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Abstract

Ochratoxin A (OTA) is a fungal metabolite that occurs in foods, beverages, animal tissues, human blood and presents carcinogenic, teratogenic and
nephrotoxic properties. This study concerns the redox properties of OTA using electrochemical techniques which have the potential for providing
insights into the biological redox reactions of this molecule. The in situ evaluation of the OTA interaction with DNA using a DNA-electrochemical
biosensor is also reported.

The oxidation of OTA is an irreversible process proceeds with the transfer of one electron and one proton in a diffusion-controlled mechanism.
The diffusion coefficient of OTA was calculated in pH 7 phosphate buffer to be Dy =3.65 x 107 cm?s~!. The oxidation of OTA is also pH
dependent for electrolytes with pH<7 and involves the formation of a main oxidation product which adsorbs strongly at the GCE surface
undergoing reversible oxidation. In alkaline electrolytes OTA undergoes chemical deprotonation, the oxidation involving only the transfer of one
electron.

The electrochemical dsDNA-biosensor was also used to evaluate the possible interaction between OTA and DNA. The experiments have clearly
proven that OTA interacts and binds to dsDNA strands immobilized onto a GCE surface, but no evidence of DNA-damage caused by OTA was

obtained.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Mycotoxins [1] are a structurally diverse group of compounds
produced by the secondary metabolism of fungi. Among myco-
toxins, ochratoxins represent the group of metabolites produced
by Aspergillus ochraceus and, more commonly, by Penicil-
lium viricatum. The ochratoxins comprise a polyketide-derived
dihydroisocoumarin moiety linked via its 12-carboxyl group to
L-3-phenylalanine by an amide bond [2—4].

Several ochratoxins are described in the literature, but
the most important one appears to be ochratoxin A (OTA),
Scheme 1, a substance that frequently occurs in improperly
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stored food (cereals, coffee, milk) and beverages (beer and
wine) [5,6]. Upon adsorption from the gastrointestinal tract,
OTA can easily reach the bloodstream and be bound to the
serum proteins. Readsorption of OTA from the intestine back to
the circulation, as a consequence of biliary recycling, favours
the systemic redistribution of OTA towards different tissues.
The kidneys are the organs most susceptible to OTA since it
was shown that accumulation can cause both acute and chronic
lesions by induction of a defect in the anion transport mecha-
nism. In addition, immunotoxic, teratogenic and carcinogenic
effects of OTA are described in animals, mainly in rats and mice
[6].

In terms of OTA genotoxicity, the toxin promotes oxidative
stress [7,8], oxidative base damage [8] and single strand DNA
cleavage through production of reactive oxygen species (ROS)
[9,10]. However, the mechanism of OTA-induced tumour for-
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Scheme 1. Chemical structure of ochratoxin A.

mation is unknown and conflicting results have been reported
regarding the potential of OTA to bind to DNA. For example, it
was shown that in vivo OTA is poorly metabolized and no reac-
tive intermediates capable of interacting with DNA have been
detected [11]. Contrary to this, in vitro, a hydroquinone/quinone
redox couple and a carbon-bonded OTA-deoxyguanosine adduct
formed by electrochemical oxidation and photoreaction of OTA
have been reported and suggested to be involved in OTA carcino-
genicity [12]. Also, it has been stated that the redox-active tran-
sition metals may play an important role in OTA activation. The
results reported demonstrated that OTA can facilitate oxidative
DNA strand scission in the presence of copper without the aid of
an external reducing agent [13]. Moreover, the protective effect
of some substances able to act as ROS scavengers has been inves-
tigated through various biological assays, with an overall protec-
tive effect of vitamins A, C, and E [14] as well as of anthocyanins
[15].

As a result of the importance of OTA in biological sys-
tems, there is an increasing need for developing methods for the
detection and determination of mycotoxins in food, beverages
and biological fluids [16]. Although the most used technique
for the detection of OTA is HPLC with fluorescence detection
due to the fact that OTA possesses natural fluorescence [17],
other analytical methods such as capillary electrophoresis [18],
radioimmunoassay [19] and enzyme-linked immunosorbent
assay [20,21] have been developed. However, more recently,
there has been a tendency for the use of less costly techniques
and a reduction in the use of organic solvents since they result
in high ecological costs.

Due to their high sensitivity, voltammetric methods have
been successfully used for the detection and determination of
various biological compounds. Moreover, investigations of the
redox behaviour of biologically occurring compounds by means
of electrochemical techniques have the potential for providing
valuable insights into the redox reactions of these molecules
[22,23].

Concerning OTA, investigation on its oxidation behaviour
has been carried out at a glassy carbon electrode (GCE), but
only in specific conditions using organic solvents or aqueous
media with pH between 6 and 8 and using cyclic voltammetry
[24]. Those results were compared with the oxidation behaviour
of 4-chlorophenol. It was shown that the electrochemical oxida-
tion of OTA in acetonitrile solutions corresponds to the removal
of protons and electrons from the phenolic moiety to form a
cationic intermediate with subsequent formation of a quinone
species. In aqueous buffer, a single irreversible peak was found,

the oxidative process yielding only a phenoxyl radical. No oxida-
tion product of OTA electrochemically detected was observed,
and more work should be done to fully characterize the OTA
electrochemical redox mechanism.

On the other hand, in the context of OTA-produced DNA
damage, oxidation of OTA was also studied in the presence of
transition metal ions [13] and of a Fe-porphyrin system that led
to a model for the enzymatic activation of OTA and DNA cleav-
age [12]. Upon oxidation of OTA with the Fe-porphyrin/H,0»
system and subsequent reduction by ascorbate, a hydroquinone
specie was detected by HPLC. This led to the conclusion that a
quinone derivative of OTA may play an important role in OTA-
mediated genotoxicity. However, in spite of these results, the
genotoxic effects of OTA are still questioned [19,25], especially
in vivo, where DNA adducts and DNA damage could occur from
secondary effects.

In the past decade, there has been great interest in the devel-
opment of DNA based biosensors. An electrochemical sensor
for DNA damage consists of an electrode with DNA immobi-
lized on the surface. Interactions of surface-immobilized DNA
(either by electrostatic adsorption or by evaporation) with the
damaging agent are converted, via changes in electrochemical
properties of the DNA recognition layer, into measurable electri-
cal signals. Such a kind of device has been successfully applied
to study the interaction of several substances with dsDNA and
the interpretation of the results contributed to the elucidation
of the mechanisms by which DNA is damaged by hazardous
compounds [26].

In this context, the present study is concerned with the elec-
trochemical characterization of OTA oxidation behaviour, for a
wide pH range between 2 and 12, using cyclic, square wave and
differential pulse voltammetry at a glassy carbon electrode and
with the in situ interaction of OTA with dsDNA immobilized on
a glassy carbon electrode surface.

2. Experimental
2.1. Materials and reagents

Ochratoxin A (OTA), calf thymus dsDNA, polyguanilic acid
(poly[G]) and polyadenilic acid (poly[A]) were obtained from
Sigma and used without further purification. A stock solution
of 2.5mM OTA was prepared in ethanol and stored at 5°C.
Solutions of different concentrations of OTA were prepared by
dilution of the appropriate quantity in supporting electrolyte.
Stock solutions of 300 wg mL~! dsDNA, poly[G] and poly [A]
were prepared in deionized water and diluted to the desired
concentration in pH 4.5 0.1 M acetate buffer.

All supporting electrolyte solutions, Table 1, were prepared
using analytical grade reagents and purified water from a Milli-
pore Milli-Q system (conductivity <0.1 wScm™1).

Microvolumes were measured using EP-10 and EP-100 Plus
Motorized Microliter Pippettes (Rainin Instrument Co. Inc.,
Woburn, USA). The pH measurements were carried out with
a Crison micropH 2001 pH-meter with an Ingold combined
glass electrode. All experiments were done at room temperature
25+£1°0C).
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Table 1

Supporting electrolytes (diluted to 100 mL)

pH Composition

2.1 0.2M HCI (42.5mL)+0.2M KCI (25mL)

32 0.2M HAcO (46.3 mL) +0.2M NaOAc (3.7 mL)

4 0.2M HAcO (36.8 mL)+0.2M NaOAc (13.2mL)

45 1M HAcO (12.5mL)+ 1 M NaOAc (7.2 mL)

5.1 0.2M HAcO (8.8 mL) +0.2M NaOAc (41.2mL)

6 0.2M NaH,POy4 (43.85mL) +0.2M Na,HPO4 (6.15 mL)
7 0.2M NaH,PO4 (19.5mL) +0.2 M Na,HPO4 (30.5mL)
8 0.2M NaH,POy4 (2.65mL) +0.2M Na,HPO4 (47.35mL)
9.1 0,1 M NaOH (3 mL)+0.025 M Na;B407 (50 mL)

12.1 0.2M NaOH (6 mL)+0.2M KCI (25 mL)

2.2. Voltammetric parameters and electrochemical cells

Voltammetric experiments were carried out using a pAutolab
running with GPES 4.9 software, Eco-Chemie, Utrecht, The
Netherlands. The experimental conditions for differential pulse
voltammetry (DPV) were: pulse amplitude 50 mV, pulse width
70 ms, scan rate 5mVs~!. Measurements were carried out
using a glassy carbon electrode (GCE) (d= 1.5 mm), with a Pt
wire counter electrode, and a Ag/AgCl (3M KCl) electrode
as reference, in a 0.5mL one-compartment electrochemical
cell.

The GCE was polished using diamond spray (particle size
1 wm) before every electrochemical assay. After polishing, the
electrode was rinsed thoroughly with Milli-Q water for 30s;
then it was sonicated for 1 min in an ultrasound bath and again
rinsed with water. After this mechanical treatment, the GCE
was placed in buffer electrolyte and various DP voltammograms
were recorded until a steady state baseline voltammogram was
obtained. This procedure ensured very reproducible experimen-
tal results.

2.3. Acquisition and presentation of voltammetric data

All the voltammograms presented were background-
subtracted and baseline-corrected using the moving average
application with a step window of SmV included in GPES ver-
sion 4.9 software. This mathematical treatment improves the
visualization and identification of peaks over the baseline with-
out introducing any artefact, although the peak intensity is in
some cases reduced (<10%) relative to that of the untreated
curve. Nevertheless, this mathematical treatment of the original
voltammograms was used in the presentation of all experimen-
tal voltammograms for a better and clearer identification of the
peaks. The values for peak current presented in all plots were
determined from the original untreated voltammograms after
subtraction of the base line.

2.4. DNA-biosensor preparation and incubation procedure

The dsDNA-biosensor was prepared by electrostatic immo-
bilization of dsDNA at a GCE (d=1.5mm) surface from a
solution of 50 ug mL~! by applying a potential of +0.30 V ver-
sus Ag/AgCl during 5 min.

Incubation with OTA was always carried out by holding the
biosensor during 5 mins in a solution containing 100 uM OTA
solution in pH 4.5 0.1 M acetate buffer. During this period of
time the solution was continuously stirred.

3. Results and discussion
3.1. Cyclic voltammetry

The oxidation behaviour of OTA was first studied by cyclic
voltammetry (CV) at 200mV s~! in electrolytes with different
pH, all containing 500 M OTA, Fig. 1 A. In alkaline media, OTA
oxidation occurs in a single step, peak 1, at Eéa = 40.88 V and
this potential does not depend on the electrolyte pH. Lowering
the solution pH, for pH <7, on the reverse negative-going scan of
the first cycle anew peak 2. appeared and its potential depends on
the solution pH. Also, itis observed that peak 2. current increases
with decreasing pH. This peak corresponds to the reduction of
the OTA oxidation product formed at the GCE surface after OTA
oxidation during the positive scan of the first cycle.

The oxidation of OTA in pH 7 0.2 M phosphate buffer peak
1, occurs at Efl)a1 = +0.88 V, Fig. 1B. On the reverse scan, the

reduction peak 2. appeared at Ef,c = 40.22' V. As mentioned,
this peak 2. corresponds to the reduction of the OTA oxida-
tion product formed at the GCE surface. A subsequent CV scan
showed a new oxidation peak 2, occurring at E,, =+0.26 V, thus
confirming the reversibility of peak 2.

A CV in a solution of 500 M OTA but in pH 4 0.2 M acetate
buffer, Fig. 1C, shows on the first scan the anodic peak 1, at
E1[1Ja = +1.09 V. On the reverse scan of the first cycle peak 2.

occurs at Egc = +40.34 V. However, on a second scan, peak 2,

occurs at higher potential than expected, E;2>a = +0.67V, and
does not form a reversible couple with peak 2. as in the case
of pH 7 0.2M phosphate buffer. A similar behavior has been
already observed during CV studies on the electrochemical
oxidation of OTA and 4-chlorophenol in acetonitrile [24].

The above result can be explained taking into account the
adsorption of both OTA and OTA oxidation products at the
GCE surface and which leads to the blocking of the electrode
surface. This was confirmed by carrying out a similar experi-
ment in the same conditions but in a less concentrated solution
(50 M OTA), see Fig. 1D, which shows peak 2, occurring at
Ega = +0.46 V in the second scan, forming a reversible couple
with peak 2.. Moreover, in this case, a new peak 3, appeared at
Ey, =+0.98V.

The pair of peaks 2.—2, can be due to the formation of a
quinone derivative that is reversibly reduced to form a hydro-
quinone, a species already mentioned in the literature as an OTA
oxidation product by a Fe-porphyrin system [12,24]. The hydro-
quinone specie can also undergo oxidation to catechol which is
reversibly oxidized [12]. However, considering the formation of
catechol at the GCE surface, peak 3, in Fig. 1D, the amount
of the compound formed at the electrode surface is very low,
and the oxidation is irreversible since no peak was observed in
the reverse scan [12,24]. There was no increase of the peak 3,
current in a third scan.
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Fig. 1. CVs obtained with a GCE in solutions of 500 uM OTA: (A) (we== ) pH 9.3 0.2 M borate buffer, (mmm ) pH 7 0.2 M phosphate buffer and (esee ) pH 4 0.1 M
acetate buffer; (B) pH 7 0.2 M phosphate buffer () first and (eee e ) second scan; (C) pH 4 0.2 M acetate buffer (wmm ) first and (eee e ) second scan and (D) 50 uM
OTA in pH 4 0.2 M acetate buffer; (e ) first and (eee e ) second scan, v=200mV sl

Since the adsorption of OTA and/or its oxidation product
is very strong in acid electrolytes, further studies were car-
ried out in pH 7 0.2M phosphate buffer. CVs were obtained
for different scan rates in a solution of 100 WM OTA. It was
observed that, on increasing v, peak 1, potential is slightly dis-
placed to more positive values. The difference between peak
potential E},, and the potential at half height of peak E},», was
~43.3mV. Since for a diffusion-controlled irreversible system
|[Epa — Ep2al = 47.7/(ac.n’), where a. is the charge transfer coef-
ficient and n’ the number of electrons in the rate-determining
step [27], it can be calculated that arcn’ =1.1.

Also, increasing the scan rate, the current of peak 1, increases
linearly with square root of v (not shown), consistent with the
diffusion-limited oxidation of a solution species. The peak cur-
rent in amperes for a diffusion-controlled irreversible system is
given by I, (A)=2.99 x 105n(otcn/)1/2A[R](X)D(l)/zv”2 where n
is the number of electrons transferred during the oxidation of
OTA (n=1 as shown below, Section 3.2), A is the electrode area
in cm2, Do is the diffusion coefficient in cm? s™!, [R]oo is the
concentration in mol cm ™3 and vis in V s~! [27]. By plotting Ipa
versus v'2, the value of Do is obtained. For the measured slope
of 1.08 x 1070 A/(V s~ 1)!/2 the diffusion coefficient of OTA in

pH 7 0.2 M phosphate buffer is Do =3.65 x 107®cm? s~!. For
this calculation, the GCE electroactive area was determined from
aplotof I versus 1”2 using a solution of 0.5 mM hexacyanofer-
rate and the value of the diffusion coefficient of hexacyanoferrate
in phosphate buffer of Do=7.35 x 107 cm?s~! [28]. In this
way, an electroactive area of 0.031 cm? was determined.

3.2. The influence of pH

The electrochemical oxidation of OTA was studied over a
wide pH range between 2 and 12 using DPV. The DP voltam-
mograms, Fig. 2A, were all recorded in solutions of 50 uM OTA
in different electrolytes with 0.2 M ionic strength.

For a solution with pH between 2 and 7, the potential of peak
1, is displaced to lower values with increasing pH, following the
relationship Ep, (V) =1.126-0.063 pH, Fig. 2A. The slope of the
line, 63 mV per pH unit, shows that the oxidation mechanism
of OTA involves the same number of electrons and protons.
In addition, in all electrolytes, the width at half height of the
OTA oxidation peak 1, was Wy, =88 mV, which suggests that
the oxidation of OTA occurs with the transfer of one electron,
hence also one proton. The apparent one electron and one proton
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Fig. 2. (A) 3D plot of first DP voltammograms obtained in 5 wM OTA as a
function of pH. (B) Plot of (@) E,, and (M) I, of peak 1, vs. pH.

reaction must be of a more complex nature if the formation of
the quinone derivative at the GCE surface as electrochemical
oxidation product of OTA is considered. The formation of the
quinone derivative is a complex process that besides electron
transfer also involves the nucleophilic attachment of water and
the release of a chloride ion [12,24].

For pH >7, the OTA oxidation peak does not depend on pH
indicating a mechanism involving only one electron, possible if
the OTA oxidation product undergoes chemical deprotonation
in alkaline electrolytes. Thus the value of pK, =7 of OTA can be
determined, in agreement with the previously reported results
[24] and with the fact that the phenolic group is deprotonated at
physiological pH.

The graph of the variation of peak 1, current versus pH,
Fig. 2B, shows that the current increases with pH with a maxi-
mum in the pH range 4-5.

Successive DP voltammograms were recorded in a solution
of 5uM OTA in pH 4 0.2M acetate buffer, Fig. 3A. The oxi-
dation of OTA, peak 1,, occurs at E;a = +1.10V. In a second

DP scan, two new peaks 2, and 3, occur at El%a = +0.41 and

at Ega = +0.87 V. These peaks correspond to the oxidation of
OTA oxidation products. The peak 1, current decreases with the
number of scans due to the decrease of the available electrode
surface area owing to adsorption of OTA oxidation products. The
adsorption of OTA oxidation products at the GCE surface was
confirmed when, at the end of several DP scans recorded in the
solution of OTA, the electrode was washed with a jet of deion-
ized water and then transferred to the supporting electrolyte. The
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Fig. 3. Base line corrected DPV recorded in 5 uM OTA in: (A) pH 4 0.2M
acetate buffer and (B) pH 7 0.2M phosphate buffer; (s ) first and (eeee )
second and (mwmm ) third scan; Pulse amplitude 50 mV, pulse width 70 ms and
scan rate v=5mV s~

DP voltammogram obtained in these conditions (not shown)
shows only peaks 2, and 3,. Moreover, consecutively recorded
DP voltammograms in buffer showed only a continuous, but
slow decrease of peak 2, oxidation current due to product
consumption, whereas peak 3, disappears after the first scan
in buffer.

Successive DP voltammograms were also recorded in a
solution of 5 uM OTA in pH 7 0.2 M phosphate buffer, Fig. 3B.
The oxidation of OTA, peak 1,, occurs at E;l)a =+0.80V.On a

second DP scan, a new peak 2, appears at Ega = +0.24V, and
its amplitude remains constant during further scans, although
the amplitude of peak 1, decreases gradually with the number of
potential scans due to the adsorption of OTA oxidation product
at the GCE surface. Nevertheless, in alkaline electrolyte the
adsorption of OTA oxidation product is not as strong as in
acid media. This was observed when, after recording three
consecutive scans in the OTA solution, the electrode was
washed with a jet of deionized water and then transferred to the
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Fig. 4. 3D plot of second DP voltammograms obtained in 5 uM OTA as a
function of pH.

supporting electrolyte. No oxidation peak 2, was observed in
the DPV scan obtained in these conditions (not shown).

Consecutive DP voltammograms recorded in the same solu-
tion of OTA showed new peaks corresponding to OTA oxidation
products adsorbed at the GCE surface, and the electrochemical
oxidation of these compounds was also studied for different
pH values. Thus, two consecutive DP voltammograms were
recorded in solutions of 5 WM OTA in different electrolytes and
the second DP voltammograms were plotted vs. pH, Fig. 4.

It was observed that peak 2, occurs only for electrolytes with
pH < 8. The potential of peak 2, is displaced to more negative
values with increasing pH, following a linear relationship with
slope 57mV per pH unit. This means that the oxidation of the
OTA oxidation product involves the same number of electrons
and protons. Nevertheless, in all electrolytes, the width at half
height of peak 2, was Wi, =50mV, which suggests that the
oxidation of OTA oxidation product occurs with the transfer of
two electrons, hence also two protons.

Also, from Fig. 4 it is observed that peak 3, appeared for
electrolytes with pH < 6, for higher pH the peak tends to merge
with OTA oxidation peak 1,. However, the dependence of the
peak potential on pH is also linear and corresponds to 38 mV
per pH unit, showing that it is likely that the reaction mechanism
involves an electron transfer followed by a chemical reaction,
probably dimerization [29].

3.3. Square wave voltammetry

The advantages of square wave voltammetry (SWV) are
greater speed of analysis, lower consumption of the electroac-
tive species in relation with DPV, and reduced problems with
poisoning of the electrode surface [30]. SWV showed similar
features to DPV and CV, i.e., oxidation peaks 1,, 2, and 3, and
a large amount of adsorption on the second scans. The first SW
scan obtained in a solution of 10 WM OTA in pH 4 0.2 M acetate
buffer, shows OTA oxidation peak 1,, Ell)a = +1.05V, Fig. 5A.
On a second SW scan, peak 2, occurs at Ega = +0.45V and
its amplitude increases with the number of potential scans and
peak 3, can be observed at Ega =+092V.

150 nA

0.4 I O!G I Cll.8 I 1.0 1.2
E/V vs. Ag/AgCI

T T T T v T T
0.4 0.6 0.8 1.0 1.2
E/V vs. Ag/AgCI

Fig. 5. Base line corrected SWV recorded in 10 uM OTA in pH 4 0.2 M acetate
buffer: (A) (e ) first and (esee ) second and (mm= ) third scan and (B) fifth
scan; I;: total; /r: forward and I,: backward currents; pulse amplitude 50 mV,
step potential 2 mV, frequency 50 Hz, veffective = 100 mV s~L.

On the other hand, the reversibility of peak 2, is confirmed
by plotting the forward and backward components of the total
current where the oxidation and the reduction currents are equal,
Fig. 5B. Moreover, the identical value of the potential of peak
2, on the forward and backward current components is an indi-
cation of the adsorption of OTA oxidation products on the GCE
surface.

A greater advantage of square wave voltammetry is the
possibility to see during only one scan if the electron transfer
reaction is reversible or not. Since the current is sampled in
both positive and negative-going pulses, peaks corresponding
to the oxidation and reduction of the electroactive species at
the electrode surface can be obtained in the same experiment.
Also, SWV experiments show a higher sensitivity than DPV
since much faster scan rates can be used (100mVs~! for
SWV compared to SmV s~! for DPV). Taking into account
these facts, the analytical determination of OTA was carried
out using SWV and measuring the oxidation peak of its
oxidation product, since this product can undergo reversible
oxidation.
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Fig. 6. SW voltammograms recorded in different concentrations of OTA using (A) Procedure 1 and (B) Procedure 2; pulse amplitude 50 mV, step potential 2mV,

frequency 50 Hz, Vefrective = 100 mV s~L.
3.4. Analytical determination of OTA

Two different procedures for the electroanalytical determi-
nation of OTA were evaluated. Supporting electrolyte, pH 4.0,
0.2 M acetate buffer, was preferred since higher oxidation peaks
are obtained, as shown in Figs. 2A and 4.

3.4.1. Procedure 1

SW voltammograms were recorded for standard additions
of OTA corresponding to bulk concentrations between 2 and
75 uM, Fig. 6A. OTA oxidation peak 1, current was used as the
analytical signal. Between measurements the GCE surface was
always polished in order to ensure a clean electrode surface and
to avoid the adsorption of OTA oxidation products.

3.4.2. Procedure 2

The freshly polished GCE was held at a potential of
+1.15V during 30s in solutions of OTA corresponding to bulk
concentrations between 0.2 and 30 uM. Two consecutive SW
voltammograms were recorded in the OTA solution for standard
additions of OTA corresponding to bulk concentrations between
0.2 and 30 uM, Fig. 6B. During the conditioning period, the
OTA molecules that diffuse from the solution towards the
electrode surface are oxidized leading to the formation of the
OTA oxidation product at the GCE surface. Peak 2, from a
second SW voltammogram obtained in the OTA solution was
used as the analytical signal. Also, between measurements the
GCE surface was always polished in order to ensure a clean

electrode surface and to avoid the adsorption of OTA oxidation
products.

The detection limit (LOD) was determined as the OTA
concentration that caused a peak with a height three times
the baseline noise level, i.e. LOD=3 x S.D. x (sensitivity)_l.
The quantification limit (LOQ) is the lowest concentra-
tion of a substance that can be quantified with acceptable
precision and accuracy. A typical signal/noise ratio of
10 is generally considered to be acceptable; therefore:
LOQ=10x S.D. x (sensitivity)_l.

The data obtained from the calibration curves are presented
in Table 2. Procedure 1 leads to a wider linear range but a much
higher LOD when compared with the results obtained using
Procedure 2. This can be explained by taking into consideration
that OTA oxidation peak 1, occurs at high potentials, the
decomposition of the solvent influencing the current measure-
ment. On the contrary, the OTA oxidation product adsorbs at
the electrode surface and there is no contribution of diffusing
species to the electrochemical reaction.

The reproducibility of these methods was evaluated by
plotting different calibration curves. The relative standard
deviations (R.S.D.), Table 2, calculated from the sensitivities of
three calibration curves were around 13 and 6% for Procedure
1 and Procedure 2, respectively. It must be mentioned that each
measurement was done using a freshly polished GCE, a process
that give rise to small modifications of the electrode surface
area which can in turn cause variations in the oxidation currents,
and this should be the main source of error in the procedures

Table 2

Sensitivity, intercept, limit of detection, limit of quantification and other linear fit parameters calculate from OTA calibration curves obtained with two different

procedures

Method Sensitivity (nA uM~1) Intercept (nA) LOD (uM) LOQ (uM) R? S.D. Linearity R.S.D.(%)
range (M)

Procedure 1 14.40 £ 0.35 15.49 £+ 3.89 1.2 3.82 0.997 5.497 30 13

Procedure 2 50.09 £ 0.59 20.18 £ 2.99 0.26 1.00 0.999 5.034 10 6

For more details see Section 3.4.
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Table 3
Interference of catechol, phenol and resveratrol, on the peak current of OTA at
the GCE

Interfering Cota: Cinterferent Relative response (%)
compound
Procedure 1 Procedure 2
(peak 1,) (peak 2,)
Cathecol 1:1 101 50
1:3 97 43
Phenol 1:1 96 65
1:3 93 60
Resveratrol 1:1 99 77
1:3 97 65

For more details see Section 3.4.

described. The difference between the R.S.D. obtained with the
two procedures can be explained by taking into account that the
potential of +1.15V applied during 30s in procedure 2, leads
to a more reproducible base line.

The electroanalytical determination of OTA carried out by
square wave voltammetry measuring the oxidation peak current
of OTA gave a LOD of 1.2 uM, whereas measuring the anodic
peak current corresponding to oxidation of the oxidation product
of OTA adsorbed on the GCE surface gave a LOD of 0.26 uM.
However, LOD of the electrochemical method, in the range of
10~* gL~!, is much higher than what is expected in a real sample
where the concentration of OTA is very low probably in the range
of 1079 gL~

A study of interferences of OTA with compounds usually
found in juice or wine, e.g. anthocyanins, flavones, flavonoids,
was also undertaken. Most of these compounds present catechol
and phenol in their structures as electroactive groups. Another
possible specific interacting compound with the determination
of OTA is resveratrol [31].

Experiments in solutions containing catechol, phenol and
resveratrol were performed. Both experimental procedures
described for the determination of OTA were used and com-
pared. The concentration of OTA was always 2 uM whereas the
concentration of the interfering compound was either 2 or 6 uM,
so the relative concentrations of OTA:interferent was 1:1 or 1:3.
The data obtained are presented in Table 3. The relative response
(%) for Cota: Cinterferent for peak 1, currents using procedure
1 and peak 2, currents using procedure 2 were calculated as
the average of 3 consecutive measurements then compared with
values calculated with the equations specific for each procedure
mentioned in Table 2.

Since OTA oxidation, peak 1,, occurs at higher potentials
than catechol, phenol or resveratrol, all these compounds were
oxidised and interfere to a small extent when procedure 1 is
used. However, the relative response shows fluctuations of OTA
oxidation peak 1, smaller than the R.S.D. of the method, Table 2.

On the other hand, using procedure 2, a very strong inter-
ference of all compounds with the OTA determination was
found. Since at the conditioning potential of +1.05V, catechol,
phenol and also resveratrol are all oxidized, their oxidation
products also adsorb onto the GCE surface leading to its
blockage.

3.5. In situ evaluation of OTA interaction with DNA

As already mentioned, OTA is considered a genotoxic com-
pound since it promotes oxidative stress [7,8], oxidative base
damage [8] and single strand DNA cleavage. Although the
production of ROS appeared to be the main mechanism of OTA-
induced tumor formation in animals, conflicting results have
been reported regarding the potential of OTA to bind to DNA
[19,25].

An electrochemical dsDNA biosensor was used to evaluate
the possible interaction between OTA and DNA. The dsDNA
biosensor consists of an electrode with DNA immobilized on
the surface. The double stranded DNA structure makes access
of the bases to the electrode surface difficult, hindering their
oxidation. The interactions of the surface-immobilized dsDNA
with the damaging agent causes the double helix to unwind, so
that closer access of the bases to the surface is possible, lead-
ing to voltammetric signals. However, if the damaging agent is
electroactive its oxidation can also occur. This redox reaction
allow the in situ formation of reactive intermediates, such as
free radicals, and their action on DNA is detected.

The thin-layer dsDNA biosensor prepared by electrostatic
immobilization of dsDNA at a GCE surface was characterised
by DP voltammetry. A DP voltammogram obtained with the
dsDNA biosensor in pH 4.5 0.1 M acetate buffer, showed two
small oxidation peaks due to the oxidation of desoxyguano-
sine (dGuo) at Ep, =+1.03'V, and desoxyadenosine (dAdo) at
Eya=+1.28V, Fig. 7.

MAC Mode AFM images have shown that the thin-layer
dsDNA biosensor presents large pores in the DNA film leaving
parts of the electrode uncovered where non-specific adsorption
of the analyte could occur [26]. In the case of OTA, non-specific
adsorption does not occur since this compound does not adsorb
at the GCE surface, as already shown in Section 3.2. However,
this was confirmed again when after 5 min of free adsorption in
a solution of 100 uM OTA, the GCE was transferred to pH 4.5

dGuo + OTA

dGuo

0.6 0.8 1.0 1.2 1.4
E/V vs. Ag/AgCI

Fig. 7. DP voltammograms obtained in pH 4.5 0.1 M acetate buffer with dsDNA
biosensors (mmm ) before and after incubation during (mmm ) 5 and (eeee) 10 min
in a solution of 100 wuM OTA. Pulse amplitude 50 mV, pulse width 70 ms and
scan rate v=5mV s~



S.C.B. Oliveira et al. / Analytica Chimica Acta 588 (2007) 283-291 291

0.1 M acetate buffer and no OTA oxidation peak 1, was observed
on the DP voltammogram (not shown).

In another experiment, a new biosensor was incubated for
Smin in a 100 pM OTA solution in pH 4.5 0.1 M acetate
buffer. Then, the electrode was washed with deionized water
in order to remove the unbound molecules and transferred to
acetate buffer where DPV was performed. The voltammogram
obtained showed an increase of the peak at Ep,=+1.03V,
Fig. 7. Also, for longer incubation times (10 min) a higher peak
at Epy =+1.03 V was observed. On the other hand, in all cases
dAdo peak maintained practically the same current, Fig. 7.

The peak at Ep, =+1.03V is due to two contributions; the
oxidation of dGuo residues in the immobilized DNA strands,
and the oxidation of OTA molecules that interacted with DNA.
Since non-specific adsorption of OTA at the uncovered regions
of the DNA biosensor does not occur, the increase of the peak
at Epy =+1.03V is only due to the oxidation OTA molecules
bound to the DNA strands. These experiments have clearly
demonstrated that OTA interacts and binds to dsDNA strands
but no evidence of DNA damage caused OTA was obtained.

Experiments concerning OTA interaction with DNA were
also carried out using poly[G]- and poly[A]-modified GCE. The
modification of the GCE surface was carried out as described
in Section 2.4. Similar results were obtained, confirming that
the electrochemical dsDNA biosensor does not appear to be
suitable to study the interaction of electrochemically-produced
OTA metabolites with DNA. Since the oxidation of OTA
occurs at a potential similar to that of guanine residues in
DNA, the application of a conditioning potential that allow the
oxidation of OTA molecules bounded to the immobilized DNA
would involve also the electrochemical oxidation of guanine
to 8-oxoguanine [26]. In the case that OTA oxidation product
would damage DNA leading to the formation of 8-oxoguanine
as already reported [8], its detection will be influenced by the
presence of 8-oxoguanine electrochemically generated at the
biosensor surface through the oxidation of guanine [26].

4. Conclusions

This study shows that ochratoxin A, a fungal metabolite that
presents carcinogenic, teratogenic and nephrotoxic properties
undergoes oxidation at a glassy carbon electrode.

The oxidation of OTA 1is an irreversible process that
occurs with the formation of a quinone that, in acid media,
adsorbs strongly on the GCE surface and undergoes reversible
oxidation. The diffusion coefficient of OTA was calculated
in pH 7 phosphate buffer to be Do=3.65x 10%cm?s~!.
The oxidation of OTA is also pH dependent for electrolytes
with pH <7, and occurs with the transfer of one electron and
one proton. In alkaline solution OTA undergoes chemical
deprotonation, the oxidation becoming pH independent and
involving only the transfer of one electron. Two methods for the
electroanalytical determination of OTA were also developed;
the LODs were 1.2 and 0.26 nM, respectively.

An electrochemical dsDNA biosensor was used to eval-
uate the possible interaction between OTA and DNA. The
experiments have clearly shown that OTA interacts and binds to

dsDNA strands but no evidence of DNA damage caused OTA
was obtained.
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