n-π* type assigned to carbonyl group, the decrease in absorbance
would indicate that this group is not present in the reaction product
(see below).

On the other hand, cyclic voltammograms recorded after electrolysis
in the potential range from 0 to 2 V showed an oxidation peak centered
at 1.4 V vs. Ag/AgCl (Fig. 5c, line 1). A consecutive anodic sweep showed
amarked decrease in current (Fig. 5, line 2), as expectedwhen a pheno-
lic species is the electroactive group [32]. From this, it is possible to infer
that the product/s of controlled-potential electrolysismust have pheno-
lic groups.

The curve I vs. time (t) at relatively short times (about 100 s) was
used to calculate the electron number exchanged in the electrode pro-
cess [39]. Thus, the following equations for the current and the charge
(Q) were used:

I tð Þ ¼ I 0ð Þ exp �ptð Þ ð2Þ

and

Q tð Þ ¼ Q 0ð Þ 1– exp �ptð Þ½ � ð3Þ
Fig. 5. Controlled potential electrolysis. a) Cyclic voltammograms recorded at the blank so-
lution (ACN + 0.1 M NaClO4, line 1), and in STEH solution at different electrolysis times:
0 min (line 2), 10min (line 3) and 120min (line 4). b) UV–visible spectra recorded at dif-
ferent electrolysis times: 0min (line 1), 10min (line 2) and 120min (line 3). c) Cyclic volt-
ammograms recorded in the anodic potential region after electrolysis during the first scan
(line 1), and the second scan (line 2). cSTEH⁎ = 5.6 × 10−4 M. v = 0.050 V s−1. Arrows in-
dicate the direction of sweep potential.



Fig. 6. Extracted ion chromatograms at (a) m/z 325 before controlled potential electrolysis and (b) at m/z 649 at the end of electrolysis.
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where I(0) is the current at t = 0, Q(0) = nFAcSTEH⁎ , and p = mOA/V,
being mO the mass transfer coefficient and V the solution volume [27,
39]. Q(t) can be expressed at short times as:

lnQ tð Þ ¼ lnQ 0ð Þ þ lnpþ lnt ð4Þ

Thus, the combination of the intercept and the slope of linear plots of
ln Q vs. ln t (Eq. (4)) and ln I(t) vs. t (Eq. (2)) allowed to determine n. An
average value of n = (0.5 ± 0.1) was calculated from three replicated
measurements.

3.2. Effect of adding TBAOH on STEH electrochemical discharge

Fig. 7a shows cyclic voltammograms recorded after the addition of
different aliquots of TBAOH at the reaction medium (ACN + 0.1 M
TBAP). Therefore, in the absence of the base, the two characteristic re-
duction peaks centered at about −1.7 and −2.3 V are clearly defined
(Fig. 7a, line 1). In addition, a complementary anodic peak of the most
cathodic reduction peak appears at about−2.05 V. This peak decreases
as the STEH concentration increases, as it can be observed by compari-
son of the voltammograms of Figs. 2 and 7. As the TBAOH concentration
increases, the first oxidation peak decreases and the second reduction
peak shows little changes (Fig. 7a, lines 2–4).When the TBAOH concen-
tration is about six times higher than the STEH concentration, the first
reduction peak disappears and the second peak shows a slight increase
in current, and a shift to slightly less negative potentials (Fig. 7a, line 5).
The variation of peak currents of the first reduction peak with different
base additions is shown in Fig. 7b.
Marked changes found in cyclic voltammograms by the addition of
different aliquots of the base are in good agreement with changes ob-
served in UV–vis spectra under similar experimental conditions. The ad-
dition of TBAOH, up to a concentration 2.7 times higher than the
mycotoxin concentration generates the phenoxide ion, which produces
large changes in absorption bands. Thus, the band at 321 nm showed a
bathochromic shift to 400 nm, the band at 240 nm was slightly shifted
to shorter wavelengths, and a new band appeared at 300 nm. This be-
havior clearly shows that an acid–base equilibrium is established in so-
lution. The single reduction peak defined in the presence of a great
excess of the base at a potential slightly less negative than the corre-
sponding to the reduction of the anion radical (Fig. 7a, line 5)would cor-
respond to the reduction of the phenoxide ion, the conjugate base of the
substrate, which is the only species present in the reaction medium in
the presence of a strong base. A similar patternwas found for the reduc-
tion of hydroxyimines, which have also phenolic species in their chem-
ical structures [40]. Possible drawbacks due to the presence of MeOH of
TBAOH solutions found in other systems [33,41] were not observed
under the experimental conditions of this work for the electro-
reduction of STEH.
3.3. Effect of adding TFA and water on STEH electrochemical reduction

Fig. 8 shows the forward (line 1), reverse (line 2) and net (line 3) ex-
perimental currents recorded in a typical SW voltammogram for the
electro-reduction of STEH in ACN + 0.1 M TBAP. These results are in
good agreement with those previously described by VC. The first peak
shows a clear definition of the reverse current component, even at the



Fig. 7. a) Cyclic voltammograms recorded for STEH in the absence (line 1) and in the pres-
ence of different aliquots of TBAOH (lines 2–5). cSTEH⁎ = 1.0 × 10−3 M. cTBAOH⁎ =
1.06 × 10−3(line 2), 1.2 × 10−3 (line 3), 1.8 × 10−3 (line 4) and 5.7 × 10−3 M (line 5).
v = 0.100 V s−1. Arrows indicate the direction of sweep potential. b) Dependence of Ip,c,1
with TBAOH concentration.

Fig. 8. Forward (line 1), reverse (line 2) and net (line 3) currents recorded for the electro-
reduction of STEH in ACN + 0.1 M TBAP. cSTEH⁎ = 5.1 × 10−3 M. ΔESW = 0.050 V, ΔEs =
0.010 V and f = 40 Hz. Arrows indicate the direction of sweep potential.

Fig. 9.Net currents recorded for STEH in ACN+ 0.1M TBAP in the absence (line 1) and in
the presence of different aliquots of TFA (lines 2 and 3). cSTEH⁎ = 1 × 10−3 M. cTFA⁎ =
2.5 × 10−4 (line 2) and 3.0 × 10−4 M (line 3). ΔESW = 0.050 V, ΔEs = 0.010 V and f =
10 Hz. Arrows indicate the direction of sweep potential.
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highest concentration studied and at a relatively slow scan rate, for ex-
ample, v = f ΔEs = 0.400 V s−1 [42]. Moreover, a small complementary
anodic peak of the second reduction peak is also evident.

The net peak currents of both reduction peaks, Ip,n,1 and Ip,n2, were
linear with f1/2, with r = 0.9962 and 0.9935 for the first and the second
reduction peaks, respectively, showing also a diffusion control for the
electrode process [42,43].

Fig. 9 shows the net currents (In) recorded for the electro-reduction of
STEH + 0.1 M TBAP in the absence (line 1), and in the presence (lines 2
and 3) of different aliquots of TFA. An increase in current for the first re-
duction peak and a slight decrease in current for the second reduction
peakwas found for a TFA concentration forty times lower than STEH con-
centration (Fig. 9, line 2). A further increase in the current of the first peak
and amarked decrease in the current of the second peakwas foundwhen
the concentration ratio of TFA to STEH was 0.3 (Fig. 9, line 3). TFA subse-
quent additions showed a new small increase in the current of the first
peak and the complete disappearance of the second reduction peak (re-
sults not shown). These findings clearly indicate that the most basic
electro-generated species, the dianion, is rapidly protonated in the pres-
ence of a strong acid. A similar behaviorwas found for the electrochemical
reduction of two analogs of K-group vitamins in dimethylsulfoxide in the
presence of different additions of benzoic acid [44].

When the TFA concentrationwas equimolarwith the STEH concentra-
tion, the ratio of Ip,n,1 in the presence and in the absence of TFA was 1.9.
These results indicate a change in the electrochemical reaction mecha-
nism in the presence of a strong acid, with a consequent change in the
number of electrons exchanged per mole of electrolyzed substance (see
below) at potentials corresponding to the first reduction peak. It has to
be indicated that the addition of TFA up to a concentration 2.7 times
higher than the mycotoxin concentration produced only a slight increase
in the absorbance (hyperchromic effect) mainly at λ= 240 nm.

On the other hand, we also studied the addition of water to the reac-
tion medium, which is a weaker acid than TFA. Fig. 10a shows cyclic



Fig. 10. a) Cyclic voltammograms of STEH inACN+0.1MTBAP in the absence (line 1) and
in the presence of different aliquots of water (lines 2–5). Water concentrations:
1 × 10−6 M (line 2), 5 × 10−6 M (line 3), 1.3 × 10−3 M (line 4) and 2.6 × 10−3 M (line
5). v = 4 V s−1. b) Net square wave voltammograms of STEH in ACN + 0.1 M TBAP in
the absence (line 1) and in the presence of different aliquots of water (lines 2–4). Water
concentrations: 5 × 10−6 M (line 2), 1.3 × 10−3 M (line 3) and 2.6 × 10−3 M (line 4)).
cSTEH⁎ = 1.3 × 10−3 M. ΔESW = 0.050 V, ΔEs = 0.010 V and f = 10 Hz. Arrows indicate
the direction of sweep potential.

Scheme 1.Mechanism of self protonation.
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voltammograms recorded for the first reduction peak of STEH in the ab-
sence (line 1) and in the presence of different aliquots of water (lines
2–5). No significant changes were observed in the reduction peak, even
when the water concentration was twice the concentration of the myco-
toxin. However, an interesting fact tomention is that the complementary
anodic peak to the first reduction decreased as the water concentration
increased. The role that traces of water present in organic solvents has
on the electro-reduction of organic compounds has previously been
discussed [45,46].

The net square wave voltammograms recorded for the two STEH
reduction peaks in the absence (line 1) and after the addition of dif-
ferent aliquots of water (lines 2 to 4) are shown in Fig. 10b. A slight
decrease in current in both reduction peaks was observed as the
water concentration increased. However, the effect of water addition
on STEH reduction peaks was less marked than the effect of addition
of TFA, which could be explained considering the lower acidity of
water compared to TFA.
3.4. Electrochemical reduction mechanism of STEH. Digital simulation

Different theoretical reaction mechanisms involving both hetero-
geneous (E) and homogeneous chemical (C) reactions, i.e., EC, ECE,
ECEC, DIM1 (radical-radical coupling), DIM2 (substrate-radical cou-
pling), “father–son” or self-protonation reactions, dimerization of
anion radicals, etc. were used to fit experimental cyclic voltammo-
grams [35,36,39,47–53].

It is known that when the electroactive species has an acidic proton,
a probable electrochemical reduction mechanism could involve a pro-
ton transfer reaction between the initial anion radical and the starting
molecule [47,48,52,53]. These reactions are called as “father–son”
(starting molecule-anion radical) and give rise to a self-protonation
mechanism. This electrochemical mechanism has been proved that oc-
curs, among other compounds, during the jatropholone electrochemical
reduction in N,N-dimethyl formamide +0.1 M TBAP [53], a compound
which has a phenolic –OH in its molecular structure as in the case of
STEH (Fig. 1).

On the other hand, the electrochemical reduction of other organic
compounds has been interpreted considering that the radical anion pro-
duced in the initial electron transfer reaction can dimerize for giving a
dimermore basic than the radical anion,which can be easily protonated
by the starting molecule. These reactions are called “grandparent–
grandchild” because the participants are separated by one generation
[49]. These reactions have been proposed for the electro-reduction of
2 fluorenecarboxaldehyde [49], some dinitro aromatic compounds
[50] and two cyanopyridines [51]. Dimerization mechanisms have al-
ready been proposed for the electrochemical reduction of some xan-
thones [54–56]. On the other hand, the biosynthesis of dimeric
xanthones has recently been described in the literature [57].

From the different theoretical reaction mechanisms used to fit ex-
perimental cyclic voltammograms, the best fits were achieved when
the reaction mechanisms described by Schemes 1–3 were used as the
theoretical models.

The reaction mechanisms described by Eqs. (5)–(9) (Scheme 1) and
10–14 (Scheme 2) correspond to self-protonation mechanisms. There-
fore, the radical anion generated in the initial electron transfer reaction
(Eq. (5) in Scheme 1, and Eq. (10) in Scheme 2) characterized by a for-
mal potential, Efo, and a formal rate constant, kfo, is then protonated by
the startingmolecule (Eqs. (6) and (11) in Schemes 1 and 2, respective-
ly, with an equilibrium constant, Keq, and a homogeneous rate constant,
kf). The radical thus generated may undergo two alternative reaction
pathways. It can be reduced at the electrode surface at a potential slight-
ly lower than the own substrate (Eq. (7) in Scheme 1, characterized by
Ef ,1
o and kf,1o ) giving the corresponding anion, which is again protonated

by the startingmolecule to give the final product (Eq. (8), characterized
by Keq,1 and kf,1). On the other hand, the radical generated by
Eqs. (6) and (11) could react with the initial radical anion to give the



Scheme 2.Mechanism of self protonation.
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anion and the parent molecule (Eq. (12), characterized by Keq,2 and
kf,2). Finally, the anion is again protonated to give the final product
(Eq. (13)). Both mechanisms described by Schemes 1 and 2 involve
the exchange of 0.67 electrons per mol of electrolyzed substance.

Themechanismdescribed by Scheme3 corresponds to the dimeriza-
tion of the radical anion. Thus, the radical anion formed in the first elec-
tron transfer reaction (Eq. (15)) dimerizes for giving a dianion dimer
more basic than the anion radical (Eq. (16)), which is easily protonated
by the starting molecule (Eq. (17)) giving STEH2–STEH2 and the conju-
gate base of STEH.

Based on themechanismdescribed by Scheme3, the number of elec-
trons exchanged per mole of electrolyzed substance at potentials of the
first peak reduction would be 0.5, in very good agreement with the re-
sults obtained from controlled-potential electrolysis measurements
(Section 3.1.1.). As previously discussed, an unstable dimeric species
as the most likely STEH reduction product was found by UHPLC-MS/
MS measures performed “in situ” during electrolysis (Section 3.1.1).

Fig. 11 shows experimental and fitted cyclic voltammograms for the
first reduction peak at a v = 0.100 V s−1 when theoretical mechanisms
used to perform the fit were those represented by Scheme 1 (Fig. 11a),
Scheme 2 (Fig. 11b), and Scheme 3 (Fig. 11c). These results clearly
show that the best fit was obtained when the mechanism described by
Scheme 3 was chosen as the theoretical one. Based on these results, we
propose as the most likely mechanism for the STEH electrochemical re-
duction the dimerization of the initially formed radical anion. However,
besides the dimerization step, the radical anion undergoes a further com-
petitive reduction at potentials about 0.6 V more negative than the STEH
first reduction peak to give the corresponding dianion, which would be
protonated by the starting molecule, residual water, and/or solvent, giv-
ing STEH3. In addition, the STE− ion (Eq. (17)) is reduced in a potential re-
gion very close to the reduction potential of the STEH•− as it was
previously described when the effect of the addition of TBAOH on
voltammetric responses was analyzed (Section 3.2), indicating that the
Scheme 3.Mechanism of dimer
second reduction peak would have a contribution of both processes.
This result agrees with the fact that a plot of the peak current ratio for
both STEH reduction peaks, Ip,c,2/Ip,c,1 vs. v was constant (results not
shown). If the second reduction peak would only correspond to the re-
duction of STE− ion, the current ratio should decrease as v increases.
Moreover, if only the reduction of STEH•−contributes to the second
peak, the current ratio should increase and tends to 1 as v is increased
[27].

The initial electron transfer reaction (Eq. (15)) is characterized by Ef0,
kf
o, and a cathodic transfer coefficient, α. The dimerization step

(Eq. (16)) is characterized by an apparent equilibrium constant, KDIM,
and a homogeneous forward rate constant, kf,DIM, and the protonation
step (Eq. (17)) is characterized by an apparent equilibrium constant,
Keq,3 and a homogeneous forward rate constant, kf,3. The dimerization
stepwould be irreversible based on experimental results, where the an-
odic current of the STEH first reduction peak decreases as the scan rate
decreases, in contrast to a reversible dimerization, where the anodic
current increases as the scan rate decreases [51].

Fig. 12 shows experimental and fitted cyclic voltammograms for the
first reduction peak at other two scan rates when the theoretical mech-
anism chosen to perform thefit was Scheme3. As it can be observed, the
fitting of experimental cyclic voltammograms was very good. The only
parameter that was kept constant during the fitting was α = 0.5.
Other thermodynamic and kinetics parameters obtained from the best
fitting were: Ef0 = −1.72 V, kfo = 0.044 cm s−1, KDIM =
2.08 × 104 M−1, kf,DIM = 2.06 × 104 M−1 s−1, Keq = 4.2, and kf =
1.4 × 105 M−1 s−1. In addition, a value of DSTEH = 1.4 × 10−5 cm2 s−1

was obtained from the best fitting, which can be compared with the
value determined from convoluted cyclic voltammograms
(Section 3.1). The fitting of the STEH second reduction peak was more
difficult to perform due to the difficulty of subtracting blank currents
to very cathodic potentials.

Theoretical cyclic voltammograms based on the proposed mecha-
nism for the STEH first reduction peak (Eqs. (15)–(18)) showed that
plots of Ep,c,1 vs. log v have slopes of – (0.019 ± 0.001), − (0.021 ±
0.001), − (0.022 ± 0.001) and – (0.026 ± 0.001) for STEH concentra-
tions of 0.1, 0.6, 1.8 and 5.1 × 10−3 M, respectively. Moreover, a plot
of Ep,c,1 vs. log c* had a slope of (0.016 ± 0.001). Slopes of E vs. log
[(IL,con–Icon)/I2/3] plots from convoluted voltammograms obtained by
simulation taking into account the mechanism represented by
Eqs. (15)–(18), gave 0.119 V/decade for concentrations higher than
about 1 × 10−3 M. Slopes decrease for concentrations of the
electroactive substance lower than that value. For instance, a slope
of 0.087 V/decade was calculated for 0.1 × 10−3 M and tends
gradually to values close to that of a simple reversible reaction, i.e.
0.059 V/decade, as the concentration decreases, showing, in fact,
the expected smallest effect of the following homogeneous chemical
reaction to the electron transfer step on the overall chemical reac-
tion. All these findings are in very good agreement with experimen-
tal results (see Section 3.1).
ization of the radical anion.



Fig. 11. Experimental (solid line) and fitted (○) cyclic voltammograms of STEH in ACN+ 0.1 M TBAP using Scheme 1 (a), Scheme 2 (b), and Scheme 3 (c) as theoretical mechanisms to
perform the fit. cSTEH⁎ = 1.0 × 10−3 M. v = 0.100 Vs−1.
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On the other hand, Eqs. (19)–(22) show the most likely STEH
electro-reduction mechanism in the presence of TFA, taking into ac-
count that TFA is a stronger acid than the parent molecule.

2 STEH þ e−⇄STEH •−ð Þ ð19Þ

STEH •− þ STEH •−⇄−STEH−STEH− ð20Þ
−STEH‐STEH− þ 2 TFAþ 2 e−⇄STEH2‐STEH2 þ 2 TFA− ð21Þ

2 STEH þ 2 TFAþ 2 e−⇄STEH2‐STEH2 þ 2 TFA− ð22Þ

which involve the exchanged of 1 electron permole of electrolyzed sub-
stance at potentials corresponding at STEH first reduction peak. TFA− is
the conjugated base of TFA. These findings are in very good agreement
with the increase of 1.9 times found in the peak current for the STEH
first reduction peak in the presence of TFA and STEH equimolar concen-
trations (Section 3.3.).

Moreover, cyclic voltammograms recorded in the presence of differ-
ent aliquots of water were also fitted using a similar mechanism as that
described by Eqs. (15)–(17). The only differencewas that prior to the di-
merization step the following equation was included in the reaction
mechanism [45]:

STEH •− þ H2O⇄STEH H2Oð Þ•− ð23Þ

where STEH(H2O)•− is the radical anion complexed by a single water
molecule. Under these conditions, thedimerization step occurs between
an uncomplexed radical anion and a complexed radical anion. These
simulations clearly put into evidence that the dimerization rate constant
increases in the presence of water. These results are shown in Fig. 13,
where kf,DIM,W and kf,DIM are the dimerization forward rate constants
calculated in the presence and in the absence of water, respectively.
These results are in very good agreement with those experimentally
obtained when different water aliquots were added to the reaction
medium.

Isolation and identification of protonated dimeric product from
reduction of STEH was not possible because of its unstableness due to,
probably, air oxidation. Thus, considering the lack of structural informa-
tion we considered straightforward to perform a speculative task about
the identity of the dimer.

Probable chemical structures of STEH2–STEH2 and STEH3 are
discussed below. For that, optimizing the geometry and calculations of
the spin density for STEH•− was performed using the AM1 semi-
empirical method [58]. The highest spin density values are shown in
Fig. 14 (sites 1 to 4). These are the most likely sites where dimerization
can occur. Based on these results, we propose four probable structures
for the dimer (Fig. 15). Heats of formation (ΔHf) for probable dimers
in gas phasewere –259.26,−245.36,−221.10, and –238.40 kcal mol−1

for dimers 1, 2, 3 and 4, respectively.While values ofΔHfwould indicate
higher stability of dimmers 1 and 2 in the gas phase, they can be
discarded under the actual experimental conditions given the absence
of an expected shift in thewave at 240 nm to shorter wavelengths, dur-
ing the experiment of controlled potential electrolysis. Structures of di-
mers 3 and 4 explain better experimental results, particularly those of
UV–vis spectroscopy obtained during the controlled potential electroly-
sis, since aromaticity is not lost in rings where the dimerization occurs,
which indeed happens in dimers 1 and 2 (Fig. 13). Therefore, the most
probable structure of the dimer would be dimer 3, considering that
dimer 4 involves the formation of a peroxide bond, which, it is well
known, is weak [59].



Fig. 12. Idem Fig. 10 at v: a) 1 and b) 4 Vs−1. The theoretical mechanism used to perform
the fitting was that indicated by Eqs. (15)–(17) (Scheme 3).
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On the other hand, resonance structures of the dianion can lead to
the breakage of bonds in the ring containing the carbonyl group in the
STEH chemical structure (Fig. 1). Therefore, we propose the following
Fig. 13. Dependence of the dimerization rate constant with water concentration in the
reaction medium.
chemical structure for STEH3, which is in agreementwith that proposed
in the literature for the electro-reduction product of a related com-
pound, lichexanthone in dimethylsulfoxide +0.1 M TBAP [60].

3.5. Quantitative determination of STEH

The net current− potential curve in SWV is the most useful analyt-
ical signal due to the possibility to discriminate against back-ground
currents and allows obtaining low limit of detection (LOD) [42,43]. A
plot of Ip,n,1 vs. cSTEH⁎ was linear in the concentration range from 0.050
to 11.2 ppm. The calibration curve can be expressed by a least-square
procedure as (eleven points were taking into account, being each
point the average of three replicated measurements):

Ip;n;1 ¼ 1:6� 0:5ð Þ � 10−7 þ 6:3� 0:1ð Þ � 10−7c�STEH r ¼ 0:9990 ð24Þ

where Ip,n,1 is expressed in amperes and cSTEH⁎ in ppm. The LOD and limit
of quantification (LOQ) were 10 and 33 ppb for signal to noise ratios of
3:1 and 10:1, respectively [61].

These preliminary analytical results encourage us to study the
application of pulse electrochemical methods to determine STEH in
contaminated real samples in the near future as an alternative to chro-
matographic methods.

4. Conclusions

The electrochemical reduction of sterigmatocystin mycotoxin has
been studied in acetonitrile +0.1 M tetrabutylammonium perchlorate
at glassy carbon electrodes. Results obtained by cyclic and square
wave voltammetries demonstrated a complex reaction mechanism,
where the radical anion formed in the initial electron transfer reaction
undergoes a dimerization step to give the corresponding basic dimer
dianion, which is then protonated by the parent molecule. An unstable
Fig. 14. Optimized geometry and calculations of the spin density for STEH•− obtained by
the semi-empirical AM1 method.



Fig. 15. Probable structures of the dimers. Dimer 1, dimer 2, dimer 3 and dimer 4 indicate that the dimer is formed by bonding of sites 1, 2, 3 and 4, respectively.
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dimeric species as the most likely sterigmatocystin reduction product
was found by UHPLC-MS/MSmeasures performed “in situ” during con-
trolled potential electrolysis. The dianion produced in the second reduc-
tion peak is also protonated by the starting molecule. The addition of
tetrabutylammonium hydroxide and trifluoroacetic acid to the reaction
medium produced marked changes in voltammetric responses. Addi-
tion of water produced less pronounced changes, although increasing
dimerization rate constant. Probable chemical structures of the dimer
are proposed based on theoretical calculations.

Square wave voltammetry was used for quantification of the myco-
toxin as a previous step for the application of this technique to deter-
mine sterigmatocystin in contaminated real samples as an alternative
to chromatographic techniques in the near future.
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