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Abstract

1-Anthroylnitrile (1-AN) has been shown to be an efficient labelling reagent for the determination of T-2 toxin (T-2) by
high-performance liquid chromatography (HPLC)—fluorescence detection. This reaction has been used to develop a sensitive,
reproducible and accurate method for the determination of T-2 in wheat, corn, barley, oats, rice and sorghum. The method
uses immunoaffinity columns containing antibodies specific for T-2 for extract clean-up, pre-column derivatization with
1-AN and HPLC with fluorescence detection for toxin determination. Ground cereal samples were extracted with
methanol-water (80:20, v/v), the extracts were purified by immunoaffinity columns and the toxin was quantified by
reversed-phase HPLC with fluorometric detection (excitation wavelength 381 nm, emission wavelength 470 nm) after
derivatization with 1-AN. Recoveries from the different cereals spiked with T-2 at levels ranging from 0.05.tg/f Svere
from 80 to 99%, with relative standard deviations of less than 6%. The limit of detection was @)@ based on a
signal-to-noise ratio of 3:1.
O 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction been shown to be the causative agent of alimentary
toxic aleukia (ATA), a fatal disease which occurred

T-2 toxin (T-2) is a highly toxic type-A tricho- in Russia in 1942-47 in a population fed over-
thecene produced by differerffusarium species, wintered cereals. Toxicological studies on animals
mainly F. sporotrichioides. It occurs occasionally in have shown that the immune system is the primary
grains such as wheat, corn, oats, barley, rice, sor- target of T-2, causing changes in leukocyte counts,
ghum, beans and cereal-based products, especially in depletion of selective blood cell progenitors and
northern temperate climates. T-2 causes outbreaks of depression of antibody formation. Exposure to the
haemorrhagic disease in domestic animals and has toxin results in skin pain, pruritis, redness, vesicles,

necrosis, epidermal sloughing, nausea, weight loss,
vomiting and diarrhea. Severe poisoning results in
*Corresponding author. Tel.+39-080-591-2828; fax:+39- p_rOStratlon’ weakness, ataxia, collapse, reduced _Car'
080-548-6063. diac output, shock, and death [1]. T-2, together with
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the alleged chemical warfare agent “yellow rain” in
Southeast Asia [2].

Recently, the JECFA (Joint FAO/WHO Expert
Committee on Food Additives) has evaluated the
safety of certain mycotoxins in food, emphasizing
the toxic effects of T-2 and concluding that “there is
a need for more accurate information on the human
exposure to T-2" [1].

Sensitive and accurate methods for the determi-
nation of T-2 in various matrices are highly desirable
in order to fulfill the need to protect consumer health
from the risk of exposure to the toxin. Analytical
methods for the determination of T-2, alone or in
combination with other trichothecenes, have been
reported, including thin-layer chromatography (TLC)
[3,4], enzyme-linked immunoassays (enzyme-linked
immunosorbent assay and flow-through membrane-
based immunoassay) [3,5,6], gas chromatography
(GC) combined with electron-capture detection
(ECD), flame ionization detection (FID) or mass
spectrometry (MS) [3,7-9], high-performance liquid
chromatography (HPLC)-MS [7,10], and supercriti-
cal fluid chromatography (SFC)—MS [7]. HPLC with

diacetoxyscirpenol in cereal cultureBusérium
sporotrichioides by solid-phase extraction (SPE)
column clean-up and HPLC with fluorescence de-
tection has been reported [17,18]. The method was
based on derivatization with coumarin-3-carbonyl
chloride, a laboratory-synthesized reagent previously
reported by Cohen and Boutin-Muma in the esterifi-
cation of T-2, HT-2 toxin, T-2 triol and T-2 tetraol
[19]. Although the method had good sensitivity, its
applicability to cereal samples showed low toxin
recoveries [20].
The use of immunoaffinity columns for purifica-
tion of extracts has already been applied with success
to the analysis of several mycotoxins in various food
matrices [21-25]. Rapid clean-up procedures and
clean extracts due to the specificity of the antibody
are obtained. The aim of this work was to find a
commercially available fluorescent labelling reagent
for T-2 and develop a sensitive, reproducible and
accurate method for its determination in cereals by
HPLC with fluorescence detection after immuno-
affinity column clean-up and pre-column derivatiza-
tion. A laboratory method validation and optimized

UV or fluorescence detection is not applicable to
type-A trichothecenes due of the lack of appropriate
chromophores in their structure.

At present, GC with ECD or MS detection and
pre-column derivatization (to increase the volatility
and sensitivity of the toxins) is the technique mostly
used for the quantification of type-A trichothecenes.
Recently, a comparative inter-laboratory study on
method performance for trichothecene analysis (in-
cluding T-2) using gas chromatographic methods
clearly showed that method improvements are
needed with respect to the recovery, accuracy, and
precision of the measurements. The main problems
are derived from matrix interferences that induce

enhancement of the trichothecene response (up to

120%) [11].

HPLC with fluorescence detection generally gives
high sensitivity, selectivity and repeatability of mea-
surements. Several specific labelling reagents are
currently available for hydroxyl groups to form
fluorescent esters [12—17]. However, their applica-
tion to trichothecene analysis failed due to either low

conditions for the derivatization reaction are de-
scribed.

2. Experimental

2.1. Chemicals and materials

Acetonitrile, methanol (both HPLC grade) and
toluene (for organic residue analysis) were purchased
from Mallinckrodt Baker (Milan, Italy). Ultrapure
water was produced by a Millipore Milli-Q system
(Millipore, Bedford, MA, USA). T-2 toxin (T-2) and
4-dimethylaminopyridine (DMAP) were purchased
from Sigma—Aldrich (Milan, Italy) and l1-anthroyl

cyanide (1-anthroylnitrile, 1-AN) from Wako (Neuss,

Germany). T-2 immunoaffinity columns (T-2 TAG)

were obtained from Vicam (Watertown, MA, USA).

Glass microfibre filters (Whatman GF/A) and paper

filters (Whatman No. 4) were obtained from What-

man (Maidstone, UK).

reactivity or the presence of interfering peaks in the 2.2. Preparation of standard and reagent solutions

chromatogram [17]. Recently, a method for the
determination of T-2, HT-2 toxin, neosolaniol and

T-2 stock solution was prepared by dissolving the
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solid commercial toxin in acetonitrile (Lg/ul). T-2
standard solutions for HPLC calibration or spiking

purposes were prepared by dissolving adequate

amounts of the stock solution, previously evaporated

to dryness under a nitrogen stream, in acetonitrile.
DMAP and 1-AN solutions were prepared in

toluene at concentrations of 0.325 and (.8/pl,

respectively. T-2 and reagent solutions were stored at

—20°C and warmed to room temperature before use.

2.3. Apparatus

The HPLC apparatus consisted of a Perkin-Elmer
(Norwalk, CT, USA) Series 200 LC binary pump
equipped with a Rheodyne (Cotati, CA, USA) Model
7125 injection valve, a Jasco (Tokyo, Japan) FP-
1520 fluorometric detector and a Turbochrom 4.0
data system (Perkin-Elmer). The analytical column
was a Gg reversed-phase Symmetry (X806 mm,

5 wm particles) (Waters, Milford, MA, USA) pre-
ceded by a Rheodyne guard filter (Oggm). The
mobile phase consisted of a mixture of acetonitrile—
water (80:20, v/v) eluted at a flow-rate of 1.0 ml/
min. The excitation and emission wavelengths of the
fluorometer were set at 381 and 470 nm, respective-

ly.

2.4. Fluorescence labelling of T-2 toxin

Two commercially available fluorescent reagents
for modifying alcohols, 9-anthroylnitrile (9-AN)
(Molecular Probes, Eugene, OR, USA) and 1-an-
throylnitrile (1-AN), were tested for labelling T-2 in
order to make it detectable by HPLC with fluoro-
metric detection. Due to its high efficiency for a
variety of acylation reactions, the base DMAP was
used as catalyst for the reaction.

The derivatization conditions were optimized by
investigating different reaction solvents, reagent
molar ratios, temperatures and reaction times. In
order to prevent possible hydrolysis, aprotic solvents
such as methylene chloride, acetonitrile and toluene
were investigated at different reaction temperatures
and times. Reactions were carried out with methyl-
ene chloride at 25C, with acetonitrile at 25 and
50 °C and with toluene at 25, 50, 70 and 8D in the
range from 1 mina 3 h (riplicate experiments).
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These experiments were performed with a reagent
molar ratio of 1:10:20 (T-2/1- or 9-AN/DMAP).
In order to establish the stability of 1-AN in
toluene, p@1T-2 was reacted (as reported in
Section 2.6) with 1-AN solutions stored in amber
vials at different temperatur@8,(4 and 25C) for
different periods. To test the stability of the T-2
derivative, different amounts of T-2 (from 0.1 to
pbpwere derivatized with 1-AN and the reaction
mixture was reconstituted in mobile phase and stored
in the dark and under light at room temperature. At
selected time intervals, 20l of the reaction mixture
was injected into the HPLC apparatus.

2.5. Sample preparation and immunoaffinity clean-
up

Fifty grams of cereal samples (wheat, corn, barley,
oats, rice and sorghum), finely ground by a Model
MLI-204 Buhler mill (Buhler, Milan, Italy), were
weighed into a blender jar and extracted with 100 ml
methanol-water (80:20, v/v) by blending at high
speed for 2 min with a Sorvall Omnimixer. The
mixture extract was centrifuged for 5 min at 3090
at 4°C and the supernatant was filtered through filter
paper. Ten millilitres of the filtrate were collected
and mixed with 40 ml distilled water. The diluted
extract was filtered through a glass microfibre filter
and the filtrate collected. For barley, an additional
centrifugation step (5 min, 300Q) was necessary

before filtration through the glass microfibre filter.

Ten millilitres of diluted extract (equivalent to 1.0 g

sample) were passed through the T-2 immunoaffinity

column at a flow-rate of about one drop per second,

followed by 10 ml distilled water at one to two drops
per second. T-2 was then eluted with 1.5 ml metha-
nol and collected in a 4-ml screw-cap amber vial.
The eluted extract was evaporated under a stream of

air at ca.’80in a heating block and the dried
residue derivatized with 1-AN as reported below.

2.6. Derivatization procedure and HPLC
determination

Fifty microlitres of DMAP solution followed by
5@l of 1-AN reagent were added to the residue.
The vial was closed and mixed by vortex for 1 min.
The mixture was left to react for 15 min atGih a
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heater block and then cooled in ice for 10 min. The
whole volume of the reaction mixture was dried
under a stream of air at ca. 3¢ and reconstituted
with 1000 wl mobile phase. Twenty microlitres of
reconstituted reaction mixture were injected into the
chromatographic apparatus by a full loop injection
system.

Quantification of toxin was performed by measur-
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was determined by comparing (duplicate measure-

ments) the amount of T-2 added to the immuno-
affinity column with the amount bound. Different
amounts of T-2, from 0.05 to j5y) were added to

the immunoaffinity column by loading 10 ml (equiv-

alent to 1.0 g matrix) of blank wheat diluted extract

spiked with the corresponding amount of T-2.

ing peak areas at the T-2 derivative retention time, 2.9. Recovery experiments

and comparing them with the relevant calibration
curve in the range 0.01-145g/g T-2.

Recovery experiments were performed in quad-

For calibration curve and linearity response of the ruplicate by spiking blank cereal samples with T-2 at

T-2 derivative—peak area, aliquots of T-2 standard levels of 0.05, 0.2, 0‘5’_ 1.0 and 1)bg/g. Spiked
solutions (equivalent to 0.01-1Qug T-2) were samples were left overnight to allow solvent evapo-
placed in screw-cap amber vials and the solvent ration prior to sample extraction.

evaporated to dryness at about ®)under a stream
of nitrogen before the derivatization reaction. 3. Results and discussion

2.7. Identity of T-2 anthroyl ester 3.1. Fluorescence labelling of T-2 toxin for HPLC
analysis
The identity of T-2 anthroyl ester [T-2-(1-AN)]

was confirmed by HPLC-MS using a 1050-Ti

chromatographic system and a UV detector set at 254

nm (Hewlett-Packard, Palo Alto, CA, USA) inter-
faced to an API 165 mass spectrometer equipped
with a turbo-ionspray interface (Perkin-Elmer Sciex,
Norwalk, CT, USA).

T-2-(1-AN) (derived from the reaction of 1 mg
T-2) was purified and isolated using a Merck silica
gel 60 preparative TLC plate (2@0, 500um) with
toluene—acetone (88:12, v/v) as eluting solvent
(Rz = 0.60). Aliquots of T-2 anthroyl ester solution
were injected and eluted at a flow-rate of 1.0 ml/min
through a Symmetry column (1504.6 mm, 5pm
particles) in isocratic mode with an acetonitrile—
ammonium acetate solution (10Mn) (80:20, v/v) as
mobile phase. Splitting of the HPLC flow was
performed to allow just 20Qul to enter the turbo-

Both 1- and 9-anthroylnitrile reacted with the

hydroxyl group of T-2 under mild conditions to form
the corresponding esters. The T-2-(1-AN) derivative

gave a higher fluorescence intensity than the T-2-(9-
AN) derivative (up to 15 times) in all experiments.

Fig. 1 shows a scheme of the reaction of T-2 with

1-AN.
Excitation spectra of the T-2-(1-AN) derivative

showed maximum excitation wavelengths at 238,

254 and 381 nm. The latter wavelength was chosen
as the excitation wavelength due to its specificity.
The maximum emission wavelength was found to be

470 nm.

The identity of the T-2-(1-AN) derivatMe (

670.4) was determined by HPLC-MS (positive

chemical ionization). At a low orifice voltage (20 V),

major ions witin/z 671.4 [M+H] " (base peak) and

ionspray interface. The mass spectrometric condi- m/z 205.3 [M+H—(T-2)]", and additional ions

tions (positive chemical ionization) were: nebulizer
gas (air) 1.5 I/min, curtain gas (nitrogen) 1.4 I/min,
desolvation gas (nitrogen) temperature 3@) mass

range 200—750 u, scan time 2 s, needle voltage 5500

V, ring voltage 220 V, and orifice voltages 20 or 180

with/z 693.3 [M+Na]® and m/z 688.2 [M+
NH ] , confirmed the formation of the T-2-(1-AN)

derivative. At a higher orifice voltage (180 V), a

single majorméak(E5.3) due to declustering of
the anthroylnitrile fragment was observed (see Fig.

V in two different experiments. 1).

Toluene was selected as the best reaction solvent
due to the highest fluorescence intensity of the peak
relevant to the T-2-(1-AN) derivative under the same

experimental conditions. The reaction rate increased

2.8. Immunoaffinity column capacity

The capacity of the T-2 immunoaffinity columns
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Fig. 1. Scheme of the derivatization reaction of T-2 toxin with 1-anthroylnitrile. The major ion of the T-2 toxin (1-anthroylnitrile) derivative
with m/z 205.3, obtained by HPLC—MS (positive chemical ionization), is shown at the bottom right.

with increasing temperature and time, although, at
80 °C, a splitting of the peak relevant to the
derivative was observed, suggesting possible de-
composition of the derivative. The optimum reaction
temperature and time were 58 and 15 min,
respectively. A longer time did not increase the peak
intensity. Similar results were also obtained at°e5
when the reaction was left for 45 min. No difference
in fluorescence intensity was observed when anhydr-
ous toluene was used. The use of ultra-high-purity
toluene (i.e. for organic residue analysis) improved
the chromatogram profile, whereas additional and
interfering peaks were observed with ACS toluene
and toluene for HPLC (J.T. Baker).

After testing different molar ratios of toxin—de-
rivatizing reagent—catalyst (triplicate experiments) to
improve the reaction yield, the optimum conditions
in terms of sensitivity and repeatability of the
derivatization reaction were found with a ratio of
1:20:40 (T-2/1-AN/DMAP). Under these condi-
tions, no purification of the reaction mixture was
necessary before injection into the HPLC apparatus.
Previous studies showed that an excess of reagent
and base with respect to the toxin was necessary to
increase the reactivity [20].

Fig. 2 shows chromatograms for the “blank”
reaction mixture (containing only 1-AN and DMAP)

and the mixture from the derivatization reaction of
Quy of T-2. The peak relevant to the T-2-(1-AN)

derivative was well resolved from unreacted reagents
and impurities derived from the labelling reaction.
A good linearity response (peak area—injected
amount) was observed in the range 0.0{:g1df.00

derivatized T-2{=0.9993). The repeatability (rela-

tive standard deviation) of the reaction was less than
1894( for the derivatization of different amounts

of T-2 (from 0.01 fogl The lower detectable
amount of derivatized T-2 was 5 ng (signal-to-noise
ratio 3:1).

Experiments to test the stability of 1-AN in
toluene showed no significant difference in the peak
intensity of T-2-(1-AN) derivatives up to 1 week

after preparation of the solution and storing at
different temperaturé?0,(4 and 25°C). A de-
crease in peak intensity (about 20%) was observed
when the solution was kept at room temperature for
8 days after preparation. Reagent solutions were
stable for 1 week at room temperature and for at
least 1 monttt&C and 1 year at-20 °C after
preparation.

Experiments to test the stability of T-2 anthroyl
ester showed no decrease in the fluorescence intensi-
ty of the T-2 derivative up to 5 days for solutions
stored in the dark and under light. The high stability
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Fig. 2. Chromatograms for (a) a “blank reaction mixture” (1-ANDMAP) and (b) a mixture from a derivatization reaction with @.§ of
T-2 toxin. Chromatographic conditions are reported in Sections 2.3 and 2.6.

of the derivatives allows the use of automatic
samplers coupled with HPLC for the analysis of a
large number of samples.

3.2. Analytical method for T-2 toxin in cereals

The developed derivatization procedure was ap-
plied to the determination of T-2 in different cereal
grains (wheat, corn, barley, oats, rice and sorghum)
after purification of the extracts by immunoaffinity
columns. Immunoaffinity columns specific for T-2
determination (T-2 TAG), commercially available
from Vicam and designed for using with a fluorome-
ter, were used in the procedure for T-2 determination
in cereals by HPLC—fluorescence detection.

Methanol-water (80:20, v/v) was selected for the
best performance for the extraction of T-2 from the
various cereals analyzed in this study, after testing
different methanol-water ratios (35:65, 50:50 and
80:20, v/v). Acetonitrile—water (84:16, v/v) or
methanol-water in different volumetric ratios are
usually used for the extraction of trichothecenes from
grains [1,4]. Generally, the use of acetonitrile in the
extraction mixture limits the amount of extract that
can be loaded onto the immunoaffinity column in a
reasonable time due to denaturation of the antibody
in the presence of low levels of acetonitrile (3—5%)
compared with methanol (15-20%). Consequently,

methanol-water was chosen as the extraction sol-
vent, also due to its reduced potential toxicity.

A dilution factor of 1:5 (v/v) with distilled water
before loading the extract onto the immunoaffinity
column was found satisfactory, providing good sen-
sitivity and accuracy. Lower recoveries were found
when a dilution factor of 1:1 or 1:2 was used instead

of 1:5 in an attempt to increase the sensitivity of the

method, whereas no difference was found with a
dilution factor of 1:10. To evaluate the performance

of the immunoaffinity column with respect to matrix

interferences, different volumes of diluted blank

wheat extract (1:5, v/v), spiked wijbglg T-2,

were loaded onto the column (triplicate measure-
ments). Optimal conditions were found with 10 ml of

diluted extract. A slowing of extract elution and a

reduction in recoveries were observed when larger

volumes (up to 20 ml) were loaded onto the column.
The capacity of T-2 columns was found to be
abouph ®f T-2. Above this level, no increase in
the fluorescence response was observed, indicating
the saturation of T-2 binding sites. T-2 recoveries
from the column below the saturation level were
greater than 93%. Considering the column capacity,
the range of applicability of the method for different
cereals was from 0.005 tagl$ of T-2.
Results of the recovery experiments (quadruplicate
measurements) for the full analytical procedure
carried out on different cereal grains spiked with T-2
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Table 1
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Recoveries from blank cereals spiked with T-2 toxin at different levels

Spiking level Recovery, % (RSD, %)

(hg/g) Wheat Corn Barley Oats Sorghum Rice

0.05 98.5 (5.7) 90.4 (1.5) 98.7 (2.7) 90.5 (4.1) 80.6 (1.2) 95.7 (1.5)
0.2 90.4 (3.1) 81.3 (5.6) 96.0 (2.8) 83.0(2.2) 82.8 (2.2) 88.7 (0.8)
0.5 91.3(2.7) 82.8 (4.7) 94.6 (3.1) 82.0 (1.6) 80.6 (1.3) 94.8 (5.1)
1.0 94.2 (2.8) 80.4 (5.7) 93.0 (2.2) 86.0 (3.6) 82.4 (4.5) 85.7 (3.3)
15 87.9 (0.8) 82.5(4.8) 88.7 (4.6) 85.5(2.9) 80.4 (5.3) 83.8 (4.3)

RSD, relative standard deviation=4 replicates).

at different levels are reported in Table 1. Within the
spiking range 0.05-1.hg/g, the average recoveries
ranged from 80 to 99% with a within-laboratory

and RS1A0% for T-2 concentrations in the range
0.05-0.g8/g, and recoveries between 60 and
110% and RSB30% for concentrations>0.25

relative standard deviation (R$SD ) of less than 6% wg/g [26].

for all spiking levels. The limit of detection of the
method was 0.00p.g/g, based on a signal-to-noise
ratio of 3:1. Recovery and precision data were good
for all cereals, especially for wheat and barley.
However, for barley, an additional centrifugation
step was necessary before immunoaffinity clean-up
because of the formation of a cloudy suspension after
dilution of the extract with water. Recovery and
repeatability values of the method are much better
than those established by the CEN (European Com-
mittee for Standardization) working group “Biotox-
in” for criteria for the acceptance of a analytical
method for T-2, i.e. recoveries between 60 and 120%

Chromatograms of a blank wheat sample and of
the same sample spiked with T-2 at levels close to
those found in naturally contaminated wheat are
shown in Fig. 3. Similar chromatogram profiles were
obtained for corn, barley, oats, rice and sorghum
extracts.
With respect to the HPLC method using coumarin-
3-carbonyl chloride (synthesized in the laboratory)
and SPE clean-up for the determination of type-A
trichothecenes [17-20], the present method has the
advantage of using a commercially available label-
ling probe giving a stable and highly fluorescent
derivative under mild reaction conditions. Moreover,
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Fig. 3. Chromatograms of wheat samples: (a) blanl0(005ug/g T-2); (b) blank sample spiked with T-2 at 0.05/g (T-2 found 0.048
rg/g) and (c) 0.5.g/g (T-2 found 0.45Qug/g). Peaks due to residual 1-AN and its corresponding hydrolysis product occur at retention
time of about 1 and 5 min. Chromatographic conditions are reported in Sections 2.3 and 2.6.
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the previously reported method showed low T-2
recoveries (54.6—69.5%) when applied to cereal
samples [20], not fulfiling CEN criteria for T-2
method acceptability [26]. The use of immunoaffini-
ty columns gives cleaner extracts, due to the spe-
cificity of the antibody, and a rapid clean-up pro-
cedure, making analysis less time-consuming.

At present, no official method for the determi-
nation of T-2 is available, although some methods
have been tested in comparative studies [11,27].
Mycosep column (Romer Labs., Washington, USA)
clean-up and GC—ECD or GC-MS is the technique
commonly used for quantification of trichothecenes,
including T-2; however, this technique is not reliable
in terms of accuracy, repeatability and reproducibil-
ity. The present method allows the determination of
T-2 at ng/g (ppb) levels in various cereals with good
accuracy and precision and is appropriate for quan-
tifying the toxin at levels that can occur in naturally
contaminated cereal samples.

4, Conclusions

1-AN has been shown to be an efficient labelling
reagent for the determination of T-2 by HPLC-
fluorescence detection due to its high reactivity
towards hydroxyl groups. The conditions of the
derivatization reaction have been optimized to obtain
a stable fluorescent T-2 derivative. The use of
immunoaffinity columns for extract clean-up allows
the purification of T-2 from different cereal grain

extracts. The proposed HPLC method uses commer-

cially available products, is simple to perform and
shows laboratory performances superior to other
published methods for the determination of T-2 in
contaminated cereal samples in terms of sensitivity,
accuracy and precision.
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