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Abstract

Vegetable oils constitute a significant component of the human diet. The oilseeds utilized for their production are sus-
ceptible to contamination by mycotoxins (MTs) during cultivation and storage, particularly under suboptimal condi-
tions. The extent and nature of fungal invasion leading to MT contamination also depends on the geographical origin
of oilseed production. This study sought to investigate the prevalence of aflatoxins (AFs), alternariol (AOH), and tenu-
azonic acid (TEA) contamination in 18 types of edible vegetable oils using appropriate enzyme-linked immunosorb-
ent assays (ELISAs). The oils examined (n=102) included common types such as sunflower, linseed, olive, mustard,
sesame, hemp, and some others from the domestic market. The detection limits of the established assays were

found to be consistent with the regulatory limits: 5, 10, and 100 ug/kg for AFs, AOH, and TEA, respectively. To ensure

a satisfactory recovery of the analytes from the oil matrix, individual extraction solvents were necessary for AFB;,
AOH, and TEA. The recovery ranges of MTs from a wide range of common edible oils were found to be 68.8-99.8%,
63.9-114.1%, and 70.6-115.9%, respectively, with variation coeffecients of less than 19%. The ELISA detection limits

of 0.003, 0.02, and 0.15 ng/mL provided high detectability of AFB, and AOH (73.5%), and TEA (66.6%) in the studied
oils. However, their content above the maximum residue limits (MRLs) was observed only in 0, 4.9%, and 7.8% of

the samples, respectively. The examination showed a notable decrease in the incidence and residual levels of AFs,
AOH, and TEA in the refined sunflower oils compared to the unrefined oils. This study offers insights into the occur-
rence and MT contamination of vegetable oils within the Russian region and validates the efficacy of ELISA, in con-
junction with optimized extraction protocols, for the routine analysis of a broad spectrum of oil types.
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Introduction

Contamination of agricultural products with mycotox-
ins (MTs) presents a significant public health concern
because of their diverse and severe toxic effects. Among
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as a potent naturally occurring carcinogen, causing sig-
nificant damage to the liver and leading to severe health
issues such as cell necrosis, hemorrhage, fibrosis, cirrho-
sis, and hepatocellular carcinoma [1].

Among the emerging MTs of particular concern are
those produced by Alternaria species, which are increas-
ingly detected in various food products [2]. Alternariol
(AOH) has emerged as one of the most frequently occur-
ring Alternaria toxins in oil-rich crops and their pro-
cessed products [3]. Although the acute toxicity of AOH
is considered low, increasing evidence highlights its
potential to cause significant harm at relatively high con-
centrations. In vitro studies have demonstrated that AOH
induces DNA damage, disrupts the cell cycle, promotes
apoptosis, and interferes with immune cell function [4].
Furthermore, its ability to generate reactive oxygen spe-
cies and interact with DNA topoisomerase raises con-
cerns about long-term exposure [5].

Similarly, tenuazonic acid (TEA) has been found to
inhibit the release of newly formed proteins from ribo-
somes. While TEA exhibits low in vitro toxicity, its
in vivo effects are much more pronounced, including
the development of hemorrhagic gastroenteropathy and
organ damage in several animal models [6, 7].

The contamination of raw plant materials with MTs is
a global problem that significantly impacts the safety of
food and feed production, and causes serious economic
damage. According to a large-scale study conducted in
100 countries, 88% of the analyzed raw material samples,
including crops such as corn, wheat, and soybeans, were
contaminated with at least one MT [8]. Particularly high
levels of contamination have been recorded in regions
with warm and humid climates, where MTs such as AFB,
often exceed permissible limits [9-11]. However, fungal
invasion and MT production in cereal crops can also be
triggered by climate change or poor storage conditions.
For example, in 2012, unusually hot and dry weather in
Serbia led to significant contamination of maize with
AFs, severely affecting its use for both food and oil pro-
duction. In some samples, the levels of AFs significantly
exceeded permissible limits, leading to losses in both
domestic markets and exports [12]. The recent studies
on sunflower from agricultural regions of Russia revealed
a high level of seed contamination with MTs, especially
AOH, largely due to unfavorable storage conditions,
including self-heating, which contributes to MT accumu-
lation [13, 14]. Therefore, the contamination of agricul-
tural products with MTs is predominantly influenced by
the geographical origin of specific raw materials and local
climatic conditions.

Vegetable oils are included in the list of essential prod-
ucts and are important components of the daily human
diet, despite the relatively low level of consumption (12
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kg/year/person) [15]. It is therefore imperative that
research and control of MT levels in oils be conducted
in order to ensure food safety. However, the current level
of knowledge about the contamination of edible vegeta-
ble oils with a wide variety of MTs, as well as the range
of oils studied, is significantly limited. Thus, the Russian
Federation’s Regulation for safe residual MT content in
vegetable oils has been established only for AFB; (5 pg/
kg) [16]. The EU’s recommended safe levels of AOH and
TEA content are applicable only to sunflower oils, at 10
ug/kg and 100 pg/kg, respectively [17].

The analysis of MTs in vegetable oils typically involves
chromatographic techniques such as high-performance
liquid chromatography (HPLC) and gas chromatography
(GC) coupled with tandem mass spectrometry (MS/MS)
[18]. These methods often require extensive sample prep-
aration, including liquid-liquid extraction (LLE), solid—
phase extraction (SPE), or precolumn derivatization,
to increase sensitivity and specificity. Matrix-matched
calibrations are also necessary to mitigate matrix effects
[19]. Immunoanalytical methods such as enzyme-linked
immunosorbent assay (ELISA) are generally simpler,
higher throughput, more cost-effective, and allow rapid
screening of multiple MTs 9simultaneously. Addition-
ally, immunoassays often require easier sample prepara-
tion and can be adapted for onsite testing, making them
highly suitable for routine monitoring in food safety
applications. Nevertheless, the utilization of immunolog-
ical methods in the examination of vegetable oils remains
infrequent, seemingly due to the challenges associated
with the analysis of oil matrixes.

For example, a wide variety of immunoassays devel-
oped for AFs have been reviewed in [20, 21], and the one
presented in this study is comparable to the best in terms
of sensitivity and limit of detection for AFs. However,
very few studies have analyzed AFs in edible oils using
immunoassays. The range of oil types analyzed and the
global prevalence of AF contamination remain limited
[22-24].

Reports on AOH immunoassays have focused on the
analysis of this MT in fruits, fruit juices and wine [25-
27]; corn, bran, flour and bread [28-30]; and oilseed-
based animal feed [28]. The scope of TEA immunoassays
in scientific literature is currently limited to sorghum
grains and sorghum-based infant food [31], fruits and
tomatoes [32], juices and beer [33]. The prevalence and
extent of Alternaria toxin contamination in vegetable oils
is largely unknown. In addition, the geographical features
of vegetable oils from the Russian market and their sus-
ceptibility to contamination by Alternaria toxins have
been practically unstudied.

The objective of the present study was to ascertain the
prevalence of contamination of a wide variety of edible
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vegetable oils produced and available in the domestic
market with Alternaria toxins, AOH and TEA, as well
as AFs, the most dangerous of the Aspergillus toxins.
(Fig. 1).

This research encompasses the development of an
immunoassay for the quantitative determination of MTs
in vegetable oils. It also involves the optimization of the
extraction procedure for each analyte from oils. Further-
more, it assesses the effect of oil refining on the degree of
contamination and evaluates the prevalence of MT con-
tamination in a wide range of oil types and compliance
with food safety requirements.

Results and discussion

Development of ic-ELISAs for AFs, AOH, TEA and their
analytical characteristics

Analytical systems based on indirect competitive ELISA
(ic-ELISA) for MTs were constructed using previously
prepared immunoreagents for AFs [34], AOH [28], and
commercially available reagents for TEA. For the present
study, a monoclonal antibody (mAb) with broad selec-
tivity against AFs was chosen. It was able to recognize
aflatoxins B,, B,, and G; as 100%, 89%, and 66%, respec-
tively. The specificity of the rabbit anti-AOH polyclonal
antibody was selective, with cross-reactivity to alternariol
monomethyl ester less than 1%.

The typical standard curves for MTs in buffer and
extractant media (Fig. 2A-C), along with the correspond-
ing analytical characteristics of the developed ELISAs,
are shown in Fig. 2D.

The parameters of the developed assays showed suffi-
cient sensitivity to detect the analytes at their threshold

Page 3 of 11

concentrations, namely the maximum residue limits
(MRLs) for AFB, and total AFs in edible oils established
by the European Commission and Russian sanitary
requirements of 2-5 pg/kg [16, 35], and the indicative
levels of 10 and 100 pg/kg for AOH and TEA, respec-
tively, as recommended by the European Commission for
monitoring sunflower oils [17].

Examination of extraction efficiency

Antibodies, as biological molecules, are natu-
rally designed to interact under physiological conditions,
i.e., in an aqueous environment. Therefore, finding the
most efficient way to transfer the analyte from its oil-
dissolved state to the aqueous phase is crucial for suc-
cessful analysis. The extraction efficiency of the MTs of
interest is primarily related to their individual hydropho-
bic/hydrophilic properties. In this regard, the compara-
tive effects of pure organic solvent methanol (MeOH)
and assay buffer phosphate-buffered saline supplemented
with 0.05% tween 20 (PBST, pH 7.2), as well as the effect
of a 1:1 mixture of these extractants on analyte recovery
were first elucidated.

For this, a panel of linseed oil samples (n =6) was sub-
jected to liquid-liquid extraction with the mentioned
extractants according to a similar pretreatment pro-
cedure. To measure MT concentrations in oil extracts
prepared and appropriately diluted with assay buffer,
the corresponding standard curves in organic solvent
and PBST were used (Fig. 2). The resulting extracts were
analyzed with the developed ELISAs, and the data were
compared. It was found that AFB,; (Fig. 3A) and AOH
(Fig. 3B) were more efficiently transfered into organic

AFB, AFB, AFG,
H3C
0 OH
H3C
NH O
H3C
OH ©
AOH TEA

Fig. 1 Chemical structures of mycotoxins (MTs) determined via the developed enzyme-linked immunosorbent assays (ELISAs). AFB;: Aflatoxin B;;

AFB,: Aflatoxin B,; AFG,: Aflatoxin G,; AOH: Alternariol; TEA: Tenuazonic acid
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Fig. 2 Standard curves of MTs AFB; (A), AOH (B), and TEA (C) and analytical characteristics (D) of the corresponding assays. Each symbol represents
the average (n= 3) and standard deviation. Empty symbols are shown for standards in assay buffer, and filled symbol curves are calibrations

in diluted extractant for determination in oil extract samples. MeCN: Acetonitrile; MeOH: Methanol; PBST: Phosphate-buffered saline with tween-20;
IC,0: 10% inhibitory concentration; IC,: 20% inhibitory concentration; ICs,: half maximal inhibitory concentration; ICq: 80% inhibitory concentration

solvent, as their levels were significantly greater in the
MeOH extracts than in PBST or MeOH/PBST mixture.

Under the same conditions, TEA prefers to enter the
aqueous phase rather than the organic phase. Simi-
lar values obtained from the extraction of PBST and
the MeOH/PBST mixture and negligible levels in the
MeOH extracts indicate the hydrophilicity of TEA and
confirm the suitability of PBST as a convenient extrac-
tion agent (Fig. 3C). Other reports have also confirmed
that TEA has poor recovery rates when extracted with
organic solvents. Even the extraction of TEA from vari-
ous tomato products with aqueous acetonitrile (MeCN)
resulted in only 17-73% recovery [36].

The initial comparative evaluation and selection
between aqueous and organic solvents for MT extraction
was further refined, showing that MeCN is the preferred
solvent over MeOH for AF extraction, while MeOH
remains the best solvent for AOH extraction. Thus,
each of the analytes studied required its own individual

extractant in order to be maximally extracted from the
oil matrix: MeCN was the best for AFs extraction, MeOH
was preferable for AOH, and PBST was more applicable
for TEA.

Then, to identify the optimal extraction conditions, we
tested different extraction durations (15 min, 1 day, and
1 week) and a modified extraction protocol using 4-fold
solvent volume using AOH as a model analyte. These
experiments were performed on two samples each of lin-
seed and sunflower oil, with the 0il/MeOH ratio main-
tained at 1:1 for the time-based experiments and adjusted
to 1:4 for the increased solvent volume (Fig. 4).

Overall, the results suggest that neither extended
extraction duration nor increased solvent volume had
a significant effect on AOH recovery across most sam-
ples. The slight variations observed between different
conditions were generally minimal and fell within the
range of experimental error. Thus, these findings indicate
that shorter extraction times (e.g., 15 min of intensive
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Fig. 3 Comparative extraction of AFB, (A), AOH (B), and TEA (C)
from linseed oils (n = 6). Extractants used were methanol (MeOH),
a methanol-PBST mixture (1:1), and PBST. MT levels are presented
as averages (n= 3) with standard deviations

vortexing) and a standard solvent to sample volume ratio
(1:1) are likely sufficient for routine AOH analysis, pro-
viding similar results comparable to those obtained
with longer extraction times or increased solvent vol-
umes. This streamlined protocol could thus offer time
and resource efficiency without compromising extraction
effectiveness.
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Fig. 4 Comparative efficiency of AOH extraction from linseed oils
(#1 and #48) and sunflower oils (#4 and #36). The extraction duration
was 15 min, 1 day and 1 week, with periodic shaking of the oil/MeOH
(1:1) mixture and 1 day of extraction with the oil/MeOH (1:4) mixture

After optimization of the extraction protocols, recov-
ery experiments were performed to confirm the effi-
ciency of MT extraction for different oil matrices. Spikes
were added to HPLC-MS/MS identified blank oil sam-
ples to obtain 1, 2, and 4 ng/mL AFB;; 5, 10, and 15 ng/
mL AOH; and 50, 100, and 200 ng/mL TEA (Table 1).

The recovery results presented show satisfactory
extraction efficiencies achieved for AFB; (68.8—99.8%),
AOH (63.9-114.1%), and TEA (70.6—115.9%) in all tested
matrices, confirming the suitability of the established
extraction procedure and the accuracy of the method
for the determination of MTs at their threshold levels in
a range of the most common edible oils with acceptable
precision (coefficient of variation (CV) <19%).

Analysis of mycotoxins in oil samples

The established extraction protocols for individual MTs
were followed by appropriate dilution of the extract (ten-
fold for AFB, and AOH; 50-fold for TEA) and subsequent
analysis using the appropriate ELISA. The screening data
from a panel of 102 collected oil samples provided insight
into the prevalence and level of contamination of each oil
type with the MTs of interest (Table 2).

Trace levels of AFs were detected in 47 (46.1%) samples
out of 102 oils tested, none of which exceeded the critical
threshold of 2 ng/mL (Table 2). Results obtained using
HPLC-MS/MS also showed no AFB; contamination (<
below limit of detection (LOD)) in dozens of oil samples
selected for parallel confirmatory testing (Table S3). The
low incidence of AF contamination is consistent with the
results of other studies that have reported predominantly
low or undetectable levels of AFB, in sunflower oils, even
in southern regions. For example, 80.9% of sunflower oil
samples in Tanzania had AFB, levels below the MRL of
2 ng/mL [37]. The same safety level was declared in the
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Table 1 Recovery of MTs from oil samples via the developed ELISAs. CV: coefficient of variation; RC: recovery
oil AFB, AOH TEA
Spiked, ng/ RC (%) CV (%) Spiked, ng/mL RC (%) CV (%) Spiked, ng/mL RC (%) CV (%)
mL
Sunflower 4 72.7 24 15 91.2 4.1 200 98.3 20
refined 2 919 15 10 70.0 6.9 100 105.8 123
1 77.0 44 5 75.7 44 50 95.8 45
Sunflower 4 925 16.1 15 94.1 132 200 113.7 55
unrefined 2 919 42 10 1104 11.7 100 1159 11
1 88.8 7.5 5 1131 7.0 50 86.0 71
Linseed 4 98.8 10.6 15 76.9 9.7 200 81.0 5.6
2 99.8 6.4 10 794 6.7 100 84.0 8.6
1 86.1 6.9 5 70.6 10.5 50 101.9 10.0
Olive 4 81.2 155 15 90.1 6.6 200 979 838
2 86.0 185 10 76.0 53 100 102.7 56
1 99.0 129 5 1141 53 50 736 8,6
Mustard 4 784 9.9 15 96.0 39 200 70.6 57
2 994 126 10 101.6 33 100 91.1 83
1 87.5 7.0 5 85.2 35 50 95.5 55
Sesame 4 68.8 2.1 15 63.9 18.1 200 89.1 16.3
2 774 43 10 733 179 100 943 20.3
1 104 85 5 91.6 121 50 949 15.7
Hemp 4 81.6 7.0 15 97.5 85 200 98.0 17.5
2 94.0 6.1 10 879 9.6 100 99.3 55
1 92.8 104 5 1004 9.0 50 101.6 10.5

report from Nigeria for soya bean, groundnut, beniseed,
palm kernel, melon and coconut oils [38], whereas 98% of
Iranian sunflower oil samples were free of AFB,; or within
safe limits [39]. In addition, a meta-analysis highlighted
that sunflower oil has one of the lowest average AFB,
concentrations (2.64 ug/kg) among vegetable oils [40].
Thus, the studied oil samples collected in the Russian
region (2021-2023) were not an exception to the above
observations on AFs contamination of vegetable oils.
TEA was detected (> 7.5 ng/mL) by ELISA in more
than half of the oil samples (61/102), with concentra-
tions exceeding 100 ng/mL in only 8 samples (Table 2).
Elevated levels of TEA (> 100 ng/mL) were found in sun-
flower oils (3/29), linseed oils (2/17 samples), but the
highest incidence (3/5) and average residual level of TEA
contamination (406.6 ng/mL) was found in hemp oils,
which deserves further attention and study of this plant
culture and oil type. The screening of Alternaria toxins by
ELISA was verified by LC-MS/MS in parallel. Qualita-
tive confirmation was obtained for positive and negative
samples. However, quantitative results were inconsistent,
probably because LC-MS/MS sample pretreatment for
AOH and TEA analysis differed from ELISA pretreat-
ment protocol, unlike AFB;. MeOH and PBST extrac-
tions were chosen individually for the determination of

AOH and TEA in ELISA, whereas a common extraction
with MeCN was performed for the HPLC of all MTs. As
shown above (Fig. 3), the type of solvent significantly
affects the degree of analyte recovery and its quantifica-
tion. Nevertheless, the revealed non-compliant samples
were also identified by LC-MS/MS. (Table S3).

A similar incidence of contamination as with TEA was
observed with another Alternaria toxin, AOH (Table 2),
with 60.8% of the samples were positive (> 0.2 ng/mL).
However, only two-thirds (42/62) of positive samples
showed joint contamination with both TEA and AOH.

Only sunflower oil samples (5/29) were classified
as non-compliant, exceeding 10 ng/mL level (Table 2).
The average AOH concentration across all positive sun-
flower oil samples (25/29) was 5.4 ng/mL, while the
average AOH content reported in a study analyzing sun-
flower oils (# =11) in Germany was 27 pg/kg [41]. In
another study from the European region [42], in which
sunflower oil samples (n =16) were analyzed, AOH was
not detected in any of the refined or cold-pressed oils,
whereas TEA was detected in a single sample at low con-
centrations (12.8 pg/kg). Similarly, an analysis of sun-
flower oils of Austrian-German origin (n =7) showed
that AOH was mostly undetectable, with TEA levels not
exceeding 30 pg/kg [2]. At the same time, a study of a
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Table 2 Examination of edible oils (n =102) for AFs, AOH, and TEA residues by the ELISAs

Commodity (n) AFB, AOH

TEA

Positive/non-  Range, ng/mL Mean,

Positive/non-

Range, ng/mL Mean, Positive/non- Range,ng/mL Mean,

compliant, ng/mL compliant, ng/mL compliant, ng/mL

n/n* n/n n/n
Sunflower (29) 11/0 0.03-0.08 0.05 25/5 0.61-28.15 54 16/3 8.2-412.0 88.1
Linseed (17) 11/0 0.03-0.14 0.05 6/0 0.22-7.44 3.19 10/2 8.4-1653 520
Olive (13) 6/0 0.04-0.08 0.06 10/0 0.77-7.86 2.59 9/0 19.1-69.0 338
Mustard (9) 8/0 0.03-0.07 0.05 2/0 0.33-0.81 0.57 8/0 2.8-47.0 279
Sesame (8) 2/0 0.08-0.08 0.08 7/0 0.82-9.06 248 3/0 20.2-323 26.0
Hemp (5) 3/0 0.05-0.11 0.08 4/0 1.36-5.36 333 5/3 10.6-1097 406.6
Pumpkinseed (3)  3/0 0.1-0.22 0.12 1/0 - 1.22 2/0 10.8-29.7 20.2
Pine nut (3) 1/0 - 0.03 2/0 0.33-3.26 1.80 1/0 - 279
Buckthorn (3) 0/0 - 0 2/0 1.88-3.34 261 2/0 244-33.1 28.8
Walnut (2) 1/0 - 003 1/0 - 49 0/0 - 0
Corn (2) 0/0 - 0 0/0 - 0 1/0 - 15.2
Castor (2) 0/0 - 0 1/0 - 0 2/0 11.1-12.8 12.0
Camelina (1) 0/0 - 0 0/0 - 0 0/0 - 0
Rice bran (1) 0/0 - 0 0/0 - 0 0/0 - 0
Rosehip (1) 1/0 - 003 1/0 - 1.38 0/0 - 0
Wheatgerm (1) 0/0 - 0 0/0 - 0 1/0 - 346
Soybean (1) 0/0 - 0 0/0 0 0/0 - 0
Grapeseed (1) 0/0 - 0 0/0 - 0 1/0 - 247
Total (102), %/%  46.1/0 60.8/4.9 59.8/7.8

* Positive samples were those >LOD, 0.03, 0.2, and 7.5 ng/mL (considering the dilution factor of extracts). Noncompliant samples were those >MRL, 2, 10, and 100 ng/
mL for AFB,, AOH, and TEA, respectively. Contamination level <LOD is indicated as zero concentration. Range and mean values are indicated for positive samples

wide range of oil types in India [3] found a much higher
incidence (34%) of AOH contamination in 100 oil sam-
ples. The mentioned study showed the mustard oils were
of the highest contamination level (mean 212 pg/kg)
among other oil types, while the same value for the sun-
flower oils was 71.3 pg/kg. Mustard oils from our study
(n =9) showed no non-compliant AOH contamination.

Thus, the geographical origin of the raw materials used
for oil production has a significant impact on the extent
of fungal damage of oil crops, which in turn affects the
contamination level of vegetable oils.

Impacts of oil refining on mycotoxin residue level

The MT levels in the oil samples analyzed can be affected
by the processing methods. For example, the refining of
vegetable oils may involve a number of steps, including
extraction with organic solvents, treatment with acids
and alkalis, high-temperature heating and hot steam,
freezing, and filtration. The effect of such treatments on
the residual MT content was assessed using sunflower
oils as a model, since they were the only oils studied that
were represented by refined (# =18) and unrefined (n
=11) samples (Table S2). All other oil types, except corn
(n =2) and rice (n =1), were cold-pressed oils.

The frequency of AF detection in unrefined oils was
higher than in refined oils (55% vs. 28%) (Fig. 5), as well
as the residual level (0.052 vs. 0.041 ng/mL), suggesting
that the refining process can be as a way to reduce AF
contamination.

A similar trend was observed regarding the effect of
refining on the residual AOH content. The proportion of
refined sunflower oil samples with non-compliant AOH
content (> 10 ng/mL) was found to be only 5%, whereas
the corresponding number for unrefined oils reached
36%. Additionally, the mean AOH concentration in the
refined oils was found to be significantly lower (2.6 vs. 9.6
ng/mL).

The data also highlight the TEA removing as a result
of refining (Fig. 5). Among the sunflower unrefined oils,
3 out of 11 (17%) samples exceeded 100 ng/mL, whereas
no refined oils presented TEA levels above this thresh-
old. Additionally, the mean TEA contamination level was
found to be higher in unrefined oils (130 vs. 19.2 ng/mL).
This aligns with previous findings, where cold-pressed
oils consistently presented higher TEA levels than
refined oils did [42]. Similarly, another study reported
that organic, cold-pressed sunflower oils from Austria
contained the highest levels of AOH (2.1-2.9 ng/g) and
TEA (373-458 ng/g), whereas refined oils presented
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Fig. 5 Refining impact on MT residues in the sunflower oils. Blank columns present contamination level below assays'LOD 0.03 ng/mL (AFB,), 0.2
ng/mL (AOH), and 7.5 ng/mL (TEA). Dark-colored columns indicate contamination level exceeding MRL: 2.0, 10, and 100 ng/mL for AFB,, AOH,
and TEA, respectively. The numbers in the columns indicate the percentages within the group

significantly lower toxin levels [43]. However, process-
ing methods can have very different effects on MT resi-
due levels. For example, Hickert et al. [44] reported high
concentrations of AOH and TEA in sunflower seeds from
South Africa, with TEA levels reaching up to 6260 ng/g.
Interestingly, their study showed that seed shelling had
varying effects on toxin concentrations, with TEA con-
centrations frequently elevated after shelling.

Conclusions

This study provides a comprehensive analysis of MT
contamination in vegetable oils, with a focus on AFs,
AOH, and TEA. Our findings confirmed that optimized
extraction protocols enable the effective recovery of
MTs from oil matrices, facilitating their accurate detec-
tion via ELISA. Among the 102 tested samples, AOH
was found in 60.8% of the oils, with concentrations above
the EU-recommended limit of 10 pg/kg observed only in
sunflower oils (5/29). Similarly, TEA levels above the EU-
recommended threshold of 100 pg/kg were detected in
7.8% samples of unrefined sunflower, linseed, and hemp
oils. In contrast, AF contamination was minimal, with no
samples exceeding the regulatory threshold of 5 pg/kg.
The refining process was shown to reduce all MT levels,
underscoring its importance for ensuring oil safety.

The results obtained shed light on the landscape of
mycotoxin contamination of various vegetable oils pro-
duced in the Russian region, indicate the relative safety of
these products, and also emphasize the need for regular
monitoring of AOH and TEA content in raw materials
used to produce vegetable oil, as well as control of MTs
content in final products, especially in unrefined oils. The

developed method provides a high throughput, reliable,
and cost-effective approach for detecting multiple MTs
in edible oils, supporting efforts to increase food safety
standards and protect consumer health.

Materials and methods

Chemicals and reagents used

Aflatoxins By, B,, G;, AOH and TEA were gifts from Prof.
Kononenko G.P. (Laboratory of Mycotoxicology, All-Rus-
sian Research Institute for Veterinary Sanitation, Hygiene
and Ecology, Moscow, Russia). Anti-TEA mAb and BSA-
TEA were obtained from Fapon (Guangdong, China).
The MeOH and MeCN used were of analytical grade.

Indirect competitive enzyme-linked immunosorbent assay
(icELISA)

An indirect competitive ELISA method was used to
detect MTs produced by Aspergillus and Alternaria.
Conjugated MTs, namely, GEL-AFB;, GEL-AOH, and
BSA-TEA, were coated on 96-well Costar plates in 100
pL solutions (0.05-1.5 pg/mL) in 0.05 M carbonate buffer
(pH 9.6) overnight at 4 °C. The plates were washed three
times with phosphate-buffered saline supplemented with
0.05% tween 20 (PBST, pH 7.2) and then filled with 100
puL of MT standards (0, 0.01-1000 ng/mL) or samples
and 100 pL of the appropriate specific antibody in 1%
BSA-PBST. The reaction mixtures were incubated for 1 h
at 25 °C in a plate thermoshaker chamber 3ST- 3 L (ELMI
Ltd. Riga, Latvia) to establish an equilibrium interaction
between the competing free analyte and the coating con-
jugate for binding to the antibody. The excess unbound
reagents were removed from the wells by washing. The
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immune complexes formed with immobilized antigens
were detected via anti-species IgG peroxidase conju-
gates (GAR-HRP or RAM-HRP, Imtek, Moscow, Russia).
After 1 h of incubation at 37 °C and washing, 100 pL of
TMB-substrate mixture was added to each well to detect
the amount of bound enzyme conjugate. Color product
development was terminated 30 min later by the addi-
tion of 100 uL of 2 M sulfuric acid. The absorbance was
measured at 450 nm via a LisaScan reader (Erba Man-
heim, Kardsek, Czech Republic). The average signal val-
ues in wells with zero (B,) and other (B) concentrations
of the MT standard served to construct a calibration plot
as the MT concentration versus the relative binding of
antibodies (B/B;). The MT concentrations that inhibited
antibody binding by 10% (IC,,), 50% (IC5,) and 20—-80%
(ICyy-ICq,) have been qualified according to common
practices as the detection limit, assay sensitivity and
operating range values, respectively [45].

Accuracy and precision

Recoveries and coefficients of variation (CVs) were cal-
culated to evaluate the accuracy and precision. Several
blank oils of different types, verified to be free of MT res-
idues by HPLC-MS/MS, were spiked with AFB, at con-
centrations close to the MRL concentrations (1, 2, and
4 ng/mL). The same oil types were spiked with AOH (5,
10, and 15 ng/mL) or with TEA (50, 100, and 200 ng/mL).
The fortified samples were stirred vigorously for 15 min
and then subjected to the appropriate extraction proce-
dure and analyzed via the developed ELISAs. Recovery
rates were estimated as the percentage ratio between the
measured and spiked concentrations.

Sample pretreatment
All edible oil samples (n =102) were purchased from a
domestic retail chain in 2021-2023. Sample collection
was guided by the maximum diversity of manufacturers,
brands or production batches so that all analyzed sam-
ples were individual and unique. The groups of edible
oils studied included: sunflower (n =29), linseed (n =17),
olive (n =13), mustard (n =9), sesame (n =8), and hemp
(n =5); three samples each of pumpkin seed, pine nut,
and buckthorn oils; two samples each of walnut, corn,
and castor oils; and one sample each of camelina, rice
bran, rose hip, wheat germ, soybean, and grapeseed oils.
An equal volume of extractant was added to each oil
aliquot in tubes and vortexed thoroughly for 15 min, fol-
lowed by centrifugation at 6800 X g for 5 min. Different
solvents, namely, MeCN, MeOH, and PBST, were com-
pared in terms of extraction efficiency. The extractant
layer separated from the oil after centrifugation was care-
fully aspirated, diluted 10-, 10-, and 50-fold with PBST,
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and tested by ELISA to quantify AFB,, AOH, and TEA,
respectively.

HPLC-MS/MS procedure

The basic HPLC-MS/MS procedure did not differ from
that described in a recent report [46] and is described in
detail with appropriate sample pretreatment methods in
the Supplementary Information.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/544280-025-00075-1.

[ Supplementary Material 1. }
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