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Abstract The complexation of the oestrogenic myco-
toxin zearalenone (ZEN) and its metabolites o- and
f-zearalenol (ZOLs) with native f-cyclodextrins (f-CD)
and modified hydroxypropyl-f-CD and dimethyl-$-CD
was studied by fluorescence spectroscopy, nuclear mag-
netic resonance spectroscopy and electrospray-mass
spectrometry. The formation of the inclusion complex was
confirmed by NMR studies of zearalenone:-CD solution.
NMR, ESI-MS and fluorescence data are in agreement with
the formation of a 1:1 complex between zearalenone and
p-CD, characterized by the deep insertion of the phenolic
moiety inside the cavity of the CD from its secondary side.
The complexes formed between the guests and native
B-CD are characterized by high stability constants (>10%),
as measured by fluorescence titrations.

Keywords Zearalenone - Zearalenols - Cyclodextrins -
Inclusion complexes - Binding constants

Introduction

Zearalenone (ZEN) is a toxic secondary metabolite produced
by several species of Fusarium fungi, mainly F. graminea-
rum and F. culmorum, which grow on several food
commodities, especially cereals such as maize, barley, oats,
wheat, and sorghum [1]. The structure of ZEN consists of a
resorcinol moiety fused to a 14-membered macrocyclic
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lactone ring, which includes a trans double bond, a ketone,
and a methyl side group. The structure is flexible enough to
adopt a conformation able to bind to the mammalian oest-
rogen receptor, although with lower affinity than the natural
oestrogen 17-f-estradiol: this results in severe effects on the
reproductive system in several animal species, particularly
pigs. The reduction of the C-6 ketone in the liver of animals
and humans gives rise to two different diastereoisomers,
namely o- and ff-zearalenol (ZOLs). The oestrogenic effect
of «-ZOL is approximately three times stronger than that of
ZEN and f3-ZOL. Only -ZOL has been observed to occur in
naturally contaminated cereal grains, probably produced via
metabolization of ZEN by competitive microflora [2].
Although suspected, the carcinogenic properties of ZEN are
not yet well defined and are currently under study (IARC
class III carcinogen).

The levels of ZEN contamination frequently found in
cereals are largely variable up to 2,900 ppb [3], depending
on climate, harvest, and storage conditions. Several coun-
tries have established guidelines or maximum tolerable
levels for ZEN, ranging from O ppb in the Netherlands and
in Hungary to 1,000 ppb in Russia. The European Union
has very recently set legal limits for the Member Countries,
in particular to regulate the presence of this mycoestrogen
in cereal-based foods for human consumption and in baby
foods (Commission Regulation (EC) No 1126/2007 of 28
September 2007; Official Journal of the European Union, L
255/14, 29.9.2007).

For ZEN detection in foods several analytical methods
are currently available, including chromatographic tech-
niques [4], hyphenated techniques [5], and immunoassays
[6]. According to the fluorescent properties of ZEN, the
most commonly used method for its analytical determina-
tion in food is based on HPLC with fluorescence detection,
although extensive clean-up of the sample is usually
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required. Excitation is carried out at 275-280 nm and
fluorescence emission is measured at 450-470 nm, allow-
ing to reach limit of detection down to 2 ng/g.

Methods able to enhance the native fluorescence
response of the mycotoxin could be very helpful in low-
ering the detection limits and in simplifying the analytical
procedures.

One of the most promising tools is the use of cyclo-
dextrins (CDs), cyclic oligosaccharides formed by six (o-
CD), seven (-CD) or eight (y-CD) glucose residues linked
by «-(1—4) glycosidic bonds, as supramolecular host.
Indeed, CDs have the shape of a hollow truncated cone
with an hydrophobic cavity and an hydrophilic external
part which affords their water solubility and their ability to
form host—guest inclusion complexes with a variety of
organic and inorganic molecules. Upon inclusion, the
guests increases its solubility and stability as well as
modifies its physical and chemical properties, effects par-
ticularly useful in the food sector both from the analytical
and technological point of view [7-9]. In particular, CDs
have successfully been used as fluorescence enhancers to
increase sensitivity in fluorescence-based food diagnostic
for many compounds which are usually found at trace
level, as the fluorophore included into the cavity is pro-
tected by the quenching effect exerted by the solvent. In
this field, the study of complex stability and its formation
mechanism is very important for the development of reli-
able analytical applications [10-13]. Very recently, the
application of cyclodextrins in the field of mycotoxin
analysis has been reviewed by Maragos et al. and Galav-
erna et al. [14, 15].

Although electrophoretic and chromatographic separa-
tions of ZEN and other mycotoxins were obtained by using
cyclodextrins as additives in order to improve the effi-
ciency of separation [16—18], in many cases UV detection
was used and the potential effect of the inclusion complex
formation on ZEN fluorescence was not described. Instead,
very recently, the fluorescence enhancement of zearalenone
in the presence of cyclodextrins was used by Maragos and
Appell [19] for improving its analytical determination in
maize by capillary electrophoresis with laser-induced
fluorescence detection (CE-LIF). The enhancement effect
was ascribed to inclusion complex formation, but no data
have been produced so far to characterize the complex.
Thus, the aim of this work was to investigate which factors
affect the ZEN fluorescence enhancement in the presence
of f-CDs and to characterize the host-guest ZEN-CD
inclusion complex. In particular, we studied the effect of
unmodified and functionalized -CDs on the fluorescence
properties of zearalenone and its main metabolites o- and
f-zearalenol (ZOLs) in aqueous solution, as well as the
nature of the ZEN-CD and ZOLs-CD interactions by
spectroscopic experiments, such as NMR and fluorescence

@ Springer

measurements. Stability constants of the ZEN-CD and
ZOLs—CD complexes were evaluated by performing fluo-
rescence titrations with -CD.

Materials and methods
Reagents

Zearalenone (ZEN), o- and f-zearalenol (o- and -ZOL)
standards were from Sigma Biochemicals (St. Louis, MO,
USA). All solvents were LC grade from Carlo Erba (Milan,
Italy) and bidistilled water was produced in our laboratory
utilising an Alpha-Q System Millipore (Marlborough, MA,
USA). -CD was purchased from ACROS (Carlo Erba,
Italy). 2-Hydroxypropyl-$-CD (HP-3-CD), 2,6-dimethyl-
p-CD (DIMEB) and deuterium oxide (99.96 atom %D)
were purchased from ALDRICH (Steinheim, Germany).

Standard solution of zearalenone and zearalenols:
preparation and decontamination

Standard stock solution of zearalenone and its metabolites
o- and f-zearalenol were prepared by dissolving the pow-
der (1 mg) in 2.5 mL of acetonitrile. Working solutions of
zearalenone and zearalenols (10~° M) were prepared from
standard stock solutions by evaporating the organic phase
under nitrogen and dissolving the residue in water. These
solutions are stable at +4 °C for one month. Decontami-
nation of waste solutions and glassware was performed
with sodium hypochlorite (10% aqueous solution) for 12 h.

Fluorescence measurements

Fluorescence spectra were recorded on a PERKIN ELMER
LS50 instrument (Perkin Elmer, Waltham, Massachusetts,
USA) in a 0.2 x 0.2 cm quartz microcuvette (type:
105.251-QS, light path: 3 mm, centre: 15 mm) (Hellma,
Miillheim, Germany). Due to the solvent effects on the
absorption and luminescence spectra, the proper excitation
wavelengths were selected by scanning the excitation
spectra of the different zearalenone and zearalenols solu-
tions (107°M). In particular, the best excitation
wavelenght for zearalenone and zearalenols aqueous solu-
tions (10~° M) was found to be 274 nm. The emission scan
was performed in the wavelength range 380—-600 nm. Both
emission and excitation slits were set at 15 nm. Each
spectrum was recorded in triplicate.

In the conditions used for this study, no light scattering
phenomena were recorded for cyclodextrin solutions
(1 mM), which have been treated in a sonicator bath for
5 min after preparation and filtered just before fluorescence
monitoring using a 0.2 um nylon filter.
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Measurements of fluorescence enhancements by CDs

The solutions of ZEN or ZOLs (1076 M) and cyclodextrins
(1 mM) were prepared in bidistilled water and the spectra
of each analyte alone (blank) and in the presence of
cyclodextrin (molar ratio Guest:CD = 1:10%) were recor-
ded; the F/F, ratio was calculated, where F and F, are the
fluorescence intensities at 454 nm recorded in the presence
(sample) or in the absence (blank) of the CDs, respectively.

Determination of stoichiometry and association
constants by fluorescence measurements

The stoichiometry of inclusion complexes was determined
by the continuous variation method (Job’s Plot) [20].
Equimolar 3.0 x 107® M solutions of ZEN and CD were
mixed to a standard volume varying the molar ratio but
keeping the total concentration of the species constant.
After stirring for 2 h, the fluorescence at 450 nm was
measured for all solutions. The collected data were repor-
ted by plotting AF[ZEN], where AF = F — F; is the
difference in emission in the presence and in the absence of
CDs, against r, where r = [ZEN]J/{[ZEN] + [CD]}is the
molar fraction of the guest.

For the determination of binding constants (K.), aqueous
solutions of $-CD (1 mM) were prepared and diluted to the
desired concentrations. The concentration of ZEN or ZOLs
was fixed at 1 x 107® M and the concentration of -CD
was changed from 1 x 107* M to 1 x 107> M.

Suitable aliquots of the CD solutions were added to the
zearalenone or zearalenol solutions and the fluorescence
spectra were recorded, measuring the variation of the F/F
ratio at 454 nm as a function of the aliquots of CD added.
The fluorescence intensities were corrected for dilution
effects. The experimental data were used to calculate the
binding constants [21-23].

The fluorescence intensity at any wavelength (F) can be
related to the CDs concentration by a non-linear regression
described by the following equation [22]:

(Fs — Fo)K.[CD);

F =F 1
O TITK.[CD], ()

where F, is the fluorescence intensity when the complex
mycotoxin:CD is the only species present at the equilibrium
and F, is the fluorescence of ZEN or ZOLs in the absence of
CD. Experimental data of F as a function of [CD] can be
fitted to Eq. 1, using as initial parameters K. and F, those
obtained from the analysis of the experimental data using the
Benesi-Hildebrand equation for 1:1 complexes (double
reciprocal plot) [21]:

1 1 1

(Fi—Fo) ~ (Foo — FO)KCD], " (Foo — Fo) @

where F; and F, are the fluorescence intensities of ZEN in
the presence and in the absence (blank) of CD, respec-
tively; F, is the fluorescence intensity of the complex and
[CD]; is the CD concentration after each addition.

NMR experiments

"H-NMR spectra were recorded on a NMR Varian Inova
600 MHz at 25°C (Varian, Palo Alto, California, USA).
The measurement were carried out with a solution of ZEN
and ZEN:f-CD (molar ratio 1:1). A stock solution of
zearalenone was prepared by dissolving 10 mg of the
mycotoxin into 1.5 mL of acetonitrile. The ZEN working
solutions (10~ M in deuterium oxide) were prepared daily
as follows: a proper amount of stock solution was dried
under nitrogen flow and then under vacuum overnight, the
residue was dissolved in 750 pL of deuterium oxide,
degassed, spun and transferred into the NMR tube. The
working solution of ZEN:-CD 1:1 was prepared in the
same way, by dissolving the dried ZEN residue in -CD
solution (107> M in deuterium oxide). The chemical shift
and the "H-"H correlation were obtained from the proton
spectra (lH-NMR) and from the homonuclear correlation
spectra (gCOSY); the NOESY spectra were recorded to
evaluate the interaction between ZEN and f-CD. All the
experiments were performed using the default programs
available on the instrument. NMR spectra were processed
with MestReC 4.9.9.9 (Mestrelab Research SL, Santiago de
Compostela, Spain) and the coupling constants were
determined by line fitting and simulation of the real
spectra.

ESI-MS experiments

Mass spectrometry experiments were performed on a
Waters Acquity SQ (single quadrupole) mass spectrometer
using electrospray ionization (Waters Co., Milford, MA,
USA). The source temperature was set at 180 °C and the
probe voltage was 3.2 kV in positive ion mode. Nitrogen
was applied as both the nebulizer and desolvation gas. Data
were acquired in a mass range of 200-2,000 m/z. Each
working solution (1 mM f-cyclodextrin, 1 mM zearale-
none and 1 mM f-CD:ZEN 1:1 complex) was infused in
the equipment at an infusion rate of 10 pL/min and the
mass spectra were recorded in the continuous mode for
2 min.
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Results and discussion

ZEN fluorescence enhancement obtained with different
CDs

In order to evaluate which cyclodextrin induced the highest
fluorescence enhancement for zearalenone and its deriva-
tives, a spectroscopic screening of native -CD and of the
substituted hydroxypropyl-f-CD (HP-$-CD) and dimethyl-
p-CD (DIMEB) were carried out in aqueous solutions.
These three CDs were chosen on account of their com-
mercial availability and their specific properties: in
particular, 3-CD as reference compound, DIMEB as one of
the most efficient enhancer of fluorescence intensity on the
base of Maragos’ results [19] and HP--CD for its high
solubility in water. The aim was that of investigating the
role played by the CD cavity and by the nature of the
substituents on the fluorescence enhancement.

The recorded fluorescence enhancements due to the
addition of CDs at a molar ratio ZEN (ZOLs):CD = 1:10°
are reported in Table 1. All the tested CDs induced a high
enhancement in the fluorescence emission spectra of the
analytes and a blue shift in the emission maximum wave-
length (from 458 nm to 454 nm), both phenomena
suggesting a strong interaction between the mycotoxins
and CD. In particular, blue shifts of 3-6 nm in the emission
maximum were similar to those recorded for the analytes in
media less polar than water, as methanol or ethanol, and
were consistent with the lower polarity of the environment
experienced by the fluorophore due to the inclusion into the
CD cavity.

As reported, the highest enhancement was recorded for
zearalenone, whereas o- and f-zearalenol showed lower
enhancement. Concerning CDs, the most effective
enhancement was obtained with DIMEB, followed by HP-
p-CD and the native (-CD, for all the three analytes.
Fluorescence enhancement was in agreement with the
hypothesis of the inclusion of the phenolic moiety, which is
responsible for the analyte fluorescence. Moreover, on the
base of these data, it may be inferred that the mycotoxin C6

Table 1 Fluorescence enhancements of zearalenone (ZEN), o-zea-
ralenol and f-zearalenol (ZOL) in the presence of CDs expressed as
F/Fy, where F is the emission intensity recorded for the guest in the
presence of CDs and F is the emission intensity of the guest in the
absence of CDs

FIF,

B-CD DIMEB HP-B-CD
ZEN 19.9 + 0.5 243 + 0.8 209 + 1.1
0-ZOL 13.0 £ 0.8 18.0 &+ 0.6 148 + 1.4
B-ZOL 87 +£09 119 £ 06 10.1 £ 0.7
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moiety influences the inclusion mechanism: indeed, the
highest enhancement is recorded for zearalenone, which
present a sp> carbonyl group in C6. The isomeric forms a-
zearalenol and f-zearalenol showed lower fluorescence
enhancement in the presence of CDs, suggesting that the
position of the hydroxyl-group on C6, inducing different
conformation of the molecule, may influence the stability
of the inclusion complex.

NMR experiments

The nature of the ZEN:-CD complex was investigated by
NMR spectroscopy. 1D and 2D NMR spectra of zearale-
none were performed in D,O in the presence or in the
absence of f-cyclodextrin. 'H and '*C NMR spectra for
ZEN were already reported in DMSO and methanol [24,
25]. Since the aqueous medium is necessary for complex-
ation of zearalenone with f;-CD, the NMR spectrum of pure
zearalenone was acquired in D,0. The data obtained are in
agreement with those already published in the literature
which support a planar structure with a slight bending of
the aliphatic part respect to the aromatic moiety [24]. The
solution structure is also in agreement with the solid state
structure of the molecule [24].

By comparison of the '"H-NMR spectra of the toxin
alone with that of the toxin in the presence of f-cyclo-
dextrin, large variations of the chemical shifts of the toxin
protons were measured in the presence of CD: in particular,
significant downfield shifts were observed for H-5, H-1', H-
10/, and an upfield shift for H-2" (Fig. 1a).

The downfield shift is common for guest molecules in the
presence of CDs as hosts: in particular, a downfield shift of
the aromatic proton H5, and those close to it (H1’, H10' and
H11’), is due to the deshielding effect exerted by the
hydrophobic cavity on the aromatic ring. The upfield shift
of the proton H2' is probably due to the effect of the
shielding cone of the aromatic ring, whereas the alternate
upfield and downfield shifts of some aliphatic protons (H4/,
H5’, H7') apparently indicate an interaction of only one side
of the macrocyclic moiety of ZEN molecule with the rim of
the $-CD. Correspondingly, a large shielding of the cyclo-
dextrin protons was observed. In particular, significant
upfield shifts of the H-3 and H-5 protons, which are directed
inwards the cavity, were observed (Fig. 1b). Moreover,
modification of the coupling constants observed for ZEN
and CD are indicative of conformational changes in the host
as well as in the guest as a consequence of the formation of
the inclusion complex.

The formation of the inclusion complex was confirmed
by ROESY experiment: this NMR experiment based on the
NOE effect is particularly useful to study interactions
between host and guest as correlation spots are present in a
bidimensional map when two protons are close to each
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Fig. 1 Comparison between
"H-NMR spectrum of ZEN in
the absence and in the presence
of f-CD in D,O (2a) and
between 'H-NMR spectrum of
f-CD in the presence and in the
absence of ZEN in D,O (2b)
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other in space: indeed, correlation peaks between the
cyclodextrin protons inside the cavity and the aromatic and
one double bond proton of zearalenone were observed (see
Fig. 2).

In particular, strong correlation peaks were found
between H-2' of zearalenone and H-3 of f-CD and
between H-5 of zearalenone and H-5 (stronger peak) and
H-3 (weaker peak) of f-CD: these correlations strongly
support the inclusion of the aromatic moiety into the
cavity. The stronger correlation between the H-5 proton
of ZEN with H-5 proton of f-CD and the correlation
peak between the aromatic H-3 proton of the toxin with
the H-6 protons of [-CD is indicative of the deep
insertion of the phenyl ring inside the cavity from the

lower rim, with the H-3 proton protruding from the upper
rim close to the H-6 of -CD.

Electrospray-mass spectrometry experiments

In order to obtain further evidences of the formation of
inclusion complexes between CD and zearalenone ESI-MS
experiments were performed: indeed, several papers report
the use of this technique to study host—guest interactions
[26].

The identification of major peaks recorded for zearale-
none and f-cyclodextrin solutions are reported in Table 2
and the mass spectrum obtained for ZEN-f-CD complex is
reported in Fig. 3.

@ Springer



336

J Incl Phenom Macrocycl Chem (2009) 64:331-340

OH O _H5 _H3 H2
*H ZEN
o I ' ;
,__.'I".IiL._,_. e !!k- “ "‘?'1-
HO H1’ H [
| [ - 350
5 H O E
2 ) o - 360
| T I
3.0
OH 2 - 3.80
* H/O -
\O - 3.00
HO | |
H OH - 4.00
H O S -
3 T T

ppm (t2)

£.50

Fig. 2 Portion of the '"H-"H 2D ROESY spectrum for a solution of ZEN:$-CD complex in D,O

Table 2 Identification of the main ions recorded in the ESI mass spectra of zearalenone, -cyclodextrin and of the complex ZEN:S-CD

p-cyclodextrin (1 mM)

Zearalenone (1 mM)

Zearalenone: f-cyclodextrin (I mM)

Mass m/z Identification Mass m/z Identification Mass m/z Identification
579 [CD+H+Na]** 283 [ZEN-2H,0+H]" 492 [ZEN+CD+2H+Nal**
587 [CD+H+K]*" 301 [ZEN-H,O0+H]*" 497 [ZEN+CD+2H+K]**
1,135 [CD+H]" 319 [ZEN+H]" 579 [CD+H+Na)**
1,157 [CD+Na]™ 341 [ZEN+Na]* 587 [CD+H+K]**
357 [ZEN+K]" 738 [ZEN+CD+H+NaJ**
637 [2ZZEN+H]" 746 [ZEN+CD+H+K]**
659 [2ZEN+Na]™ 897 [2ZEN+CD+H-+Na]**
905 [2ZEN+CD-+H+K]**
1,135 [CD+H]"
1,157 [CD+Na]*
1,475 [ZEN+CD+Na]*

The fragments due to the ZEN:CD 1:1 complex are typed in bold

The mass spectrum of the complex is characterized by the
presence of several multicharged adducts between CD,
zearalenone and cations. In particular, the cationization
involved mainly sodium and potassium: this behaviour is
typical for cyclodextrins, as recently reported by Sforza et al.
[27]. The most intense peaks of the depicted range at m/z 492
and 498 are the triple charged ion adducts [CD:ZEN +
2H + Na]’" and [CD:ZEN + 2H + KJ**, while the peaks
at m/z 738 and 746 refer to the double charged adducts of the
1:1 complex (Fig. 3). Moreover, the sodium adduct [CD-
ZEN + Na]™ also occurred, although at lower intensity. The
signals due to uncomplexed cyclodextrin are also present in
the spectrum: in particular, [CD + H + Na]2+ and [CD +
H + K]*" have a good intensity with the same cationization
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pattern. Finally, the signals at m/z 897 and 905 are attrib-
utable to the formation of the doubly charged 1:2 CD:ZEN
complex: the presence of this species, which probably
occurs only in the gas phase, is a phenomenon already
observed for ESI-MS investigation and related to the ioni-
zation conditions passing from the liquid to the gas phase:
the so called “false positives” [28]. However, to further
confirm the hypothesis of a 1:1 complex formation, we
performed fluorescence titration experiments.

Determination of the complex stoichiometry

In order to verify the stoichiometry of the complex for-
mation, we used the method of continuous variations, often
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Fig. 3 Mass spectrum of the
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known as the Job’s Plot [20], commonly used for deter-
mining the stoichiometry of two interacting components.
With this method, the total molar concentration of the two
components is held constant while their molar ratios are
continuously varied. A measurable parameter that is line-
arly proportional to the complex formed is plotted against
the mole fractions to generate a curve. The binding stoi-
chiometry is then determined from the ratio of the mole
fractions of the two components found at the maximum of
the curve.

According to this method, AF values were calculated by
measuring the emission intensity of ZEN solutions in the
presence and in the absence of S-CD. In these standard
solutions, the total molar concentration of the two species
was constant (M = 1 x 1076 M), but the ratio of the initial
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Fig. 4 Continuous variation plot (Job Plot) for the ZEN:f-CD
complex from fluorescence measurements
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concentrations, expressed by r varied between 0 ([ZEN]/[f-
CD] = 0:10) and 1 ([ZENJ/[-CD] = 10:0). After the
mixing, the working solution were stirred for 5 min to allow
equilibration before fluorescence emission monitoring. The
resulting continuous variation plots (Fig. 4) demonstrate
that since the AF[ZEN] maximum value corresponds to a r
value of 0.5, ZEN:f-CD complex has a 1:1 stoichiometry.

Determination of the binding constants K,

Many studies have been reported in the literature about the
calculation of binding constants (K.) between cyclodextrins
and different compounds, using different methods, such as
fluorescence, nuclear magnetic resonance, enzymatic
methods, conductometry, calorimetry and affinity capillary
electrophoresis. In our case, fluorescence measurements
have been chosen as experimental data for binding con-
stants calculation, since these technique provides reliable
results even when small amounts of toxin are used, as
required on account of its toxicity. Moreover, experiments
are fast and simple to perform and thus, a large number of
data can be easily collected and elaborated.

The binding constant calculation based on fluorescence
data started from the observation that the increase in fluo-
rescence intensity is a function of toxin complexation by
CD. When increasing concentrations of CD were added to
the reaction medium, the fluorescence intensity increased
until a maximum was reached.

The representation of 1/(F — F,) versus 1/[CDs] (dou-
ble reciprocal plot), known as Benesi—Hildebrand plot,
leads to a straight line for the three guests used. This linear
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Table 3 Data obtained for the calculations of the binding constants
of ZEN, o-ZOL and f-ZOL with -CD considering a stoichiometry

1:1

Fitting model R? log K
ZEN:CD Benesi—Hildebrand equation  0.9929  4.27 4+ 0.21
Non-linear fitting 0.9974 433 £ 0.18
o-ZOL:CD  Benesi-Hildebrand equation ~ 0.9978  4.45 £ 0.17
Non-linear fitting 0.9995 4.44 £ 0.11
p-ZOL:CD  Benesi-Hildebrand equation ~ 0.9928  4.27 £ 0.12
Non-linear fitting 0.9970  4.43 £0.19

relation agrees with that described by the Benesi—Hilde-
brand Equation (Eq. 2, Experimental Section). The linear
plots can be used to determine K. values by simply
dividing the intercepts by the slopes (Table 3). Since in the
Benesi-Hildebrand plots correlation come out using the
reciprocal of the different variables, the slope of the line is
more sensitive to the ordinate values of the points for the
lowest CD concentrations. In order to avoid this effect, a
non-linear regression analysis of the plots was carried out
by applying the Eq. 1 and using as the initial parameter
values those estimated by the Benesi—Hildebrand plot. The
K. values obtained by the non-linear regression (Table 3)
were in very good agreement with those calculated by the
Benesi-Hildebrand plot.

All the regression coefficients calculated for complexes
of ZEN and ZOLs with -CD showed very good correla-
tion values (>0.99) for the 1:1 stoichiometry, in agreement
with the results obtained from the Job’s plot experiment.
The calculated binding constants are reported in Table 3.

The experimental fluorescence titration data obtained for
the considered guests have been fitted with theoretical
curves obtained using the data calculated by the non-linear
regression model. The fitting was very good, as reported in
Fig. 5.

Since substituted CDs such as DIMEB and HP-$-CD
seem to have a stronger effect on the ZEN fluorescence
intensity, the corresponding binding constants were cal-
culated using the same approach previously described. As
reported in Table 4, logK values obtained for ZEN with
HP-f-CD and DIMEB are in agreement with the stronger
enhancement reported in Table 1. On the other hand, the
standard deviations reported for these experiments are also
higher: the CV% obtained for ZEN: -CD binding constant
calculation was 4.2%, whereas those obtained for ZEN:HP-
p-CD and ZEN:DIMEB were 15.7 and 16.3%, respec-
tively. Since these cyclodextrins are commercial, they are a
mixture of different isomers with a substitution degree that
may vary between different batches, thus the logK values
should be considered as an average value and can be
affected by a larger variance.
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Fig. 5 Fluorescence titrations (@) and theoretical curves (- - -)
obtained using the non-linear regression method according to Eq. 1
for zearalenone (a), a- zearalenol (b), and f-zearalenol (¢) with /-
cyclodextrin

Conclusion and perspectives

In conclusion, all the data obtained confirm that zearale-
none, o- and f-zearalenols and cyclodextrins give rise to a
host—guest complexation, based on the inclusion of the
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Table 4 Data obtained for the calculations of the binding constants
of ZEN with f-CD, HP--CD and DIMEB considering a 1:1
stoichiometry

log K
ZEN: -CD 433 +0.18
ZEN: HP--CD 498 £+ 0.78
ZEN: DIMEB 5.21 £0.85

Fig. 6 Model of the inclusion complex between ZEN and -CD

phenolic moiety inside the CD cavity from the lower rim.
The inclusion into the cavity is responsible for the high
fluorescence enhancement observed. On the base of these
data the proposed structure of the complex between zea-
ralenone and f-cyclodextrin is reported in Fig. 6. The
model is obtained using SpartanTM 04 (ver. 1.0.0) by
Wavefunction Inc. (Irvine, CA), using Molecular Mechan-
ics MMFF algorithm in absence of solvent.

An analogous complexation mode may be envisaged in
the case of the two metabolites a-ZOL and -ZOL.

The understanding of the inclusion mechanism and of
the complexation mode may actually allow to design and
prepare selectively modified CDs in order to increase the
affinity of the guest. These tailored selectors with enhanced
selectivity may be used in the near future to set up very
efficient detection methods, also suitable for rapid screen-
ing of food and feed products. Cyclodextrins are currently
tested as fluorescence enhancers for zearalenone and zea-
ralenols detection in HPLC or with spectrofluorimetric
instrumentation, in order to achieve lower detection limits
and simplified sample preparation. Moreover, chemosen-
sors based on a luminescence response may be integrated
into microarray systems, which could be applied for early

detection of post-harvest contamination, providing for an
easy-to-use control tool for mycotoxin analysis.

References

1. Betina, V.: Structure-activity relationships among mycotoxins.
Chem. Biol. Interact 71, 105-146 (1989). doi:10.1016/0009-2797
(89)90030-6

2. Hussein, H.S., Brasel, J.M.: Toxicity, metabolism, and impact of
mycotoxins on humans and animals. Toxicology 167, 101-134
(2001). doi:10.1016/S0300-483X(01)00471-1

3. Kuiper-Goodman, T., Scott, P.M., Watanabe, H.: Risk assessment
of the mycotoxin zearalenone. Regul. Toxicol. Pharmacol 7, 253—
306 (1987). doi:10.1016/0273-2300(87)90037-7

4. Krska, R., Welzig, E., Berthiller, F., Molinelli, A., Mizaikoff, B.:
Advances in the analysis of mycotoxins and its quality assurance.
Food Addit. Contam 22, 345-353 (2005). doi:10.1080/02652030
500070192

5. Sforza, S., Dall’Asta, C., Marchelli, R.: Recent advances in
mycotoxin determination in food and feed by hyphenated chro-
matographic techniques/mass spectrometry. Mass Spectrom. Rev
25, 54-76 (2006). doi:10.1002/mas.20052

6. Goryacheva, 1.Y., De Saeger, S., Eremin, S.A., Van Peteghem,
C.: Immunochemical methods for rapid mycotoxin detection:
evolution from single to multiple analyte screening: a review.
Food Addit. Contam 24, 1169-1183 (2007). doi:10.1080/02652
030701557179

7. Pons, A., Lavigne, V., Landais, Y., Darriet, P., Dubourdieu, D.:
Distribution and organoleptic impact of sotolon enantiomers in
dry white wines. J. Agric. Food. Chem 56, 1606-1610 (2008).
doi:10.1021/j072337r

8. Yuan, C., Jin, Z., Xu, X., Zhuang, H., Shen, W.: Preparation and
stability of the inclusion complex of astaxanthin with hydroxy-
propyl-f-cyclodextrin. Food Chem 109, 264-268 (2008). doi:
10.1016/j.foodchem.2007.07.051

9. Blanch, G.P., del Castillo, M.L., del Mar Caja, M., Pérez-Mén-
dez, M., Sanchez-Cortés, S.: Stabilization of all-trans-lycopene
from tomato by encapsulation using cyclodextrins. Food Chem
105, 1335-1341 (2007). doi:10.1016/j.foodchem.2007.04.060

10. Lucas-Abellan, C., Fortea, M.I., Gabalddn, J.A., Nuafiez-Delicado,
E.: Complexation of resveratrol by native and modified cyclo-
dextrins: determination of complexation constant by enzymatic,
solubility and fluorimetric assays. Food Chem 111, 262-267
(2008). doi:10.1016/j.foodchem.2008.03.073

11. Lopez-Nicolds, J.M., Garcia-Carmona, F.: Rapid, simple and
sensitive determination of the apparent formation constants of
trans-resveratrol complexes with natural cyclodextrins in aqueous
medium using HPLC. Food Chem 109, 868-875 (2008). doi:
10.1016/j.foodchem.2008.01.022

12. Karathanos, V.T., Mourtzinos, 1., Yannakopoulou, K., Andriko-
poulos, N.K.: Study of the solubility, antioxidant activity and
structure of inclusion complex of vanillin with f-cyclodextrin.
Food Chem 101, 652-658 (2007). doi:10.1016/j.foodchem.2006.
01.053

13. Chen, X., Chen, R., Guo, Z., Li, C., Li, P.: The preparation and
stability of the inclusion complex of astaxanthin with fS-cyclo-
dextrin. Food Chem 101, 1580-1584 (2007). doi:10.1016/j.food
chem.2006.04.020

14. Maragos, C.M., Appell, M., Lippolis, V., Visconti, A., Catucci,
L., Pascale, M.: Use of cyclodextrins as modifiers of fluorescence
in the detection of mycotoxins. Food Addit. Contam 25, 164-171
(2008). doi:10.1080/02652030701564555

@ Springer


http://dx.doi.org/10.1016/0009-2797(89)90030-6
http://dx.doi.org/10.1016/0009-2797(89)90030-6
http://dx.doi.org/10.1016/S0300-483X(01)00471-1
http://dx.doi.org/10.1016/0273-2300(87)90037-7
http://dx.doi.org/10.1080/02652030500070192
http://dx.doi.org/10.1080/02652030500070192
http://dx.doi.org/10.1002/mas.20052
http://dx.doi.org/10.1080/02652030701557179
http://dx.doi.org/10.1080/02652030701557179
http://dx.doi.org/10.1021/jf072337r
http://dx.doi.org/10.1016/j.foodchem.2007.07.051
http://dx.doi.org/10.1016/j.foodchem.2007.04.060
http://dx.doi.org/10.1016/j.foodchem.2008.03.073
http://dx.doi.org/10.1016/j.foodchem.2008.01.022
http://dx.doi.org/10.1016/j.foodchem.2006.01.053
http://dx.doi.org/10.1016/j.foodchem.2006.01.053
http://dx.doi.org/10.1016/j.foodchem.2006.04.020
http://dx.doi.org/10.1016/j.foodchem.2006.04.020
http://dx.doi.org/10.1080/02652030701564555

340

J Incl Phenom Macrocycl Chem (2009) 64:331-340

15.

16.

17.

18.

19.

20.

21.

Galaverna, G., Dall’Asta, C., Corradini, R., Dossena, A.,
Marchelli, R.: Cyclodextrins as selectors for mycotoxin recog-
nition. World Mycotoxin J 1(4), 397-406 (2008). doi:10.3920/
WMIJ2008.1022

Seidel, V., Poglits, E., Schiller, K., Lindner, W.: Simultaneous
determination of ochratoxin A and zearalenone in maize by
reversed-phase high-performance liquid chromatography with
fluorescence detection and f -cyclodextrin as mobile phase
additive. J. Chromatogr. A 635, 227-235 (1993). doi:10.1016/
0021-9673(93)80365-F

Chiavaro, E., Dall’Asta, C., Galaverna, G., Biancardi, A., Gam-
barelli, E., Dossena, A., Marchelli, R.: New reversed-phase liquid
chromatographic method to detect aflatoxins in food and feed
with cyclodextrins as fluorescence enhancers added to the eluent.
J. Chromatogr. A 937, 31-40 (2001). doi:10.1016/S0021-9673
(01)01300-0

Bohs, B., Seidel, V., Lindner, W.: Analysis of selected myco-
toxins by capillary electrophoresis. Chromatographia 41, 631-
637 (1995)

Maragos, C.M., Appell, M.: Capillary electrophoresis of the
mycotoxin zearalenone using cyclodextrin-enhanced fluores-
cence. J. Chromatogr. A 1142, 252-257 (2007). doi:10.1016/j.
chroma.2006.12.085

Huang, C.Y.: Determination of binding stoichiometry by the
continuous variation method: the Job plot. Methods Enzymol 87,
509-525 (1982). doi:10.1016/S0076-6879(82)87029-8

Benesi, H.A., Hildebrand, L.H.: A spectrophotometric investi-
gation of the interaction of iodine with aromatic hydrocarbons. J.
Am. Chem. Soc 71, 2703-2707 (1949). doi:10.1021/ja01176a030

@ Springer

22.

23.

24.

25.

26.

27.

28.

Connors, K.A.: Binding Constants: The Measurements of
Molecular Complex Stability, p. 350. Wiley, USA (1987)
Sideris, E.E., Valsami, G.N., Koupparis, M.A., Macheras, P.E.:
Determination of association constants in cyclodextrin/drug
complexation using the Scatchard plot: application to fS-cyclo-
dextrin-anilinonaphthalenesulfonates. Pharm. Res 9, 1568-1574
(1992). doi:10.1023/A:1015808307322

Cordier, C., Gruselle, M., Jaouen, G., Hughes, D.W., McGlin-
chey, M.J.: Structures of zearalenone and zearalanone in solution:
a high-field NMR and molecular modeling study. Magn. Reson.
Chem 28, 835-845 (1990). doi:10.1002/mrc.1260281002

Krska, R., Welzig, E., Josephs, R.D., Kandler, W., Pettersson, H.,
MacDonald, S., Charlton, A., Brereton, P., Hametner, C., Berner,
D., Zoellner, P.: Purity assessment of crystalline zearalenone. J.
AOAC Int 86, 722-728 (2003)

Danikiewicz, W.: Mass spectrometry of CyDs and their com-
plexes. In: Dodziuk, H. (ed.) Cyclodextrins and Their Complexes,
pp. 257-276. Weinheim, Wiley-VCH Verlag (2006)

Sforza, S., Galaverna, G., Corradini, R., Dossena, A., Marchelli,
R.: ESI-mass spectrometry analysis of unsubstituted and disub-
stituted f -cyclodextrins: fragmentation mode and identification
of the AB, AC, AD regioisomers. J. Am. Soc. Mass Spectrom 14,
124-135 (2003). doi:10.1016/S1044-0305(02)00853-X

Cunniff, J.B., Vouros, P.: False positives and the detection of
cyclodextrin inclusion complexes by electrospray mass spec-
trometry. J. Am. Soc. Mass Spectrom 6, 437-447 (1995). doi:
10.1016/1044-0305(95)00053-G


http://dx.doi.org/10.3920/WMJ2008.1022
http://dx.doi.org/10.3920/WMJ2008.1022
http://dx.doi.org/10.1016/0021-9673(93)80365-F
http://dx.doi.org/10.1016/0021-9673(93)80365-F
http://dx.doi.org/10.1016/S0021-9673(01)01300-0
http://dx.doi.org/10.1016/S0021-9673(01)01300-0
http://dx.doi.org/10.1016/j.chroma.2006.12.085
http://dx.doi.org/10.1016/j.chroma.2006.12.085
http://dx.doi.org/10.1016/S0076-6879(82)87029-8
http://dx.doi.org/10.1021/ja01176a030
http://dx.doi.org/10.1023/A:1015808307322
http://dx.doi.org/10.1002/mrc.1260281002
http://dx.doi.org/10.1016/S1044-0305(02)00853-X
http://dx.doi.org/10.1016/1044-0305(95)00053-G

	Complexation of zearalenone and zearalenols with native�and modified &bgr;-cyclodextrins
	Abstract
	Introduction
	Materials and methods
	Reagents
	Standard solution of zearalenone and zearalenols: preparation and decontamination
	Fluorescence measurements
	Measurements of fluorescence enhancements by CDs
	Determination of stoichiometry and association constants by fluorescence measurements
	NMR experiments
	ESI-MS experiments

	Results and discussion
	ZEN fluorescence enhancement obtained with different CDs
	NMR experiments
	Electrospray-mass spectrometry experiments
	Determination of the complex stoichiometry
	Determination of the binding constants Kc
	Conclusion and perspectives

	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


