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A different, reliable, and cost-effective strategy for the analysis of aflatoxins, ochratoxin A, and
zearalenone in corn-based foods was proposed, including one multi-toxin immunoaffinity column (IAC)
sample preparation and three different high-performance liquid chromatography fluorescence detection
methods. The analytical procedures were tested and verified, keeping in mind their occurrence at trace
levels in corn-based foods. With the validation of the proposed multi-toxin IAC methodology and com-
parison of the performance characteristics with methods using a single-toxin IAC, we confirmed the reli-
ability of the multi-toxin IAC procedure versus the single-toxin IAC. The methods were validated by re-
vealing satisfactory performance characteristics; for example, the obtained values of limit of detection
were significantly lower than the maximum limits for all mycotoxins of concern. In addition, the recovery
values were between 70.9 % and 106.1 % for all mycotoxins of interest, with precision values lower than
10.5 %. The proposed methodology is an excellent candidate for future standardization due to its trustful-
ness and efficiency for mycotoxin analysis.
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HCTPAXKYBAILE HA EOUKACHOCTA HA TIPOYUCTYBABETO
CO MYJTUTOKCUHCKA UMYHOA®PUHUTETHHU KOJIOHU 3A CUT'YPHA 1 EBTUHA
HPLC-FLD-AHAJIN3A HA MUKOTOKCHHHU BO XPAHA BABUPAHA HA ITYEHKA

[pensnoxeHa e nmocedHa, CUI'ypHa U €BTHHA CTpaTervja Koja BKIydyBa €JUHUYHO HPOYHCTYBAHE
CO MYJTHUTOKCHHCKH uMyHoaduuutetHn KomoHu (IAC) u Tpm pasmuunu merogau Ha HPLC-FLD 3a
aHa/IM3a Ha a(hIaTOKCUHM, OXPATOKCHH A U 3eapajJeHOH BO XpaHa 0asupaHa Ha mueHKa. McrpaxyBaHute
AQHATUTHYKU TIOCTalKW Oea WCIUTaHM W BepUPHUIUPAHH COTJIACHO CO IIPUCYCTBOTO BO Tparn Ha
UCNIMTYBaHUTE MUKOTOKCHHH BO XpaHara 0a3upaHa Ha I4eHKa. Banmunauunjara Ha npepsokeHara MyJITH-
tokcuHcka (IAC) merononoruja ja mOTBpAM CUT'YpPHOCTa HAa OBaa METOJIOJIOTHja, KaKO M CIIOPEUINBOCTa
Ha JOOWMEHHWTE TMapaMeTpu CO METOoJoJIoTHjaTa Koja Kopuctd eauHuuHO-TokcuHcku IAC. Tlpu
BaJHMIaIMjaTa Ha METoIuTe Oea JOOWeHH 3aJOBOJINTENIHHU MTapaMeTpH, Taka INTO YTBPAECHUTE BPEIHOCTH
3a TpaHUIMTE Ha OTKpPHBAamE Oca 3HAYMTETHO IMOHHWCKH OJ MaKCHMAaJHO IO3BOJICHWTE TPaHMIMU 3a
NIPUCYCTBO Ha HMCIHMTYBAaHUTE MHUKOTOKCHHHM. JIOTIOJIHMTENIHO, BPEAHOCTHTE 33 AHAJIUTHYKHA IPHHOC CE
asmwxkea romery 70,9 % u 106,1 % 3a cuTe MUKOTOKCHHM KOM Oea IpeaMeT Ha OBa MCTPaKyBambe, CO
BPEIHOCTH 3a mperu3Hocta nmoManu ox 10,5 %. IlpemnoskeHaTa MeTOJOIOTHja MPETCTaByBa OMIMYCH
KaHAWIAT 32 WAHA CTaHIApAM3anHrja, Kako pe3ysTaT Ha MOTBPJACHHUOT JIOBEPIMB M e(HUKaceH HAYMH Ha
MHUKOTOKCHKOJIOIIIKA aHAIIN3a.

Kayuynu 300poBu: Mmukorokcuuu; mynturokcucku |AC; HPLC-FLD; Banunanuja
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1. INTRODUCTION

Mycotoxins, natural compounds found in
molds, widely contaminate plant origin products
such as crops, food, and feed. Since their recogni-
tion as a public health concern because of their
toxicity and carcinogenicity, improving the detec-
tion of these contaminants has been a subject of
constant improvement in the analytical technolo-
gy.! Among the regulated mycotoxins, aflatoxins
B: (AFB.), G1 (AFG1), B2 (AFBy) and G2 (AFGy),
ochratoxin A (OTA), and zearalenone (ZEA) are
the most commonly found in cereals and cereal
products.? The European Commission has estab-
lished maximum limits (ML) for the presence of
these mycotoxins in raw cereals and derived prod-
ucts intended for human consumption: 2 pg kg™
for AFB; and 4 pg kg! for sum of aflatoxins
(AFB1, AFB;, AFGy, and AFGy); 5 ug kg or 3 ug
kg for OTA (unprocessed or processed cereals);
and 100 pg kg™ or 75 ug kg? for ZEA (unpro-
cessed or processed cereals).?

Considering the various physico-chemical
characteristics of the different groups of mycotox-
ins, chromatography-based methods coupled with
mass spectrometry are the most favorable tech-
nigues because they can analyze a large group of
mycotoxins in a single run and can perform suffi-
ciently accurate and precise measurements of mul-
tiple mycotoxins in food and feed.*° However,
this method has disadvantages, including low sen-
sitivity and specificity due to the so-called “matrix
effect” caused by other sample components. This
effect causes suppression or enhancement of the
signal of the analyte due to the alteration of the
ionization efficiency as a result of the presence of
co-eluting substances.® It leads to high detection
limit (LOD) and quantification limit (LOQ) values,
which could be a major drawback especially when
it comes to aflatoxins regulated with low ML val-
ues.® In addition, despite those analytical disad-
vantages, the liquid chromatography with tandem
mass spectrometry (LC-MS/MS) method is very
expensive technique and requires specific
knowledge and training of the personnel. There-
fore, high-performance liquid chromatography
with fluorescence detection (HPLC-FLD) is still
widely used for detection complex matrices due to
its great versatility, high sensitivity, and high se-
lectivity.21-6  Moreover, most of the standard
methods for determining mycotoxins are still based
on this technique.> The enzyme-linked immuno-
sorbent assay (ELISA) method is still the method
of choice for screening purposes, particularly when

the laboratory is dealing with a large number of
samples.1’8

No matter which method of detection deter-
mination is chosen, special attention should be paid
to the purification step prior to the instrumental
analysis. Thus, a variety of extraction procedures
are available in order to obtain a pure extract that is
free from interfering substances that affect the flu-
orescence.” Solid-phase extraction (SPE) is the
most used technigue, and several SPE columns are
commercially available with different solid phases
ranging from C18 materials to more specific ones
such as NH; columns and QUEChERS kits.>81213.19
However, immunoaffinity columns (IAC) based on
specific antibodies, which provide a molecular
recognition mechanism, represent a powerful tool
for selective extraction.> They manifest many ad-
vantages, such as maximum elimination of inter-
fering substances, minimal loss of toxins, and im-
proved specificity compared to SPE. The working
principle is based on the use of antibodies specific
to the toxin molecule. The columns contain a gel
suspension (sepharose or agarose gel) of monoclo-
nal antibody (single-toxin 1AC) or polyclonal anti-
bodies (multi-toxin 1AC) specific to the mycotoxin
of interest.? After the extraction step (usually with
an organic solvent), the sample extract is filtered
and diluted. Then, it passes through the IAC. If the
toxin is present in the sample, it is retained by the
specific antibody in the gel. A washing step is then
performed in order to eliminate unbound material.
At the end, the toxin is released from the column
with a solvent. The eluate is collected prior to the
instrumental analysis.?°

The most developed HPLC-FLD methods
for determining mycotoxins used commercially
available IAC for the clean-up procedure prior to
the instrumental detection. Many authors have re-
ported the use of single-toxin?21315 or multi-
toxin*62111420-23 |AC. which have been success-
fully applied because of their advantages: simple
and rapid sample preparation, effectiveness, and
high sensitivity. The main difference between the
two types of IAC is the method of extraction. Usu-
ally, when the single-toxin IAC are used, it means
that the number of extraction procedures that
should be performed matches the number of indi-
vidual mycotoxins to be analyzed. However, when
multi-toxin 1AC are used, only one extraction pro-
cedure is carried out. Although multi-toxin IAC are
more expensive than single IAC, the time of analy-
sis is significantly shortened.

Taking into consideration the facts described
above with respect to the extraction procedures,
types of IAC, and methods of analysis, the aim of
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our study was to test, verify, and propose different,
reliable, and cost-effective strategies for the analy-
sis of mycotoxins in corn-based foods. The pro-
posed methodology consisted of one multi-toxin
IAC sample preparation and three different HPLC-
FLD determination methods. With the validation
of the proposed multi-toxin IAC methodology and
comparison of the performance characteristics with
methods using single-toxin IAC for determination
of aflatoxins (AFBi1, AFB;, AFG;, and AFG)),
OTA, and ZEA in corn-based foods, we confirmed
the applicability of multi-toxin IAC versus single-
toxin 1AC.

In addition, this research study provides data
on whether the multi-toxin IAC that are primarily
intended for LC-MS/MS methods could be suc-
cessfully used for routine analysis, applying cost-
effective, reliable HPLC-FLD method of analysis,
without compromising the sensitivity and quality
of the chromatographic separation. Through the
examination of the method performances (sensitiv-
ity, selectivity, accuracy, recovery, repeatability,
and reproducibility), the fulfillment of the EU reg-
ulatory criteria for all mycotoxins of concern was
checked.?*? The study was mainly focused on the
capability of multi-toxin 1AC, proving their effi-
ciency, and illustrating the high potential of these
columns. Finally, this study establishes a reliable
guantitative methodology for the analysis of myco-
toxins of interest with regard to the method per-
formance requirements. This is of great importance
keeping in mind their potential hazard for human
health by the consumption of contaminated food.

2. EXPERIMENTAL SECTION
2.1. Apparatus

HPLC analysis for aflatoxins, OTA, and
ZEA was carried out with a Perkin Elmer (PE)
chromatographic system equipped with a binary
pump (PE LC-250), manual injector (PE Rheodyne
7125), and fluorescence detector (PE LC-240). For
each of the analytes (aflatoxins, OTA, and ZEA),
we applied three different HPLC—FLD methods
using different mobile phases, different columns,
and different conditions of the fluorescence detec-
tor. The analytes were isocratically separated at
ambient temperature on RP C18 columns pur-
chased from Supelco (Sigma-Aldrich) with the
following characteristics: 250 mm % 4.6 mm, 5 um
for aflatoxins, and 150 mm x 4.6 mm, 5 um for
OTA and ZEA. For aflatoxins, the mobile phase
consisted of a water : acetonitrile : methanol (600 :
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350 : 50, VIVIV) mixture with the addition of 119
mg KBr and 350 pl of 4 mol I HNOs. An acetoni-
trile:water:acetic acid (99 : 99 : 2, V/V/V) mixture
was used for OTA, and an acetonitrile:water (65
:35, V/V) mixture was used for ZEA. The flow rate
for all three methods was 1 ml/min, and the injec-
tion volume was 100 pl. The detection was per-
formed at the respective excitation and emission
wavelengths at which the maximum sensitivity was
provided: Aex = 360 nm and Aem = 440 nm for afla-
toxins, Aex = 333 nm and Aem = 460 nm for OTA,
and Aex = 274 nm and Aem = 440 nm for ZEA. The
run time was 30 min for aflatoxins and 10 min for
OTA and ZEA. A nitrogen evaporator (OA-Heat,
N-Vap 116, Organomation, USA) was used to
concentrate the sample extracts for OTA and ZEA.
The Kobra® cell applied for electrochemical deri-
vatization of aflatoxins AFB; and AFG; was pur-
chased by R-Biopharm Rhone.

2.2. Reagents and standard solutions

HPLC reagents (water, methanol, acetoni-
trile) were purchased from Carlo Erba reagents
(France). Benzene, KBr, and NaCl were purchased
from Sigma-Aldrich (USA), and 65 % HNO3, gla-
cial acetic acid, and phosphate buffer solution
(PBS) were purchased from Merck (Darmstadt,
Germany). For the purification step, single-toxin
IAC (Aflaprep®, Ochraprep®, and Easi-Extract®Ze-
aralenone) and multi-toxin IAC (AO ZON Prep®)
purchased from R-Biopharm Rhdne, Glasgow,
Scotland, were used. As calibration standards, an
aflatoxin mix (AFB; 1068 ng ml, AFB, 305 ng
ml~, AFG; 1088 ng mlt, AFG, 281 ng mlI?) from
Supelco (Sigma-Aldrich, USA), an OTA standard
with a concentration of 50 pg ml* (Supelco, Sig-
ma-Aldrich, USA), and a ZEA standard with a
concentration of 50 pg ml? (Supelco, Sigma-
Aldrich, USA) were used.

The aflatoxin intermediate mix solution
(AFB; 100 ng ml?, AFB; 31.07 ng ml, AFG;
102.8 ng mlt, AFG; 29.36 ng ml!) was prepared
from the aflatoxin mix standard, diluting an aliquot
in a volumetric amber flask to 10 ml. Seven work-
ing standard solutions (for AFB; in the range of
0.25-15 ng ml%; for AFB; in the range of 0.14-4.3
ng ml; for AFG; in the range of 0.51-15.34 ng
ml; and for AFG; in the range of 0.13-3.96 ng
ml-1) were prepared from the stock solution in 5 ml
volumetric amber flasks. All working standards
were dissolved in a mixture of methanol:water
(1:1) and kept in a refrigerator at 2-8 °C.

An aliquot of the OTA standard (50 pg ml?)
was used to prepare the OTA intermediate solution
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with a concentration of 5 pg/ml using silica coated
glass vials in order to prevent the analyte from
binding on the glass wall. Furthermore, it was used
for the preparation of the second intermediate solu-
tion with a concentration of 1000 ng ml. Seven
working solutions in the range of 1.0-500 ng ml*
were prepared from the intermediate solution. All
working standards were diluted with the filtrated
mobile phase and kept in a refrigerator at 2-8 °C.
An aliquot of the ZEA standard (50 pg ml?)
was used to prepare a ZEA stock solution with a
concentration of 10 pg/ml in a 5 ml volumetric
amber flask diluted with acetonitrile. Next, this
solution was used for the preparation of seven
working solutions in the range of 10-2000 ng ml.
All working standard solutions were diluted with
acetonitrile and kept in a refrigerator at 2—8 °C.

2.3. Sample preparation

2.3.1. Extraction procedures applying
single-toxin IAC

The extraction and purification of aflatoxins
from corn-based samples were performed accord-
ing to 1SO 16050:2003 standard.? Briefly, 25 g of
test sample was extracted with 70 % methanol and
NaCl into a stainless-steel extraction blender. The
extract was filtrated through a fluted paper, diluted
with water, and afterwards filtrated through a mi-
crofiber filter paper. An aliquot of the extract
guantitatively passed through the single-toxin IAC
followed by a washing step with water, and finally,
the elution of the aflatoxins was performed with 1
ml of methanol in an amber vial. The elution step
was repeated one more time with 1 ml of water,
which passed through the column. The combined
eluates were used for the HPLC analysis.

For the extraction and purification of OTA
in corn-based samples, we used the Association of
Official Analytical Chemists (AOAC) method.?’
Twenty-five grams of the sample was extracted
with 65 % acetonitrile in a blender. The solution
was filtered and dissolved with PBS buffer. The
whole extract was passed through the single-toxin
IAC followed by a washing step with water. The
elution of OTA into the vial was performed by
passing four 1 ml portions of methanol. The eluate
was dried at 50 °C under a stream of nitrogen, and
the dry residue was re-dissolved in 1 ml of the fil-
tered mobile phase.

The extraction and purification of ZEA from
corn-based samples was performed according to
the method proposed by Visconti and Pascale.®
Twenty grams of the sample was extracted with 90

% acetonitrile in a blender. The extract was filtered
and diluted with water. An aliquot of the sample
solution passed through the single-toxin IAC fol-
lowed by the process of washing with water. The
elution of ZEA into the vial was performed with
methanol. The eluate was evaporated at 50 °C un-
der a stream of nitrogen until it was dry. The dry
residue was re-dissolved in 250 ul of the filtered
mobile phase.

2.3.2. Extraction procedures applying
multi-toxin IAC

The extraction and purification process for
mycotoxins (aflatoxins, OTA, and ZEA) in corn-
based samples using multi-toxin IAC was per-
formed according to the manufacturer’s instruc-
tions.?® Twenty-five grams of the sample was ex-
tracted with 100 ml of the extraction solvent (80 %
methanol) in a blender for 2 min. The solution was
filtered through a fluted filter. Ten ml of the filtrate
was diluted with 40 ml of PBS buffer. Twenty ml
of the extract was passed through the multi-toxin
IAC at a flow rate of about 1 drop/sec. Then, the
column was washed with 20 ml of PBS buffer. The
elution of mycotoxins into the vial was performed
by passing 1.5 ml of methanol at a flow rate of 1
drop/sec. The elution step was repeated one more
time with 1.5 ml of water, which passes through
the same column. For the determination of the sin-
gle toxins, three procedures described in section
2.1. were used.

2.4. Validation procedure

The validation procedure was accomplished
in compliance with Regulation 401/2006/EC [24],
which is specific for mycotoxins, and Decision
2002/657/EC concerning the performance of ana-
Iytical methods.?® The linearity was tested using
seven working standard solutions for each toxin
described in section 2.2.

The limit of detection (LOD) was deter-
mined as 3.3 x SD/slope, where the standard de-
viation (SD) was estimated from the measurement
of the background response from 10 blank sam-
ples. The slope was calculated from the calibration
curve. The limit of quantification (LOQ) was de-
termined as 10 x SD/slope in the same manner as
the LOD calculation.

The selectivity of the method was estab-
lished by adding a known amount of the mycotoxin
standard solution to a blank sample at low concen-
tration levels. Then, the samples were extracted,
purified, and quantified from the corresponding
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peaks in the chromatograms. The method is con-
sidered selective when no interfering peaks coexist
at the retention times of the mycotoxins of interest.

The determination of trueness (one compo-
nent of accuracy) was performed by means of a
certified reference material (CRM). The procedure
included analysis of six replicates of the CRM in
accordance with the test instructions for the meth-
od. The trueness of a method can also be quantita-
tively expressed as bias or relative bias. In practice,
relative bias is calculated as (observed value/truth
value)/truth value x 100 %. For all mycotoxins
analyzed in our study, we used CRM (CRM-7
corn, Trilogy, lot. MTC-999D) with known con-
centrations of the analytes given in Table 2.

Recovery, the second accuracy parameter,
was examined by fortifying blank corn samples
(previously confirmed as blanks by HPLC-FLD) at
selected concentration levels. The following forti-
fied concentration levels were tested: 1, 2, and 5
ug kg for AFBy; 0.31, 0.56, and 1.55 ug kg for
AFB; 1.02, 2.06, and 5.12 ug kg for AFGg; 0.29,
0.66, and 1.46 ug kg* for AFG; 2.5, 5.0, and 7.5
ug kg? for OTA; 37.5, 50, and 100 pg kg? for
ZEA. The analysis was performed with six repli-
cates at each level of fortification in one day.

The precision of the method was assessed by
repeatability and within-laboratory reproducibility
experiments. Repeatability (intra-day repeatability)
was determined through the standard deviation
(SD) and relative standard deviation (RSDy) using
the data from the accuracy experiment and either
using the CRM’s or blank fortification approach.
The within-laboratory reproducibility (RSDg) of
the method was determined in the same fortified
concentration levels with six replicates at each lev-
el. The analysis was performed in two days by two
different analysts.

The combined measurement uncertainty (u)
was estimated at the following concentration lev-
els: 2.0 ug kg?, 5.0 ug kg2, and 100 pg kg for
AFB;, OTA, and ZEA, respectively. The factor
that primarily influenced the uncertainty was the
within-laboratory reproducibility; however, other
factors that affect the measurement process, such
as uncertainty of standard solution concentration,
pipettes, volumetric flasks, and analytical balance,
were also taken into consideration. All factors were
presented as a percentage in agreement with the
NIST Uncertainty Guideline.? The coverage factor
of 2 was used to calculate the expanded measure-
ment uncertainty (U), corresponding to a confi-
dence level of approximately 95 %.
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3. RESULTS AND DISCUSSION

The different characteristics of mycotoxins
make it difficult to find an optimal experimental
condition that comprise extraction process, clean-
up, and analysis which involves as much as possible
analytes. The validation experiments within this
study were performed using two types of IAC (sin-
gle-toxin and multi-toxin), and the total results ac-
quired from the validation procedure are suitable for
evaluation according to the reference criteria.?* %

In addition to meeting the required method
performance criteria, the clean extracts obtained
when multi-toxin IAC were applied meant that
there was no matrix and no background effects that
might cause interferences in the HPLC-FLD analy-
sis. The chromatograms obtained when the I1AC
clean-up procedure was performed have sharp
symmetrical peak shapes free of any interferences
and practically no impurity. Figure 1 shows exam-
ple chromatograms of aflatoxins, OTA, and ZEA
in spiked blank corn with the following concentra-
tions: AFB: 5 ug kg, AFB; 1.55 ug kg, AFG:
512 ug kg, AFG; 1.46 pg kgt (a), OTA 5 ug kg*
(b), and ZEA 100 ug kg (c), when multi-toxin
IAC were applied for the clean-up procedure. As
seen from the chromatograms, the peaks are well-
defined, and the matrix effect is present at the be-
ginning of the run with no interference in the my-
cotoxin detection. The absence of interfering peaks
is additional proof of the selectivity of the methods
used for the analysis of aflatoxins, OTA, and ZEA.

The validation characteristics of the studied
HPLC-FLD method with regard to the method
linearity and sensitivity are shown in Table 1. The
linearity of the methods, expressed through seven-
point calibration curves, indicates respectable re-
sults with high coefficients of correlation
(R?>0.998) in the examined concentration range
for all suggested mycotoxins. The LOD and LOQ
shown in Table 1 were agreeable regardless of
whether single-toxin or multi-toxin IAC were used
for sample purification. The determined LOD and
LOQ values for all tested mycotoxins were well
below 10 % of the statutory limits set in the EU reg-
ulation® and comparable to those reported by other
authors.®4% The LOD and LOQ obtained in this
study indicated that the sample matrix that could
influence the HPLC—FLD determination is equally
well-removed from the final extract when both puri-
fication methods were applied. Moreover, the multi-
toxin IAC provided somewhat lower LOD and LOQ
values for the ZEA method (Table 1).
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Fig. 1. (c) Chromatogram of fortified corn with concentration of ZEA: 100 mg kg
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Table 1

Calibration curve data, LOD, and LOQ

Range Calibration curve

LOD (ug kg?) LOQ (ug kg?)

ng mi-t R® equation Single- Multi- single- ~ Multi-toxin

toxin IAC toxin IAC _ toxin IAC IAC
AFB; 025150  0.999 y = 947197x + 3025.6 0.05 0.06 0.15 0.18
AFB: 0071426  0.999 y = 1000000 + 56452 0.05 0.05 0.15 0.15
AFG:  0.258-1551  0.999 y = 580471x + 72088 0.03 0.03 0.09 0.09
AFG;  0.083-4.99  0.999 y = 596893x + 25717 0.04 0.05 0.12 0.15
OTA 1.0-500 0.999 y = 22535x — 53860 0.04 0.03 0.12 0.09
ZEA 10-2000  0.999 y = 2121.6x — 34459 1.34 1.37 4.02 411

The results obtained from the determination
of trueness and recovery established by means of
CRM and by fortifying blank corn samples at three
selected concentration levels, respectively, are giv-
en in Table 2. In addition, the obtained mean val-
ues from six replicates were associated with the
corresponding confidence intervals (CI) for 95 %
probability. From the results, it can be concluded
that there was no difference regardless of whether
single-toxin or multi-toxin IAC were used. Thus,
the results for the trueness using CRM were in the
range of 91.68-117.77 % for all mycotoxins when
single-toxin IAC were applied and 97.07-108.88
% when multi-toxin IAC were used. The EU
method performance criteria for aflatoxins and
OTA have stipulated that the recoveries should be
70-110 % for concentrations from 1.0 to 10.0 pg
kg For ZEA, recovery values should be 60-120
% and 70-120 % for levels < 50 ug kg* and > 50
ug kg?, respectively.?*% All results obtained from
the trueness experiment fall within the required
range. The data for the relative bias (Table 2) are
low with the exception of AFB1. Keeping in mind
that the results for aflatoxins are always expressed
as AFB; or total aflatoxins, the bias results for
AFB; can be neglected, and thus, their influence on
the final value will be minor. In general, data ob-
tained from the relative bias indicate the closeness
between the determined and certified CRM value.

The recovery data determined from six rep-
licate analysis of spiked blank material at three
concentration levels for all proposed mycotoxins
were also in accordance with the performance cri-
teria set up in Commission Regulation 401/2006.%*
They were in the range of 78.78-106.8 % for all
analyzed mycotoxins using single-toxin 1AC and
70.96-106.16 % using multi-toxin IAC (Table 2).
In addition, the recovery data were also in good
agreement with other relevant studies.1:121921.23
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Table 3 shows the results for precision
(RSDy), and the within-day repeatability values
were in the range 1.48-11.35 % using single-toxin
IAC and 2.05-10.54 % using multi-toxin 1AC for
all mycotoxins tested. All RSD; values are suitable
according to the benchmark (mean value for RSD;
shall not exceed 20 %).242°

The results for the between-day repeatability
and within-laboratory reproducibility for all myco-
toxins are given in Table 4. All RSD;, values were
in the range of 1.16-11.87 % when single-toxin
IAC were applied and in the range of 2.05-10.81
% when multi-toxin IAC were applied. The within-
laboratory reproducibility data (RSDr values) for
all mycotoxins tested exhibited satisfactory agree-
ment between the experiments performed in the
two different days.

Regarding the aflatoxins, the maximal ac-
cepted repeatability should be calculated according
to the Horwitz equation.?* However, for low con-
centration levels (< 100 ug kg™?), the obtained val-
ues should be as low as possible.?*%

The EU method performance criteria for
OTA have established that the RSDr value should
be < 30 % for concentrations from 1.0 to 10.0 pg
kg.2* For ZEA, the RSDr value should be < 50 %
and < 40 % for levels < 50 pg kg, and > 50 pg
kg™, respectively.?* All results obtained from the
within-laboratory reproducibility experiment fall
within the required range: 2.3-13.28 % when sin-
gle-toxin IAC were tested and 3.11-13.41 % when
multi-toxin IAC were applied.

The measurement uncertainties determined
at the proposed concentration level (2.0 pg kg for
AFB;1, 5.0 ug kg for OTA, and 100 pg kg™ for
ZEA) were 18.5 %, 15.6 %, and 16.3 % for AFB,
OTA, and ZEA, respectively.



84 Biljana Stojanovska-Dimzoska et al.

Table 2

Determination of mean with confidence interval, trueness, and recovery established by means of certified reference material and spiking
at three concentration levels determined by six replicates at each fortification level

AFB; AFB; AFG, AFG, Total OTA ZEA
aflatoxins
Declared concentration
(ng kg?) 18.8 0.9 24 NP* 221 1.0 352
single-
Determined toxin 18.5+0.22 1.1+0.05 26+0.1 ND** 222+08 1.1+0.02 351.5+6.9
mean con- IAC
centration multi-
CI*** toxin ek
trueness (g kg IAC 18.3+0.33 1.0+ 0.05 24+0.1 ND 216407 1.0£0.02 346+7.8
established single-
by means of toxin 91.68 117.77 106.25 ND** 100.22 108.0 99.84
CRM IAC
Mean multi-
0 :
trueness % ‘IOAX'C” 97.07 108.88 99.58 ND** 97.82 98.0 98.32
single-
toxin -1.6 22.2 8.33 ! 0.45 10 -0.14
IAC
Relative bias multi-
% toxin -2.6 111 0 / -2.26 0 -1.7
IAC
Sp'ke"(:g'l‘(;e{‘)"a“on 10 2.0 5.0 031 0.56 155 1.02 2.06 0.66 / 25 50 75 375 50
single-
Determined toxin 1.03+0.14 1.64+0.1 4.15+0.06 0.25+0.03 0.49+0.05 1.47+0.08 1.06+0.02 2.15+0.09 0.52+0.11 ! 2.28+0.05 4.88+0.11 7.340.09 37.2244.3 49.22+4.7
mean con- IAC
centration multi-
recovery Clxx* toxin 0.92+0.12 1.77+0.01 4.98+0.04 0.22+0.06 0.52+0.02 1.59+0.09 0.98+0.05 2.00+0.08 0.59+0.13 / 2.32+0.08 4.85+0.13 7.62+0.07 37.61+4.1 50.15+4.9
established (pg kgt IAC
by spiking at single-
three concen- toxin 103.0 82.26 82.91 81.62 87.8 95.03 103.9 104.4 78.78 / 91.2 97.6 97.9 99.25 98.44
tration levels IAC
Mean multi-
recovery % toxin 92.0 88.5 99.6 70.96 92.85 102.58 96.07 97.08 89.39 ! 92.8 97.0 101.6 100.3 100.3
IAC

* NP — not present
** ND — not detected
*** Cl| — confidence interval
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Table 3
Within-day repeatability data for aflatoxins, OTA, and ZEA obtained from the spiking experiment
at three concentration levels determined by six replicates at each fortification level
Spiked concen- Determined
tration concentration SDr (ug kgt RSDr (%)
Compound (ng kg™) (ng kgt
Single- Multi- Single Multi- Single- Multi-
toxin toxin toxin toxin toxin toxin
IAC IAC IAC IAC IAC IAC
1.0 1.03 0.92 0.14 0.12 4.0 4.25
AFB; 2.0 1.64 1.77 0.10 0.01 6.6 5.58
5.0 4.15 4.98 0.06 0.04 1.48 2.25
0.31 0.25 0.22 0.03 0.06 13.63 10.15
AFB: 0.56 0.49 0.52 0.05 0.02 10.04 9.84
1.55 1.47 1.59 0.08 0.09 5.49 6.25
1.02 1.06 0.98 0.02 0.05 2.04 3.41
AFG; 2.06 2.15 2.00 0.09 0.08 8.35 7.87
5.12 5.25 5.06 0.26 0.19 4.58 4.96
0.29 0.23 0.27 0.01 0.04 7.75 8.05
AFG; 0.66 0.52 0.59 0.11 0.13 5.96 6.09
1.46 1.54 1.55 0.05 0.07 3.07 3.58
25 2.28 2.32 0.05 0.08 1.76 1.97
OTA 5.0 4.88 4.85 0.11 0.13 2.37 2.05
75 7.34 7.62 0.09 0.07 1.50 1.88
375 37.22 37.61 4.30 4.11 11.35 10.54
ZEA 50 49.22 50.15 4.68 4.87 9.62 8.34
100 106.81  102.73 2.42 2.08 2.46 2.83
Table 4
Between-day repeatability and within-laboratory reproducibility, expressed by SD;, RSD;, and RSDg
for aflatoxins, OTA, and ZEA determined by six replicates at each fortification level
Determined mean
concentration SDr RSDr (%) RSDr (%)
(ng kg ™) (ng kg™)
Compound Spiking Repeatability ~ Single- ~ Multi- ~ Single-  Multi-  Single-  Multi-  Single-  Multi-
level conditions toxin toxin toxin toxin toxin toxin toxin toxin
IAC IAC IAC IAC IAC IAC IAC IAC
R Day | 1.84 1.78 0.10 0.09 6.60 5.25
AFB1 2ngkg Day I 181 182 o008 007 493 501 °#® 1B
AFE B Day | 0.49 0.51 0.05 0.02 10.04 9.24 15 1268
2 056 ng kg Day Ii 049 053 003 005 68 869 ' '
B Day | 1.55 1.68 0.09 0.1 8.35 8.35
AFGL 2.06 ng kg Day Il 1.64 172 0.07 0.09 6.38 6.38 105 105
B Day | 0.46 0.51 0.01 0.03 5.96 7.94
AFG: 066 hg kg Day I 055 059 003 o004 1187 1081 2% 134
R Day | 4.87 4.95 0.11 0.08 2.37 3.25
OTA 5 g kg Day Il 4.92 5.05 0.05 0.09 116 2.94 263 438
R Day | 111.39 10054 221 1.22 1.99 2.05
ZEA 100 g kg Day Il 11112 9997  1.30 1.64 117 2.34 23 311
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In Table 5, the performance characteristics
of the reported HPLC-FLD and HPLC-MS/MS
methods for simultaneous determination of aflatox-
ins, OTA, and ZEA using multi-toxin sample prep-
aration are presented. The published HPLC-FLD
methods in some studies exhibited comparable?® or
lower LOD values* than our data; however, an-
other study has reported a higher LOD.?* Depend-
ing on the LOQ calculation approach, some au-
thors obtained significantly higher values for
ZEA.% The method sensitivity is highly dependent
on the matrix type; thus, a matrix containing lower

Table 5

fats such as barley exhibits a lower influence on
LOD and LOQ values.!* The methods that used
mass spectrometry for detection of mycotoxins of
concern exhibited higher LOD and LOQ values
than our method. 4691122

When we compare the obtained recovery
and precision values with the ones obtained from
other authors (Table 5), although some of the au-
thors reported lower recoveries,>® most of the val-
ues still comply within the limits set in the EC
Regulation.?*

Validation parameters from published methods and our study obtained from use of multi-toxin IAC

Matrix Analytes Method Recovery LOD LOQ RSDr Ref.
% (Mg kg™ (Mg kg™ %
Aflatoxins UHPLC- nr* 0.1-1.3 0.3-3.8 nr* ()
Grains OTA MS/MS 0.4 1.1
ZEA 0.3 0.9
Aflatoxins 93.9-102 0.02-0.04 0.06-0.12 2.9-34 4)
Feed OTA UHPLC- 95.6-99.7 0.12 0.36 23
ZEA MS/MS 90.9-95.5 0.25 0.75 2.1
Cereal Aflatoxins UHPLC- 62-113 0.1-04 0.3-1.1 2.1-334 (5)
feed OTA MS/MS 53-89 0.7 2.0 1.8-24.6
ZEA 46-106 14.7 44.5 6.0-32.3
Aflatoxins UHPLC- 77-102 0.03-0.05 0.05-0.1 3.8-16.2 (6)
Food OTA MS/MS 60-89 0.2 0.4 6.2-13.6
ZEA 72-91 0.5 2.6 4.0-7.9
Aflatoxins UHPLC- 71-100 0.3-0.8 4-13 9)
Maize OTA MS/MS 74-82 0.6 nr* 2-5
ZEA 50-103 0.7 7-9
Corn, Aflatoxins UHPLC- 86.9-112.1 0.1-0.5 0.4-16 6.5-13.8 (10)
Corn prod- OTA MS/MS 103.1 0.1 0.3 4.3
uct ZEA 93.5 0.2 0.6 3.8
Aflatoxins HPLC-FLD 71.7-97.2 0.005-0.15 0.04-0.15 1499 (11)
Barley OTA 79.9-83.3 0.013 0.15 6.4-11.5
ZEA 89.9-109.3 0.34 6.0 2.6-5.5
Aflatoxins HPLC- 70.2-105.8 0.12-0.36 0.38-1.08 1.7-85 (21)
Wheat bran OTA DAD- 92.0-100.9 0.40 1.20 1748
ZEA FLD 84.5-97.3 6.74 20.43 3.1-3.5
Cereals Aflatoxins UHPLC- 84-129 3-19 (22)
OTA MS/MS 97-123 nr* nr* 3-12
Maize Aflatoxins HPLC-FLD 79-110 0.04-0.12 0.12-0.39 nr* (23)
feed OTA 95-100 0.02 0.06
ZEA 85-88.8 0.92 2.8
Aflatoxins HPLC-FLD 70.9-106.1 0.03-0.06 0.09-0.18 2.2-10.1 (our
Corn OTA 92.8-101.6 0.03 0.09 1.8-2.05 study)
ZEA 100-102.7 1.37 4.11 2.8-10.5

*Nr — not reported

In references to the time consumed for
chromatographic separation, the published meth-
ods reported a single run for the analysis of afla-
toxins, OTA, and ZEA.}#89-1121-23 In oyr study,
we used three different chromatographic methods
for separate determination of aflatoxins, OTA, and

ZEA with the use of one multi-toxin sample prepa-
ration 1AC. Although the advantage of using the
single determination method is unquestionable,
there are still some disadvantages for such an ap-
proach. When the HPLC-FLD method was applied,
it is usually very difficult to analyze aflatoxins,
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OTA, and ZEA in one run. Thus, this run was at
least 50 min long,? which offers practically no
benefits in terms of using a faster method of analy-
sis when compared to the total run time of all three
methods described in this study (50 min). In addi-
tion, there was a likely problem concerning the
ZEA determination, keeping in mind that the deri-
vatization of AFB: and AFG: will turn ZEA into a
less fluorescent compound, resulting in a decreased
method sensitivity.? It is well known that AFB:
and AFG: need derivatization in order to enhance
their fluorescence activity. In our study, we applied
a low-cost bromine derivatization with Kobra®
cell, connected on-line with the HPLC-FLD sys-
tem. Kobra® is actually an electrochemical cell that
generates a reactive form of bromine for derivati-
zation of AFB; and AFG;. It is widely used instead
of other derivatization techniques (photochemical
reaction, post-column iodine derivatization, use of
trifluoroacetic acid, pyridinium bromide perbro-
mide)** because it has low input costs and does not
require expensive chemical reagents or other addi-
tional equipment.!! In addition, when a single
short-time run was applied,** the adjustment of the
gradient and fluorescence conditions resulted in a
high baseline drift and presented matrix interfer-
ences in the OTA and ZEA peak surroundings,
which could very likely contribute to the lower
sensitivity and low peak resolution.

The use of the LC-MS/MS technique could
solve the problem due, in part, to the fact that deri-
vatization and sometimes sample pre-treatment are
not needed. However, this technique has some
drawbacks, such as matrix influence that suppress-
es or enhances the analyte signals. Consequently, a
matrix-matched calibration and use of deuterated
internal standards are imperative. In addition, the
equipment and maintenance costs, as well as per-
sonal training costs, should be taken into consider-
ation. Nonetheless, the reported higher LOD and
LOQ when LC-MS/MS was used could not be
neglected (Table 5).

Therefore, for obtaining the best separation
and unambiguous detection and quantification of
the analytes of interest, we decided to use the one
sample preparation procedure for all mycotoxins
and three different but shorter and undoubtedly
highly sensitive, selective, accurate, and precise
HPLC-FLD methods for the separation and deter-
mination of aflatoxins, OTA, and ZEA. By apply-
ing the proposed methodology, the benefit of low-
ering the sample preparation costs and use of low-
cost determination methods for sensitive, selective,
and reliable quantification of aflatoxins, OTA, and
ZEA was significant in comparison to the single
determination methods (Table 5).
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4. CONCLUSIONS

When sample purification is sufficiently se-
lective, it may be possible to rely on cheaper and
precise techniques such as HPLC-FLD. By using
this chromatographic technique, combined with
multi-toxin IAC, it is possible to obtain LOD and
LOQ values comparable or even lower than those
achieved by LC-MC/MC.

This study proved that the proposed meth-
odology — one extraction procedure for aflatoxins,
OTA, and ZEA using one multi-toxin IAC sample
clean-up and three short HPLC-FLD procedures —
is an excellent candidate for future standardization
due to its trustfulness and efficiency for mycotoxin
analysis. Thus, the occurrence of mycotoxins at
trace levels demands the development of very reli-
able and robust tools for the sample preparation pri-
or to their chromatographic analysis. Multi-toxin
IAC that contain several antibodies allow for the
simultaneous extraction of toxins from different
chemical groups, thus decreasing both the total ana-
Iytical time and the method cost, as only one car-
tridge is required. Furthermore, the analyst could
choose the proper analytical method, whether it is a
single or multiple method of determination.

Our approach offers very simple, sensitive,
and accurate HPLC—FLD procedures for the deter-
mination of aflatoxins (AFB1, AFB2, AFG:, AFG,),
OTA, and ZEA in corn-based samples using multi-
toxin IAC for sample clean-up. We reached our goal
of confirming through the validation experiments
for linearity, selectivity, accuracy, recoveries, re-
peatability, and reproducibility that the use of this
analytical strategy is a very favorable choice for
routine analysis in laboratories dealing with a large
number of samples on a daily basis.
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