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Abstract Ochratoxin A (OTA) is a nephrotoxic
mycotoxin produced by several fungal species, mainly
Aspergillus ochraceus, A. carbonarius and Penicillium
verrucosum. It contaminates many foodstuffs, particu-
larly cereals and their derivatives, coffee, beer, wine
and cocoa, and represents a serious health threat both
to humans and animals. Spectroscopic properties of
OTA solutions depend on the pH, solvent polarity and
can be influenced by the presence of cyclodextrins
(CDs). In this work, the effect of f-CD on spectro-
scopic properties of OTA in aqueous solutions has
been investigated by means of absorption and steady-
state fluorescence at different pHs (range 3.5-9.5).
Binding constants of OTA/f-CD inclusion complexes
have been determined by applying modified Benesi-
Hildebrand equation. A 1:1 stoichiometry of OTA/
f-CD complexes has been observed at all tested pHs.
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Introduction

Ochratoxin A (OTA), 7-(L-S-phenylalanyl-carbonyl)-
carboxyl-5-chloro-8-hydroxy-3,4-dihydro-3R-methyl-
isocumarin (Fig. 1), is a nephrotoxic, carcinogenic,
hepatotoxic, teratogenic and immunotoxic mycotoxin
produced by some Aspergillus and Penicillium species,
mainly A. ochraceus, A. carbonarius and P. verruco-
sum. It frequently occurs as natural contaminant in
various plant products and beverages (in particular
cereals and derived products, wine, coffee, spices, beer,
cocoa) and in feedstuffs, also at high levels. In addition,
OTA has been frequently found in human milk, blood
and urine indicating a diffuse and continuous human
exposure to this mycotoxin [1]. The IARC (Interna-
tional Agency for Research on Cancer) has classified
OTA as a possible carcinogen to humans (Group 2B)
[2]-

The availability of sensitive methods for the deter-
mination of OTA in foodstuffs and biological fluids is
highly necessary in order to enable the accurate
assessment of consumer exposure to this mycotoxin.
Previous studies [3] showed that HPLC separation of
OTA and zearalenone toxins, can be achieved in a
single run by forming inclusion complexes with
p-cyclodextrin (-CD) added to mobile phase. More-
over the use of f-CD in a post-column reaction system
has been developed to improve the detection limit of
aflatoxins [4-6].

The interaction between cyclodextrin and organic
molecules can affect the physicochemical properties of
the compounds included, particularly it has been
demonstrated that many organic molecules in aqueous
solution show an enhancement of fluorescence when
CDs are added [7-12]. This fact can be explained in a
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Fig. 1 Structure of Ochratoxin A

number of way: when organic molecules are included
in CD cavity they are protected from fluorescence
quenchers and lose rotational freedom. This loss can
result in less efficient nonradiative decay and hence
greater fluorescence. Also many organic molecules
show significantly greater fluorescence in nonpolar
than in polar environments: in the formation of inclu-
sion complexes a relatively nonpolar environment is
provided to the organic molecule and its fluorescence
intensity is enhanced [8]. Fluorescence enhancement
by cyclodextrin complexation can be exploited to
increase the sensitivity of fluorescence-based tech-
niques. In this work interaction between (-CD and
OTA in aqueous solution at different pHs has been
investigated by means of absorption and steady-state
fluorescence. It was observed that a 1:1 complexation
occurs between f-CD and OTA at all tested
pHs. Binding constant of OTA/S-CD inclusion com-
plexes have been determined by using a modified
Benesi-Hildebrand equation.

Experimental section

Ochratoxin A (OTA) and f-cyclodextrin (f-CD) from
Sigma-Aldrich were used without further purification.
A OTA stock solution (1.56 mg ml™) in tolu-
ene:acetic acid 99:1 was stored and kept in the dark at
4 °C. Aqueous stock solutions of -CD (3.63-10° M)
were prepared at different pHs (3.5, 7.5 and 9.5). OTA/
f-CD solutions were obtained by drying appropriate
aliquots of OTA stock solution in a stream of N, and
by adding appropriate volumes of f-CD stock solution
and then diluted with ultrapure water or buffer solu-
tions. Phosphate and ammonium chloride buffer solu-
tions were used at a concentration of 0.1 M. OTA/
p-CD solutions were stirred by vortex for about 1 min.
UV-visible absorption spectra were recorded using a
Varian Cary/3 spectrophotometer. Fluorescence mea-
surements were realized using a Varian Cary Eclipse
spectrofluorometer. Both kind of measurements were
performed using a 1 cm path length quartz cell.
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Results and discussion

Absorption spectrum of OTA aqueous solution at neu-
tral pH shows two peaks at 330 nm, due to the neutral
and the monoanionic form of toxin, and at 379 nm, due
to the dianionic form (Fig. 2). The pKa’s of carboxylic
group and hydroxyl group on the isocoumarin moiety
were reported to be about 4 and 7, respectively [13-16].
Therefore at pH 9.5 OTA exhibits only the absorption
band at 379 nm since it exists in solution as dianion; at
pH 3.5 instead the presence of the protonated form of
OTA shifts the peak at 330 nm. Since the protonation of
carboxylic moiety does not produce any change in the
absorption spectra, such blue shift has been attributed to
the protonation of phenol group [13] and thus to the
neutral and monoanionic form of OTA. Atintermediate
pHs both monoanionic and dianionic toxin forms are
present in solution; in pure water, in fact, being the toxin
primarly presents in monoanionic form, the absorption
spectrum shows a more intense band at 330 nm and a
lower one at 379 nm. This last becomes prevalent
increasing the pH of solution, which shifts the equilib-
rium towards the dianion form of OTA. The measured
molar absorptivities for the deprotonated and fully
protonated forms are 9115 M~ cm™ and 6600 M~ cm™
respectively in agreement with those reported by II'i-
chev [13]. Fluorescence spectra obtained exciting OTA
solutions at 330 nm exhibit broad peaks at 460 nm with a
shoulder at lower wavelengths, that partially overlap
and that are attributable to neutral and monoanionic
forms and to dianionic form respectively. Specifically the
fluorescence spectra for both dianionic and monoan-
ionic species show same peaks at around 450 nm
attributed to toxin enol form [13, 17]. It has been in fact
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Fig. 2 Absorption spectra of OTA aqueous solutions 3.84 x 10° M
at different pHs



J Incl Phenom Macrocycl Chem (2007) 57:475-479

471

demonstrated that the monoanion undergoes an ex-
cited-state intramolecular proton transfer (ESIPT)
which allows the formation of highly emissive OTA enol
form [13]. Fig. 3, in fact, shows that both an intensity
decrement and a blue shift of the fluorescence peak from
460 to 453 nm are recorded passing from acid to basic
solutions. An opposite trend is observed exiciting OTA
aqueous solutions at 379 nm, absorption maximum of
the dianionic form (inset Fig. 3). In this case, as ex-
pected, the highest intensity peak, recorded at 453 nm, is
observed at pH 9.5 while increasily lower intensities of
the fluorescence bands are observed at lower pHs where
the monoanion and neutral OTA form, absorbing at
330 nm, are mainly present. At pH 3,5 where only the
protonated specie is present, no fluorescence signal is
recorded exiting at 379 nm.

The addition of p-CD to pure water solutions of
OTA does not change the absorption spectrum of the
toxin in terms of peaks position. Changes in the band
intensities were instead observed. In particular as
reported in Fig. 4 a, the addition of increasing amounts
of CD induces a decrease in absorbance at 379 nm and
a concomitantly increase of the intensity band at
330 nm. According to this, excitation at 379 nm pro-
duces dianion fluorescence peak whose intensity
decreases increasing CD concentration (Fig. 4 b). The
fluorescence associated to the monoanionic specie
obtained exciting at 330 nm instead increases with CD
concentration. This suggests the existence of interac-
tions between OTA and CD which promote an inter-
conversion between the deprotonated and singly
protonated form of the toxin.

The dependence of the monoanionic fluorescence
enhancement on the CD concentration was used to
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Fig. 3 Fluorescence spectra of OTA 3.84 x 10° M aqueous
solutions at different pHs obtained exciting at 330 nm; in the
inset fluorescence spectra obtained exciting at 379 nm

study quantitatively the interaction between OTA and
p-CD (Fig. 5). The binding constants and the stoichi-
ometries of OTA/f-CD complexes at various pHs have
been determined by means of modified Benesi Hilde-
brand equation [18]:

Foy 1 1

F—F, A AK[CDJ"

where K is the binding constant, F, is the initial
fluorescence intensity of free OTA, F is the maximum
fluorescence intensity of the OTA-CD inclusion com-
plexes at the [CD] cyclodextrin concentration, A is a
constant, and » is the number of binding sites. The
inset of Fig. 5 reports the plot of Fy/(F-Fy) vs 1/[5-CD]
in pure water solutions. The linearity of the plots Fy/
(F-Fy) vs 1/[p-CD] obtained reflects the formation of
1:1 complex between the toxin and the p-CD. The
calculated value for the binding constant evaluated by
fluorescence measurements is 1570 M. Values for
association constants ranging from 350 to 1400 M
were reported for differently functionalized coumarin
and $-CD [19, 20]. In order to get information about
interaction of the single toxin forms with -CD, the
effect of pH on the association complex formation has
been investigated. The fluorescence spectra of OTA/
p-CD solutions at different pHs are showed in the
Fig. 6. As reported for OTA in buffer solutions,
exciting at the wavelength of absorption maximum of
toxin fully protonated and monoanionic foms
(330 nm), an increment of intensity and a red shift of
the peak has been observed by varying pH, from basic
to acid values. A concomitantly decrease in fluores-
cence intensity of deprotonated form has been
recorded exiting at 379 nm (data not shown). Com-
paring the data in Figs. 2 and 6 it is possible to note
that the presence of f-CD in solution produces an
increment of fluorescence intensities at all tested pHs.
In addition -CD does not cause changes in absorption
peaks positions and intensities (data not shown) in
buffered solutions. These facts suggest that S-CD
interacts with both protonated and deprotonated forms
of toxin, without altering dissociation constants of the
acidic moieties. The binding constants and complex
stoichiometries calculated applying the modified Be-
nesi-Hildebrand equation to the fluorescence mea-
surements, performed at 3.5 and 9.5 pHs, are 2140 M
and 9790 M™' for the fully protonated/f-CD and
dianion/f-CD complexes respectively. A 1:1 stoichi-
ometry was found for all complexes. The highest
binding constant value determined for the dianion/
f-CD indicates a stronger interaction between such
toxin form and S-CD. This result can be explained in
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Fig. 4 Effect of f-CD concentration on OTA absorption and
fluorescence spectra in pure water solutions (OTA 3.84-107° M):
(a) absorption at 379 nm (<) and 330 nm (m); (b) fluorescence
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Fig. 5 Effect of f-CD concentration on fluorescence intensities
of OTA 3.84x10°M pure water solutions (ZAexc = 330 nm,
Jem = 460 nm); Inset: Benesi-Hildebrand plot of [Fy/(F-Fy)] vs 1/
[5-CD]
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Fig. 6 Fluorescence spectra of OTA/f-CD aqueous solutions

at different pHs (Jexe = 330 nm), [OTA] =3.84 x 105 M,
[-CD] = 10* M
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intensities recorded at 450 nm (Aexe = 379 nm, &; Jexe = 330 nm,
m). The absorption and fluorescence data are normalized to the
corresponding values in pure water

terms of hydrogen bond formation between the hy-
droxyl groups of cyclodextrin and negative charges
present on OTA moieties in particular on phenolic
group. Strong phenoxide anion interaction with the
protonated side chain on an aminoacid has been re-
ported to be responsible for the high binding affinity of
the dianion form of OTA to human serum albumin [21,
22]. Hydrogen bond formation, confering a partial
monoanionic character to OTA, justifies also the ob-
served shift of the monoanion/dianion equilibrium to-
ward the monoanionic form recorded for toxin/f-CD in
pure water (Fig. 4). The absence of negative charge on
the phenolic moiety of the monoanionic form accounts
for the lower binding constant calculated for OTA/f-
CD solution at pH < 7. The higher binding constant
determined for the fully protonated toxin form (pH
3.5) respect to the monoanion, can be explained with a
more favorable inclusion of the neutral form in the
non polar cavity of 5-CD.

Conclusion

The overall results evidence the existence of interac-
tion between f-CD and OTA at all tested pHs. A 1:1
stoichiometry for all complexes has been determined.
The calculated binding constants highlight the strong
interaction between the dianion toxin form and S-CD.
Moreover the higher fluorescence enhancement
recorded for this complex can be used to increase the
sensitivity of fluorescence-based techniques for OTA
detection.
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