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Abstract In this paper, the results obtained by five
independent methods for the quantification of fumonisins
B, B,, and Bj in raw maize are reported. Five naturally
contaminated maize samples and a reference material
were analyzed in three different laboratories. Although
each method was validated and common calibrants were
used, a poor agreement about fumonisin contamination
levels was obtained. In order to investigate the inter-
actions among analyte and matrix leading to this lack of
consistency, the occurrence of fumonisin derivatives was
checked. Significant amounts of hidden fumonisins were
detected for all the considered samples. Furthermore, the
application of an in vitro digestion protocol to raw maize
allowed for a higher recovery of native fumonisins,
suggesting that the interaction occurring among analytes
and matrix macromolecules is associative rather than
covalent. Depending on the analytical method as well as
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the maize sample, only 37-68% of the total fumonisin
concentrations were found to be extractable from the
samples. These results are particularly impressive and
significant in the case of the certified reference material,
underlying the actual difficulties in ascertaining the
trueness of a method for fumonisin determination,
opening thus an important issue for risk assessment.

Keywords Fumonisins - Hidden fumonisins -
Masked mycotoxins - Mass spectrometry - Maize

Introduction

Fumonisins are a group of structurally related Fusarium
mycotoxins produced mainly by Fusarium verticilloides
and Fusarium proliferatum. Among them, fumonisins By,
B,, and B; (FB;, FB,, and FBj;, respectively) are the major
mycotoxins produced in corn. These compounds are
characterized by a 20 carbon aminopolyhydroxyalkyl
chain diesterified with propane-1,2,3-tricarboxylic acid
(tricarballylic acid; Fig. 1) [1, 2].

Fumonisins may cause a variety of diseases in animals, as
well as hepatocarcinogenic, hepatotoxic, nephrotoxic, and
cytotoxic effects in mammals. Moreover, there is evidence of
a high incidence of human esophageal cancer associated with
FB; exposure [3]. For these reasons, FB; has been declared
as a class 2B carcinogen by the International Agency for
Research on Cancer. Recently, the European Union has
enforced the new legislation for fumonisins in food:
According to this regulation, the limits for total fumonisins
in unprocessed maize (4,000 ng/kg), maize for direct human
consumption (1,000pg/kg), maize-based breakfast cereals
and snacks (800ug/kg), and in baby food (200pug/kg) have
been established (EC No. 1126/2007).
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Fig. 1 Main fumonisin structures

Analytical methods to detect the occurrence of
fumonisins in corn-based products usually involve
extraction with aqueous methanol or acetonitrile, purification
on strong anion-exchange cartridges or immunoaffinity
columns (IAC) and determination by RP-HPLC using
fluorescence detection (FLD) and precolumn derivatization
with ortho-phthalaldehyde (OPA) and 2-mercaptoethanol
[4-6]. Although this method has been adopted by AOAC
International as an official method for corn analysis [5], it
has several disadvantages such as the instability of the
derivatives and the fluorescent interferences caused by
matrix components, making an accurate quantification
very difficult, especially with processed corn foods [7-9].
For these reasons, in the last decade, a number of mass
spectrometry-based methods for fumonisin detection
have been proposed [10, 11]. As major advantage, no
fumonisin derivatization is required, obtaining good
recovery and sensitivity. Moreover, mass spectrometry-
based methods allow to perform multiresidual determi-
nations of a great number of mycotoxins in the same
sample [12, 13].

The problem of fumonisin contamination is further
complicated by the fact that hydrolyzed forms and
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degradation products such as N-carboxymethyl-fumonisins
and N-(1-deoxy-D-fructos-1-yl) fumonisin B; were found,
although the latter was found in small amounts only in
thermally treated products. More recently, other unidentified
bound forms were detected in thermally treated food
products such as cornflakes [14—16]. These forms are not
directly detectable, but their presence has been inferred from
the observation that, upon alkaline hydrolysis of the food
matrix, the amount of released hydrolyzed fumonisins is
often higher than that expected by the hydrolysis of the
fumonisins detected in the sample using the routine
procedure. The nature of this masking mechanism has been
attributed to the formation of covalent bonds between the
tricarballylic groups of fumonisins and the hydroxyl groups
of starch or the amino or sulfidryl groups of the side chains
of amino acids in proteins. The possibility of such an
interaction has been proved as reacting fumonisins at high
temperature with o-methyl-glucoside or protected amino
acids as model systems for starch and proteins, respectively
[14], although direct evidence of the presence of these
derivatives has not been obtained until now in foods. The
occurrence of hidden fumonisins was demonstrated by
several authors [17-20] in corn-based foods by using
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HPLC-FLD and HPLC-MS. In particular, Dall’Asta et al.
[19] showed that hidden fumonisins occurrence is not
restricted to thermally treated products, but may be also
found in mild-treated products such as corn flour and
corn-based pasta. Thus, besides thermal effects [21],
other masking mechanisms should be taken into account
for the evaluation of the occurrence of hidden fumonisins
in food.

Masking phenomena may occur already in the field
between mycotoxins and plant macroconstituents, as a
defensive response of the plant to the infection in order to
allow the chemical and/or physical compartmentalization of
the target molecule. As proved for deoxynivalenol-
3-glucoside and zearalenone-4-glucoside, metabolites can
be formed through conjugation [22, 23]. These conjugated
metabolites are usually stable under extraction conditions,
but when not properly monitored, can escape routine
analysis.

Moreover, several compounds can be associated with
protein or starch through non-covalent interactions [24].
Such complexations may be broken during the extraction
process, on account of different experimental parameters
applied during extraction such as solvent polarity, pH, ionic
strength, time, and temperature, giving rise to the native
form of the analyte. Thus, different extraction procedures
will generally lead to different recoveries of the analytes.

Several authors reported poor recoveries for fumonisins
from different food matrices, especially when naturally
contaminated corn-based foods were analyzed [25-29].
Visconti et al. [4] reported a collaborative study involving
23 laboratories: Six samples were analyzed by using the
same method based on IAC purification and HPLC analysis
with fluorescence detection after OPA derivatization. The
analyzed samples were one blank, two spiked corn samples,
and three naturally contaminated samples. The collected
data were consistent, proving the interlaboratory reproduc-
ibility and ruggedness of the chosen method. Nevertheless,
no information about consistency of data obtained by
different extraction procedures was given. Concerning the
relation among hidden fumonisins and low free fumonisin
recovery, Scott and Lawrence [29] underlined that, for
corn-based food, distinction must be made between real
losses, binding, and any matrix-related method problems.
The fumonisin binding to matrix constituents could, thus,
represent a problem for toxin quantification in real
samples: If the nature of this binding is an associative
phenomenon, the use of different analytical conditions
may lead to different quantification results, although the
methods used are validated.

The aim of this study is to compare the results
obtained for naturally contaminated corn samples
obtained by means of five independent analytical
methods, which differ not only in the chosen analytical

technique but also in the applied extraction procedure.
Each method was previously validated using common
calibrants, the same blank material, and the same
reference material. The results were then compared in
order to get more information about data consistency.
Furthermore, hidden fumonisin occurrence was also
evaluated for the sample set and related to free fumonisin
results, trying to get an explanation for the low
consistency found in interlaboratory comparison studies. In
order to further investigate the matrix—analyte interactions, in
vitro digestion experiments were performed on two selected
raw maize samples and on a reference material [30]. The
fumonisin levels obtained after matrix digestion were
compared to those obtained for free fumonisins and after
sample alkaline hydrolysis.

Materials and methods
Chemicals

Fumonisin By, B,, and Bj standards (1 mg) were purchased
from Biopure (Tulln, Austria). All solvents used (LC grade)
were obtained from Carlo Erba (Milan, Italy); bidistilled
water was produced in our laboratory utilizing an Alpha-Q
system (Millipore, Marlborough, MA, USA). All salts were
from Baker (Mallinckrodt Baker, Phillipsburg, NJ, USA),
naphthalene 2,3-dicarboxyaldehyde (NDA) was from
Sigma (Stuttgart, Germany). The reference material was a
maize flour containing fumonisins B; and B,, 2,406+630
and 630+116pg/kg. MultiSep 211 Fum columns and
AgraQuant Total Fumonisin Assay 0.25/5.0 Kit were from
Romer Labs (Tulln, Austria). All chemicals for the
digestive fluids were obtained from Sigma (Stuttgart,
Germany).

Experimental design

In order to compare the results obtained by using
independent analytical methods, six corn flours were
chosen: one blank and five naturally contaminated samples.
Each sample was mixed and split into aliquots (100 g) to be
analyzed by the selected laboratories. The same standards
were chosen to perform the calibration experiments.
Calibration curves, repeatability, recovery, quantification,
and detection limits of each method were obtained using
the same blank matrix spiked with FB;, FB,, and FB; at
proper concentration levels.

Method 1 and the digestion assay were performed at
the Food Chemistry Laboratory, Department of Organic
Chemistry, University of Parma (Parma, Italy). Methods
2 and 3 were performed by different analysts and in
different periods at the Christian Doppler Laboratory for

@ Springer



1338

C. Dall’Asta et al.

Mycotoxin Research, Center for Analytical Chemistry,
Department for Agrobiotechnology, BoKu University
(Vienna, Austria). Methods 4 and 5 were performed by
different analysts and in different periods at the Romer
Labs Division Holding, Technopark 1, 3430 Tulln,
Austria Romer Labs Division Holding (Tulln, Austria).

The analytical performances of the chosen methods are
reported in Table 1.

Terminology

The terminology used in the present study to indicate
fumonisin amounts found after different treatments is the
following:

1. Extractable fumonisins: the sum of FB;, FB,, and FB;
found in each sample upon application of common
extraction conditions.

2. Total fumonisins: the sum of FB,, FB,, and FB; found
in each sample after hydrolysis. This value is actually
obtained by measuring HFB;, HFB,, and HFB; and
then converting the data into FBs equivalents by means
of the proper conversion factor.

3. Hidden fumonisins: the difference between total
fumonisins and extractable fumonisins.

Hydrolyzed fumonisin preparation

Hydrolysis procedure was performed according to the
method proposed by Dall’Asta et al. [20]. Briefly, a
standard solution of the three fumonisins (50 pg/ml of each,
1 ml) was prepared in acetonitrile/water 1:1 (v/v) and
evaporated to dryness. The residue was redissolved in 2 M
KOH and allowed to react for 60 min. After hydrolysis, the

Table 1 Analytical performances of the methods used in this study

mixture was extracted twice by liquid—liquid partition using
ethyl acetate. The organic phases were pooled, evaporated
under N, stream, and redissolved in 1 ml acetonitrile/water
(1:1). The conversion yield was quantitative, as already
reported [20]. No partially hydrolyzed fumonisins were
found. Calibration curves were prepared by proper dilution
of the standard solution, assuming that the total conversion
of the native compounds to be in the hydrolyzed forms.

Method 1

Sample preparation for the analysis of extractable
fumonisins

Aliquots (5 g) of finely ground corn were blended in a
high-speed blender (Ultraturrax T25, IKA, Stauffen,
Germany) with 50 ml of water/methanol (30:70, v/v) for
10 min at 6,000 rpm and then stirred for 50 min. After
centrifugation at 3,500 rpm for 15 min, the extract (2 ml)
was filtered through a 0.45-um nylon filter and analyzed
by LC-MS/MS as described below.

Sample preparation for the analysis of total fumonisins

Aliquots (5 g) of finely ground corn were blended in a high-
speed blender (Ultraturrax T25, IKA, Stauffen, Germany)
with 50 ml of 2 M KOH for 10 min at 6,000 rpm and stirred
for 50 min. Then, 50 ml of acetonitrile was added, and after
stirring for 10 min, the two layers were separated by
centrifugation at 3,500 rpm for 15 min. The extract (2 ml)
was evaporated to dryness under a stream of nitrogen, and the
residue was redissolved in water/methanol 30:70 (v/v), filtered
through a 0.45-um nylon filter, and analyzed by LC-MS/MS
as described below. Fumonisins obtained after sample

Extraction Clean up Detector Calibration Calibration range (ng/kg) Repeatability Limit of detection Recovery
conditions levels (% RSD) (ng/kg) (n=3), %
FBs HFBs FBs HFBs FBs HFBs FBs HFBs

Method 1 CH30H:H,O  None MS/MS 7 10-1,000 10-1,000 5781 5663 5 5 96 94
70:30 v/v

Method 2 CH30H:H,O  None MS/MS 7 100-3,000 100-3,000 3.2-7.5 2.5-73 <16 <15 80 90
70:30 v/v

Method 3 CH;CN:H,O: None ~ MS/MS 9 16-4,040°  3-660° 3.6-16.7* 2.3-22.5" 8 2.5° 58 47°
CH;COOH
79:20:1 v/v/v

Method 4 CH3CN:H,O SPE FLD 5 100-5,000 — 34-6.1 - <100 - 96 -
1:1 viv

Method 5 CH30H:H,O  None ELISA 5 250-5,000 — - - 200 - N/A® —
70:30 v/v

?Value referred to FB,
® Value referred to HFB,
°N/A: not available
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hydrolysis were measured as the sum of HFB;, HFB,, and
HFB;. All the results are expressed as the sum of FB;, FB,,
and FBj equivalents, considering a correction factor due to
the different molecular weight of native and hydrolyzed
compounds and referred to as “total fumonisins”. Hidden
fumonisins were calculated as the difference between total
fumonisins and free fumonisins.

LC-MS/MS analysis

The LC—electrospray ionization (ESI)-MS/MS analysis was
performed as reported by Dall’Asta et al. [19, 20]. Briefly, a
2695 Alliance separation system (Waters Co., Milford, MA,
USA) equipped with a QuattroTM triple quadrupole mass
spectrometer with an electrospray source (Micromass,
Waters, Manchester, UK) was used. Chromatographic
conditions were the following: column, C,3 XTerra Waters
narrow bore (250 mm x 2.1 mm, 5um) equipped with a C;g
precolumn cartridge; flow rate, 0.2 ml/min; column temper-
ature, 30°C; injection volume, 10ul. Gradient elution was
performed using water (eluent A) and methanol (eluent B),
both acidified with 0.1% formic acid: 0-2 min, isocratic step
at 70% A; 2-5 min to 45% B; 5-25 min to 90% B;
25-35 min isocratic step at 90% B; finally, a reequilibration
step at 70% A (initial conditions) for 15 min was performed
(total analysis time, 50 min). MS parameters: ESI+ (positive
ion mode); capillary voltage, 4 kV; cone voltage, 50 V for
FBs and 30 V for HFBs; extractor voltage, 2 V; source block
temperature, 120°C; desolvation temperature, 350°C;
desolvation and cone gas (nitrogen) 600 and 50 1/h,
respectively. Detection was performed using a multiple
reaction monitoring (MRM) mode by monitoring two
transitions for each analyte (collision energy, 35 eV for FBs
and 20 eV for HFBs). In particular, the monitored transitions
were as follows: FB, 722.4—334.4, 722.4—352.4; FB, and
FB; 706.4—318.4, 706.4—336.4; HFB, 406.5—370.5,
406.5—388.5; HFB, and HFB; 390.5—336.4, 390.5—
372.5. The first transition reported was used for quantification,
while the second transition was chosen as qualifier.

Method 2

Sample preparation for the analysis of extractable
fumonisins

The extraction of fumonisins was performed as above. The
samples were then analyzed following the mass spectro-
metric method reported below.

Sample preparation for the analysis of total fumonisins

The extraction of total fumonisins from raw corn was
performed as already described. Moreover, in order to

check whether hidden forms occurred in the extract, an
aliquot of the extract prepared for free FBs analysis was
hydrolyzed. Briefly, an aliquot of extract (20 ml) obtained
as above was evaporated, redissolved in 50 ml 2 M KOH,
and stirred for 50 min. After addition of acetonitrile
(50 ml), the solution was stirred for 10 min; then, the
organic layer was separated by centrifugation at 3,500 rpm
for 15 min. The extract (2 ml) was then evaporated to
dryness under a stream of nitrogen, and the residue
redissolved in water/methanol 30:70 (v/v), filtered through
a 0.45-pm nylon filter, and analyzed by LC-MS/MS.

LC-MS/MS analysis

An 1100 Series HPLC System (Agilent, Waldbronn,
Germany) in conjunction with a QTrap LC-MS/MS System
(Applied Biosystems, Foster City, USA) equipped with an
ESI source was used for analysis. Chromatographic
conditions were the following: column, C;g3 Hypersil
(Thermo, 150 mm X 2.1 mm, Sum); flow rate, 0.6 ml/
min; column temperature, 25°C; injection volume, 10pul.
Gradient elution was performed using water (eluent A) and
acetonitrile (eluent B), both acidified with 0.2% formic
acid: 0—1 min, isocratic step at 80% A; 1-6 min to 100% B;
6-9 min isocratic step at 100% B; finally, a reequilibration
step at 80% A (initial conditions) for 4 min was performed
(total analysis time, 13 min). MS parameters: Turbo Spray
positive; declustering potential (DP) and collisional energy
(CE) were optimized for each analyte; source block
temperature, 425°C. Detection was performed using a
MRM mode by monitoring three transitions for each
analyte: The main transition was used for quantification,
while the other transitions were chosen as qualifiers. In
particular, the monitored transitions were as follows: FB,
722.2—334.3 (CE 51 V, DP 76 V), 722.2—704.3 (CE
31V, DP 76 V), 722.2—352.3 (CE 39 V, DP 76 V); FB,
and FB3 706.2—336.5 (CE 40 V, DP 68 V), 706.2—318.4
(CE 47 V, DP 68 V), 706.2—354.4 (CE 37 V, DP 68 V);
HFB, 406.2—388.3 (CE 19 V, DP 36 V), 406.2—370.3
(CE 21 V, DP 36 V), 406.2—352.3 (CE 21 V,
DP 36 V); HFB, and HFB; 390.2—336.4 (CE 24 V, DP
41 V), 390.2—372.4 (CE 20 V, DP 41 V), 390.2—354.4
(CE 21 V, DP 41 V).

Method 3

Sample preparation

Sample (0.5 g) was added with 2 ml of extraction solvent
(acetonitrile/water/acetic acid 79:20:1, v/v/v). The samples
were extracted for 90 min using a GFL 3017 rotary shaker

(GFL, Burgwedel, Germany) and subsequently centrifuged
for 2 min at 3,000 rpm (radius 15 cm) on a GS-6 centrifuge
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(Beckman Coulter Inc., Fullerton, CA, USA). The extracts
were transferred into glass vials using Pasteur pipettes, and
350-ul aliquots were diluted with the same volume of
dilution solvent (acetonitrile/water/acetic acid 79:20:1, v/v/v).
After appropriate mixing, 5 pl of the diluted extract was
injected into the LC-MS/MS system without further
pretreatment.

LC-MS/MS analysis

Fumonisin detection was achieved using the multitoxin
method described by Sulyok et al. [12]. Briefly, detection
and quantification were performed with a QTrap 4000 LC—
MS/MS System (Applied Biosystems, Foster City, CA,
USA) equipped with a TurbolonSpray ESI source and an
1100 Series HPLC System (Agilent, Waldbronn, Germany).
Chromatographic separation was performed at 25°C on a
Gemini® CI8 column, 150%4.6-mm i.d., 5-um particle
size, equipped with a CI8 4x3-mm i.d. security guard
cartridge (all from Phenomenex, Torrance, CA, USA). Both
eluents contained 5 mM ammonium acetate and were
composed of methanol/water/acetic acid 10:89:1 (v/v/v;
eluent A) or 97:2:1 (eluent B), respectively. After an initial
time of 2 min at 100% A, the proportion of B was increased
linearly to 100% within 12 min, followed by a hold time of
3 min at 100% B and 4-min column reequilibration at 100%
A. The flow rate was 1 ml min~'. ES-MS/MS was performed
in the MRM mode both in positive and negative polarities in
two separate chromatographic runs per sample by scanning
two fragmentation reactions per analyte with the following
settings: source temperature 550°C, curtain gas 10 psi
(69 kPa of max. 99.5% nitrogen), ion source gas 1 (sheath
gas) 50 psi (345 kPa of nitrogen), ion source gas 2 (drying
gas) 50 psi (345 kPa of nitrogen), ion spray voltage —4,000
and +4,000 V respectively, collision gas (nitrogen) high.
Concerning fumonisins, declustering potential was set as
follows: 91 V for FBy, 96 V for FB, and FB5. The main
transitions used for quantification were 722.5—334.4 (CE
57 V) for FB1 and 706.3—336.3 (CE 59 V) for FB, and
FB;; the qualifier transitions were 722.5—352.3 (CE 55 V)
for FB1 and 706.3—318.5 (CE 51 V) for FB, and FB;.

Method 4
Sample preparation

For fumonisin analysis, 25 g of ground sample was
extracted with 100 ml water—acetonitrile (1:1, v/v) by
shaking for 1 h. After filtration, the supernatant was
adjusted to pH6-9 with 0.5 N NaOH for allowing a good
recovery during the purification step. Afterward, 3 ml of
extract was placed into a 16 x 125-mm test tube, and 8 ml of
methanol-water (3:1, v/v) was added to the sample. The
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purification step was performed using a MultiSep 211 Fum
column, preconditioned with 5 ml of methanol followed by
5 ml of methanol-water (3:1, v/v) solution.

The diluted sample was passed through the column,
which was then rinsed with 8 ml of methanol-water (3:1,
v/v) followed by 3 ml of methanol. Fumonisins were
eluted with 10 ml of methanol-acetic acid (99:1, v/v). The
eluate was then evaporated to dryness under vacuum in a
60°C water bath. After reconstitution with 1 ml of
methanol, the sample was added with 1 ml sodium borate
buffer (0.05 M, pH9.5), 0.5 ml sodium cyanide reagent
(13 mg sodium cyanide in 100 ml water) and 0.5 ml NDA
reagent (25 mg NDA in 100 ml methanol). After heating
for 20 min in a 60°C water bath and cooling at 8°C for
4 min, the sample was diluted with 7 ml of phosphate
buffer (0.05 M, pH?7.4)/acetonitrile (40:60, v/v) and
analyzed by HPLC with fluorescence detection.

HPLC-FLD analysis

The analysis was performed using a Shimadzu SCL 10A
system controller, equipped with a RF-10Axl fluores-
cence detector, a SIL-10A autoinjector, and a LC-10AD
pump. Chromatographic conditions were the following:
column, Brownlee C;g (100 mm % 4.6 mm, 5um); flow
rate, 0.2 ml/min; injection volume, 80ul. An isocratic
elution was performed using water—acetonitrile—acetic
acid 52:47:1, v/v/v. Fluorescence detection was performed
at \exy=420 nm and \.,,=500 nm.

Method 5
Sample preparation and analysis

For fumonisin analysis, 10 g of ground sample was
extracted with 50 ml methanol-water (70:30, v/v) by
blending for 3 min. After filtration, the supernatant was
adjusted to pH7-8 with 0.5 N NaOH, if necessary.
Afterward, 50l of extract was diluted with 950 ul of water
and analyzed by ELISA kit, according to the AgraQuant
Total Fumonisin Assay Protocol (Method PI-000082-1).

Digestion experiments

The digestion experiment was performed according to the
protocol reported by Versantvoort et al. [31]. Briefly, the
main digestive juices were prepared by mixing the proper
amount of salts and enzymes, according to the original
procedure, and heated to 37°C before use. The digestion
started by adding 3 ml saliva to 2 g contaminated sample
and was incubated for 5 min. Then, 6 ml of gastric juice
was added, and the mixture was stirred for 2 h. Finally,
6 ml of duodenal juice, 3 ml bile, and 1 ml bicarbonate
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solution (1 M) were added simultaneously, and the mixture
was stirred again for 2 h. At the end of the in vitro digestion
process, the digestion tubes were centrifuged for 5 min at
2,750%g, yielding the chyme (the supernatant) in which the
concentration of mycotoxin was determined and the
digested matrix (the pellet). The chyme was then purified
using Sep-Pak C18 columns (Waters Co., Milford, MA,
USA): The sample was applied to the cartridge, which was
precontioned with 2 ml methanol followed by 2 ml
bidistilled water. After a washing step (3 ml bidistilled
water), fumonisins were eluted using 2 ml acetonitrile/water
solution (1:1). The eluate was then analyzed by LC/MS/MS
for both native and hydrolyzed forms. The occurrence of
partially hydrolyzed fumonisins was also checked.

Results and discussion
Comparison of the chosen methods

In order to compare the results obtained for naturally
contaminated corn samples, five independent analytical
methods for fumonisins were chosen. In particular, selected
methods differed not only in the analytical technique but
also in the applied extraction procedure: All the tested
protocols were previously published and used for routine
analysis in the involved laboratories after in-house valida-
tion. Moreover, the most common analytical techniques for
mycotoxin detection were covered: Methods 1 and 2 were
based on the same procedure but performed in different
laboratories using different chromatographic conditions and
different instruments; method 3 is the well-known multi-
mycotoxin method based on mass spectrometry reported by
Sulyok et al. [12]; method 4 involved fluorescence
detection after a derivatization step performed using a
commercial kit; finally, method 5 was an ELISA test also
performed using a commercial kit. Selected raw maize
samples (n=5) were prepared for interlaboratory analysis

Table 2 Fumonisin quantification obtained by chosen methods

by grinding and mixing before sampling; the sub-samples
were stored at +4°C until fumonisin determination.

Before the experiment, each method was in-house-
validated using common calibrants, and the method
performances were evaluated, as reported in Table 1. The
same blank material was checked and used for matrix-
matched calibration. Moreover, a reference material (raw
maize) was analyzed, and the results were compared in
order to get more information about data consistency.
Results showed a good agreement.

The five selected raw maize samples were analyzed in
replicate and the results were compared, as reported in
Table 2. Since the number of replicates was different
between laboratories, we decided not to include the
standard deviation of measurements. However, CV of
measurements were in agreement with method precision
as obtained for in-house validations, which was also
reported in Table 2. The occurrence of HFBs in raw maize
was also checked by methods 1 and 2: None of the selected
samples was found to be positive for these analytes.

Surprisingly, the obtained data showed a very low
consistency: The FB values found for each sample were
very different. Also, the data obtained using methods 1 and
2 were different, although obtained using very similar
conditions.

Since different methods were used in different laborato-
ries, we actually cannot differentiate between method and
laboratory bias. However, each method was thoroughly in-
house-validated, and the same calibrants were used in all
laboratories. Moreover, the sample stability and homogeneity
was checked by including a reference material in the
considered sample set. Thus, we assume that laboratory bias
is not the reason for the different measured fumonisin levels.

These unexpected results pointed out a serious analytical
problem in fumonisin determination, as already reported by
several authors. These recovery problems cannot be due to
poor sample preparation since the procedures used in this
study were fully validated, performed by trained operators,

Sum of FB;, FB,, and FB; (ng/kg)

Method 1 Method 2

Method 3 Method 4 Method 5

Data (n=2) RSD%

Data (n=2) RSD%

Data (n=3) RSD%  Data (n=2) RSD% Data (n=4) RSD%

A 807 5.7-8.1 752 3.2-7.5 829 3.6-16.7 700 34-6.1 1,242 n.a.
B 1,226 810 824 400 326

C 1,079 1,059 1,491 600 757

D 496 389 539 1,400 91

E 1,585 1,701 3,093 900 767

Blank n.d. n.d. n.d. n.d. n.d.

Reference material (3,036+746) 3,037 3,486 4,493 - 3,206
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Table 3 Amount of extractable fumonisins, hidden fumonisins found in the extract, and total fumonisins found in the sample

Samples Extractable fumonisins® Hidden fumonisins found in Residual hidden fumonisins® Total fumonisins®
(ng/kg) the extract” (ug/kg) (ng/kg) (ng/kg)

A 752 (37%) 280 (14%) 982 (49%) 2,014

B 810 (54%) 378 (25%) 324 (21%) 1,512

C 1,059 (68%) 413 (26%) 89 (6%) 1,561

D 389 (66%) 148 (25%) 54 (9%) 590

E 1,701 (55%) 780 (25%) 598 (20%) 3,079

#Evaluated according to method 2 and expressed as the sum of FB;, FB,, and FB3

® Calculated as the difference between total FBs equivalents found in the extract and extractable FBs

¢ Calculated as the difference between total FBs equivalents found in the extract and total FBs found in the sample

9 Evaluated according to method 2 and expressed as the sum of FB;, FB,, and FB; equivalents

and commonly accepted. A possible explanation can be
found in the method’s ability to extract fumonisins from the
matrix, but in this case, the same method should always
over- or underestimate the analyte on account of the
conditions applied to the extraction and/or purification step
(solvent, pH, temperature, and time): In our data, no
systematic trend can be found.

Another possible reason may be actually ascribed to
the occurrence of hidden fumonisins, which have been
already reported for thermal-treated corn-based products
by several authors [14, 17-20]. These masked derivatives
can be co-extracted together with the free forms, causing a
misidentification of the real contamination level.

Hidden fumonisin determination

The occurrence of hidden fumonisins in raw maize was
checked by alkaline hydrolysis, as reported by Dall’ Asta et
al. [20]. In particular, the sample was hydrolyzed according
to the procedure reported in the “Materials and methods”
section for total FBs quantification. Hidden fumonisins
were calculated as the difference between extractable FBs
and total FBs values. Moreover, the extract was treated
under alkaline conditions in order to check whether hidden
forms were co-extracted together with commonly detectable
forms. The collected data are reported in Table 3. Extract-
able fumonisins, total fumonisins found in each extract after
hydrolysis and total fumonisins found in each sample after
hydrolysis were compared in Fig. 2. All the data were
obtained using Method 1.

All the selected samples were found to contain hidden
fumonisins in concentration comparable to extractable
fumonisins. To our knowledge, this is the first report about
the occurrence of hidden fumonisins in raw maize, although
these forms were already detected in corn flour [19].

Since these raw maize samples did not undergo any
thermal treatment, this result is of great concern,
suggesting that the fumonisin masking mechanism is

@ Springer

thus exerted also by the plant, as already described for
other Fusarium mycotoxins such as deoxynivalenol and
zearalenone [22, 23].

Since hidden fumonisins are released under alkaline
hydrolysis, the masking mechanism probably involves the
tricarballylic side chains of the molecule, as suggested by
several authors [14, 18]. However, the in vitro model
proposed by Seefelder [14] to explain the fumonisin
covalent binding to protein or starch involved an intramo-
lecular activation of the carboxylic moieties through a
cyclic anhydride formation, which can be obtained only by
heating. This mechanism is thus possible only for thermal-
treated products, but cannot explain the binding occurring
in raw maize, which is rather probably due to a physical
entrapment eventually obtained via specific or non-specific
enzymatic activity. As far as the maize macromolecular
components are involved in these interactions, in several
studies, hidden fumonisins have been mainly found
associated to protein fraction [17, 18]. Proteins in corn are
mainly represented by zeins, which are water-insoluble
storage proteins showing a helical character, made up of

3500.00
3000.00
2500.00-
2000.00+
1500.00-
1000.00

[FBs] ug/Kg

W extractable FBs O total FBs in the extract @ total FBs in the sample

Fig. 2 Comparison of the extractable FBs (sum of FB;, FB,, and
FBs), total fumonisins found in the extract after hydrolysis (measured
as HFBs and expressed as sum of FB, FB,, and FBj equivalents), and
total fumonisins found in the samples after hydrolysis (measured as
HFBs and expressed as sum of FB;, FB,, and FB; equivalents) found
in selected samples using method 1
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nine helical segments of about 20 amino acids with
glutamine-rich turns or loops [24, 32, 33]. Inside this
tridimensional structure, zein may host several guests such
as xanthophylls [24]. On the other hand, the decrease in
fumonisin concentration in cornstarch and cornmeal after
spiking was also described [27], suggesting a possible
interaction of the target toxin with starch. In particular, only
43% of C-14-labeled FB; materials extracted from
cornstarch were recovered by immunoaffinity purification,
and 50% remained after 30 days in corn meal. Since no
thermal treatment was applied to these matrices, the binding
of labeled fumonisin to proteins or starch may be due to
enzymatic activity or to other unknown mechanism.

A possible explanation of these phenomena may be the
toxin complexation into supramolecular structures formed
by macromolecules such as starch and zeins: this hypoth-
esis is strongly supported by the presence of hidden
fumonisins in the extract obtained with the extraction
solvents used for fumonisin determination. This observa-
tion is potentially explained by the presence of maize
prolamin proteins in the extract: Indeed, the solvent used to
extract fumonisins from the food matrix is also able to
dissolve the prolamin (zein) fraction of maize. These
protein bodies retain their tertiary structure in solution, thus
potentially masking the presence of hidden fumonisins,
which cannot be directly determined. Enzymatic digestion
lead to the declustering of these structures, thus releasing
the entrapped FBs. Alkaline hydrolysis is also able to
destabilize these supramolecular interactions as probably
the HFBs did not yet possess the structural features that
allow the formation of such strong complexes.

This association can be considered as a physical
entrapment, which does not allow the complete recovery
of the target compound during analysis. When such
associations occur in the matrix, the ratio among extractable
and retained fumonisins is influenced by physicochemical
parameters such as pH, solvent polarity, temperature, and
time. Thus, different extraction methods can lead to
different recovery from the same sample, even when fully
validated methods are used. During validation, recovery is
actually evaluated by spiking experiments at different
levels: Although this procedure is suitable to evaluate
possible critical points in the procedure such as analyte
losses during extraction or clean up, the interaction among
matrix constituents and analyte occurring in naturally
contaminated samples leading to analyte masking effects
cannot be compensated.

Simulated digestion of raw maize
In order to unravel this intricate problem, we applied a

different approach, based on the use of a digestion protocol
proposed by Versantwoort and Omen for food contaminant

bioavailability assessment [31]: Indeed, digestion of the
matrix would reveal if fumonisins are bound to proteins or
starch through covalent binding or by complexation as only
in the latter case free native fumonisins should be released.

At first, the analyte stability under applied conditions
was confirmed by applying the digestion protocol to a
fumonisin standard solution. Then, fumonisin-contaminated
raw maize was treated as described by the protocol, and
FBs were quantified in chyme after digestion and compared
to the FBs concentration found in non-digested sample. The
protocol was applied to two highly contaminated raw maize
samples and to the same reference material used in this
study for method comparison. The results were compared
to those obtained for extractable fumonisins (method 1) and
total fumonisins after alkaline hydrolysis (method 1), as
reported in Fig. 3.

An increase of 30-50% in fumonisins concentration after
digestion was measured, suggesting that the binding
mechanism of fumonisins in raw maize is mainly due to
an association with macromolecules such as starch and
proteins. In addition, no hydrolyzed or partially hydrolyzed
fumonisins were found in the chyme. Finally, the total
fumonisin levels obtained after digestion are slightly higher
than those obtained after alkaline hydrolysis, suggesting
that hidden fumonisins are actually native forms, which can
be released under digestive conditions.

These results are particularly impressive in the case of
the reference material as, in front of a declared fumonisin
contamination of 3,036+746ug/kg, the real amount of free
fumonisins detected upon digestion is as high as 8,010+
426 png/kg. These data open an interesting issue for method
validation: Hidden fumonisins may occur also in reference
materials since this sample is usually naturally contaminated,
but the reference values do not usually consider this issue.
An “in-house” validated method should confirm the

30000
+
25000 -
+
o 20000 -
<
(=]
3. 15000
o
0
L. 10000
5000 -
0,
Sample F Sample G RM

W Extractable FBs O Total FBs after hydrolysis O Total FBs after digestion

Fig. 3 Level comparison of extractable FBs (expressed as the sum of
FB,, FB,, and FB;; method 1), total FBs after hydrolysis (measured as
HFBs and expressed as the sum of FB;, FB,, and FB; equivalents;
method 1), and total FBs (sum of FB,, FB,, and FB;) after digestion
found in raw maize samples (F, G) and in reference material (RM)
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reference value, showing thus a good reliability when
compared to reference data. On the other hand, the
occurrence of higher level of fumonisins in reference
material after digestion showed that the reference data
are not the true data: Measuring accuracy in in-house
validation does not actually mean measuring trueness.
This is a major point to be considered during method
validation in order to avoid significant underestimation
of fumonisin contamination in maize.

A very similar approach was already used for evaluating
in vitro digestion effects on hidden fumonisins in corn-
flakes [30], without finding a significative contribution of
hidden fumonisins in chyme. Since cornflakes are thermally
treated products, the covalent binding of fumonisins to
matrix macroconstituents could occur, and in this case,
native forms could not be released upon digestion. Further
experiments should be performed in order to investigate the
occurrence of associative or covalent binding in processed
corn-based products.

These results, although very preliminary and to be con-
firmed with a larger number of different samples, are of great
concern for food safety and may offer an explanation to the so-
called fumonisin paradox [34]: When such association occur
between fumonisin and matrix macroconstituents, the com-
mon analytical methods, although well validated, are unable
to detect the true level of mycotoxin in corn, giving thus an
underestimation of the exposure to the target mycotoxin.

The terminology issue

So far, the terms “hidden fumonisins™ [17, 18] and “bound
fumonisins” [14] were indifferently used in the literature to
indicate those fumonisin forms, which were not extractable by
common procedures but which may release the native or the
hydrolyzed forms upon digestion, thus exerting a toxic effect.

Moreover, those compounds obtained from fumonisins
through a Maillard-type reaction involving reducing sugars
were often referred as bound fumonisins, although these
derivatives cannot release the native forms under gastric
conditions.

This paper showed that hidden fumonisins may occur
also in raw maize, and the reported data suggested an
associative mechanism rather than a covalent binding as a
possible explanation of this phenomenon. Thus, a clarifi-
cation is needed on the terminology used for non-covalently
bound and for covalently bound fumonisins.

Fumonisins can occur in maize as free forms (native,
partially hydrolyzed, or totally hydrolyzed), as covalently
bound fumonisins (i.e., to starch, proteins, and reducing
sugars), and as non-covalently bound fumonisins. In our
opinion, the term bound fumonisins should be used only for
those compounds, which involve a covalent linkage among
the analyte and any matrix constituents. This linkage may
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involve the fumonisin free amino group or the carboxylic
moieties. The amino derivatives cannot be hydrolyzed upon
digestive conditions and cannot be released after alkaline
hydrolysis; thus, they should be directly measured in the
sample. Moreover, their toxicity should be carefully
evaluated because the covalent binding could actually act
as a detoxification way. On the other hand, hydrolyzed
fumonisins could be released from the carboxy derivatives
in the gastrointestinal tract: These forms should be
indirectly measured by sample alkaline hydrolysis.

On the other hand, the term hidden fumonisins should be
used only for non-covalently bound derivatives, which are
formed through an associative interaction between fumoni-
sins and matrix macroconstituents. Since this association is
strongly dependent upon the environmental conditions,
digestive processes may release the native forms, still
exerting their own toxicity. This masking mechanism
should be further studied, in order to investigate if the
association is driven by specific or aspecific phenomena
exerted by plant upon mold contamination. In any case,
hidden fumonisins may occur in raw maize as well as in
processed products.

Finally, as extractable fumonisins, we can define the non-
covalently bound FBs, which might actually be partially
released by common extraction procedures on account of the
applied extraction conditions. Thus, this amount obviously
depends on the applied method, as proved by this report. The
common methods, although thoroughly validated, cannot give
an absolute measurement of the fumonisin contamination
since the analysis outcome is dominated by the extraction
conditions. Strong efforts are thus urgently needed to develop
an analytical procedure for measuring with a high trueness
degree the real fumonisin content in maize.

Conclusion

Fumonisin quantification in maize and corn-based products
is generally regarded as difficult as low comparabilities of
results were often described in the literature. Some
interlaboratory studies for method validation have been
performed so far, but none of them evaluated common
samples by means of different analytical procedures. In this
study, several raw maize samples were measured using
different extraction protocols and different analytical
detections. Although each method was in-house-validated
and common calibrators were used, a poor agreement of
fumonisin contamination levels was obtained. In order to
investigate possible reasons for this lack of consistency, the
binding of the toxins to matrix components by covalent or
non-covalent interactions was checked. Bound fumonisins
released either under alkaline conditions or after digestion
from all the considered samples were at levels comparable



Difficulties in fumonisin determination

1345

or even higher than those measured without extra sample
treatment. This is the first report about the occurrence of
bound fumonisins in raw maize, suggesting that the
masking effect is at least partly exerted by the mold
infected plant, as already reported for other mycotoxins,
rather than being induced by thermal treatment during
maize processing. Furthermore, the application of an in
vitro digestion protocol to raw maize allowed for a higher
recovery of native fumonisins, suggesting that the interac-
tion occurring among analytes and matrix macromolecules
is associative rather than covalent.

The difficulties encountered in fumonisin recoveries by the
application of common analytical methods are thus addition-
ally hampered by hidden fumonisins due to different
extraction efficiencies. Recovery evaluation during in-house
validation cannot actually be performed by spiking blank
matrices since the added analytes do not undergo the same
interactions with matrix components as fumonisins produced
after fungal infection in the field. Even with the use of
naturally contaminated maize as reference material, the
recovery evaluation is critical as different maize samples can
contain different amounts of hidden fumonisins. Thus, a
method which is suited to quantify the “true” content of free
and bound fumonisins through an effective matrix disaggre-
gation is strongly required in order to avoid significant
underestimation of mycotoxin levels.

Moreover, the masking effect exerted on fumonisins by
maize macromolecules such as starch and protein through
associative interactions should be further investigated since
the occurrence of masked native fumonisins in raw material
may be a probable explanation of the so-called fumonisin
paradox.
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