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Abstract: Aflatoxin M1(AFM1), a major metabolite of Aflatoxin B1(AFB1), has been identified as a
potential contaminant in dairy products. Because of its possible carcinogenicity, the legislation limits
as set by Commission Regulation (EC) No. 1881/2006 are very strict, namely 0.050 µg kg−1 in milk
and 0.025 µg kg−1 in infant formulas. To meet these requirements, a sensitive and accurate method
was developed, employing liquid chromatography tandem mass spectrometry (UPLC-MS/MS).
Immunoaffinity columns (R-Biopharm) were used for sample purification and preconcentration of
the analyte of interest. The quantification of AFM1 was conducted using fortified milk samples, while
Aflatoxin B2 (AFB2) was used as an internal standard (IS). The method was validated in terms of
linearity, precision, trueness, limits of detection and quantification and uncertainty. The performance
criteria for the method were evaluated based on European Commission Regulation (EC) No. 401/2006
and its most recent amendment, as well as the suggested criteria for revision by the EU Reference
Laboratory for Mycotoxins and Plant Toxins. The recovery was in the range of 77.9–81.0% for all
fortification levels (0.025–0.050–0.075 µg kg−1), with RSDR values (Relative Standard Deviation of
intermediate precision) ranging from 6.1% to 12%. The method’s detection and quantification limits
were 0.0027 µg kg−1 and 0.0089 µg kg−1, respectively. The occurrence of AFM1 was investigated in
40 samples of different animal origin (cow, goat and sheep milk) provided by Greek producers.

Keywords: UPLC-MS/MS; immunoaffinity column; aflatoxin M1; milk; validation; estimation
of uncertainty

1. Introduction

Aflatoxins are naturally occurring fungal secondary metabolites that belong to the
class of mycotoxins [1]. AFB1 is typically produced by the Aspergillus flavus and Aspergillus
parasiticus fungal strains [2], while AFM1 is its hydroxylated metabolite [3]. AFM1 is
produced in the liver and is excreted in the milk of humans and other lactating animals fed
an AFB1-contaminated diet [4]. The IARC classified this metabolite for its carcinogenicity
to humans in IARC Monographs in the Evaluation of Carcinogenic Risks to Humans [5].

AFM1 residues remain stable even when heated to sterilization or pasteurization
temperatures, or when stored at low temperatures [6,7]. The presence of AFM1 in milk
and dairy products poses a significant risk to humans as these products are primarily
consumed by children, including infants, who are thought to be more vulnerable to the
adverse effects of AFM1 [8]. Due to its hepatotoxicity and potential carcinogenicity, the
European Commission has set a maximum regulation limit of 0.050 and 0.025 µg kg−1 for
milk and infant formulas, respectively (2006/1881/EC) [9].

For the determination of aflatoxins, several methods have been developed using
enzyme-linked immunosorbent assays (ELISA) [10–12], thin-layer chromatography
(TLC) [13,14], gas chromatography tandem mass spectrometry (GC-MS) [15,16] and liquid
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chromatography (LC) coupled to Ultra-Violet (UV), fluorescence (FLD) and mass spec-
trometer (MS) detectors [17–19]. ELISA is preferred as a screening technique for routine
analysis because it is a fast, simple and cost-effective method for the simultaneous analysis
of numerous samples. However, it lacks reliability when the examined analytes are at trace
levels (below 0.050 µg L−1) due to the cross-reaction interferences [16,20,21]. TLC was the
first method used for the determination of AFM1, but it is not suitable for quantification
purposes. Therefore, during the last decade, it has been replaced by LC techniques [22].

The LC-MS/MS methods have become an important tool, providing advantages in
comparison to other techniques due to their good sensitivity and selectivity [16]. Moreover,
the MS/MS methods offer complementary information in terms of identifying the analyte
of interest and confirming the ambiguous positive results [23]. However, the strong matrix
effect observed in the ESI source, which is used as an ionization source for AFM1, has an
effect on the method’s accuracy and precision. Thus, more complex sample preparation
protocols are required for a more thorough sample purification [22,23].

Several studies have been published on the determination of AFM1 using liquid
chromatography tandem mass spectrometry in dairy products [24–26]. The majority of
the sample preparation procedures reported in the literature are complicated, expensive
and time-consuming [10,15,16,27]. The extraction of aflatoxins was combined with a clean-
up step using SPE cartridges or immunoaffinity columns (IAC) to remove the matrix
interferences and preconcentrate the analyte of interest. Milk samples were defatted
with chloroform and then purified using silica, IAC columns and C18 cartridges. In
cases in which AFM1 was determined through a FLD detector, a derivatization step with
trifluoroacetic acid or a post-column derivatization with pyridinium hydrobromide per-
bromide was required [18,25,28].

The aim of this study was to develop a sensitive and accurate method for the determi-
nation of aflatoxin M1 in milk samples to monitor Greek milk samples of various origins.
A sample preparation that includes the use of IAC columns for sample purification and
analyte preconcentration in conjunction with an optimized UHPLC-MS/MS method was
developed and validated to meet the strict regulation limitations (0.050 µg kg−1). Perfor-
mance characteristics were evaluated according to the Commission Regulation (EC) No.
401/2006, as well as the suggested amendments in the performance criteria of the European
Union Reference Laboratory (EURL-MP guidance) [29,30]. This study incorporates all the
suggestions given in the draft of the EURL-MP that have been revised since the paper’s
publication. However, changes that may occur in the finalized official version in the future
are not included.

2. Materials and Methods
2.1. Chemicals and Reagents

The purity of standards was greater than 99%. AFM1 and AFB2 were obtained from
Sigma-Aldrich (Steinheim, Germany). Methanol (MeOH) LC-MS grade, acetonitrile (ACN)
LC-MS grade, potassium dihydrogen phosphate (KH2PO4) and potassium chloride (KCl)
were purchased from Merck (Darmstadt, Germany). ACN HPLC grade and ammonium
formate (LC-MS grade) were provided from Fisher Scientific (Geel, Belgium), while formic
acid (99%) and disodium hydrogen phosphate (Na2HPO4, p.a. 99%) were acquired from
Fluka (Buchs, Switzerland). Hydrochloric acid (HCl) was obtained from Honeywell (Offen-
bach, Germany), while sodium chloride (NaCl) was acquired from Penta (Prague, Czech
Republic). Furthermore, distilled water was provided by a Milli-Q purification apparatus
(Millipore Direct-Q UV, Bedford, MA, USA). Aflaprep M immunoaffinity columns (1 mL)
were obtained from R-Biopharm (Rhone Ltd., Glasgow, UK) (product code DP04/P04).
Finally, regenerated cellulose syringe filters (RC filters, pore size 0.22 µm, diameter 15 mm)
were acquired from Macherey-Nagel (Düren, Germany).

Standard stock solutions of AFM1 (10 mg L−1) and AFB2 (100 mg L−1) were prepared
in ACN LC-MS grade and stored at −20 ◦C in amber glass vials. Intermediate working so-
lutions of 0.05, 0.01 mg L−1 for AFM1 and 2 mg L−1 for AFB2 were prepared by subsequent
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dilutions of the stock solutions in ACN LC-MS grade. For the preparation of Phosphoric
Buffer Solution (PBS), 0.05 g KCl, 2.0 g NaCl, 0.05 g KH2PO4 and 0.29 g Na2HPO4 were
weighed and dissolved with ultrapure water in a 250 mL volumetric flask. The pH value
was adjusted to 7.4 with the addition of HCl if needed, and the solution was diluted to
volume with ultrapure water.

2.2. Instrumentation

The determination of AFM1 was performed through a Thermo TSQ Quantum Access
triple quadrupole system, equipped with an ESI source, an UHPLC pump (Thermo Accela)
and an Accela autosampler. The triple quadrupole mass spectrometer was operated in
positive ionization mode and an Acquity UPLC BEH C18 column (1.7 µm, 100 × 2.1 mm)
from Waters (Milford, MA, USA) equipped with a guard column was used for determina-
tion of the analyte. The column temperature was kept constant at 30 ◦C throughout the
analysis, and the injection volume was set at 10 µL. The mobile phase was composed of (A)
5 mM ammonium formate acidified with 0.01% formic acid and (B) methanol. The elution
program was gradient, starting with 25% solvent B and remaining constant for 3 min. Then,
it increased to 75% in 0.1 min and kept increasing to 100% in the next 7 min. The initial
conditions were restored within 0.1 min to reequilibrate the column for 3 min before the
next injection. The flow rate was set to 0.1 mL min−1, and the total chromatogram was
13 min. Thermo Fisher Scientific’s Xcalibur software, Version 2.3 (Waltham, MA, USA) was
used for instrument control and data acquisition.

Regarding the MS parameters, the precursor ion of the analyte and its corresponding
products, the collision energy (CE), and the tube lens (TL) settings were obtained after direct
infusion of 1 mg L−1 of individual standard solutions in 5 mM ammonium formate acidified
with 0.01% formic acid: MeOH in a proportion of 20:80. Selected reaction monitoring (SRM)
was used, and two transitions were selected for the analyte’s identification. Specifically, the
most abundant product ion was selected as the quantification ion, while the second most
abundant ion was set as the confirmation ion. These parameters are presented in Table 1.
Following that, the ESI parameters were optimized using flow injection. The optimum ESI
conditions acquired were: spray voltage, 4000 V; sheath gas, 40 a.u.; auxiliary gas, 10 a.u.;
capillary temperature, 380 ◦C; probe position B, 0.5 mm.

Table 1. Selected reaction monitoring (SRM) transitions of the aflatoxins M1 and B2.

Compound Precursor Ion
(m/z)

Quantifier Ion
(m/z)

CE
(eV)

Qualifier Ion
(m/z)

CE
(eV)

Tube
Lens

Retention Time
(min)

AFM1 328.9 272.9 22 228.9 38 91 7.49
AFB2 315 287 26 259 29 80 7.88

2.3. Sample Preparation

A total of 40 milk samples were collected from Greek farmers from different locations
and analyzed. The extraction of AFM1 from milk was carried out in accordance with the
instruction sheet enclosed to the immunoaffinity columns, with a few modifications [31].

50 g of each sample were weighted in a 50 mL polypropylene tube, and AFB2, which
was used as an internal standard, was added to every sample. Additionally, spike fortifica-
tion was performed for quantification purposes. The samples (spiked and non-spiked) were
left at room temperature for 30 min to allow the analytes to be absorbed onto the matrix.
Subsequently, the samples were heated at 37 ◦C for 15 min before being centrifuged at
4000 rpm for 15 min. The fat-containing upper layer was then decanted, and the remaining
sample was filtered through Whatman paper (No. 4). The filtrates were at least 45 mL in
volume and were kept at 37 ◦C in a thermostated water bath to facilitate the loading to
the Aflaprep M immunoaffinity columns. Consequently, the columns were washed by the
addition of 20 mL of PBS solution. After that, 5 mL of ACN were added to the columns to
elute the analytes. It is worth mentioning that ACN was applied to the columns in fractions
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(1 × 2 mL, 3 × 1 mL), and the solvent was allowed to contact the columns for three minutes
after each application. The eluants were collected in glass tubes and evaporated to dryness
at 40 ◦C under a gentle nitrogen stream. The residues were reconstituted by adding 0.3 mL
of a 50:50 mixture of 5 mM ammonium formate acidified with 0.01% formic acid and
methanol. The extracts were filtrated through RC syringe filters, transferred to glass vials
and injected into the LC-MS/MS system.

2.4. Method Validation

The method was validated according the requirements outlined in Commission De-
cision 2006/401/EC and its amendments [29]. Performance criteria were also compared
to the proposed ones of the draft version of the EURL-MP guidelines [30]. The following
analytical parameters were evaluated: linearity, trueness (recovery), precision (repeatability
and intermediate precision), specificity, decision limit (CCα), and the method’s limit of
detection (LOD) and limit of quantification (LOQ). All the validation experiments were
conducted using the standard addition technique by spiking milk samples with the proper
amounts of AFM1. Due to the lack of an internal standard for AFM1 in the laboratory,
AFB2 was chosen as the internal standard [32]. As a result, the ratio of the AFM1 peak area
to the AFB2 peak area was used for proper quantification.

Standard calibration and standard addition curves were constructed in six different
concentration levels and linearity was evaluated based on the coefficients of determination
(R2) and the relative back-calculation error. The maximum level (ML) for the AFM1 in
milk corresponds to 0.05 µg kg−1. The concentration of AFM1 in the standard calibration
curve ranged from 0.75 to 22.5 µg L−1, while in the standard addition curve, it was in the
range of 0.005–0.1 µg kg−1. To investigate the matrix effect, a matrix-matched calibration
curve was constructed. Repeatability and intermediate precision experiments were used to
evaluate the method’s precision, expressed as the %RSD. Trueness was estimated through
recovery studies. Milk samples were spiked in six duplicates at three different fortification
levels (0.025, 0.050 and 0.075 µg kg−1) on two different laboratory days under the same
conditions. The method’s LOQ was determined by spiking the analyte of interest in five
duplicates at the instrument’s lowest detectable concentration level.

2.5. Method Assessment
2.5.1. Measurement of Uncertainty

The estimation of uncertainty was realized according to the Eurachem Guide for Quan-
tifying Analytical Measurement Uncertainty [33] using the validation data. The uncertainty
was calculated at three fortification levels. The sources of uncertainty with important
contribution were taken into consideration for calculating the combined uncertainty. The
expanded combined uncertainty was determined by multiplying with a coverage factor of
2, for a confidence level of 95% [33–35]. The estimated uncertainty was assessed with the
maximum acceptable uncertainty (Uf), as defined in 2006/401/EC [29].

2.5.2. Application to Real Samples

The methods’ applicability was investigated by analyzing 40 samples of different
animal origins provided by Greek producers. More specifically, 2 cow’s milk samples,
18 goat’s milk samples and 20 sheep’s milk samples were collected. All the samples were
stored at 2–8 ◦C and left at room temperature before further analysis.

3. Results and Discussion
3.1. Method Optimization

The method was optimized in terms of the MS parameters, as well as the sample
preparation. Concerning the optimization of MS parameters, the spray voltage of the
ion source (2500 V–4000 V), sheath gas (20–45 a.u.) and auxiliary gas (5–20 a.u.), as well
as the capillary temperature (270 ◦C–400 ◦C), were investigated. It is noteworthy that
the most critical parameter for the ionization efficiency of the analyte was the capillary
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temperature (380 ◦C), which attained a 10-fold greater intensity compared to the lowest
examined temperature (270 ◦C). In the optimum MS conditions, the vertical position of
the probe (B–D) and the horizontal one (0.5 mm–1.25 mm) were also tested. Therefore, the
optimum ESI conditions obtained were: spray voltage, 4000 V; sheath gas, 40 a.u.; auxiliary
gas, 10 a.u.; capillary temperature, 380 ◦C; probe position B, 0.5 mm.

Regarding the optimization of sample preparation, all the modifications to the proce-
dure proposed by the IAC manufacturer were carried out to improve the analyte’s response.
In particular, acetonitrile was selected as the eluant instead of the proposed one (MeOH:
ACN 60:40): (H2O), 50:50 (v/v). Moreover, an evaporation step of the eluant was added
to achieve the analyte’s preconcentration. As a reconstitution solution, the mobile phase
(5 mM ammonium formate acidified with 0.01% formic acid: MeOH) was chosen to be
compatible with the chromatographic system and its volume was set to 300 µL.

3.2. Method Validation
3.2.1. Matrix Effect

The matrix effect (ME) is a critical parameter that should be evaluated in the LC-
MS/MS determination of analytes in food matrices, as it affects their ionization efficiency.
Due to the increasing use of LC-MS/MS instrumentation, the calculation of this parameter
has been included in the updated validation guidelines, such as SANTE guidelines and
2021/808/EC (replacing 2002/657/EC) [36,37]. Furthermore, the matrix effect is not speci-
fied in 2006/401/EC, whereas its evaluation is suggested in the EURL-MP guidelines [30].

The matrix effect was calculated by dividing the slopes of the matrix-matched curve
(a) and the standard calibration curve (b) using the following equation.

%ME =

(
b
a
− 1
)
∗ 100 (1)

In the case of positive ME, signal enhancement is observed, whereas in the case of
negative ME, signal suppression is recorded. The matrix effect is considered acceptable
when the %ME ranges from −20% to +20% [38]. The estimated %ME for AFM1 was −38.8%.
This ME value indicates strong signal suppression, despite the contribution of SPE to the
sample’s purification. Thus, standard addition calibration curve was used for the accurate
quantification of AFM1 in the samples due to the observed matrix effect.

3.2.2. Linearity

To evaluate the linearity of the method, a six-point calibration curve was constructed
by preparing working solutions of AFM1 in various concentrations in a mixture of 5 mM
ammonium formate with 0.01% formic acid: MeOH (50:50, v/v), while AFB2, selected as
an internal standard, was added at the same concentration (7.5 µg L−1) to each solution.
The chosen AFB2 concentration was at the centroid of the AFM1 calibration curve. The
linear region was ranged from 0.75 µg L−1 to 22.5 µg L−1. The linear regression coefficient
of determination in the external calibration with AFB2 as an internal standard (R2 = 0.997)
was satisfactory. Furthermore, the linearity of the standard addition calibration curve and
the matrix-matched curve was investigated, and satisfactory coefficients of determination
were obtained (R2 = 0.998 and 0.993 for the standard addition calibration curve and the
matrix-matched curve, respectively).

AFM1 was quantified using a standard addition calibration curve with the internal
standard in order to overcome the losses from the analytical procedure and the matrix
effect. A sample that was certified to be free of AFM1 was used as the blank sample. AFM1
was added to blank samples at three different concentrations, while AFB2 was added in the
same concentration to all the samples. The samples were prepared in accordance with the
procedure outlined in Section 2.3.

Following that, the above-mentioned sample preparation was performed on six blank
samples, and the extracts were used to construct the matrix-matched calibration curve,
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taking into account the samples’ preconcentration. Typical chromatograms of a standard
solution, a real sample and a spiked sample for AFM1 and AFB2 are illustrated in Figure 1.
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Figure 1. Typical chromatograms of aflatoxins M1 and B2, where Aflatoxin M1 (Q) is the quantifica-
tion ion for AFM1, Aflatoxin M1 (q) is the confirmation ion for AFM1 and Aflatoxin B2 (IS) is the
most abundant ion for AFB2 used as an internal standard for (a) a standard solution (7.5 µg L−1) cor-
responding to 1 ML, (b) a real sample and (c) a spiked sample at the fortification level of 0.05 µg kg−1

corresponding to 1 ML.

The evaluation of linearity is more challenging than most validation guidelines de-
scribe for two reasons. Firstly, there is much discussion over the suitability of the coefficient
of determination (R2) and the correlation coefficient (R) for evaluating linearity [39]. Further-
more, a weighting factor should be applied in many cases, especially in mass spectrometry
techniques, even if the coefficients are within the acceptable limits. Hence, both SANTE
pesticide guideline [36] and FDA bioanalytical technique guideline [40] utilize the back-
calculation error as a criterion for evaluating linearity with a back-calculated concentration
at a range of 20%. This calculation is also recommended in the draft guideline of EURL-
MP [30]. The linearity results, the concentration range, the correlation coefficient and
the relative back calculation range for each curve are demonstrated in Table 2. A 1/x2

weighting factor was utilized at each curve since it demonstrated the least relative back
calculation error at every concentration level within the range of ±20%.
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Table 2. External standard calibration curve, matrix-matched curve and standard addition calibration
curve, coefficient of determination and relative back-calculation error for AFM1.

Curve Concentration Range Calibration Curve Coefficient of
Determination (R2)

Range of Relative
Back-Calculation Error

External calibration 0.75–22.5 µg L−1 y = (170.6 ± 4.8) × 10−3

x + (10.5 ± 1.9) × 10−2 0.997 (−6.3%)–(+4.2%)

Matrix matched 0.75–22.5 µg L−1 y = (104.4 ± 6.2) × 10−3

x + (1.4 ± 2.0) × 10−2 0.993 (−3.6%)–(8.8%)

Standard addition 0.005–0.10 µg kg−1 y = (135.3 ± 3.4) × 10−1

x + (4.7 ± 8.1) × 10−3 0.998 (−4.5%)–(3.9%)

3.2.3. Precision-Trueness

The method’s precision was estimated by calculating the intra-day precision (repeata-
bility) and intermediate precision at three different fortification levels. The repeatability
of the method was investigated by spiking 18 blank milk samples with AFM1 at concen-
trations of 0.025, 0.05 and 0.075 µg kg−1 (0.5–1–1.5 × ML) and AFB2 at a concentration of
0.05 µg kg−1 on the same working day. The method’s intermediate precision was evaluated
by spiking 18 blank milk samples at the above-mentioned concentration levels on two
different laboratory days, while keeping the laboratory, instrument and method constant.
Precision experiments were conducted, and the %RSD values of three different concen-
tration levels (0.5–1–1.5 × ML) were calculated. The method’s trueness was assessed by
investigating the analytes’ recovery at three fortification levels (0.5–1–1.5 × ML), in six
replicates at each level.

Based on the concentration of the examined analyte, 2006/401/EC set a range of
acceptable recovery and precision values. For concentrations ranging from 0.01 to 0.05 µg
kg−1, % recoveries should be in the range of 60–120%, and 70–110% for concentrations
greater than 0.05 µg kg−1. The maximum acceptable relative standard deviation for inter-
mediate precision (%RSDR) was calculated using the modified Horwitz equation, and the
%RSDR value was multiplied by 0.66 to calculate the repeatability (%RSDr). More general
limits are proposed in the draft EURL-MP guideline [30], with 70–120% recovery limits
for AFM1 and a %RSD value of less than 20% for intermediate precision and repeatability.
The results for each fortification level, as well as their acceptance limits, are presented in
Tables 3 and 4. According to the above-mentioned documentation, all concentration levels
investigated are within the precision and trueness limits.

Table 3. Precision (repeatability and intermediate precision) at every fortification level.

Fortification
Level

Repeatability Intermediate Precision

Mean
Concentration

(µg kg−1)
(n = 6)

%RSDr

Acceptance Limits Mean
Concentration

(µg kg−1)
(n = 2 × 6)

%RSDR

Acceptance Limits

2006/401/EC
(0.66 × RSDR)

EURL-MP *
(Draft

Guideline)
2006/401/EC

EURL-MP *
(Draft

Guideline)

Low 0.0193 ± 0.0013 6.5 <14.5% <20% 0.0200 ± 0.0024 12 <22% <20%
Medium 0.0405 ± 0.0012 2.9 <14.5% <20% 0.0400 ± 0.0027 6.7 <22% <20%

High 0.0583 ± 0.0021 3.5 <14.5% <20% 0.0597 ± 0.0036 6.1 <22% <20%

* EURL-MP guidance doc_003 (version 1.1).

Table 4. Trueness (recovery) results at every fortification level.

Fortification Level

Trueness

Mean % Recovery
(n = 6)

Acceptance Limits

2006/401/EC EURL-MP * (Draft Guideline)

low 77.4 ± 5.0 60–120% 70–120%
medium 81.0 ± 2.4 60–120% 70–120%

high 77.7 ± 2.7 70–110% 70–120%
* EURL-MP guidance doc_003 (version 1.1).
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3.2.4. Selectivity

The method’s selectivity was tested by analyzing six blank milk samples to check
for false-positive outcomes resulting from matrix interferences. The identification and
the confirmation of AFM1 was conducted through the retention time and the ion ratio
of SRM transitions. The ion ratios for AFM1 and AFB2, defined as the ratio of the peak
area of the confirmatory ion to the quantification ion, were approximately 50% and 77%,
respectively. As for the retention time, AFM1 was eluted at 7.49 min, whereas AFB2 was
eluted at 7.88 min. No peaks were observed in blank samples for the SRM transitions at the
same retention time as the analytes of interest. As a result, the method was found to be
selective for the aflatoxins M1 and B2.

3.2.5. LODs and LOQs

LOD and LOQ are important parameters to consider, especially when determining
contaminants with ML. The statistical approach for calculating LOD and LOQ is based
either on the SD of blank samples, the SD of the regression line or the SD of the y-intercept.
However, these approaches are not comparable, according to the literature [41]. A reliable
estimation of LOQ is critical, especially for contaminants with ML, since many guidelines
specify that LOQ should be consistently lower than ML. As a result, the “experimentally”
determined LOQ can be defined as the lowest concentration at which the identification,
trueness and precision criteria are fulfilled.

In this study, the instrumental LOD was calculated statistically using the SD of the y-
intercept of the external calibration curve and was determined by multiplying, by 3.3 times,
the SD of the ratio of the peak area of AFM1 to the peak area of AFB2 divided by the slope
of its standard calibration curve. The instrumental LOQ was calculated by multiplying
the LOD value three times. The method’s LOQ was first estimated statistically from the
y-intercept SD of the standard addition curve and later confirmed by analyzing five blank
samples spiked at 0.0089 µg kg−1. The instrumental and method LOD and LOQ are
demonstrated in Table 5.

Table 5. Instrumental and method limits of detection (LOD) and limits of quantitation (LOQ).

Instrumental Limit of Detection & Quantification Method Limit of Detection & Quantification

LOD (µg L−1) LOQ (µg L−1) LOD (µg kg−1) LOQ (µg kg−1)

0.31 0.95 0.0027 0.0089

In regulation 2006/401/EC, there are no criteria for the LOQ. However, a draft of
the EURL-MP guideline was proposed in which it is stated that the LOQ should be lower
than 0.5 × ML and, preferably, should be 0.2 × ML. The method’s LOD and LOQ were
satisfactory, since the % recovery at the LOQ level was 71.1 ± 5.0% and the %RSD was 7.1%
for five spiked samples. As a result, the criteria of trueness and precision were fulfilled
according to the above-mentioned section.

3.2.6. CCα

According to 2006/401/EC, the calculation of method’s decision limit (CCα) is not
required. However, following Commission Decision (EC) No. 2002/657, CCα can be
employed as an alternative decision rule in the case of animal-derived foods. The CCα was
calculated based on the following equation:

CCα = ML + 1.64 SDR (2)

where the SDR corresponds to the standard deviation of the intermediate precision experi-
ments at the ML level (fortification level B). The method’s CCα was 0.054 µg kg−1.
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3.3. Method Assessment
3.3.1. Measurement of Uncertainty

The uncertainty of the measurement was estimated according to the Eurachem Guide
for the comparison of the validation results and the evaluation of the method [33]. The
uncertainties, with their contributions to the measurement of the combined uncertainty of
each concentration level, as well as the expanded combined uncertainty (U) are presented
in Table 6.

Table 6. Estimation of the uncertainty of aflatoxin M1 at three concentration levels.

Parameter
Aflatoxin M1

0.5 × ML 1 × ML 1.5 × ML

urandom (RSD), % 11.9 6.75 6.06
ubias, % 2.65 1.18 1.42

urelative, % 12.2 6.9 6.2
Urelative (k = 2), % 24.4 13.7 12.5

Mean concentration 0.025 0.050 0.075
u, µg kg−1 0.0030 0.0034 0.0047

Uf, µg kg−1 * 0.0052 0.010 0.015

U (k = 2), µg kg−1 0.0061 0.0069 0.0093
* according to EC 401/2006.

The “fitness-for-purpose” approach was also followed to assess the suitability of the
method in accordance with 2006/401/EC [29]. In this approach, the maximum standard
measurement uncertainty (Uf) was calculated using the following equation and compared
to the standard uncertainty of the method.

Uf =

√(
LOD

2

)2
+ (α ∗ C)2 (3)

where:

Uf: maximum standard measurement uncertainty (µg kg−1);
LOD: method’s limit of detection (µg kg−1);
α: a constant, numeric factor depending on the concentration C (in this case, α = 0.2 for all
concentration levels);
C: the concentration of interest (µg kg−1).

The parameters with significant impact on uncertainty were the uncertainty of ran-
dom error, as the RSD of the intermediate precision (urandom) and the uncertainty of bias
error, and as the relative standard error of recovery (ubias). Other parameters, such as
the weighting uncertainty and the uncertainty of volumetric equipment, were excluded
due to their minimum contributions. The uncertainty of the calibration curve was also
not included because the standard addition curve is constructed on a daily basis, so its
contribution had already been incorporated into the urandom. Taking into consideration the
results demonstrated in Table 6, the method’s expanded combined uncertainty (U) was
considerably lower than the Uf.

3.3.2. Application to Real Samples

A total of 40 milk samples of various animal origin (2 cow milk, 18 goat milk and
20 sheep milk samples) were provided by producers in Greece. All samples were subjected
to the preparation procedure described in Section 2.3. AFM1 was found to be below the
method’s LOD in 36 samples. Moreover, the AFM1 concentration in one sheep-origin sam-
ple was greater than the LOD but below the LOQ. Additionally, the determined concentra-
tions, including their expanded uncertainty, in two cow-originated samples (0.0126 ± 0.0031
and 0.0258 ± 0.0063 µg kg−1) and one sheep-originated sample (0.0370 ± 0.0090 µg kg−1)
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were higher than the LOQ but lower than the regulatory limits (0.05 µg kg−1). In conclusion,
all the investigated samples complied with the regulatory limits.

4. Conclusions

A sensitive and accurate LC-MS/MS method for determining AFM1 in milk samples
was developed and fully validated. The method’s performance criteria were evaluated
using 2006/401/EC and its most recent amendments, as well as the suggested criteria
from EURL-MP. The analyte’s concentration was determined using the standard addition
technique. A significant low LOD (0.0027 µg kg−1) was achieved, resulting in a reliable
method for the monitoring of aflatoxin. Additionally, reproducible and accurate results
were obtained with satisfactory %RSDR (2.9–12%) and % recovery values (77.4–81.0%) for
all the fortification levels. Moreover, the method was assessed through the estimation of
uncertainty and its comparison with the maximum standard measurement uncertainty (Uf).
According to the obtained results, the method’s uncertainty was significantly lower than
the Uf.

In comparison to other methods reported in the literature [2], it is a time-consuming
method. However, a derivation step (as needed in HPLC-FLD methods) is not required
with LC-MS instrumentation, balancing the time spent on sample pretreatment. The cost of
analysis is high due to the IAC columns, as well as the instrumentation. The main advantage
of these IAC columns is their specificity for aflatoxins attaining low LODs, while they are
not suitable for the control of other contaminants. Thus, the developed methodology,
which was used to analyze samples from Greek farmers, proved to be a valuable tool for
the quality control of milk samples and can be utilized for the determination of AFM1 in
routine analysis. As for the investigated samples, 36 samples were below the method’s
LOD, one milk sample was above the LOD but below the LOQ of the method, whereas
only three samples (two cow-origin milks and one sheep-origin milk) were determined in
values above the method LOQ.
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