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Abstract: Milk is the world’s most consumed beverage, not counting water. Even though
investigations on milk aflatoxin (AF) M1 contamination are regularly conducted, there is limited
information on the contamination of milk with its parent compound, AFB1. Hence, the aim of
this study was to develop a quick, easy, cheap, effective, rugged, and safe (QuEChERS)-based
method for the simultaneous analysis of AFB1 and AFM1 in milk, using ultrahigh performance
liquid chromatography coupled with high resolution mass spectrometry (UHPLC-Q-Orbitrap HRMS).
The recoveries were in a range of 75–96% at 0.005, 0.01, and 0.05 µg/L spiking levels, with repeatability
and reproducibility results expressed as relative standard deviations (RSDs) lower than 7% and 16%,
respectively. The limits of detection (LODs) and quantification (LOQs) were 0.001 and 0.002 µg/L for
AFM1 and AFB1, respectively. The LODs and LOQs that were obtained showed the suitability of the
developed method for the determination of trace amounts of the selected mycotoxins in milk samples,
and were up to ten times lower than those that had been reported in previous works using triple
quadrupole mass analyzers. The matrix effect was evaluated and matrix-matched calibrations were
used for quantification. The validated method was applied to 40 Italian milk samples. Neither AFB1
nor AFM1 were found above the LOD in any of the analyzed samples.
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1. Introduction

Mycotoxins are secondary toxic metabolites that are produced by several species of fungi,
mainly belonging to the Aspergillus, Penicillium, Alternaria, and Fusarium genera. These fungi are
able to contaminate agricultural products and to produce mycotoxins under favorable conditions [1].
Contamination of food and feed with mycotoxins is a worldwide problem. In fact, the Food and
Agriculture Organization (FAO) has estimated that a quarter of the world’s crops are contaminated
with mycotoxins, and it has a major economic impact [2]. Moreover, mycotoxins are of significant
public health concern, based on their high toxic profile. Among these contaminants some metabolites
of Aspergillus flavus and Aspergillus parasiticus, namely aflatoxins (AFs), can be found, which are
classified as carcinogenic to humans (Group 1) by the International Agency for Research on Cancer
(IARC) [3]. Hence, it is appropriate to keep the levels for AFs as low as reasonably achievable in both
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food and feed. In this sense, the Commission Directive 2003/100/EC set a maximum content of AFB1
of 20 µg/kg in all feed materials, with the exception of complete feeding stuffs for dairy animals,
which has been reduced by up to 5 µg/kg [4]. AFM1 is the principal hydroxylated AFB1 metabolite
that is present in the milk of cows that are fed with AFB1-contaminated feed, and it was classified
as possibly carcinogenic to humans (Group 2B) by IARC. [5]. This metabolite is thermally resistant
and is not completely inactivated after pasteurization, sterilization, or other milk treatment processes,
and thus could represent a public health concern [6]. Consequently, the Commission Regulation (EC),
No. 165/2010, and amending Regulation (EC), No. 1881/2006, with regards to aflatoxins, set the most
restrictive limits for AFM1 content in milk at 0.05 µg/kg for raw milk, heat-treated milk, and milk for
the manufacture of milk-based products, and of up to 0.025 µg/kg for infant formulae and follow-on
formulae, including infant milk and follow-on milk [7].

Milk is the world’s most consumed beverage, not counting water, and it is the primary
source of nourishment for the normal growth of infants and children. According to the latest data
that were reported by FAO, the European population has a significantly higher milk and dairy
consumption than the global population, with an annual per capita data of 236.4 kg and 90 kg,
respectively. Among the European countries, Italy is one of the highest milk and dairy consumers,
with an annual per capita consumption of 246.9 kg [8]. On the other hand, the complexity of milk
composition, containing fat, proteins, sugar, and other components, makes sample treatment difficult
and, usually, different cleanup steps are necessary after extraction. Besides solid-phase extraction [9],
liquid-phase extraction [10], and immunoaffinity column assay [11] for the purification and enrichment,
QuEChERS (acronym for quick, easy, cheap, effective, rugged and safe) was a significant method
for high–throughput determination and has been widely employed for the analysis of mycotoxins
in different matrices [12–15], including milk [16,17]. Most of the studies regarding the occurrence of
mycotoxins in milk are only focused on AFM1 analysis. Nevertheless, in recent years, the number
of reports of milk being contaminated by multiple mycotoxins has increased, raising concerns about
whether the synergistic effects of these coexisting mycotoxins could affect public health. In this sense,
not much literature has considered evaluating the occurrence of AFB1 in milk, despite the fact that it is
a carcinogenic compound to humans [18–20]. For instance, a recent study reported an incidence of
AFB1 and AFM1 in 12.4% and 98.8%, respectively, of Chinese milk samples (n = 250) [21]. Therefore,
humans are potentially exposed to these toxic metabolites and it becomes necessary to take a vigilant
attitude in order to minimize the human intake of aflatoxins. To achieve this purpose, analytical
methods must provide enough sensibility to reach the maximum limits that have been set by the
Commission Regulation. In this sense, liquid chromatography mass spectrometry (LC-MS) methods,
for multi-mycotoxin analysis in milk, have been reported in the literature [6,22,23]. In recent years,
there has been increasing interest in evaluating the capability of the high-resolution mass spectrometry
(HRMS) for multi-mycotoxin analysis because it provides not only a high resolution and accuracy
mass results, but also a high sensibility and complementary structural information when compared
with other MS detectors [21,24].

According to the aforementioned information, this method includes the analysis of AFM1 and its
parent compound, AFB1, the latter having not been being frequently studied in milk. This method,
with a simple extraction procedure based on the QuEChERS method, coupled with the high throughput
determination that was provided by the ultrahigh performance liquid chromatography Q-Orbitrap
mass spectrometry, has been successfully validated and applied to the analysis of these toxic
compounds in 40 commercially available milk samples from Italy.

2. Materials and Methods

2.1. Chemicals and Materials

Acetonitrile, methanol, and water (LC-MS grade) were purchased from Merck (Darmstadt,
Germany). Formic acid (mass spectrometry grade) and ammonium formate (analytical grade) were
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obtained from Fluka (Milan, Italy). Syringe filters with polytetrafluoroethylene membrane (PTFE,
15 mm, diameter 0.2 µm) were supplied by Phenomenex (Castel Maggiore, Italy).

Sodium chloride and anhydrous sulphate sodium were acquired from Sigma Aldrich (Milan,
Italy). Primary secondary amine (PSA) sorbent and C18 (analytical grade) were purchased from
Supelco (Bellefonte, PA, USA). Standards of AFB1 and AFM1 (purity >98%) were acquired from Sigma
Aldrich (Milan, Italy). Individual standard solutions of AFM1 and AFB1 were prepared at 1 µg/mL in
methanol. Working standard solutions at 5, 10, and 50 µg/L were prepared by adequate dilutions of
the stock, for the spiking experiments. All solutions were stored at −20 ◦C in screw-capped glass vials.

2.2. Sampling

A total of 40 milk samples were randomly purchased between January and February 2018, from
different supermarkets located in the Campania region, Southern Italy. The samples were shipped
to the laboratory in their original packages and stored at 4 ◦C until analysis. The milk analysis was
carried out within two days after the arrival of the samples.

2.3. Sample Preparation

A QuEChERS-based procedure for the extraction of mycotoxins in milk was employed as a
starting point, with minor modifications [16]. In short, 10 mL of sample was introduced into a 50 mL
Falcon tube and 2.5 mL of distillate water, and 5 mL of acetonitrile, containing 3.35% of formic acid,
(v/v) was added. The mixture was vortexed vigorously for 2 min and then subjected to ultrasonic
extraction for 15 min (vortexed in every 5 min interval). After that, the tube involved the addition
of 4.0 g of sulphate sodium anhydrous and 1.2 g of sodium chloride, which was shaken by hand for
2 min and then centrifuged for 3 min at 4000 rpm and 4 ◦C. The upper organic layer was transferred
to a 15 mL Falcon tube containing 300 mg of C18 sorbent, 140 mg of PSA, and 1.5 g of sulphate
sodium. The mixture was vortexed for 1 min and was then centrifuged for 1 min at 1500 rpm and 4 ◦C.
The supernatant was transferred into a new glass tube and then evaporated under a gentle nitrogen
flow at 45 ◦C. Finally, the residue was reconstituted with 500 µL of MeOH:H2O (70:30, v/v), filtered
(0.22 µm membrane filter), and transferred into a vial for UHPLC-Q-Orbitrap HRMS analysis. Figure 1
shows the schematic flow of the sample preparation procedure.
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2.4. UHPLC-Q-Orbitrap HRMS Analysis

The analyses were performed using an UHPLC instrument (Dionex Ultimate 3000, Thermo Fisher
Scientific, Waltham, MA, USA) coupled with a Q Exactive Orbitrap mass spectrometer (UHPLC,
Thermo Fischer Scientific, Waltham, MA, USA). The UHPLC system consisted of a degassing system,
a Quaternary UHPLC pump working at 1250 bar, an auto sampler device, and a thermostated Luna
Omega column (50 × 2.1 µm, 1.6 µm, Phenomenex) that was held at 30 ◦C. The mobile phases were as
follows: phase A, water with 0.1% formic acid and 5 mM ammonium formate; and phase B, methanol
with 0.1% formic acid and 5 mM ammonium formate. A linear gradient elution program was applied
as follows: initially 0% B was held for 1 min and then increased to 95% B in 1 min, and held for 0.5 min.
Then, the gradient was linearly decreased to 75% in 2.5 min, and decreased again to 60% B in 1 min.
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After that, the gradient was reduced to 0% in 0.5 min and was held for 1.5 min for re-equilibration,
giving a total run time of 8 min. The flow rate was 0.4 mL/min and the injection volume was 5 µL.
The detection was performed using a Q-Exactive mass spectrometer [25].

The mass spectrometer was operated in positive ion mode by setting two scan events (full ion MS
and all ion fragmentation [AIF]). Full scan data in positive mode were acquired at a resolving power
of 70,000 FWHM at 200 m/z. The conditions in the positive ionization mode (ESI+) were as follows:
spray voltage 4000 V; capillary temperature 290 ◦C; S-lens RF level 50; sheath gas pressure (N2 > 95%)
35; auxiliary gas (N2 > 95%) 10; and auxiliary gas heater temperature 305 ◦C. The mass range in the full
scan experiments was set at m/z 100–1000. The parameters in the positive ion mode for the scan event
of AIF were as follows: mass resolving power = 10,000 FWHM; scan time = 0.10 s; HCD collision energy
= 30 eV. UHPLC-HRMS parameters of the studied mycotoxins are shown in Table 1. The data analysis
and processing were evaluated by the Quan/Qual Browser Xcalibur software, v. 3.1.66. (Xcalibur,
Thermo Fisher Scientific, Waltham, MA, USA).

Table 1. Ultrahigh performance liquid chromatography coupled with high resolution mass
spectrometry (UHPLC-HRMS) parameters of the studied mycotoxins.

Mycotoxins Retention
Time (min)

Elemental
Composition Adduct Ion Theoretical

Mass (m/z)
Measured
Mass (m/z)

Accuracy
(∆ ppm)

Product
Ion (m/z)

Collision
Energy

(eV)

AFM1 4.60 C17H12O7 [M − H]+ 329.06558 329.06511 −1.43 273.07538
229.04909 40

AFB1 5.02 C17H12O6 [M − H]+ 313.07066 313.06958 −3.45 285.07489
269.04373 36

2.5. Validation of the Method

The validation of the method was carried out according to the EU Commission Decision
2002/657/EC [26]. The method performance was evaluated by the following parameters: linearity,
matrix effect, trueness, precision, specificity, and sensitivity. All of the parameters were performed
in triplicate.

Student t-test statistical analysis was performed for data evaluation: p values < 0.05 were
considered significant.

2.6. Quality Assurance/Quality Control (QA/QC) in the Analysis of Real Samples

For the confirmation criteria, the retention times of the aflatoxins in the standards and samples
were compared at a tolerance of ±2.5% and an accurate mass <5 ppm, thus providing a higher level of
confidence in the analyses identification. In order to demonstrate the effectiveness of the validated
method, a reagent blank, a procedural blank, a replicate sample, and a matrix-matched external
calibration were included in each batch of samples for QA/QC. The fortified milk samples with AFB1
and AFM1 at three concentration levels (0.005, 0.01, and 0.05 µg/L) were used for analytical quality
control (QC). The QC samples were stored and refrigerated at 4 ◦C.

3. Results and Discussion

3.1. Analytical Features of the Proposed Method

The method validation was performed in-house for the determination of AFM1 and AFB1 in
milk samples. Table 2 shows the performance of the proposed method, namely, linearity, matrix effect,
trueness, precision, specificity and sensitivity.
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Table 2. Method performance.

Parameters R2 SSE (%)
Recovery, % (U′, %; k = 2)

LOD (µg/L) LOQ (µg/L)
0.005 µg/L 0.01 µg/L 0.05 µg/L

AFM1 0.9994 65 75 (26) 84 (20) 91 (16) 0.001 0.002
AF B1 0.9996 72 81 (32) 87 (24) 96 (22) 0.001 0.002

R2—correlation coefficients; SSE—signal suppression or enhancement; U′—expanded uncertainty (k = 2);
LOD—limit of detection; LOQ—limit of quantification.

3.1.1. Linearity

Linearity was evaluated using both the standard solutions and matrix-matched calibrations at six
concentrations levels, ranging from 0.002 to 20 µg/L. Calibration curves were performed in triplicate.
The correlation between the response and the amount of analyte was verified by plotting signal
intensity against analyte concentration. The correlation coefficients (R2) of both analytes was >0.9990.

3.1.2. Matrix Effect

The matrix effect (signal suppression or enhancement, SSE) was expressed as the ratio percentage
between the slope of the matrix-matched calibration curve (A) and the curve in solvent (B). Thus,
the ratio (A/B × 100) was defined as the matrix effect (%). A value of 100% indicated that there
was no matrix effect. There was signal suppression if the value was lower than 100% and a signal
enhancement if the value was higher than 100%. The matrix effects for AFB1 and AFM1 were 72% and
65%, respectively. Based on the results that were obtained, the matrix-matched calibrations were used
for quantification purpose.

3.1.3. Trueness and Precision

The trueness was assessed throughout the addition of known amounts of the studied mycotoxins
at 0.005, 0.01, and 0.05 µg/L to a blank milk sample, and were expressed as the percentage of recovery.
The method provided satisfactory recoveries at each fortification level, ranging from 75% to 96% in all
of the spiking levels, which were in agreement with the accepted values that were set at Commission
Decision 2002/657/EC. The precision of the method was carried out by repeated measurements of the
fortification levels that reported above, on the same day (repeatability, n = 3) and on three different
days (reproducibility, n = 3), and were expressed as relative standard deviation (% RSD). The precision
data showed that the method was repeatable (RSD < 7%) and reproducible (RSD < 16%). On the other
hand, it was a requirement under ISO/IEC 17025 that laboratories determined and made available the
expanded measurement uncertainty, which was associated with analytical results [27]. An expanded
coverage factor of k = 2 was usually assumed to calculate the expanded measurement uncertainty that
was represented by u’, from the relative standard uncertainty u’ in Equation (1), as follows:

U′ = k × u′ (1)

The relative standard uncertainty u’ was calculated using the laboratory reproducibility relative
standard deviation combined with the estimated method bias, applying Equation (2), as follows:

u′ =
√

u′(RSDR)
2 + u′(bias)2 (2)

where: u′ is the combine standard uncertainty; u′(RSDR) is the laboratory reproducibility; and u′(bias)
is the uncertainty component arising from method bias.

3.1.4. Specificity

A blank milk extract, from a sample that was previously analyzed to confirm the absence of
target aflatoxins, was injected 10 times to study the signals that were obtained from the matrix, and to
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evaluate the possible sample interferences. The good specificity of the HRMS made it possible to have
no signal interferences in the blank matrix for any of the studied aflatoxins.

3.1.5. Limits of Detection and Limits of Quantification

Sensitivity was evaluated by limit of detection (LOD) and limit of quantification (LOQ). The LOD
was defined as the minimum concentration, where the molecular ion could be identified with a mass
error below 5 ppm, and the LOQ were set as the lowest concentration of the analyte that produced a
chromatographic peak with a precision and accuracy <20%. The method LODs and LOQs obtained
were 0.001 and 0.002 µg/kg, respectively. The LODs and LOQs that were obtained showed the
suitability of the developed methods for the determination of trace amounts of the selected mycotoxins
in the milk samples. In addition, the LOQs that were obtained here were up to 10 times lower than
those that were reported by other authors using triple quadrupole mass analyzer, and were similar
than those that were reported in a recent studies employing HRMS [21] (Table 3). Nevertheless, this last
study used immunoaffinity columns, which significantly increase thed sample preparation procedure
in terms of time and cost, compared with the inexpensive QuEChERS.

3.1.6. QA/QC

The quality of results were controlled through all of the experiments. The spiked matrix was
used in the QA/QC procedure to properly evaluate the accuracy and precision of the proposed
methodology. In order for the data to be acceptable, the following QA/QC criteria had to be met.
Extraction was considered as conducted correctly when the recoveries were in the range from 70% and
120% (RSD < 20%). Out of this range, the extractions were repeated to meet these criterions.

3.2. Application to Samples

The validated UHPLC-Q-Orbitrap HRMS methodology was applied to 40 milk samples that
were commercially available in Italy. The results showed that any analyzed sample was contaminated
with AFM1 (LOD: 0.001 µg/L). The data that were reported here were in agreement with previous
monitoring studies carried out in the milk from European countries, in which the absence or low
AFM1 incidence was reported. For instance, Tsiplakou et al. [22] did not find AFM1 (LOQ: 0.002 µg/L)
in any of the 21 milk analyzed samples from Greece. Similar results were recently reported by
Flores-Flores et al. [20], who conducted a monitoring of AFM1 in tSpanish milk samples (n = 191),
but none of them showed mycotoxin contamination (LOD: 0.025 µg/L). In France, Boudra et al. [28]
reported that 3.4% of the analyzed milk samples (n = 264) were contaminated with AFM1, but at levels
below the EU regulation. In contrast, 1.6% of Croatian milk samples (n = 61) [29] and 5% of Portuguese
milk samples (n = 40) [30] presented AFM1 values that surpassed the legal maximum limit (0.05 µg/L).
Despite that, Flores-Flores et al. [31] reviewed the occurrence of AFM1 in milk samples worldwide
and reported that the European milk samples that exceeded the maximum EU limit (0.9%, n = 13566)
were significantly lower than the milk samples that were commercialized in America (8.6%, n = 1267),
Africa (25.8%, n = 980), and Asia (26.7%, n = 6376). Hence, Europeans seemed to be less exposed to
AFM1 through milk consumption than other populations, and it could be probably related to the
restrictive rules for AFM1 contamination in milk that were adopted by the EU (up to 10-fold lower
than some countries).

Even though investigations on milk AFM1 contamination have been regularly conducted by
European Economic Community (ECC) countries, there was limited information on the contamination
of this food matrix by other major mycotoxins, such as AFB1. The existence of AFB1 in milk may
have been as a result of contaminated feedstuffs that were not completely metabolized by the cow to
AFM1, thus AFB1 was excreted in the milk. Table 3 summarizes the available studies focused on the
occurrence of AFB1 and its metabolite AFM1 in milk samples. The occurrence of AFB1 was reported
in 1.2% (n = 80) [32], 1.4% (n = 290) [33], 12.4% (n = 250) [21], and 17.5% (n = 40) [9] of Egyptian,
Mexican, Chinese, and Brazilian milk samples, respectively, in which were found concentrations
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of up to 3.54 µg/L. These results were of particular concern because of the lack of regulation and
considering that AFB1 was a recognized human carcinogen [3]. As far as the European milk samples
were concerned, up to now, the occurrence of AFB1 had not been reported in the milk samples.
The absence of AFB1 that was found in these analyzed Italian milk samples were in agreement with
previous studies that were conducted in samples from Spain [20,23]. These results seemed to be also
related to the maximum AFB1 level that was allowed in the complete feeding stuffs for dairy animals,
which was set at 5 µg/kg by Commission Directive 2003/100/EC.

Table 3. Simultaneous occurrence of AFB1 and AFM1 in milk samples, reported in literature.

Milk Origin Positive Samples % Positive
Samples

Range
(µg/L) LOQ (µg/L) References

Mexico
AFM1 117/290 1.4 <LOQ-8.35 0.05 Carvajal et al. [33]
AFB1 4/290 40.3 <LOQ-0.42 0.05

Egypt AFM1 11/80 13.8 0.144–0.378 n.r.
Nassib et al. [32]AFB1 1/80 1.2 <LOQ-3.54 n.r.

Brazil
AFM1 21/40 52.5 0.7–1.5 0.50 Scaglioni et al. [18]
AFB1 7/40 17.5 0.8–1.7 0.25

Spain AFM1 0/10 - <LOD 0.025
Flores-Flores et al. [23]AFB1 0/10 - <LOD 0.020

Spain AFM1 0/191 - <LOD 0.025
Flores-Flores et al. [20]AFB1 0/191 - <LOD 0.020

China
AFM1 11/45 24.4 <LOQ-0.03 0.01

Zhou et al. [16]AFB1 0/45 - <LOD 0.01

China
AFM1 247/250 98.8 0.002–0.028 0.001

Mao et al. [21]AFB1 31/250 12.4 <LOQ-0.023 0.0033

Italy AFM1 0/40 - <LOD 0.002 This study
AFB1 0/40 - <LOD 0.002

n.r.: non reported.

4. Conclusions

Nowadays, a large number of studies regarding the occurrence of AFM1 in milk are available
in the literature. However, there is limited information on the contamination of milk with AFB1,
which could be found in this food matrix because of its incomplete metabolism. The present study
was conducted to produce a sensitive, rapid, and accurate method in order to determine AFB1 and its
metabolite AFM1 in milk. The determination of the studied analytes in a Q-Orbitrap system working
in AIF mode, allowed an accurate determination of even ultratrace levels of mycotoxins because of
the HRMS analyzer. It was, together with the use of an easy and cheap extraction procedure and the
benefits from its application, the most important feature of this analytical procedure. Satisfactory results
in terms of linearity, trueness, precision, specificity, and sensitivity were obtained, which fulfilled
the requirements that were set by the Commission Decision 2002/657/EC. In addition, the validated
method was applied to 40 milk samples. Despite the absence of AFs reported in the herein analyzed
samples, the levels of these natural toxins should be continuously monitored to assess their exposure
in the global population, as well as in susceptible groups such as children.
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