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A B S T R A C T   

The investigation of the mycotoxin bioaccumulation in human and animals is of wide relevance due to the 
potential toxicity associated with these secondary metabolites. This study proposes an analytical methodology 
consisting of salting-out liquid–liquid extraction (SALLE) followed by dispersive liquid–liquid microextraction 
(DLLME) for the determination of 13 mycotoxins: aflatoxins (G1, G2, B1 and B2), enniatins (A, A1, B and B1), 
beauvericin, HT-2 and T-2 toxins, zearalenone and deoxynivalenol, in human and animal liver. A targeted 
analysis was performed by high-performance liquid chromatography with tandem mass spectrometry (HPLC-MS/ 
MS), as well as the screening of derived metabolites by ultrahigh performance LC and high-resolution mass 
spectrometry (UHPLC-HRMS). The proposed method was in-home validated, and trueness was verified by 
apparent recovery studies with values between 94 and 110 %. Furthermore, suitable linearities were obtained by 
the proposed method for all the mycotoxins and detection and quantification limits allow the mycotoxin 
monitoring at the low levels expected in biological samples. Repeatability and intermediate precision were 
calculated at two concentration levels, obtaining values of relative standard deviation below 9.5 %. The proposed 
methodology allowed to study the bioaccumulation of mycotoxins in both human and animal liver, demon
strating the presence of emergent mycotoxins in all liver samples analyzed, specifically enniatins B, B1 and 
beauvericin were detected with concentrations up to 4.04 µg kg− 1.   

1. Introduction 

Mycotoxins are secondary metabolites mainly generated by Asper
gillus, Penicillium, Fusarium, Alternaria and Claviceps molds. They are 
mostly found in agricultural products such as cereals, nuts, fruits and 
vegetables, as well as its derived food and feed products [1]. The growth, 
toxicity and pathogenicity of fungi depend on several conditions such as 
temperature, humidity, nutrient composition and water activity, how
ever this relationship is not yet fully understood [2,3]. 

Several mycotoxins have been categorized by the International 
Agency for Research on Cancer (IARC) on the basis of experimental 
studies. Aflatoxins (AFs) are considered the most dangerous to health, 
being classified as “carcinogenic to humans” (Group 1) since 2012, due 
to their mechanism of action causing hepatocellular carcinoma. Fumo
nisins (FBs) have been classified as “possibly carcinogenic to humans” 

(Group 2B) because of their potential toxicity in animals, while zear
alenone (ZEN) and T-2 toxin have been considered as “not classifiable as 
to its carcinogenicity to humans” (Group 3), due to the lack of conclusive 
studies on their toxicity for human health [4]. Beauvericin (BEA) and 
enniatins (ENNs), also known as emergent mycotoxins, have not yet 
been legislated due to conclusive studies on their toxicity need to be 
carried out. However, insecticidal and antibiotic capacities against 
mycobacteria and gram-positive bacteria are assigned to BEA [5] and 
ENNs have shown cytotoxicity in in vitro studies [6]. The European Food 
Safety Authority (EFSA) proposes considering the hazard of chronic 
exposure of these mycotoxins [7]. 

The intake of contaminated food with mycotoxins can lead to 
adverse effects in animals and humans related to immunodeficiency or 
cancer, as well as permanent damage to the kidney, intestine, nervous 
system or immune system [8]. Therefore, an extensive research has been 
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develop on the determination of mycotoxins in animals in order to study 
their toxicity, absorption and bioaccumulation [9]. Up to date, plasma 
and urine are the most frequently studied biological fluids, of which only 
approximately-one third are human samples [5]. The occurrence of 
mycotoxins has also been studied in animal organs and tissues, mainly 
from pigs, rats, chickens and mice [6,7]. Only two studies have been 
reported up to date based on the analysis of human tissues, focusing only 
on a mycotoxin (ZEN). Specifically, Gadzała-Kopciuch et al. [10] and 
Pajewska et al. [11] carried out the ZEN determination in human uterine 
tissues, as well as the metabolite α-ZEN, to study the contribution of 
these compounds in endometrial cancer. Hence, rapid and efficient 
analytical methodologies for the determination of multiple mycotoxins 
(emergent mycotoxins included) in organs and human tissues is a major 
technological challenge in the clinical field. 

High-performance liquid chromatography (HPLC) is the most widely 
applied technique for the mycotoxin determination in biological 
matrices. The analysis of human fluids has been carried out by HPLC in 
combination with high-resolution mass spectrometry (HRMS) [12–14], 
or with tandem mass spectrometry (MS/MS) for urine [15–18], serum 
[18] or plasma analysis [17,19]. Regarding animal organs and tissues, 
the main technique is also HPLC-MS/MS [20–22] because its higher 
accuracy and sensitivity compared to alternative analytical techniques. 
However, the exposure of the mycotoxin ochratoxin A (OTA) has been 
mainly studied using a fluorescence detector (FD) in different samples 
such as urine [23], serum [24] or animal tissues [25,26]. On the other 
hand, in the work of Gadzała-Kopciuch et al. [10], the determination of 
ZEN was carried out by HPLC-MS equipped with a diode array detector 
(DAD), while Pajewska et al. [11] used a FD for a quantitative deter
mination and a hybrid quadrupole with time of flight mass spectrometry 
(Q-TOF-MS) for further identification and quantification. 

Sample treatment is a crucial step for mycotoxin determination in 
order to isolate and concentrate the compounds removing sample in
terferences. Due to the complex of biological matrices, efficient extrac
tion techniques are required for this purpose. Liquid-liquid extraction 
(LLE) has been the main procedure for the treatment of animal tissue 
samples; as a unique extraction step [21,27], in combination with a solid 
phase extraction (SPE) cartridge [21,22,25] or with an immunoaffinity 
column (IAC) [26,28]. As regards the works of Gadzała-Kopciuch et al. 
and Pajewska et al., molecularly imprinted polymers (MIP) after ultra
sonic extraction [10] and QuEChERS technique [11] for sample treat
ment have been used for ZEN determination. Liquid-liquid 
microextraction techniques have not been applied before for mycotoxin 
determination in biological tissues. It offers a rapid and easy technique 
allowing the isolation and pre-concentration of analytes using lower 
volumes and, therefore, it is more environmental friendly than con
ventional techniques [29]. 

The objective of this work was the determination of thirteen myco
toxins belonging to the genera Aspergillus (aflatoxin G1, G2, B1 and B2) 
and Fusarium [ZEN, HT-2 and T-2 toxin, deoxynivalenol (DON), BEA and 
enniatins (A, A1, B, B1)] in animal and human liver due to their high 
toxicological relevance. An analytical methodology based on a combi
nation of salt-assisted liquid–liquid extraction (SALLE) followed by 
dispersive liquid–liquid microextraction (DLLME) and HPLC-MS/MS 
with a triple quadrupole (QqQ) was developed for the analysis of liver 
samples to study the mycotoxins bioaccumulation in human body for the 
first time. Furthermore, extensive research for 135 metabolites from the 
mycotoxins studied was carried out using an untargeted analysis by 
ultrahigh performance LC (UHPLC)-Q-TOF-MS to investigate its occur
rence in human and animal liver samples. 

2. Materials and methods 

2.1. Standards and reagents 

Stock solutions of T-2, HT-2 and ZEN at 100 μg mL− 1 in acetonitrile 
(ACN) were provided by n’TOX. AFs, ENNs, BEA and DON standards 

were supplied by Sigma Aldrich and individual solutions were made at 
1000 μg mL− 1 in ACN. All the mycotoxin solutions were stored at 
− 20 ◦C. 

Sodium chloride (NaCl) was supplied by Sigma Aldrich and methanol 
(MeOH), chloroform (CHCl3) and ACN were provided by ChemLab. 
Ultrapure water was obtained using a Milli-Q system from Millipore. 
Syringe filters (0.2 μm × 13 mm) from Agilent Technologies were used 
to filter the samples. 

2.2. Samples 

Animal liver samples from pig, lamb, calf and chicken were pur
chased from local markets of Murcia (Spain). Human livers were ob
tained from 8 different autopsies performed at the Institute of Legal 
Medicine of Murcia (Murcia, Spain). All the samples were grounded and 
stored individually at − 20 ◦C until analysis. 

The information available of the human liver samples analyzed 
included age, sex, cause and type of the death. Samples were from six 
men and two women ranging from 29 to 80 years of age. The type of 
death was suicide, natural or accidental death, and the causes were 
asphyxia, heart disease or head trauma. This research was carried out 
respecting the protection of personal data and according to current 
legislation, following the requirements of the ethical committee (Uni
versity of Murcia, 1848/2018) for this type of study. 

2.3. Instrumentation and software 

A 1200 high-performance liquid chromatograph in combination with 
a 6410 triple quadrupole mass spectrometer detector with an electro
spray ionization (HPLC-ESI-QqQ-MS/MS) from Agilent Technologies 
was used for the mycotoxins analysis. ESI source was operated in posi
tive mode and the chromatographic column was an Agilent InfinityLab 
Poroshell 120 EC-C18 with 4.6 mm of inner diameter, 150 mm of length 
and 2.7 µm of particle size. The MS data were obtained using the mode of 
multiple reaction monitoring (MRM). 

The untargeted experiments for metabolites monitoring were carried 
out in an ultra-high performance liquid chromatograph 1290 Infinity II 
Series coupled with a 6550 Q-TOF mass spectrometer (UHPLC-Q-TOF- 
MS) both from Agilent, using also an ESI source working in positive 
mode. The chromatographic column was a Zorbax Eclipse Plus RRHD 
C18 with 2.1 and 100 mm of inner diameter and length, respectively, 
and a particle size of 1.8 µm, also from Agilent Technologies. 

An LLG-uniTEXER vortex agitator from Heathrow Scientific (Illinois, 
USA) was used for the homogenization of the samples. An EBA 20 
centrifuge from Hettich (Tuttlingen, Germany) and an XcelVap air- 
drying system from Horizon Technology (Salem, MA, USA) were also 
used for the treatment of the samples. 

The software MassHunter Quantitative Analysis (QqQ) from Agilent 
was used for the identification and quantification of mycotoxins from 
HPLC-QqQ-MS/MS targeted analysis. MZmine 2 software (version 2.53) 
was used to process the data obtained using an untargeted approach 
from the UHPLC-Q-TOF-MS analysis for metabolites investigation. The 
peak detection involved three followed steps: mass detection, chro
matogram building using the Automated Data Analysis Pipeline (ADAP) 
module and peak deconvolution [30,31]. A custom database was 
compiled by bibliography and was used for peaks identification. 

2.4. Sample treatment 

Sample treatment involved two sequential steps: a SALLE followed 
by a DLLME. An amount of 3 g of liver sample was placed into a 15 mL 
tube and 3 mL of ultrapure water was added. After homogenization 
during 10 s by vortex agitation, 3 mL of ACN was subsequently added. 
The mixture was then submitted to vortex agitation during 2 min. After 
that, 1 g of NaCl was added and the tube was shaken for 1 min manually 
and then centrifuged at 4500 rpm during 5 min. The obtained 
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supernatant from the SALLE step (approximately 2 mL) was filtered 
using a 0.2 µm filter of nylon, transferred to a vial and mixed with 600 µL 
of CHCl3 to carry out the second step. The mixture of the disperser and 
the extractant solvents was quickly transferred into a tube, which con
tained 6 mL of water, forming a cloudy solution. After centrifuging the 
tube for 3 min at 3500 rpm, the sedimented phase was taken by a syringe 
and transferred into a vial to be dried under an airstream. Finally, 
sample was reconstituted in 500 µL of MeOH:H2O (50:50 v/v) and the 
solution was filtered prior injection into the system. All samples were 
prepared in duplicate. 

2.5. HPLC-QqQ-MS/MS and UHPLC-Q-TOF-MS analysis 

After sample treatment, a targeted analysis of the 13 mycotoxins was 
performed using the proposed method by the HPLC-QqQ-MS/MS sys
tem. Mobile phases used were H2O with 0.1 % of HCOOH and 2 mM of 
HCOONH4 (Solvent A), and MeOH containing 0.1 % of HCOOH as Sol
vent B. The flow rate was 0.5 mL min− 1. The elution program was 
initiated at 30 % B, increased linearly to 99 % B after 20 min, which was 
held until 25 min, then decreased progressively to reach again 30 % B at 
27 min and was held for 8 min. A volume of 20 µL of the sample was 
injected. The source parameters used were: 350 ◦C gas temperature, 
3000 V capillary voltage, 40 psi nebulizer pressure and 9 L min− 1 gas 
flow. Different fragmentor voltages and collision energies (EC) were 
tested: from 120 to 180 V and from 4 to 100 V, respectively. Supple
mentary Table S1 shows the MS conditions used for the mycotoxin 
determination. 

An untargeted mode was used for the investigation of mycotoxin 
metabolites using the UHPLC-Q-TOF-MS system. Mobile phases were 
H2O:MeOH (95:5 v/v) with 0.3 % of HCOOH and 5 mM of HCOONH4 as 
Solvent A and Solvent B was composed of MeOH:H2O (95:5 v/v) with 
0.3 % of HCOOH and 5 mM of HCOONH4. The elution gradient was as 
follows: 0–20 min: 0–99 % B; 20–21 min: 99–0 % B, 25 min: 0 % B. The 
sample volume injected was 20 µL and the constant flow rate was 
established at 0.4 mL min− 1. The system parameters used were: 130 ◦C 
gas temperature, 4000 V capillary voltage, 30 psi nebulizer pressure, 
360 V fragmentor voltage and 16 L min− 1 gas flow. MS data were ac
quired from 100 to1000 m/z using all-ion mode at 0, 10 and 40 V of EC. 

3. Results and discussion 

3.1. Optimization of HPLC-MS/MS conditions 

Mycotoxins were determined by injecting solutions of each sepa
rately at 1 µg mL− 1 in positive mode. According to previous studies, AFs, 
DON and ZEN were investigated using [M + H]+ as molecular ion, while 
ENNs, T-2, BEA and HT-2 by the adduct [M + NH4]+ [32,33]. 

In order to obtain a suitable chromatographic analysis of the inves
tigated mycotoxins, the chromatographic column, the concentration of 
HCOONH4 (2 and 5 mM) in the mobile phase, the flow rate in a range of 
0.4–0.6 mL min− 1 and the elution program were optimized. ENNs and 
BEA eluted very close together, therefore, their adequate separation was 
the main objective of this optimization. 

The solvent A of mobile phase was composed of HCOONH4 at 2 mM, 
since it provides a better separation of the compounds, especially be
tween BEA and ENNB1 (Supplementary Fig. S1A and B). Two different 
columns were tested: Poroshell 120 EC-C18 (150 × 4.6 mm and 2.7 µm) 
and Zorbax Eclipse Plus C18 (150 × 4.6 mm and 5 µm). Shorter elution 
times were obtained with the Poroshell column, so it was selected for 
further analysis (Supplementary Fig. S1C and D). Best resolution be
tween the mycotoxins was obtained with a mobile phase flow rate of 0.5 
mL min− 1 and the elution program was as follows: it started at 30 % B, 
increased linearly to 99 % B after 20 min, allowing the elution of DON, 
AFs, HT-2, T2 and ZEN, this composition was held until 25 min to 
provide the elution of five emergent mycotoxins studied, and then 
decreased progressively to reach again 30 % B at 27 min (held for 8 

min). 

3.2. Optimization of sample treatment 

This step consisted of the investigation of the most effective extrac
tion technique and the best conditions for the isolation of the myco
toxins. The techniques studied were solid–liquid extraction (SLE), 
SALLE, as well as SLE-DLLME and SALLE-DLLME combinations. First 
experiments were performed with 0.5 g of lamb liver sample spiked at 
250 µg kg− 1 of ZEN and DON, and 100 µg kg− 1 of the rest of mycotoxins. 
All experiments were prepared in duplicate. SLE and SALLE were per
formed using ACN as extraction solvent. For SALLE optimization, several 
volumes of ACN (10, 5 and 3 mL) were proved keeping the aqueous 
phase volume constant at 3 mL during the experiments. The extraction 
showed to be more efficient using 3 mL of ACN than for larger volumes 
probably because of the dilution effect. The addition of HCOOH to the 
extraction solvent was also evaluated (0–10 % v/v), and better myco
toxin extractions were obtained without the use of acid in this step 
(Supplementary Fig. S2A). Then, the effect of NaCl amount was tested at 
0.5, 1 and 1.5 g. The salt mass selected as optimal was 1 g, since it 
allowed an efficient phase separation. Higher masses of NaCl were not 
completely dissolved. SLE was performed by the addition of 3 mL of ACN 
directly to the 0.5 g of liver sample. 

The ACN extract obtained through SLE or SALLE steps was used as 
disperser solvent in the following DLLME preconcentration. The opti
mization of DLLME step consisted of investigating the suitable organic 
solvent and the volume required for the efficient extraction of myco
toxins. Chloroform, ethyl acetate, dichloromethane and 1,2-dichloro
ethane were evaluated as extraction solvents. Best results were 
achieved using chloroform for most mycotoxins, especially for AFs 
(Fig. 1). Thus, due to the toxicity relevance of these mycotoxins, chlo
roform was selected. Then, several volumes of chloroform were proved 
(200–800 µL), obtaining higher preconcentration values using 600 µL 
(Supplementary Fig. S2B). The use of NaCl was tested for the extraction, 
but as no differences were obtained, it was not used in DLLME treatment. 

In order to evaluate extraction efficiency, recovery experiments for 
each studied sample treatment (SLE, SALLE, SLE-DLLME and SALLE- 
DLLME) were carried out. Samples were spiked (at 250 µg kg− 1 of 
ZEN and DON, and 100 µg kg− 1 for the rest mycotoxins), prepared and 
injected in duplicate. The different extraction methods were compared 
through extraction recovery (extraction recovery % = 100 × signal of 
spiked sample/signal of spiked cleaned-up extract). As can be seen in 
Fig. 2, the procedure based on two sequential steps (SALLE followed 
DLLME) provided higher recoveries ranging from 68.8 to 109.4 %. 
Therefore, this methodology was used for sample treatment. 

It is well known that SALLE is a fast, effective and easy extraction 
technique, since NaCl addition promotes an effective phase separation 
[34], while DLLME provides an almost instantaneous extraction of the 
analytes obtaining high preconcentration factors [35]. In this work, the 
combination of both techniques leads to a high effective mycotoxin 
extraction and preconcentration, allowing the determination of very low 
quantities of mycotoxins from liver samples. 

Once sample treatment was optimized, the effect of liver mass was 
investigated at 0.5, 1, 2 and 3 g. Supplementary Fig. S3 shows better 
values using the highest sample mass. Higher masses prevented to obtain 
a SALLE clean ACN extract. Therefore, 3 g of liver sample was used for 
the mycotoxin determination. 

3.3. Validation of the method 

The proposed method was validated by linearity, limits of detection 
and quantification, trueness, matrix effect, intermediate precision and 
repeatability. All results are shown in Table 1. 

Matrix effect was carried out by spiking the sample with DON and 
ZEN at 250 µg kg− 1 and the rest mycotoxins at 100 µg kg− 1. This 
parameter was determined as [(analyte signal in sample extract – 
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analyte signal in neat solvent)/analyte signal in neat solvent] × 100. 
Suitable matrix effect values ranging from − 19.6 to 2.6 % were achieved 
for all mycotoxins, except for AFG1, ZEN and ENNA, which obtained 
slightly higher values (Table 1). These results showed that matrix effect 
was significant for some mycotoxins, so the proposed sample treatment 
allows an efficient extraction as a whole, but calibration must be carried 
out by matrix-matching. Furthermore, a study was carried out by 
comparing the calibration slopes for all the liver samples. No significant 
differences were obtained between the slope values (p > 0.05) and, 
consequently, lamb liver sample was considered representative of all the 
matrices. 

Calibration graphs were established by spiking the lamb liver at nine 
concentration levels prepared in duplicate. Different linear ranges were 
obtained depending on the mycotoxin: from 100 to 500 µg kg− 1 for 
DON; 25 to 250 µg kg− 1 for ZEN; 2 to 100 µg kg− 1 for T-2 and HT-2; 0.5 
to 100 µg kg− 1 for BEA; and from 0.10 to 100 µg kg− 1 for AFs and ENNs. 
Greater values than 0.984 of the regression coefficients (R2) were ach
ieved, demonstrating the great linearity in the studied ranges. Limits of 
detection (LOD) and quantification (LOQ) were determined using the 

concentration which provided an analytical signal 3 and 10 times higher 
than the noise, respectively. Suitable values were achieved for all 
mycotoxins. 

Trueness, repeatability, and intermediate precision were calculated 
at two concentration levels. The level 1 was established at 25 µg kg− 1 

(AFs, BEA and ENNs), 50 µg kg− 1 (ZEN, T-2 and HT-2) and 250 µg kg− 1 

for DON, while the level 2 was established at 1 µg kg− 1 (AFs, BEA and 
ENNs), 2 µg kg− 1 (T-2 and HT-2), 25 µg kg− 1 for ZEN and 100 µg kg− 1 for 
DON. 

Trueness, referred to as apparent recovery, was evaluated as 
[measured concentration/actual (added) concentration] × 100. Each 
concentration level was prepared in triplicate. Recoveries range from 94 
and 110 %, and the percentage of relative standard deviation values 
(RSD) for each mycotoxin is shown in parentheses (Table 1). These re
sults are according to the Commission Regulation 401/2006 establishing 
the laboratory control requirements for mycotoxin determination. 

Precision was evaluated by repeatability and intermediate precision. 
The experiments were performed spiking the samples at two levels in 
triplicate during the same day to assess the repeatability, and during 

Fig. 1. Optimization of the extractant solvent on liver sample DLLME treatment. Error bars indicate standard deviation for n = 2.  

Fig. 2. Optimization of the extraction mode in the liver sample treatment (P1: SLE; P2: SLE followed by DLLME; P3: SALLE; P4: SALLE followed by DLLME). Error 
bars show standard deviation for n = 2. 

A. Castell et al.                                                                                                                                                                                                                                  



Microchemical Journal 185 (2023) 108192

5

three different days for intermediate precision. The results obtained 
(expressed as RSD) were below 9.5 %, demonstrating the precision of the 
method. 

Fig. 3 shows the chromatographic separation of the mycotoxins by 
the proposed method in a lamb liver sample fortified at 5 µg kg− 1 (AFs, 
ENNs and BEA), 10 µg kg− 1 (HT-2 and T-2), and 100 and 300 µg kg− 1 for 
ZEN and DON, respectively. 

3.4. Analysis of liver samples 

The presence of mycotoxins in human body was determined by 
analyzing eight human liver samples from eight different autopsies by 
the described method. Samples were prepared in duplicate and treated 
by the SALLE-DLLME procedure described for the mycotoxin extraction 
and preconcentration and subsequently injected in the HPLC-QqQ-MS/ 
MS system. As a result, ENNB and ENNB1 were identified in all the 
analyzed samples. ENNB was determined in a concentration range from 
1.55 to 4.04 µg kg− 1, while ENNB1 was not quantified due to values were 

below the LOQ. 
Furthermore, pig, calf, chicken and lamb liver samples were also 

analyzed. The mycotoxin ENNB was quantified in pig, calf and chicken 
liver obtaining a concentration around 1.54 µg kg− 1. ENNB1 was only 
found in calf liver but could not be quantified. The mycotoxin ENNA1 
was detected in pig, calf and lamb liver, while BEA was quantified in calf 
(1.14 µg kg− 1) and lamb (0.69 µg kg− 1) liver. The results obtained of real 
samples analysis are shown in Table 2. 

Mycotoxins are mainly found in agricultural products and, subse
quently, in food or feed products [1], therefore, that they can be intro
duced into the human body by intake of contaminated products or 
through the food chain. The presence of these mycotoxins in human 
organs as liver showed their possible bioaccumulation in human body, 
which is of high importance to investigate. 

3.5. Untargeted analysis by UHPLC-Q-TOF-MS 

Besides determination of the mentioned mycotoxins, human and 
animal liver samples were also analyzed using an untargeted mode by 
UHPLC-Q-TOF-MS for comprehensive research about mycotoxin me
tabolites. Data was processed using MZmine software according to the 
following parameters of mass detection, chromatogram building and 
peak deconvolution. The first step (mass detection) was performed using 
the “centroid” algorithm with a noise of 1.5 ⋅ 101 u. a. Chromatograms 
were constructed by selecting 5 as minimum group size of scans; 0.030 
as intensity threshold; 25 of minimum highest intensity and 0.1 of m/z 
tolerance. Subsequently, the deconvolution of the obtained chromato
grams was carried out by the “local minimum search” approach. In this 
step, chromatogram threshold was set at 65 %, 0.030 min was the 
minimum search in retention time (RT) range, the minimum relative and 
absolute height were established at 5 % and 50, respectively, the min
imum ratio of peak top/edge was 2 and the duration of the peak was 
ranging from 0 to 5 min. The generated peaks were aligned to find 
similar components in several files using the “RANSAC aligner” function 
which corrects for linear and nonlinear deviations in RT by creating a 
deviation model. The values established for the alignment parameters 
were 0.1 of m/z tolerance, 0.2 of RT tolerance, 0.5 of RT tolerance after 
correction, 1⋅ 104 of RANSAC iterations, 30 % of minimum number of 
points and 0.03 of threshold value. Finally, a custom database con
structed through a bibliographic revision was used for the peak 
identification. 

The phase I and II metabolites of ZEN, DON, T-2 toxin and AFs were 
monitored based on the review from Vidal et. al [36] on the determi
nation of these metabolites in in vivo and in vitro studies. The work 
described by Urbaniak et. al [37] was also used for the monitoring of 
ENNs and BEA metabolites. A total of 135 mycotoxin metabolites were 
researched, specifically 20 DON derivatives, 40 from T-2 toxin, 31 ZENs, 
9 AFs, 13 BEAs and 22 ENNs (Supplementary Table S2). These com
pounds were not found in liver samples, neither in human nor in animal 
samples. 

4. Conclusion 

Only two studies have been reported up to date based on the analysis 
of human tissues, focusing on the determination of ZEN and α-ZEN in 
human uterine tissues. Consequently, this developed analytical method 
for the determination multiclass of mycotoxins, including emergent 
mycotoxins, in human and animal liver is a major technological chal
lenge in the toxicological field. An efficient procedure based on SALLE 
followed by DLLME has been develop for the detection and quantifica
tion of 13 mycotoxins and their derivative metabolites in animal and 
human liver. The proposed sample treatment is an environmentally 
friendly procedure since allows the preconcentration, clean-up and 
extraction of the analytes using low volumes of toxic solvents. This step 
allows the determination of the mycotoxins in this matrix by HPLC 
coupled with QqQ-MS/MS with high sensitivity, allowing the detection 

Table 1 
Method validation data for mycotoxin determination in liver samples.  

Analyte Linear range (µg 
kg− 1) 

Linearity, 
R2 

LODa (µg 
kg− 1) 

LOQb (µg 
kg− 1) 

DON 100–500 0.984 30.0 100 
AFG2 0.10–100 0.999 0.03 0.10 
AFG1 0.06–100 0.999 0.02 0.06 
AFB2 0.04–100 0.999 0.01 0.04 
AFB1 0.06–100 0.999 0.02 0.06 
HT-2 1.72–100 0.998 0.52 1.72 
T-2 1.14–100 0.998 0.34 1.14 
ZEN 25–250 0.998 7.50 25.0 
ENNB 0.02–100 0.998 0.01 0.02 
BEA 0.17–100 0.999 0.05 0.17 
ENNB1 0.02–100 0.999 0.01 0.02 
ENNA1 0.03–100 0.999 0.01 0.03 
ENNA 0.04–100 0.998 0.02 0.04  

Trueness (% RSD) Matrix effect (%)  
Level 1 Level 2 

DON 94 (4.2) 105 (0.3) − 10.5 
AFG2 95 (2.1) 106 (4.3) 0.2 
AFG1 98 (1.7) 110 (4.3) − 25.7 
AFB2 99 (3.8) 97 (9.7) − 5.0 
AFB1 99 (1.1) 106 (7.6) − 12.1 
HT-2 98 (1.7) 106 (1.6) 2.3 
T-2 102 (2.5) 104 (5.0) 2.6 
ZEN 100 (8.9) 100 (4.2) − 27.9 
ENNB 98 (2.5) 108 (2.4) − 6.5 
BEA 95 (5.3) 97 (1.9) − 6.3 
ENNB1 107 (1.9) 104 (5.4) − 19.6 
ENNA1 105 (2.2) 104 (7.5) − 14.1 
ENNA 96 (1.7) 108 (2.1) − 33.1  

Repeatability, %RSD (n ¼ 6) Intermediate precision, %RSD 
(n ¼ 18)  

Level 1 Level 2 Level 1 Level 2 
DON 2.9 1.3 6.4 8.4 
AFG2 1.9 1.7 2.7 3.8 
AFG1 2.1 2.8 6.5 4.2 
AFB2 0.9 1.8 2.6 2.4 
AFB1 2.1 3.0 8.1 6.6 
HT-2 3.6 3.5 5.2 4.4 
T-2 3.6 2.7 6.7 5.4 
ZEN 2.8 1.9 7.7 7.0 
ENNB 1.5 1.1 8.1 7.4 
BEA 2.7 4.6 9.5 7.8 
ENNB1 1.9 1.9 6.7 8.1 
ENNA1 0.4 1.1 7.0 5.6 
ENNA 1.3 0.9 8.5 5.9 

aLOD: limit of detection. 
b LOQ: limit of quantification. 
Level 1: 25 µg kg− 1 AFs, BEA and ENNs; 50 µg kg− 1 ZEN, HT-2 and T-2; 250 µg 
kg− 1 DON. 
Level 2: 1 µg kg− 1 AFs, BEA and ENNs; 2 µg kg− 1 HT-2 and T-2; 25 µg kg− 1 ZEN; 
100 µg kg− 1 DON. 
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of ENNB and ENNB1 in human liver samples. The human and animal 
liver samples were also analyzed using an untargeted approach by 
UHPLC-Q-TOF-MS for research about mycotoxin metabolites and none 
of these compounds were detected. 
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Murcia (CARM, Fundación Séneca, Project 21665/PDC/21). A. Castell 
acknowledges a fellowship from University of Murcia (AEIP2020-0005). 

Fig. 3. Chromatographic separation of the mycotoxins by the proposed method (5 µg kg− 1 AFs, ENNs, BEA; 10 µg kg− 1 HT-2, T-2; 100 µg kg− 1 ZEN; 300 µg 
kg− 1 DON). 

Table 2 
Determination of mycotoxins in liver samples.  

Samples Concentration (µg kg− 1) 

ENNB ENNB1 ENNA1 BEA 

Human liver 1 1.72 <LOQ ND ND 
Human liver 2 4.04 <LOQ ND ND 
Human liver 3 2.45 <LOQ ND ND 
Human liver 4 1.55 <LOQ ND ND 
Human liver 5 1.72 <LOQ ND ND 
Human liver 6 1.57 <LOQ ND ND 
Human liver 7 1.65 <LOQ ND ND 
Human liver 8 1.62 <LOQ ND ND 
Pig liver 1.53 ND <LOQ ND 
Calf liver 1.54 <LOQ <LOQ 1.14 
Chicken liver 1.54 ND ND ND 
Lamb liver ND ND <LOQ 0.69 

<LOQ: found concentration lower than the limit of quantification. 
ND: Not detected. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.microc.2022.108192. 
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P. Viñas, High-resolution mass spectrometry for the determination of mycotoxins in 
biological samples. a review, Microchem. J. 166 (2021), https://doi.org/10.1016/ 
j.microc.2021.106197. 

[6] H. Lu, M. Fernández-Franzón, G. Font, M.J. Ruiz, Toxicity evaluation of individual 
and mixed enniatins using an in vitro method with CHO-K1 cells, Toxicol. Vitr. 27 
(2013) 672–680, https://doi.org/10.1016/j.tiv.2012.11.009. 

[7] EFSA, Scientific Opinion on the risks to human and animal health related to the 
presence of beauvericin and enniatins in food and feed, EFSA J. 12 (2014). 
10.2903/j.efsa.2014.3802. 

[8] European Food Safety Authority (EFSA), Mycotoxins. https://www.efsa.europa. 
eu/de/topics/topic/mycotoxins. 
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