
A simple and sensitive methodology for quantification of aflatoxins in milk 
and butter by HPLC: Method development, validation and application to 
real samples

Busra Aslan Akyol a, Cengiz Gokbulut b,*

a Balikesir University, Institute of Health Sciences, Department of Veterinary Pharmacology and Toxicology, Balikesir, Türkiye
b Balikesir University, Faculty of Medicine, Department of Medical Pharmacology and Institute of Health Sciences, Department of Veterinary Pharmacology and 
Toxicology, Balikesir, Türkiye

A R T I C L E  I N F O

Keywords:
Aflatoxins
Butter
HPLC
Milk
QuEChERS

A B S T R A C T

Aflatoxins (AFTB1, AFTB2, AFTG1, AFTG2 and AFTM1) are toxic and carcinogenic compounds produced by 
Aspergillus species. They can accumulate in animal-derived foods such as milk and dairy products, posing a serious 
threat to public health. In this study, sensitive high-performance liquid chromatography (HPLC) and a modified 
QuEChERS extraction method with simple process steps and using smaller sample and chemical volumes were 
developed and validated for the detection of aflatoxins (AFTB1, AFTB2, AFTG1, AFTG2 and AFTM1) in cow milk 
and butter samples. Simple sample preparation was carried out, including only protein precipitation with 
acetonitrile, followed by phase separation induced by adding potassium chloride. HPLC separation was carried 
out at 60◦C using a C18 analytical column (Zorbax Eclipse Plus, 250 mm × 4.6 mm, 5 µm). The mobile phase 
consisted of ultra-pure water (H₂O) with potassium bromide (4 M nitric acid, pH: 3.40) and acetonitrile:methanol 
(50:50), delivered in a gradient mode at a flow rate of 1 ml/min. The fluorescence detector (FLD) was set at an 
excitation wavelength of 360 nm and an emission wavelength of 435 nm. The elution of all five analytes was 
completed within 21 min. The method provides values for the linearity (R2 > 0.998) and recovery rates (89.15 % 
to 95.14 % for milk and 50.81 % to 86.08 % for butter), the limits of detections (LOD, 0.004–0.008 ng/g for milk 
and butter), the limits of quantifications (LOQ, 0.012–0.025 ng/g for milk and butter), precision (RSD < 10 %), 
repeatability (RSD values 1.30–6.08 % for milk and 2.32–6.39 % for butter) and reproducibility (RSD values 
5.03–11.09 % for milk and 6.38–11.99 % for butter). This developed and validated method offers an alternative 
option for the simultaneous analysis of multiple aflatoxin residues in milk and butter samples intended for human 
consumption, through its fewer processing steps, lower volume and use of smaller variety of chemicals. Unlike 
other methods in the literature, this technique uses very small sample amounts, such as 2 g. Furthermore, this 
method was applied to real milk (106 raw and 32 pasteurised milk) and 103 butter samples. While these findings 
demonstrate that the technique can be applied to the detection of aflatoxin residues in milk and butter, the 
limitations of the butter matrix must be considered.

1. Introduction

Mycotoxins are toxic compounds produced by the secondary meta
bolism of various types of moulds. A wide range of food and feed com
modities can be affected by mycotoxin contamination. It is estimated 
that mycotoxins are present in some form in 25 % of the world’s agri
cultural yield. This situation presents a significant risk to both human 
and animal health (Kuiper-Goodman, 1995;Fink-Gremmels., 1999).

Different fungal species, such as Aspergillus flavus, Aspergillus para
siticus, and Aspergillus nomius, produce aflatoxins, which are highly toxic 
secondary metabolites with teratogenic, carcinogenic, and mutagenic 
effects. Although numerous types of aflatoxins have been identified in 
feed and food products, the most significant ones include aflatoxin B1 
(AFTB1), aflatoxin B2 (AFTB2), aflatoxin G1 (AFTG1), aflatoxin G2 
(AFTG2), and the hydroxylated metabolites aflatoxin M1 (AFTM1) and 
aflatoxin M2 (AFTM2), which are derived from AFTB1 and AFTB2, 
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respectively, in the liver of animals through cytochrome P450 enzymes 
(Kurtzman et al., 1987; Hussein, Brasel.,2001). Among these, AFTB1 is 
the most potent and hazardous, contributing to both acute and chronic 
aflatoxicosis. Although less toxic than AFTB1, AFTM1 is also classified as 
a human carcinogen due to its hepatotoxicity and its prevalence in milk 
Paniel et al.,2010).

In animals, mycotoxins can lead to acute poisoning, reduced weight 
gain, decreased productivity, immune system suppression, and 
increased susceptibility to infections, among other serious side effects. 
Additionally, several mycotoxins, such as aflatoxins, ochratoxins, and 
fumonisins, have been shown to have genotoxic effects that may 
contribute to the development of human tumours (Fink-Gremmels., 
1999; Wang and Groopman, 1999).

Direct human exposure to aflatoxins can occur through consuming 
contaminated food, contact with infected foods via the skin, or inhaling 
contaminated air. Humans can also become indirectly exposed to afla
toxins by consuming animal products derived from livestock ingested 
contaminated feed (Turna and Wu, 2021). Notably, AFTM1 can be found 
in products such as milk, cheese, yogurt, milk powder, and butter, as it 
transfers into milk during the lactation of animals fed with 
AFTB1-contaminated feed (Govaris et al., 2001; Iha et al., 2013). The 
International Agency for Research on Cancer (International Agency for 
Research on Cancer. IARC., 1993), classifies AFTM1 as a Group 2B po
tential human carcinogen, while AFTB1 is classified as a Group 1 human 
carcinogen (Creppy, 2002; Moss, 2002). Consequently, the European 
Union (EU) has established maximum residue limits (MRLs) for milk and 
milk-based products, setting the limit for AFTM1 at 0.05 µg/kg in 
drinking milk, milk powder, and processed milk products (Commission 
Regulation European Commission. EC., 2006). The limit for all afla
toxins combined (AFTB1, AFTB2, AFTG1 and AFTG2) in foods intended 
for human consumption and feed for dairy animals is set at 20 µg/kg and 
AFTM1 as 0.5 µg/kg (Food and Drug Administration. FDA., 2000; 2019). 
In some European countries, the AFTM1 MRL for butter are accepted at 
0.02 µg/kg (Manetta et al., 2005). Effective analytical methods that are 
specific, sensitive and cost-effective are essential to enforce these limits 
and reduce the diseases related to aflatoxin exposure (Zheng et al., 
2006).

Various analytical methods are used to detect aflatoxins in milk and 
milk-based products. These methods include enzyme-linked immuno
sorbent assay (ELISA), radioimmunoassay (RIA), ion mobility spec
trometry (IMS), Fourier-transform near-infrared (FT-NIR) spectrometry, 
high-performance liquid chromatography (HPLC), thin layer chroma
tography (TLC), gas chromatography (GC), and liquid chromatography- 
mass spectrometry (LC-MS or LC-MS/MS) (Aiko and Mehta, 2015; 
Ammida et al., 2004; Goto et al., 1988; Korde et al., 2003; Pirestani 
et al., 2011; Sheibani et al., 2008; Sherma, 2000; Stroka and Anklam, 
2002). Among these methods, HPLC with fluorescence detection is the 
most widely used chromatographic technique for routine aflatoxin 
analysis, particularly after post-column bromination with a KOBRA 
CELL®. This is due to its high selectivity, sensitivity, capacity for 
simultaneous analysis of different mycotoxins, ability to analyse small 
quantities and versatility in various matrices (Huang et al., 2014; 
Shephard, 2009; Sørensen and Elbæk, 2005; Zhang et al., 2013). Before 
using these techniques for analysis, extraction and clean-up steps are 
necessary due to the high protein and fat content in milk and milk-based 
products (Shephard, 2009). Various extraction methods are employed, 
including solid-phase extraction (SPE), liquid phase extraction (LPE), 
and LLE followed by an immunoaffinity column (IAC) clean-up step or 
SPE (Campone et al., 2013; Chen et al., 2005; Hashemi and Taher
imaslak, 2014). Both LPE and SPE have their drawbacks, such as high 
solvent consumption, limitations in the number of samples that can be 
processed simultaneously using the SPE manifold, and the expensive 
cartridges used in IAC methods (Hussain, 2011; Womack et al., 2016).

The QuEChERS, an acronym for Quick, Easy, Cheap, Effective, 
Rugged, and Safe, was initially developed as a sample preparation 
technique for the detection of biocidal residues in fruits and vegetables 

but has since been successfully adapted for the residue analysis of vet
erinary drugs and mycotoxins in edible animal by-products and animal 
feeds (Anastassiades et al., 2003; Frenich et al., 2011; Lesueur et al., 
2008). Recently, this method has been increasingly applied to 
animal-derived food products intended for human consumption for the 
detection of mycotoxins (Seo et al., 2021). QuEChERS enables the 
removal of matrix interferences such as fat, protein, and water in a single 
step using small volumes of acetonitrile and offers a rapid and 
straightforward extraction process with high analyte recovery rates, 
making it a favourable alternative to conventional extraction methods 
(Cao et al., 2018; Xu et al., 2019).

Milk and dairy products are generally analyzed for the presence of 
AFTM1 [Kim et al., 2000; Rodriguez Velasco et al., 2003; Behfar et al., 
2012; Wang et al., 2012; Chavarría et al., 2015], and the presence of 
other aflatoxins is not taken into account. Additionally, previous afla
toxin analysis methods that utilized the OuEChERS-HPLC technique 
typically involved larger sample volumes, ranging from 5 to 10 g. As a 
result, the process steps were more complex and required significantly 
greater amounts of chemicals and solvents (8–35 ml), particularly dur
ing the extraction phases (Karaseva et al., 2014; Sartori et al., 2015; 
Michlig et al., 2016; Hamed et al., 2019; Morais et al., 2024). In this 
study, we aimed to develop and optimize an HPLC method with fewer 
processing steps, utilizing as few chemical species and volumes as 
possible, for the simultaneous determination of five aflatoxins (AFTB1, 
AFTB2, AFTG1, AFTG2 and AFTM1) in cow milk and butter, employing 
straightforward sample preparation with a small sample size (2 g). 
Furthermore, this method was applied and evaluated in the detection of 
aflatoxins in milk and butter intended for human consumption.

2. Materials and methods

2.1. Reagents and solvents

The pure analytical standard of aflatoxin mixture (AFTB1, AFTB2, 
AFTG1 and AFTG2) solution (purity: ≥ 98 %, CAS Number: 75–05–8) 
was obtained from Sigma-Aldrich, Germany. Analytical standard of 
aflatoxin AFTM1 (purity: ≥ 98 %, CAS Number: 6795–23–9) was ob
tained from Lab® Instruments, Italy. HPLC grade acetonitrile (purity: ≥
99.9 %, CAS Number: 75–05–8, 34851) and methanol (purity: ≥ 99.9 %, 
CAS Number: 67–56–1, 34860), potassium bromide (purity: ≥ 99.0 %, 
CAS Number: 7758–02–3), potassium chloride (purity: ≥ 99.0 %, CAS 
Number: 7447–40–7) and nitric acid 65 % (CAS Number: 7697–37–2, 
07006) were purchased from Sigma-Aldrich (Germany). The Millipore 
Simplicity® water purification system (USA) provided ultrapure water 
for the preparation of mobile phase and analytical procedures.

2.2. Instrumentation

Chromatographic analyses were performed using an Agilent 1260 
HPLC system (Agilent Technologies, Germany), which consists of a bi
nary high-pressure gradient system for analysing aflatoxin 5 mix 
(AFTB1, AFTB2, AFTG1, AFTG2 and AFTM1). An Agilent binary pump 
(G1312B) delivered the mobile phase to the analytical column. The 
sample was injected using an Agilent autosampler (G1367E) connected 
to an injection valve (Rheodyne®, USA) with a 100-µl variable loop. A 
fluorescence detector (G1321B) and KOBRA CELL® (K01, R-Biopharm, 
Rhone LTD, Scotland) were used to achieve detection, in compliance 
with data acquisition ChemStation Software. The ChemStation® Soft
ware (C.01.08, Agilent, Germany) controlled the operations and func
tions of the entire HPLC system.

All evaporations following sample extraction were performed at 50 
◦C using a vacuum evaporator (Maxi-Dry Plus, Hettich, Germany). A 
vortex mixer (622, Isolab, Germany), a centrifuge (Hettich Rotina® 
380 R, Germany) and an ultrasonic bath (Elmasonic® S40-H, Elma, 
Germany) were used for the extraction procedure.
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2.3. Chromatographic conditions

A Zorbax Eclipse Plus C18 analytical column (5 µm, 250 mm ×
4.6 mm; Agilent, Germany) with a Nucleosil C18 guard column (Phe
nomenex, UK), kept 60 ◦C in a column oven (G1316A), was used to 
separate aflatoxin 5 mix (AFTB1, AFTB2, AFTG1, AFTG2, and AFTM1). 
The mobile phase consisted of ultra-pure water (H2O): potassium bro
mide (4 M nitric acid, pH: 3.40) (A) and acetonitrile: methanol (50:50) 
(B), which was delivered in a gradient fashion at a flow rate of 1 ml/min. 
The gradient program changed from 70:30 (A: B, 0 min) to 60:40 (A: B) 
after 15 min, and then to 62:38 (A: B) at 17 min. It was adjusted back to 
its initial rate at 17:03, and the analysis continued for up to 21 min to 
equilibrate the column, in preparation for the next injection. The exci
tation and emission wavelengths of 360 nm and 435 nm, respectively, 
were used by the fluorescence detector (FLD, G1321B, Agilent, Ger
many). The KOBRA CELL® was operated at a power of 100 µA. Analyses 
performed using the KOBRA CELL® include some revisions, in addition 
to the standard derivatization procedures in the user manual 
(R-Biopharm.,2022). The standard HPLC method, which targets the 
analysis of aflatoxins AFTB1, AFTB2, AFTG1 and AFTG2, was modified 
in this study to include five toxins, including AFTM1. Within these 
modifications, particular attention was paid to using a mobile phase 
gradient that minimized the amount of acetonitrile to protect the 
KOBRA CELL® membrane and ensure more accurate peak resolution. 
Moreover, acetonitrile:methanol (50:50, v/v) mixture as the organic 
phase compared to a single solvent in the mobile phase provides 
improved resolution, peak shape and reduced backpressure. Throughout 
the study, a constant volume of 100 µl was used for the injections. The 
milk and butter samples were analysed using chromatography, with the 
process taking 21 min for an analysis.

2.4. Preparation of standard solution

Stock analytical standard solutions (500 ng/ml M1, 100 µg/ml G1, 
G2, B1, B2) of aflatoxins were prepared in acetonitrile and stored in glass 
bottles at 4◦C. These were diluted with acetonitrile to produce 1, 5, 10 
and 20 ng/ml standard solutions for milk and butter samples. These 
solutions were used to spike aflatoxin-free cow’s milk and butter at 
various levels in order to generate standard curves and determine 
extraction recovery rates.

2.5. Sample preparations and extraction

Cow milk and butter samples (400 g) were collected from a dairy 
market in Balıkesir. Before the analytical procedure, each milk sample 
was vortexed for 5 min for homogenization and this process was 
repeated before collecting 2 g of samples. The butter samples were then 
left at room temperature (15 min) and then placed in a 50◦C oven for 
5 min to homogenize into liquid fat. Then, as with the milk samples, they 
were vortexed for 5 min. This process was repeated before collecting 2 g 
of samples. The samples were prepared using a modified salt-assisted 
liquid-liquid phase extraction procedure based on the method by 
Anastassiades et al. (2003). In this process, 2 g of the milk and butter 
samples (both blank and collected) were spiked with 50–100 µl of 
aflatoxin 5 mix standard solution to achieve the following final con
centrations: 0.025, 0.05, 0.1, 0.5, and 1 ng/g. Subsequently, acetonitrile 
was added (4 ml for milk and 5 ml for butter) to the spiked and collected 
milk and butter samples for deproteinization and vortexed for 1 min. 
Next, 0.4 g of potassium chloride was added to the mixture and it was 
vortexed for a further minute. The samples were then subjected to a 
5-minute centrifugation process at 5000 rpm. The upper organic phase 
was then transferred to a 10 ml glass tube and evaporated in a vacuum 
concentrator at 50 ◦C. The dried residue was then dissolved in 200 µl of 
the mobile phase and vortexed for 15 s. Finally, 100 µl of the resulting 
solution was injected into the chromatographic system for analysis.

2.6. Validation of analytical technique

The proposed analytical method was validated in accordance with 
EU requirements (Commission Decision 2002/657/EC). The validation 
of the method was carried out using spiked milk and butter samples, 
with the following parameters being taken into consideration: linearity, 
response and range, accuracy and precision (repeatability and between- 
day reproducibility), selectivity, sensitivity and decision limit (CCα) and 
detection capability (CCβ).

To calculate the signal suppression in the matrix-induced HPLC-FLD 
response, the matrix effect (ME) (%) was determined by comparing the 
slope of the calibration curve obtained from standard solutions with the 
slope of the calibration curve obtained by injecting matrix-matched 
solutions spiked at the same concentration levels.

2.7. Application to real milk and butter samples

We assessed the reliability of the developed analytical technique for 
the quantification of aflatoxin 5 mix (AFTB1, AFTB2, AFTG1, AFTG2, 
and AFTM1) by analysing the aflatoxins in cow milk and butter. The 
method was used to check for residues of any aflatoxin in raw and 
pasteurised milk and butter. A total of 106 raw and pasteurised cow milk 
(32 and 103, respectively) and butter samples (103) were collected 
(approximately 400 g each) from various dairy markets in Balıkesir, 
Türkiye, between 2023 and 2024.

2.8. Statistical analysis

Statistical analysis of the data obtained in the study was conducted 
using IBM SPSS Statistics for Windows, Version 30.0 (IBM Corp., 
Armonk, N.Y., USA). One-Way Analysis of Variance (One-Way ANOVA) 
was used to compare the recovery rates of five aflatoxins (AFTM1, 
AFTG2, AFTG1, AFTB2 and AFTB1) in milk and butter. Furthermore, a 
paired sample t-test was performed to compare milk and butter recovery 
and precision values for each aflatoxin. The level of significance was set 
at p < 0.05 in all statistical analyses. Data are presented as mean ±
standard deviation (Mean ± SD).

3. Results and discussion

Typical HPLC chromatograms showing the results of analysis for five 
types of aflatoxins in spiked milk and butter samples are shown in Figs. 1 

Fig. 1. Overlay chromatograms of analytical standard mixture (A, 0.5 ng/g; 
retention time for AFTM1 (11.98 min.), AFTG2 (12.92 min.), AFTG1 
(14.75 min.), AFTB2 (15.67 min.) and AFTB1 (17.53 min.), spiked (B, 0.5 ng/ 
g), blank (C) and AFTM1 residue positive (D, 6.2 ng/g) milk samples processed 
by the suggested method.
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and 2, respectively. When the blank milk and butter sample was ana
lysed, no impurities were observed at the elution times of the analyte 
peaks. The separation of the mycotoxins was achieved within a 21-min
ute analysis time following gradient elution. The method for detecting 
aflatoxins in milk and butter samples, which involves a post-column 
derivatisation step, was developed using an HPLC-fluorescence detector.

Various analytical techniques such as ELISA, FT-NIR spectrometry, 
TLC, HPLC, GC and LC-MS/MS have been used for the detection of af
latoxins in milk and dairy products (Aiko and Mehta, 2015; Ammida 
et al., 2004; Goto et al., 1988; Korde et al., 2003; Pirestani et al., 2011; 
Sheibani et al., 2008; Sherma, 2000; Stroka and Anklam, 2002). Among 
these, HPLC combined with fluorescence detection after post-column 
derivatization using KOBRA CELL® is the preferred method due to its 
high specificity, sensitivity, and suitability for the analysis of multiple 
mycotoxins in various matrices (Huang et al., 2014; Shephard, 2009; 
Sørensen and Elbæk, 2005; Zhang et al., 2013). In recent years, the 
QuEChERS extraction procedure has been widely applied and used for 
the extraction of veterinary drugs, pesticides, and especially aflatoxins 
from various food matrices (Cao et al., 2018; Xu et al., 2019). Although 
the proposed analytical method, combined with modified QuEChERS 
extraction and post-column derivatization using KOBRA CELL®, does 
not yield as high recoveries in butter samples as in milk samples, it is 
considered to have limited sensitivity for the determination of aflatoxins 
due to its low LOD and LOQ values.

In a study using the HPLC-SPE method for the determination of af
latoxins (AFTB1, AFTB2, AFTG1, AFTG2, and AFTM1) in milk, recovery 
rates were reported between 88.30 % and 98.10 % in contaminated milk 
samples at concentrations of 2 μg/kg and 20 μg/kg (Herzallah, 2009). In 
our study, similar recovery rates were obtained for milk samples at 
lower concentrations of 0.025 ng/g and 1 ng/g, ranging from 89.15 to 
95.14 %. In addition, although the LOD values for milk samples in our 
study varied between 0.004 and 0.008 ng/g, the LOD value in this study 
(Herzallah, 2009) was stated as 0.05 μg/kg. In light of these findings, 
our QuEChERS-based HPLC method is considered more practical, 
considering the high volumes of chemicals used for conditioning the SPE 
cartridges (tetrahydrofuran, acetic acid, hexane, methylene chloride, 
etc.) and the similar recovery rates achieved at lower concentrations. 
Additionally, although the 21-minute analysis time in our study is longer 
than the 16-minute time of the mentioned study, this difference is 
considered tolerable due to the long extraction procedures of the SPE 

method. In another study (Shuib and Saad, 2022), AFTB1, AFTB2, 
AFTM1, and AFTM2 were determined using HPLC with in-syringe 
dispersive micro-solid phase extraction and recovery rates were re
ported between 73 % and 109.6 % using high volumes (4 ml) of solvents 
such as acetone, as in SPE. The concentrations studied varied between 
0.05 ng/ml and 0.5 ng/ml, while LOD and LOQ values were reported as 
0.003–0.005 ng/ml and 0.01–0.02 ng/ml, respectively. While the LOD 
and LOQ values in our study were similar (0.004–0.008 ng/g, 
0.012–0.023 ng/g), the recovery rates were lower despite working with 
larger volumes. A UHPLC-MS and QuEChERS study was conducted to 
determine aflatoxins (AFTB1, AFTB2, AFTG1, AFTG2, and AFTM1) in 
milk. In this study, recovery rates ranged from 72 % to 121 % for sam
ples in the concentration range of 0.05–0.2 µg/kg, with LOD values of 
0.005–0.014 µg/kg and LOQ values of 0.017–0.048 µg/kg (Sartori et al., 
2015). Although their method used tandem mass spectrometry 
(MS/MS), the LOQ values in this study were higher than our method, 
and the recovery rates were lower. Similar results to this study were 
reported for the analysis of AFTB1, AFTB2, AFTG1 and AFTG2 using the 
HPLC-FLD-coupled IAC method (Sahin et al., 2016) and for the analysis 
of AFTM1 and AFTB1 using tandem mass spectrometry (MS/MS) (Yang 
et al., 2025). Various studies have used various methods for the analysis 
of aflatoxin M1 (AFTM1) in milk. A UHPLC-MS/MS and QuEChERS 
study by Michlig et al. (2016) achieved recovery rates between 70 % and 
90 % for samples in the concentration range of 0.25–10 µg/L. The LOD 
and LOQ values in this study were reported as 0.002 µg/L and 
0.007 µg/L, respectively. Furthermore, Mulunda and Mike (2014)
combined the HPLC-FLD-KOBRA CELL method with SPE and IAC to 
study concentrations of 5–20 ng/ml, achieving recoveries of 
67.3–98.9 % and a LOD of 0.01 ng/ml. Campone et al. (2013) used 
UHPLC-MS/MS and LLE methods in the concentration range of 
5–500 ng/kg and reported recovery rates between 61.3 % and 75.3 %. 
Our study demonstrates higher recovery rates for milk samples 
compared to most of these studies that only analyzed AFTM1. ELISA is a 
method commonly used for the analysis of AFTM1 in milk and milk 
products. However, some studies in the literature point to its limitations. 
For example, in a study by Tarannum et al. (2020), despite high recovery 
rates of 93–119 %, a concentration range of 25–500 ng/kg was used, 
yielding a relatively high LOD of 18 ng/kg. Similarly, in another ELISA 
study by Yi et al. (2025), a high LOD of 0.051 ng/ml and linearity range 
0.168–0.679 ng/ml was determined, despite recovery rates of 
95–111 %. This suggests that the ELISA method does not always achieve 
the desired sensitivity. Furthermore, Zheng et al. (2006) emphasized 
that the antibodies used in ELISA are prone to false-positive results in 
oily matrices, making the method unsuitable for multiplex aflatoxin 
analysis.

There are several studies in the literature using different approaches 
for the analysis of aflatoxin M1 (AFTM1) in butter. Sakuma et al. (2011)
achieved high recovery rates of 90–92 % at concentrations of 
0.1–0.5 µg/kg using HPLC-FLD and IAC methods, but their LOD and 
LOQ values (0.04 µg/kg and 0.12 µg/kg, respectively) were higher than 
those in our study. In our study, LOD values for AFTM1, AFTG1, AFTG2, 
AFTB1, and AFTB2 were found to range from 0.005 to 0.008 ng/g, and 
LOQ values ranged from 0.016 to 0.025 ng/g. Our recovery rates for all 
aflatoxins ranged from 50.81 to 86.08 %. These lower recovery rates 
may be due to the use of smaller sample volumes or the use of aceto
nitrile instead of more common chemicals such as hexane or chloroform. 
While recovery rates were not as high as those for milk samples, the LOD 
and LOQ values in our study were lower than those reported in the 
literature for both ELISA and similar HPLC-FLD methods. This suggests 
that the developed method could be a potential alternative analysis 
option with higher sensitivity in challenging matrices such as butter. It is 
also believed that the use of KOBRA CELL® may contribute to this 
sensitivity.

Fig. 2. Overlay chromatograms of spiked butter sample with analytical stan
dard mixture (A, 1.0 ng/g; retention time for respectively AFTM1 (11.84 min.), 
AFTG2 (12.90 min.), AFTG1 (14.70 min.), AFTB2 (15.49 min.) and AFTB1 
(17.39 min.), blank (B) and AFTM1 residue (C, 0.25 ng/g) and AFTM1, AFTB2 
and AFTB1 residues positive (D, lower than the LOQ) butter samples processed 
by the suggested method.
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3.1. Linearity and range

The linearity of the standards was established by examining five 
molecules at varying levels that spanned the entire analytical range. 
Furthermore, method linearity was verified through the construction 
and evaluation of calibration curves derived from six replicates (n = 6) 
of blank milk and butter samples fortified with five mycotoxins con
centration levels (0.025, 0.05, 0.1, 0.5, and 1 ng/g). The relationship 
between peak area and aflatoxin concentration was assessed using the 
least-squares linear regression approach, with the slope, correlation 
coefficients (r), and relative standard deviations (RSD) calculated 
accordingly. The linear working range was determined via linear 
regression analysis, and the degree of linearity was expressed by the 
coefficient of determination (r²). Calibration plots demonstrated line
arity over the tested concentration intervals for all analytes (Fig. S1 and 
Fig. S2). Correlation coefficients exceeded 0.99 for each analyte, as 
shown in Table 1. These findings confirm that the method exhibits 
robust linearity and reliable correlation across the calibration standards 
of all target aflatoxins.

3.2. Accuracy and precision

The accuracy of the method was determined through a recovery 
study, which was conducted by spiking all analytical standards (AFTM1, 
AFTMG2, AFTMG1, AFTB2, AFTB1) into milk samples at four different 
concentrations (0.083, 0.163, 0.470, and 0.780 ng/g) and butter sam
ples (0.080, 0.400, 0.750, and 0.910 ng/g). Following this process, the 
mean percentage recoveries and standard deviations were calculated. 
The extraction efficiency (recovery) of the five analytes was evaluated 
by comparing the peak areas obtained from fortified milk and butter 
samples with those obtained from the injection of analytical standards 
after post-column derivatisation procedure.

The precision of the extraction and chromatographic analysis pro
cedures, both intra-assay (within-day) and inter-assay (between-day), 
was evaluated by analysing blank milk and butter samples spiked with 
five different concentrations (0.025, 0.05, 0.1, 0.5 and 1 ng/g) in four 
replicates, on the same day and across four separate days (Table 1). The 
recovery rates of the extraction technique were calculated by contrast
ing the results obtained from the fortified milk and butter specimens. 
The assessment of the method precision involved the use of inter-day 
reproducibility and intra-day repeatability, with the presentation of 
the results as relative standard deviation (RSD) in Table 1. Fig. S2 shows 
the chromatograms acquired from the analysis of the samples fortified 
with five aflatoxin compounds, as well as those from blank milk and 
butter samples.

The results related to the precision and accuracy are presented in 
Table 2. The mean recovery rates for aflatoxins ranged from 89.15 % to 
95.14 % for milk and from 50.81 to 86.08 % for butter, while the co
efficients of variation ranged from 1.30 to 6.08 for milk and from 2.88 to 

6.39 for butter (Table 1). These recovery results fall within the accept
able ranges established by Commission Decision 2002/657/EC 
(Table 1). Milk recovery rates for all aflatoxins (AFTM1, AFTG2, AFTG1, 
AFTB2, AFTB1) were significantly higher than butter recovery rates 
(p < 0.05 for all groups). Therefore, milk recovery appears to be more 
efficient than butter recovery. Precision values did not show any sig
nificant difference in milk and butter samples for each aflatoxin 
(p > 0.05).

Table 1 
The regression analysis data and the recoveries (%), inter-day and intra-day variations, LODs and LOQs of the developed method for determining the aflatoxins 
(AFTM1, AFTB1, AFTB2, AFTG1 and AFTG2) in milk and butter.

Products Drugs Spiked Conc. (ng/g) Recovery (%) ± 
SD

Intra- 
day 
(RSD) 
(n ¼ 20)

Inter-day 
(RSD) 
(n ¼ 16)

Slope (ng– 

1)
Intercept r2 LOD (ng/ 

g)
LOQ (ng/ 
g)

Milk AFTM1 0.000, 0.025, 0.050, 0.100, 
0.500 and 
1.000

95.14 ± 1.23 1.30 5.03 0.260 0.004 0.9996 0.007 0.022
AFTG2 89.15 ± 2.78 3.12 11.09 0.139 -0.002 1.0000 0.007 0.020
AFTG1 93.57 ± 2.95 3.15 5.57 0.141 0.003 0.9995 0.008 0.023
AFTB2 92.26 ± 4.58 4.96 6.26 0.037 -0.002 0.9999 0.004 0.012
AFTB1 90.49 ± 5.50 6.08 5.54 0.063 0.001 0.9999 0.005 0.014

Butter AFTM1 86.08 ± 2.48 2.88 11.99 0.467 -0.009 0.9948 0.008 0.024
AFTG2 76.94 ± 3.33 4.33 6.38 0.204 -0.010 0.9992 0.007 0.021
AFTG1 64.42 ± 3.49 5.41 10.46 0.278 -0.009 0.9992 0.008 0.025
AFTB2 60.14 ± 1.40 2.32 7.11 0.067 -0.016 0.9929 0.005 0.016
AFTB1 50.81 ± 3.25 6.39 9.19 0.217 -0.020 0.9963 0.006 0.018

Table 2 
Precision and accuracy data (n = 3 for each added concentration) were used to 
determine the aflatoxins (AFTM1, AFTB1, AFTB2, AFTG1 and AFTG2) in milk 
and butter.

Products Aflatoxins Added 
(ng/g)

Measured ± SD 
(ng/g)

Precision 
(RSD%)

Accuracy 
(%)

Milk AFTM1 0.083 0.080 ± 0.004 5.35 97.10
0.163 0.164 ± 0.008 4.68 101.20
0.470 0.480 ± 0.036 7.51 102.13
0.780 0.792 ± 0.022 2.84 101.48

AFTG2 0.083 0.085 ± 0.008 8.93 102.62
0.163 0.164 ± 0.004 2.52 101.06
0.470 0.452 ± 0.023 5.09 96.20
0.780 0.777 ± 0.018 2.37 99.60

AFTG1 0.083 0.082 ± 0.003 3.45 98.98
0.163 0.160 ± 0.005 2.94 98.65
0.470 0.479 ± 0.024 5.09 101.85
0.780 0.765 ± 0.022 2.81 98.07

AFTB2 0.083 0.084 ± 0.004 4.94 101.82
0.163 0.162 ± 0.004 2.47 99.99
0.470 0.466 ± 0.015 3.31 99.20
0.780 0.769 ± 0.012 1.51 98.63

AFTB1 0.083 0.079 ± 0.003 4.22 96.08
0.163 0.162 ± 0.002 1.38 99.69
0.470 0.458 ± 0.021 4.66 97.54
0.780 0.802 ± 0.025 3.16 102.76

Butter AFTM1 0.080 0.081 ± 0.005 6.25 102.00
0.400 0.432 ± 0.008 1.77 107.92
0.750 0.750 ± 0.050 5.56 100.00
0.910 0.900 ± 0.050 5.56 98.90

AFTG2 0.080 0.082 ± 0.004 5.39 102.72
0.400 0.387 ± 0.017 4.33 96.67
0.750 0.725 ± 0.058 5.56 96.67
0.910 0.918 ± 0.044 4.82 100.92

AFTG1 0.080 0.083 ± 0.006 7.57 104.17
0.400 0.399 ± 0.024 5.97 99.86
0.750 0.730 ± 0.066 5.56 97.34
0.910 0.888 ± 0.036 4.03 97.63

AFTB2 0.080 0.081 ± 0.004 5.09 101.05
0.400 0.416 ± 0.011 2.62 104.02
0.750 0.735 ± 0.081 5.56 97.96
0.910 0.920 ± 0.040 4.32 101.11

AFTB1 0.080 0.085 ± 0.005 5.58 106.84
0.400 0.397 ± 0.013 3.33 99.21
0.750 0.763 ± 0.103 5.56 101.75
0.910 0.916 ± 0.023 2.50 100.63
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Recovery rates for each aflatoxin in butter samples were not as high 
as those in milk. Furthermore, inter-day variation values in butter 
samples were relatively higher than in milk samples. In this case, the 
matrix effect is thought to play an important role in the analytical re
sults. Values above 100 % indicate matrix enhancement, while values 
below this value indicate matrix suppression (Morais et al., 2024). As a 
result of the analyses, it was determined that signal suppression was the 
dominant effect for the majority of the aflatoxins examined in butter. 
The matrix effect was observed in a wide range, ranging from − 24–3 % 
for AFTM1; − 35 % to − 20 % for AFTG2; − 50 % to − 44 % for AFTG1; 
− 58 % to − 52 % for AFTB2; and − 64 % to − 55 % for AFTB1. Matrix 
suppression was particularly above 50 % for AFTB2, AFTB1 and AFTG1. 
This suggests that the butter matrix strongly suppresses the analytical 
signal of these aflatoxins, and that each aflatoxin responds differently to 
the matrix effect. When examining the milk matrix, the observed matrix 
effect remains lower compared to butter. Matrix effect values ranged 
from 2 % to − 19 % for AFM1, AFG2, AFG1, AFB2, and AFB1. This 
finding suggests that the milk matrix exerts a more minimal effect on the 
analytical signal than the severe suppression caused by the high fat 
content of butter.

Butter is a challenging matrix due to its composition. High fat con
tent, especially in analytical instruments, can reduce detector sensi
tivity, leading to unexpected signal increases and analyte losses (Liu 
et al., 2014; Stroka and Maragos, 2016; Iqbal, 2021; Schincaglia et al., 
2023; Lin et al., 2025). Therefore, careful interpretation of the data is 
recommended. The findings indicate that this method can be success
fully applied to milk matrices and offers a potential tool for challenging 
matrices such as butter. However, the butter results should be inter
preted considering the method’s limitations in these matrices. To 
improve the performance of our method in challenging matrices like 
butter, instead of adding additional steps to complicate the sample 
preparation process, exploring different solvent options for more effec
tive extraction of aflatoxins from the butter matrix could be considered a 
potential avenue. This approach is believed to help improve analytical 
performance while maintaining the overall simplicity of the method. In 
addition to using alternative solvents, different adsorbents such as 
octadecyl silica (C18) and primary secondary amine (PSA) can also be 
considered as alternatives for purification. It has been reported that this 
process can provide satisfactory recovery results due to the reduced 
matrix effect (Sun et al., 2016). C18 has been reported to be suitable for 
removing interfering substances in matrices such as lipids, sterols, pro
teins, and carotenoids (Lin et al., 2025), while PSA is also suitable for 
removing interfering substances, especially in matrices with high sugar 
content (Sadighara et al., 2024). Therefore, the adsorbents to be used 
should be selected according to the composition of the sample to be 
extracted, and in some cases, more than one adsorbent type, such as PSA 
and C18, can be applied simultaneously (Michlig et al., 2016; Rodrí
guez-Carrasco et al., 2018).

3.3. Selectivity and sensitivity

The selectivity of the technique was tested by analysing blank milk 
and butter samples, as well as samples fortified with five different 
concentrations of aflatoxins, both below and above the Maximum Res
idue Limit (MRL). Selectivity was assessed by examining the presence of 
any impurity peaks at the retention times of the target aflatoxins in the 
corresponding blank samples. As a result, the method was found to be 
specific for each compound based on the reference analytical standards. 
When the blank milk and butter samples were analysed, no impurity 
peaks were observed at the elution times of the analytes; therefore, the 
compounds were analysed without any interference (Fig. 1 and Fig. 2, 
respectively).

The limits of detection (LOD) and quantification (LOQ) for each 
analyte were determined by HPLC analysis following the spiking of 
aflatoxin-free milk and butter samples with a mixture of analytical 
standards. Baseline noise was assessed at the elution times of the target 

peaks. LOD and LOQ values were calculated according to the guidelines 
proposed by Harris (2007), using the following equations: LOD 
= 3 × Standard Deviation / Slope, and LOQ = 10 × Standard Deviation 
/ Slope. The LOQ values for aflatoxins ranged from 0.012 to 0.023 ng/g 
in milk samples and from 0.021 to 0.025 ng/g in butter samples 
(Table 1). The results show that the method can be used to detect and 
measure the presence of aflatoxins in milk and butter, even at levels 
below the maximum residue limits (MRLs) set by the European Union.

3.4. Decision limit and detection capability

Maximum limits for AFTM1 in milk and milk-based products in in
ternational regulations vary between 0.01 ppb and 0.5 ppb and total 
aflatoxins (AFTB1, AFTB2, AFTG1, AFTG2) in foods vary between 4 ppb 
and 20 ppb according to various countries, as presented in Table 3.

The decision limit (CCα) and detection capability (CCβ) were eval
uated in accordance with the European Union requirements as set out in 
European Commission., 2021). CCα is defined as the concentration level 
at which it can be concluded that a sample is non-compliant, with a 
probability of a false positive result (α). For compounds without estab
lished Maximum Residue Limits (MRLs), α is accepted as 1 %, and CCα is 
considered the detection limit of the method (Rezende et al., 2012). To 
determine CCα, 20 blank milk and butter samples were fortified at the 
method’s LOQ level for compounds with MRLs, and at the permitted 
concentration levels for regulated aflatoxins. CCβ is defined as the 
lowest concentration at which a compound in milk and butter samples 
can be reliably detected, with a maximum probability of 5 % for a false 
negative result (β). This value is calculated by adding 1.64 times the 
standard deviation of samples fortified at the CCα level to the CCα value 
itself. Therefore, the CCβ value plays a crucial role in protecting con
sumers from risky foods by minimizing the risk of products contami
nated above the MRL reaching consumers (Cherif et al., 2015). For CCβ 
evaluation, milk and butter samples were spiked at the CCα level. The 
parameters related to CCα and CCβ are presented in Table 4. The ob
tained results demonstrate that the proposed method is appropriate and 
reliable for the determination of aflatoxins in butter and milk products.

3.5. Application to real samples

The developed method was evaluated against the legal limits set by 
the European Union (EU).

The results of the study indicated that AFTM1 (Fig. 1) was detected 
in 44.8 % of milk samples (95 % confidence interval: 36.5 %-53.1 %), 
with 28 % of samples found above (95 % confidence interval: 20.5 %- 
35.4 %) (0.06–9.4 ng/g) the permissible limit of the EU. AFTM1 was 
detected in 9.7 % of butter samples (95 % confidence interval: 4.0 %- 
15.4 %), with 4.5 % of butter samples found above (95 % confidence 
interval: 0.4 %-8.5 %) (0.07–0.36 ng/g) the recommended limit of the 
EU. Moreover, multiple aflatoxins (AFTM1, AFTB2 and AFTB1) (Fig. 2) 
were detected in 1.94 % of butter samples (95 % confidence interval: 
0–4.6 %), but none of these samples were found above the recom
mended limit of the EU. Confidence intervals for milk samples are wider 
than for butter, suggesting that variability in the milk sample may be 
greater.

Several studies investigating the presence of AFTM1 in milk and 
milk-based products have been conducted in different regions of 
Türkiye. In a study investigating AFM1 levels in UHT milk samples from 
the Central Anatolia region of Türkiye, a total of 129 UHT whole milk 
samples were analyzed, and the mean value was determined to be 
108.17 ng/L. AFM1 was reported to have a high incidence, with 75 
(58.1 %) milk samples being contaminated. Although 68 (53 %) milk 
samples were below the limit, the remaining 61 (47 %) samples were 
reported to be significantly above the limit permitted by the EU 
(Unusan, 2006). In a study investigating the presence of AFTM1 in 27 
milk samples from Ankara province, AFTM1 was reported in 59.3 % of 
the samples. However, only one sample exceeded the legal limit set by 
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the EU (Gürbay et al., 2006). Another study conducted on butter in 
Ankara province reported that AFTM1 was detected in 25 of 27 butter 
samples (92.6 %). It was also reported that AFTM1 was detected in 7 of 
the butter samples (13.2 %) above the limits set by the EU and Turkish 
Food Codex (Aycicek et al., 2005). In Van province, 90 raw milk samples 
were examined, and AFTM1 was detected in 79 (87.77 %). 35 (44.30 %) 
of the positive samples were reported to be above the legal limit (0.05 
ppb) set by the EU (Bakirci, 2001). In Sakarya province, it was reported 
that 61.5 % and 29.6 % of 26 milk and 27 butter samples, respectively, 
were contaminated with AFTM1, but the legal limit set by the EU was 
not exceeded (Öztürk Yılmaz and Altinci, 2018). In Çanakkale province, 
AFTM1 was detected in 107 (89.2 %) of 120 raw milk samples. It was 
reported that 4 samples (3.3 %) were above the legal limit determined 
by the Turkish Food Codex and the EU, while 13 samples (10.8 %) did 
not exceed this legal limit; it was found in trace amounts below the 
permitted limit (0.05 ppb) (Eker et al., 2019). In a meta-analysis 
examining the prevalence of AFTM1 in milk and dairy products in 
Middle Eastern countries (Iran, Jordan, Türkiye, Kuwait, Lebanon, 
Syria, Egypt, Cyprus and the United Arab Emirates), high AFTM1 
contamination was reported in milk (87 %) and raw milk (73 %) 
(Arghavan et al., 2025). A study systematically examining the presence 
of AFTM1 in milk and dairy products from Mediterranean countries 
reported a prevalence of 40 %, regardless of milk type (Malissiova et al., 
2024). A study investigating the presence of AFTM1 in raw milk from 
northwestern France (Boudra et al., 2007) reported detection in 3 out of 
264 samples (0.026 ng/g or less), and in 68 out of 72 milk samples 
(94.4 %) from Catalonia, Spain (between 0.006 and 0.01 ng/g) 
(Cano-Sancho et al., 2010). In this study, the AFTM1 contamination 
rates detected in milk and butter samples (44.8 % and 9.7 %) were lower 
than in most provinces in Türkiye and Middle Eastern countries, but 
higher than in some European countries. In addition, the AFTM1 

contamination rate detected in butter samples (9.7 %) remains quite low 
compared to other provinces in Türkiye.

Based on weighted average concentrations of AFTM1 in milk from 
five regions, intakes were 0.1 ng/day for the African diet, 0.6 ng/day for 
the Middle Eastern diet, 3.5 ng/day for the Latin American diet, 6.8 ng/ 
day for the European diet, and 12 ng/day for the Far Eastern diet. When 
these intakes are expressed as nanograms of AFTM1 per kg body weight 
per day and assuming a body weight of 60 kg, intakes are 0.002 for the 
African diet, 0.10 for the Middle Eastern diet, 0.058 for the Latin 
American diet, 0.11 for the European diet, and 0.20 for the Far Eastern 
diet (JECFA, 2001). Although 28 % of the milk samples analysed in this 
study exceeded the EU limits (0.06–9.4 ng/g), to assess the worst-case 
scenario, the daily intake estimate (EDI) for a single milk sample with 
the highest contamination (9.4 ng/g) was calculated as follows. EDI 
based on population milk consumption was calculated using the for
mula: EDI (ng/kg body weight) = toxin (ng/kg) x milk consumption 
(kg/day)/body weight (kg) (Kuiper-Goodman., 1990). Considering the 
average daily milk consumption reported for the Middle East region 
(0.12 kg/day) and a body weight of 60 kg (JECFA, 2001), for a milk 
sample with the highest contamination (9.4 ng/g): EDI= (9.4 ng/g x 
1000) x 0.12 kg/day /60 kg= 18.8 ng/kg/day. This high value, calcu
lated for just one milk sample, exceeds the tolerable daily intake (TDI) 
value (0.2 ng/kg/day) (Kuiper-Goodman., 1990) by approximately 90 
times, posing a risk. When the average value of milk samples contami
nated with the same formula is evaluated as 4.5 ng/g, the EDI is 
calculated as 9 ng/kg/day. In this case, it exceeds the TDI value by 45 
times, posing a risk. However, 4.5 % of butter samples were found to 
have levels above (0.07–0.36 ng/g) the EU recommended limit. How
ever, the simultaneous detection of AFTM1, AFTB2, and AFTB1 in some 
butter samples can be considered a significant risk factor due to their 
potential cumulative toxic effects. A strong association has been 

Table 3 
Maximum permissible limits of aflatoxin AFTM1 for milk, milk-based products and total AFT (B1,B2,G1,G2) for foods.

Country/ 
Organization

Maximum permissible limit of M1 
(ng/g)

Maximum permissible limit of total aflatoxin (B1, 
B2, G1, G2) (foods) 
(ng/g)

References

European Union 0.05 (milk and milk-based products) 4–15 Commission Regulation European 
Commission. EC., 2006.

Food and Drug 
Administration

0.5 (milk and milk-based products), 0.025 
(infant milk products)

20 Food and Drug Administration. FDA., 
2000;2019.

Austria 0.05, 0.01 (pasteurized, infant milk), 0.02 
(butter)

- Iqbal et al., 2015.

Bulgaria 0.5 (milk), 0.1 (powdered milk) -
Switzerland 0.05 (milk), 0.025 (milk whey and products), 

0.02 (butter)
-

Iran 0.5 (milk) -
Türkiye 0.05 (milk and milk-based products) 4–15 Turkish Food Codex. TFC., 2011.
China 0.5 (milk), 0.2 (pasteurized) - Global Agricultural Information Network. 

GAIN., 2019.

Table 4 
The decision limit (CCα) and detection capability (CCβ) values of the method were calculated at the MRL (n = 20) of aflatoxin M1 (AFTM1) in milk and butter.

Product Toxin MRL (ng/g) (FDA) MRL (ng/g) (EU Codex) Added (ng/g) Measured 
(ng/g)

SD Error α 
(1.64 x SD)

ME (%) CCα (ng/g) CCβ (ng/g)

Milk M1 0.5 0.05 0.053 0.052 0.003 0.0049 from − 17 to − 2 0.055 0.060
B1 - - 0.053 0.004 0.0067 from − 17 to − 11 0.057 0.063
B2 - - 0.054 0.004 0.0073 from − 19 to − 14 0.057 0.065
G1 - - 0.056 0.004 0.0061 from − 13 to − 9 0.056 0.062
G2 - - 0.057 0.004 0.0065 from − 13–2 0.057 0.063

Butter M1 0.5 0.05 0.051 0.049 0.004 0.0066 from − 24–3 0.057 0.061
B1 - - 0.0490 0.0140 0.0246 from − 64 to − 55 0.075 0.099
B2 - - 0.0492 0.0120 0.0148 from − 58 to − 52 0.065 0.080
G1 - - 0.0466 0.0110 0.0180 from − 50 to − 44 0.068 0.086
G2 - - 0.0489 0.0090 0.0197 from − 35 to − 20 0.070 0.089

MRL: Maximum residue level. ME: Matrix effect. CCα = CMRL + 1.64SD20 representative MRL− spiked samples. CCβ = CCα + 1.64SD20 representative samples spiked 
at CCα level.
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reported between AFTB1 exposure and the incidence of hepatocellular 
carcinoma (HCC) (Hussain et al., 2007). Oxidative stress has also been 
reported to play a significant role in carcinogenesis and DNA damage, 
and AFTB1 has been reported to induce apoptosis through various 
mechanisms by inducing reactive oxygen species and oxidative stress 
(Liu and Wang, 2016). Furthermore, when simultaneous exposure to 
AFTM1 and AFTB1 was examined, high-dose AFTM1 exposure was re
ported to result in adenocarcinoma (Cullen et al., 1987). Because 
exposure to aflatoxins can be multiple, some studies have examined the 
effects of different aflatoxin mixtures. After pigs were fed a diet 
contaminated with a mixture of aflatoxins (AFTB1, AFTB2, AFTG1, and 
AFTG2) for 28 days, crusting and skin ulceration were reported on the 
nose, lips, and cheeks (Harvey et al., 1990). AFTB1 and AFTB2 admin
istered orally to broilers for up to 42 days were reported to disrupt cell 
cycle progression and apoptosis, causing histopathological lesions of 
varying severity in the thymus and bursa fabricius, where T and B 
lymphocytes mature, respectively (Peng et al., 2017). Furthermore, it 
has been reported that aflatoxins can compromise macrophage function; 
in particular, co-exposure to AFB1, AFB2, AFM1, and AFM2 can create 
interactions that can significantly affect immunoreactivity (Bianco et al., 

2012).

4. Comparison of analytical methods

Analytical methods and extraction procedures can vary significantly 
in terms of sensitivity, specificity, accuracy, limit of detection (LOD), 
cost, applicability, and analysis time. In this context, it is essential to 
compare the performance characteristics of each method to determine 
their suitability for detecting target compounds in complex food 
matrices. The studies conducted to develop and validate a chromato
graphic method for the detection of aflatoxin residues in milk and butter, 
along with the corresponding analytical performance parameters, are 
presented in Table 5. Such comparisons allow researchers to select the 
most appropriate method depending on the analytical objective, avail
able instrumentation, and regulatory requirements.

Liquid-liquid extraction (LLE) is a well-established technique 
employed for isolating aflatoxins from milk and milk-based products 
(Pittet, 2005). This method utilizes appropriate solvents such as chlo
roform, acetonitrile, methanol or dichloromethane (DCM). Research has 
demonstrated that the use of chloroform in milk sample extractions 

Table 5 
Comparison of analytical methods and performance for quantification of the aflatoxins (AFTM1, AFTB1, AFTB2, AFTG1 and AFTG2) in milk and butter reported in the 
literature.

Aflatoxins Type of 
Product

Analytical instrument 
and total run time

Sample preparation Linearity range LOD-LOQ Recovery, % 
(SD)

Reference

B1, B2, G1, 
G2, M1

Cow, 
Sheep, 
Goat milk

HPLC-FLD-UV. / 18 min. SPE 2, 5, 10, 15, 
20 µg/kg

0.05 µg/kg-FLD (LOD)- 
0.1 µg/kg-UV (LOD)

88.32–98.10 Herzallah, 
2009.

B1, B2, M1, 
M2

Market 
milk

HPLC-FLD. / 35 min. In-syringe dispersive micro- 
SPE

0.05, 0.1, 0.5 ng/ 
ml

0.003–0.005 ng/ml 
(LOD), 
0.01–0.02 ng/ml (LOQ)

73.0–109.6 Shuib and Saad, 
2022.

M1, M2, G1, 
G2, B1, B2,

Market 
milk

UHPLC-MS. / 2.60 min. QuEChERS 0.05, 0.1, 0.2 µg/ 
kg

0.005–0.014 µg/kg 
(LOD)- 0.017–0.048 µg/ 
kg (LOQ)

72–121 Sartori et al., 
2015.

B1, B2, G1, 
G2, M1

Cow milk HPLC-FLD. / 15.3 min IAC 0.3–25 µg/l 0.004–0.059 µg/kg 
(LOD)- 0.014–0.197 µg/ 
kg (LOQ)

83.1–95.0 Sahin et al., 
2016.

B1, M1 Market 
milk

HPLC-FLD./ 4–5 min. QuEChERS 0.03–10 µg/kg 0.01–0.1 µg/kg (LOD)- 
0.03–0.3 µg/kg (LOQ)

50–75 Karaseva et al., 
2014.

M1 Market 
milk

HPLC-FLD, ELISA. / - SPE 5, 10, 50, 100, 
500 pg/ml

10 pg/ml, HPLC, 2 pg/ 
ml,ELISA (LOD)

103–120 HPLC, 
88–106 ELISA

Kim et al., 2000.

M1 Cow milk HPLC-FLD./ 5 min. IAC 100, 1000 ng/l 10 ng/l (LOQ) 80.7 ± 97.9 Rodriguez 
Velasco et al., 
2003.

M1 Market 
milk

HPLC-FLD. / 35 min. SPE-IAC 0.020–0.050 µg/ 
kg

0.006 µg/kg (LOD)- 
0.020 µg/kg (LOQ)

92.6 ± 2.1 Wang et al., 
2012.

M1 Market 
milk

HPLC-FLD. / 7 min. IAC 500 ng/l 14 ng/l (LOD)- 42 ng/l 
(LOQ)

97.2–109.7 Chavarría et al., 
2015.

M1 Market 
milk

HPLC-FLD. / 9 min. IAC 0.1, 0.5, 1 ppb 15.5 ng/l (LOD)- 50 ng/ 
l (LOQ)

94–98 Behfar et al., 
2012.

M1 Sheep 
milk

HPLC-MS. / 5 min. IAC 1, 50, 200 ng/l 250 ng/l (LOD)- 
500 ng/l (LOQ)

68.31–90.06 Bognanno et al., 
2006.

M1 Market 
milk

UHPLC-MS/MS. / 5 min. Dispersive liquid-liquid 
microextraction

5, 25, 50, 500 ng/ 
kg

0.6 ng/kg (LOD)- 
2.0 ng/kg (LOQ)

61.3–75.3 Campone et al., 
2013.

M1 Market 
milk

Fluorescence 
spectrophotometer. / -

Dispersive liquid-liquid 
microextraction by SPE 
using magnetic 
nanoparticles

0.02–200 µg/l 13 ng/ml (LOD) 91.3–99.5 Amoli-Diva 
et al., 2015.

M1 Cow milk UHPLC-MS/MS. / 7 min. QuEChERS 0.25–10 µg/l 0.002 µg/l (LOD)- 
0.007 µg/l (LOQ)

70–90 Michlig et al., 
2016.

M1 Plant- 
based 
milk

HPLC-FLD. / 23 min. Dispersive liquid-liquid 
microextraction and 
QuEChERS

0.5,1, 2.5, 5, 
10 µg/l

- 82–104 Hamed et al., 
2019.

M1 Cow milk HPLC-FLD-KOBRA cell./ 
12.5 min.

IAC-SPE 5, 10, 20 ng/ml 0.01 ng/ml (LOD) 67.3–98.8 Mulunda and 
Mike, 2014.

M1 Butter ELISA. / - IAC 1–250 ng/kg - - Tekinşen and 
Uçar, 2008.

M1 Butter HPLC-FLD. / - IAC 0.1–0.5 µg/kg 0.04 µg/kg (LOD)- 
0.12 µg/kg (LOQ)

90–92 Sakuma et al., 
2011.

M1 Butter HPLC-FLD. /- IAC - 1.10 ng/kg (LOD) – 
3.02 ng/kg (LOQ)

104.01 ± 1.90 Öztürk Yılmaz 
and Altinci, 
2018.
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yields satisfactory recovery rates, ranging from 89 % to 99 % (Fallah, 
2010b; Herzallah, 2009). Nevertheless, chloroform-based extraction 
demands significant amounts of solvent, which contributes to environ
mental challenges (Hussain, 2011). Alternatively, methanol and aceto
nitrile have gained increased preference in aflatoxin extraction due to 
their superior environmental compatibility and their compatibility with 
antibodies used in the subsequent cleanup processes involving IAC 
columns (Pisoschi et al., 2023). Recovery rates for AFTM1 extraction 
using methanol were reported to range between 77 % and 99 %, 
whereas ACN yielded recovery rates between 85 % and 97 % (Navas 
et al., 2005; Temamogullari and Kanici, 2014; Wang et al., 2010). Re
searchers (Wang et al., 2011) evaluated the efficiency of SPE and IAC 
columns for AFTM1 extraction. For raw milk samples containing 
0.05 µg/kg of AFTM1, the average recovery rates were 96 % (RSD 
2.1 %) with SPE and 92 % (RSD 4.7 %) with IAC columns, respectively. 
While IA extraction is a comparable method to others, it is relatively 
costly. As a result, the LLE technique is preferred for extracting afla
toxins from milk and milk-based products. Among the options, aceto
nitrile or methanol are regarded as the most effective organic solvents 
due to their satisfactory recovery rates and environmental compatibility. 
Furthermore, acetonitrile has been shown to yield the cleanest extracts, 
as it causes milk proteins to precipitate effectively (Wang et al., 2011). 
Therefore, the QuEChERS method, which predominantly utilizes 
acetonitrile, offers a faster, more practical, and environmentally friendly 
alternative compared to other extraction techniques, while also being 
more cost-effective than conventional often expensive methods.

Analytical techniques for quantifying aflatoxins include thin-layer 
chromatography (TLC) and liquid chromatography (LC). TLC has 
gained widespread acceptance because of its straightforward operation, 
capability for repeated detection and measurement, cost-efficiency, and 
the ability to process multiple samples on a single plate with minimal 
solvent consumption (Fuchs et al., 2011). Several studies have utilized 
TLC to examine AFTM1-contaminated milk and dairy products, 
achieving detection limits (LOD) as low as 0.01 µg/kg (Fallah, 2010a; 
Kafle et al., 2012). Nevertheless, with advancements in LC technology, 
the use of TLC for AFTM1 analysis has been largely phased out in most 
laboratories. In research conducted on milk samples, AFTM1 analysis 
was performed using high-performance liquid chromatography-tandem 
mass spectrometry (HPLC-MS/MS) with electrospray ionization (ESI) 
following a liquid-liquid extraction process. The method demonstrated a 
quantification limit (LOQ) of 0.015 µg/kg (Biancardi et al., 2013). The 
key benefits of HPLC-MS/MS include the excellent separation efficiency 
of HPLC combined with the high sensitivity and specificity of MS. 
Nevertheless, the drawbacks of this technique involve the significant 
expense of the instrumentation and the substantial consumption of 
organic solvents. As a result, HPLC-MS/MS may not be a feasible option 
for small laboratories routine analytical applications. The primary 
detection technique for quantifying aflatoxins using HPLC is fluores
cence detection (HPLC-FLD), which depends on the presence of fluo
rescence characteristics in the molecules. AFTM1, AFTB1, AFTB2, 
AFTG1, and AFTG2 exhibit inherent fluorescence, enabling their direct 
identification through HPLC-FLD. Furthermore, pairing HPLC-FLD with 
a KOBRA CELL® intensifies the fluorescence characteristics of B1 and 
G1, improving their visibility and suitability for analytical purposes. In 
addition, most studies in the literature do not clearly specify the total 
analysis time, which generally includes not only the chromatographic 
separation time but also all sample preparation processes. In our study, 
the peak time obtained with HPLC-FLD was 21 min. However, the time 
from extraction to instrument analysis was determined to be 4.30 h for 
approximately 30 milk or butter samples. A review of studies in the 
literature that analyzed multiple aflatoxins revealed that peak times for 
HPLC, UHPLC and MS analyses varied between 2.60 and 35 min 
(Herzallah, 2009; Karaseva et al., 2014; Sartori et al., 2015; Sahin et al., 
2016; Shuib and Saad, 2022; Morais et al., 2024). The simplicity and 
ease of extraction procedures up to the analysis stage is also an impor
tant factor affecting the total analysis time. Methods such as SPE, LLE or 

IAC are multi-stage and relatively more costly than the QuEChERS 
method. It has also been stated that the amount of solvent used in the 
extraction phase can vary between 10 and 50 ml, depending on the 
amount of sample used in immunoaffinity-based procedures (Şenyuva 
and Gilbert, 2010; AlFaris et al., 2020). In this study, the modified 
QuEChERS and HPLC-FLD method is considered to offer a simpler, 
easier, less solvent use (4–5 ml) and relatively lower-cost approach for 
the sample preparation stage, due to the use of fewer chemicals. The 
method ability to be applied to multiple samples in parallel can reduce 
time losses in laboratory workflows. This increased efficiency suggests 
that the method could be a favourable choice for practical applications.

Although the ELISA (Enzyme-Linked Immunosorbent Assay) method 
is a fast and user-friendly technique for aflatoxin analysis, it has several 
limitations. The antibodies used may sometimes cross-react with com
pounds of similar structure, reducing the reliability of the results and 
leading to false positives. Furthermore, other substances present in food 
or feed samples can interfere with the reaction and affect the results. For 
example, in milk or fatty matrices, matrix effects may result in inaccu
rate findings (Zheng et al., 2006; Turner et al., 2009). Additionally, 
ELISA cannot achieve the low limit of detection (LOD) provided by 
advanced detection techniques such as HPLC-FLD or HPLC-MS/MS. 
These disadvantages highlight the limitations of ELISA, particularly in 
terms of accuracy, sensitivity, and matrix effects. Therefore, for critical 
analyses such as aflatoxins, more advanced methods should be preferred 
over ELISA.

5. Limitations

The primary limitation of this study is the limited sample size and 
that the samples were collected only from the Balikesir region of 
Türkiye. This may limit the representativeness of the results across 
Türkiye. Moreover, seasonal variations can have a considerable impact 
on the levels of aflatoxin contamination in milk and dairy products. 
Some studies in the literature have indicated that when assessing the 
seasonal presence of aflatoxin in milk and milk-based products, 
contamination levels detected during the winter season were signifi
cantly higher than those observed in the summer season (Tajkarimi 
et al., 2008; Fallah, 2010a; Iqbal et al., 2013; Tomašević et al., 2015). 
Therefore, future studies are recommended to adopt a broader and more 
stratified sampling strategy and investigate variability across different 
seasons and geographic regions.

Regarding the analytical methodology, another significant limitation 
of this study is the lower recovery rates in butter samples compared to 
those in milk. Furthermore, the lack of comprehensive measurement 
uncertainty calculations necessary to fully support the validity of the 
method is also considered a limitation of this study.

6. Conclusion

The combination of QuEChERS-based extraction and KOBRA CELL®- 
assisted high-performance liquid chromatography (HPLC-FLD) with 
fluorescence detection offers a potential analytical approach for the 
determination of five aflatoxins in milk and butter. QuEChERS simplifies 
sample preparation by reducing extraction time and solvent consump
tion and is relatively compatible with complex matrices such as milk and 
butter. In particular, when combined with HPLC-FLD with post-column 
bromination using KOBRA CELL®, the method allows the measurement 
of multiple aflatoxins (AFTM1, AFTB1, AFTB2, AFTG1, and AFTG2). The 
fluorescence enhancement provided by KOBRA CELL® significantly in
creases the detectability of AFTB1 and AFTG1, which have lower fluo
rescence sensitivity without derivatization. This integrated approach 
could offer a more stable and practical alternative to techniques such as 
ELISA and LC-MS/MS used in aflatoxin analysis. Unlike ELISA, which 
suffers from matrix interference and cross-reactivity issues, this method 
allows accurate analysis at regulatory limit levels (ng/g) while main
taining operational simplicity. In contrast to the high cost and solvent 
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density of LC-MS/MS, it reduces extraction steps, enabling the use of 
fewer volumes and fewer variety of chemicals. These advantages of the 
modified QuEChERS procedure suggest that the method may have the 
potential to be integrated with higher-sensitivity detectors, such as LC- 
MS/MS, in the future. However, since recovery rates in butter samples 
are not as high as in milk samples, this requires consideration of method 
limitations in the butter matrix. Therefore, further studies on reducing 
the matrix effect and increasing recovery in butter are recommended.
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