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Abstract
Mycotoxins are highly toxic fungal metabolites that can pose health threats to humans and animals. Aflatoxins are a type of mycotoxin produced mainly by Aspergillus flavus and A. parasiticus. A sensitive high performance liquid chromatography–tandem mass spectrometry (HPLC–MS/MS) method with multiple reaction monitoring (MRM) modes was developed for the determination of aflatoxins in blood after acetonitrile precipitation extraction. The limits of quantification of aflatoxins ranged from 0.05 to 0.2 ng/mL. Intra-day accuracy ranged from 92 to 111.0%, and intra-day precision (n = 6) ranged from 1 to 8%. Inter-day accuracy and precision were 94.0–102.0% and 2.0–8.0%, respectively. The toxicokinetics of AFB1 and its metabolite AFM1 after a single oral administration (AFB1 1 mg/kg body weight) were studied in male Sprague–Dawley rats. The blood AFB1 and AFM1 profiles could be adequately described by a noncompartmental model. The highest concentration of AFB1 (Cmax 93.42 ± 23.01 ng/mL) was observed with Tmax at 0.15 ± 0.034 h. AFB1 was rapidly metabolized to AFM1 which reached its peak blood concentration (Cmax 53.86 ± 12.12 ng/mL) at 0.33 ± 0.11 h. The HPLC–MS/MS method was simple and sensitive, appropriate for studying the in vivo toxicokinetics of aflatoxins.
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Abbreviations
	HPLC
	High-performance liquid chromatography

	MS
	Mass spectrometry

	AFB1
	Aflatoxin B1

	AFB2
	Aflatoxin B2

	AFG1
	Aflatoxin G1

	AFG2
	Aflatoxin G2

	AFM1
	Aflatoxin M1

	AFM2
	Aflatoxin M2

	QC
	Quality control

	MRM
	Multiple reaction monitoring

	DIC
	Disseminated intravascular coagulation

	WHO
	World Health Organization

	BW
	Body weight

	ELISAs
	Enzyme-linked immunosorbent assays

	HPLC-HMRS
	High-performance liquid chromatography–high resolution mass spectrometry

	HPLC-FD
	High-performance liquid chromatography–fluorescence detection

	HPLC-IDMS
	High-performance liquid chromatography–isotope dilution mass spectrometry

	LLE
	Liquid–liquid extraction

	DON
	Deoxynivalenol

	T-2
	T-2 toxin

	ZON
	Zearalenone

	OTA
	Ochratoxin A

	HCC
	Hepatocellular carcinoma

	SD
	Sprague–Dawley

	RT
	Retention time

	CE
	Collision energy

	DP
	Declustering potential

	LOD
	Limit of detection

	Cmax
                           
	Peak concentration

	Tmax
                           
	Time of maximum blood concentration

	AUC0–t
                           
	Area under the curve,

	AUC0–∞
                           
	Area under the curve from zero to infinity

	t1/2
                           
	Half-life time

	CLz/F
	Apparent total clearance

	Vz/F
	Apparent distribution volume




Introduction
Mycotoxins are toxic secondary metabolites produced mainly by Aspergillus, Fusarium, Penicillium, Alternaria, and Claviceps genera (Arroyo-Manzanares et al. 2021). More than 450 mycotoxins and their metabolites are known, which can lead to toxicological effects of varying severity, from mild gastroenteritis to fatal cancer (Benkerroum 2020). Humans and animals are mainly exposed to mycotoxins through their diets (Slobodchikova and Vuckovic 2018). Mycotoxins generally have appreciable thermal stability and can be present at all levels of the food chain, from untreated seeds to processed foods and feed (Santis et al. 2017; Andrade et al. 2013). Current estimates indicate that 25% of the world’s food supply is contaminated by mycotoxins (Slobodchikova and Vuckovic 2018).
One class of mycotoxins of concern in humans and animal diets are the aflatoxins, which are the most toxic mycotoxin (Benkerroum 2020). Aflatoxins are produced primarily by strains of the fungi Aspergillus flavus and A. parasiticus (Benkerroum 2020; Ardic et al. 2008). Aflatoxin poisoning can be acute, subacute, or chronic, depending on the amount of toxin consumed, exposure time, and species specificity and sensitivity (Bastianello et al. 1987). Chronic aflatoxicosis is predominantly perceived as a promoter of liver cancer and compromised immunity (Bruchim et al. 2012). The most common clinical signs of acute aflatoxicosis include icterus, hematemesis, hematochezia, diffuse hemorrhage and ascites, nausea, abdominal swelling, constipation alternating with diarrhea and abdominal pain, as well as signs associated with disseminated intravascular coagulation (DIC) (Bruchim et al. 2012; Benkerroum 2020; Martínez-Martínez et al. 2021). In 1991, the consumption of a traditional Chinese dish contaminated with both boric acid and aflatoxins resulted in 17 severe poisoning cases and 13 deaths. Autopsies detected abnormally high levels of aflatoxin B1(AFB1), aflatoxin B2(AFB2), aflatoxin G1(AFG1), aflatoxin M1(AFM1), and aflatoxin M2(AFM2), as well as aflatoxicol, in various organs, including the liver, kidney, heart, spleen, lung, and brain (Chao et al. 1991).
AFB1 is the most commonly reported aflatoxin and is also the most carcinogenic due to its genotoxic and teratogenic properties and its ability to damage the liver, kidneys, and spleen (Huang et al. 2021; Klvana and Bren 2019; Mupunga et al. 2016). The World Health Organization (WHO), based on records of worldwide aflatoxicosis outbreaks and in vitro tests, considers that regular consumption of food contaminated with AFB1 at levels of 1 mg/kg or higher for a short period can cause acute intoxication in humans, while daily consumption of AFB1-contaminated food at a dose of 0.02–0.12 mg/kg body weight (BW) over 1 to 3 weeks can cause life-threatening aflatoxicosis (Benkerroum 2020). AFB1 has also been associated with growth impairment in children and suppression of immune function (Xia et al. 2020). AFB1 is metabolized to AFM1 via hydroxylation, and AFM1 has been proposed as a biomarker for acute aflatoxin exposure, which is excreted in the feces, urine, and milk of lactating mammals, including humans (Mupunga et al. 2016; Schrenk et al. 2020). AFM1 is primarily considered a detoxification product of AFB1 metabolism, showing only 10% of mutagenicity compared to AFB1 (Wogan and Paglialunga 1974). However, AFM1 are carcinogenic when delivered orally via the diet or by gavage (Schrenk et al. 2020). Several studies reported immunosuppressive effects of AFM1 was similar for that of AFB1, on both humans and other animals (Marchese et al. 2018). It has been reported that Cytochromes P450 activation is not required for AFM1 to exert cytotoxic effects (Marchese et al. 2018; Neal et al. 1998). AFM2 is similarly produced by the hydroxylation of AFB2 (Bianco et al. 2012).
The methods for the detection of aflatoxins in biological sample have included enzyme-linked immunosorbent assays (ELISAs) (Seetha et al. 2018), high-performance liquid chromatography–fluorescence detection (HPLC-FD) (Andrade et al. 2013), high-performance liquid chromatography–isotope dilution mass spectrometry (HPLC-IDMS) (McMillan et al. 2018; Han et al. 2012), high-performance liquid chromatography–tandem mass spectrometry (HPLC–MS/MS) (Cao et al. 2018; Ediage et al. 2012), and high-performance liquid chromatography–high resolution mass spectrometry (HPLC-HMRS) (Slobodchikova and Vuckovic 2018; Rubert et al. 2014). HPLC–MS/MS is commonly used for determining aflatoxins because of its high selectivity and sensitivity (Arroyo-Manzanares et al. 2021; Tkaczyk and Jedziniak 2021); Osteresch et al. 2017) proposed an HPLC–MS/MS method for the determination of aflatoxins in dried blood spots or dried serum spots following extraction with water/acetone/acetonitrile (30:35:35, v/v/v) as the extraction solvent. This method is sensitive, with a limit of quantification (LOQ) for aflatoxins ranging from 0.05 to 0.1 ng/mL. De Santis et al. (2017) developed an HPLC–MS/MS method using pronase treatment in combination with acidified ethyl acetate liquid–liquid extraction (LLE) and QuEChERS for the analysis of aflatoxin in serum. The concentrations for AFM1, ranged from 0 to 1.91 ng/mL, and AFB1 ranged from 0 to 0.73 ng/mL in serum from children with autism. However for toxicological analysis, the sample pretreatment was time-consuming. Devreese et al. (2012) developed an HPLC–MS/MS method that included protein denaturation with acetonitrile for simultaneous determination of 13 mycotoxins, including AFB1, in pig plasma. Following administration of an intragastric bolus of AFB1, deoxynivalenol (DON), T-2 toxin (T-2), zearalenone (ZON), and ochratoxin A (OTA) (all 0.05 mg/kg BW) to six piglets, AFB1 was detected at levels ranging from 0.5 to 2.2 ng/mL in pig plasma. Moreover, the widespread existence and toxicity of AFB2, AFG1, AFG2 and AFM1 make it very important to develop analytical methods that can be used for the toxicokinetic study of the aflatoxins besides AFB1.
The aim of the present study was to establish a sensitive a HPLC–MS/MS method to determine the concentrations of common aflatoxins (AFB1, AFB2, AFG1, AFG2, AFM1, and AFM2) in blood and study the toxicokinetics of AFB1 and AFM1 in rats. The chemical structures of common aflatoxins are shown in Fig. 1.[image: ]
Fig. 1Chemical structure of aflatoxins


Methods
Chemicals and reagents
Aflatoxin B1 (AFB1, 3 mg/L in acetonitrile), AFB1(5 mg, purity > 99%), Aflatoxin B2 (AFB2, 3 mg/L in acetonitrile), Aflatoxin G1 (AFG1, 3 mg/L in acetonitrile), Aflatoxin G2 (AFG2, 3 mg/L in acetonitrile), Aflatoxin M1 (AFM1, 10 μg/mL in acetonitrile), Aflatoxin M2 (AFM2, 0.50 μg/mL in methanol), aflatoxin B1-13C17 (AFB1-13C17, 0.50 μg/mL in acetonitrile), and aflatoxin M1-13C17 (AFM1-13C17, 0.50 μg/mL in acetonitrile) were purchased from ANPEL (Shanghai, China). Methanol and acetonitrile (HPLC grade) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Formic acid (98%) and ammonium acetate (98%) were obtained from Fluka (Buchs, Switzerland). Ultrapurified water was produced with a Milli-Qadvantage A10 system (Merck KGaA, Darmstadt, Germany). Filter membranes (0.22 µm pore size) were purchased from Sinopharm Chemical Reagent (Co., Ltd., China). Sunflower oil was purchased from Mighty (Standard Food, China).
Preparation of working solutions
The individual stock solutions were used to prepare a standard mixture in methanol with concentrations of 200 ng/mL (AFB1, AFB2, AFG1, AFG2, AFM1, AFM2). Working solutions with concentrations of 1, 10, and 100 ng/mL were prepared by dilution in methanol. The individual stock solutions were used to prepare an internal standard mixture in methanol at the following concentrations: AFB1-13C17 (30 ng/mL) and AFM1-13C17 (90 ng/mL). Internal standard (IS) working solutions with concentrations of 6 ng/mL (AFB1-13C17) and 18 ng/mL (AFM1-13C17) were prepared by dilution in methanol. The standard mixture and internal standard mixture were stored at − 20 °C and renewed every 2 weeks. Calibration curves and quality control samples were prepared from the working solutions.
Animals
Male Sprague–Dawley (SD) rats (n = 6, 230 ± 10 g) were purchased from Shanghai Jihui Experimental Animals Breeding Co., Ltd. Before the experiment, the animals were randomly distributed to cages for one week to allow acclimatization to the following environmental conditions: 12 h day/night cycle, temperature 25 °C, standard diet and water. The study was approved by the Animal Ethics Committee of the Academy of Forensic Science of China (2021-SJYLL-126). For the kinetics studies of aflatoxins in blood, six rats were administered a single dose at 1 mg/kg BW. AFB1 was gavaged in about 1 mL of sunflower oil (0.2 mg/mL), depending on the weight of each rat. Blood samples (200 μL) were collected through the fundus vein prior to dosage (0 min) and again at 5, 10, 15, 20, 30, and 45 min, and 1, 4, 8, 12, and 24 h. The blood samples were immediately transferred to anticoagulant tubes and stored at − 20 °C until analysis.
Sample preparation
A 5 μL volume of IS working solution (6 ng/mL AFB1-13C17 and 18 ng/mL AFM1-13C17) and 900 μL acetonitrile were added to 100 μL whole blood, followed by vortex mixing (1 min) and centrifuging (1249 × g, 5 min). The supernatant was transferred to another tube and evaporated using a gentle nitrogen (N2) stream (35 °C). The dry residue was reconstituted in 100 μL water/acetonitrile (80:20, v/v). After vortex mixing for 30 s, the sample was passed through a 0.22 µm filter membrane. The filtrate was transferred to an autosampler vial, and 10 μL was injected into the LC–MS/MS system.
Samples with concentrations that exceeded the linear range were appropriately diluted with blank blood and then treated as described above.
HPLC–MS/MS
The HPLC–MS/MS system consisted of an Acquity™ Ultra Performance LC (Waters Corporation, USA) equipped with an AB Sciex 5500 Triple quadrupole ™ quadrupole mass spectrometer (AB Sciex, Foster City, USA). Data acquisition and quantification were performed using Analyst 1.7.1 and SCIEX OS 1.4.0 software.
Chromatographic separation was achieved on an Allure PFPP column (100 × 2.1 mm, 5 µm i.d., Restek, USA). Samples were eluted with a gradient of 20 mmol/L ammonium acetate, 5% acetonitrile, and 0.1% formic acid in water (phase A) and methanol (phase B) at a flow rate of 0.3 mL/min. The following step gradient was used: 5% B for the first 1.0 min, increased to 50% B from 1.0 to 3.0 min, increased to 60% B from 3.0 to 3.5 min, isocratic at 60% B from 3.5 to 4 min, increased to 80% from 4 to 8 min, decreased to 50% B from 8 to 11 min, decreased to 5% B from 11 to 13 min, and a final column equilibration at 5% B for 1 min. The autosampler temperature was 4 °C and the autosampler needle was thoroughly washed twice between injections.
The mass spectrometer system was operated using electrospray ionization in positive ionization mode with multiple reaction monitoring (MRM). The optimum mass spectra were obtained under the following conditions: curtain gas (CUR), 20 psi (nitrogen); ion spray voltage (IS), 4500 psi; collision cell exit potential (CXP), 14 V; entrance potential (EP), 10 V; ion source gas 1 (GS1), 35psi; ion source gas 2 (GS2), 35 psi; and source temperature (TEM), 500 °C. A summary of the MRM parameters and retention times is shown in Table 1, and product ion mass spectra from protonated molecules of aflatoxins are shown in Fig. 2.Table 1MS/MS conditions for the detection of target analytes by the MRM method


	Analyte
	Precursor ion (m/z)
	Product ions (m/z)
	RT (min)
	CE (eV)
	DP(V)

	AFB1
	313.1
	241.1*
214.1
	6.8
	52
48
	41

	AFB2
	315.1
	259.3*
286.9
	6.6
	45
39
	34

	AFG1
	329.1
	243.0*
200.1
	6.2
	39
55
	18

	AFG2
	331.0
	189.0*
245.1
	5.9
	54
36
	51

	AFM1
	328.9
	273.1*
228.9
	5.4
	38
58
	17

	AFM2
	330.9
	272.9*
229.1
	5.1
	39
59
	29

	AFB1-13C17
	330.0
	255.1*
301.1
	6.8
	54
43
	48

	AFM1-13C17
	346.2
	288.2*
242.0
	5.4
	38
59
	55


*The quantifier ions
RT retention time, CE collision energy, DP declustering potential


[image: ]
Fig. 2Product ion mass spectra from protonated molecules of aflatoxins


Method validation
The analytical method was validated according to international guidelines (Peters et al. 2007; Matuszewski et al. 2003). The following parameters were examined: selectivity, limits of detection (LODs), LOQs, calibration curves, precision, accuracy, matrix effects, extraction efficiency, freeze–thaw stability, and dilution integrity.
Selectivity
Selectivity was evaluated using six different blank blood samples to assess the interference of the matrix components with the analytes and the internal standards at the corresponding retention times.
LOD, LOQ, and linearity
Triplicate samples with concentrations of 0.01, 0.02, 0.03, 0.05, 0.08, 0.1, and 0.2 ng/mL were prepared for detection in blank samples. The LOD was determined as the lowest concentration of mycotoxin that could be detected with a minimum signal-to-noise ratio of 3. The LOQ defined as the lowest concentration that meets minimum signal-to-noise ratio of 10 and the requirements for accuracy in the range of 80–120% and precision of ≤ 20% relative standard deviation (RSD) based on intra-day and inter-day experiments.
Linearity was evaluated by preparing matrix-matched calibration curves in rat blood with concentrations of 0.05, 0.5, 2, 10, 16, and 20 ng/mL for AFB1, AFB2, AFG1, and AFM1. Matrix-calibration standards in rat blood with concentrations of 0.2, 0.5, 2.0, 5.0, 10.0, 16.0, and 20.0 ng/mL were prepared for AFG2 and AFM2. Weighted linear regression (1/x2) was used for all aflatoxins to construct calibration curves.
AFB1-13C17 was used as the internal standard for AFB1, AFB2, AFG1, AFG2. AFM1-13C17 was used as the internal standard for AFM1 and AFM2.
Inter-day and intra-day precision and accuracy were determined by analyzing quality control (QC) samples at four concentration levels (0.05, 0.5, 2, and 16 ng/mL) for AFB1, AFB2, AFG1, and AFM1, at four concentration levels (0.2, 0.5, 2, and 16 ng/mL) for AFG2 and AFM2. Each concentration was prepared in six replicates, and the experiments were repeated over four consecutive days. Intra-day accuracy and inter-day accuracy were evaluated by comparing the calculated concentrations of the QC samples with the theoretical concentrations. Values from 85 to 115% were accepted. Precision was evaluated by RSD%, with a value less than 15% considered acceptable.
Matrix effect and extraction recovery
The matrix effect was determined according to formula 1:[image: $${\text{matrix effect }} = \, \left( {A_{{{\text{post}} - {\text{extracted}}}} /A_{{{\text{std}}.}} } \right) \, *{1}00\%$$]

 (1)


where A post-extracted is the peak area of aflatoxins in post-extracted spiked blood, and A std. is the peak area of a standard solution with the same concentration.
Extraction recovery was determined according to the following formula:[image: $${\text{extraction recovery }} = \, \left( {A_{{{\text{pre}} - {\text{extraction}}}} /A_{{{\text{post}} - {\text{extracted}}}} } \right) \, *{1}00\%$$]

 (2)


where A pre-extraction is the peak area of the spiked sample pre-extraction.
Freeze–thaw stability
The freeze–thaw stability was investigated with blood samples spiked at 0.05, 0.5, 2, and 16 ng/mL for AFB1, AFB2, AFG1, and AFM1 and at 0.2, 0.5, 2, and 16 ng/mL for AFM2 and AFG2. Three freeze/thaw cycles (n = 3 replicates per condition) were used, with each cycle consisting of freezing at − 20 °C for 21 h, thawing, and leaving at room temperature for 3 h. The freeze-thawed samples were processed and analyzed at the same time as the standard curve samples, and the concentrations of aflatoxins in the freeze-thawed samples were calculated from the standard curves. The stability acceptable accuracy was 85–115% and acceptable RSD was set at ± 15%.
Dilution integrity
The dilution QC (100 ng/mL) was diluted 250-fold using blank matrix in six replicates for blood sample analyses. The diluted samples (0.4 ng/mL) and calibration curve were processed and analyzed on the same day. The dilution integrity acceptable accuracy was 85–115% and acceptable RSD was set at ± 15%.
Data analysis
The toxicokinetics parameters were determined by noncompartmental analysis using DAS 3.2.8 (BioGuider Co., Shanghai, China). The following parameters were calculated: peak concentration (Cmax), time of maximum blood concentration (Tmax), area under the curve (AUC0–t), area under the curve from zero to infinity (AUC0–∞), half-life time (t1/2), apparent total clearance (CLz/F), and apparent distribution volume (Vz/F). Data for all response variables were reported as mean ± SD. The significance level (a) was set at 0.05.
Results and discussion
Sample preparation
The acetonitrile protein precipitation method was applied to develop a sensitive HPLC–MS/MS method for screening and quantifying aflatoxins, since it is a simple, rapid, inexpensive, and suitable method for screening mycotoxins in large numbers of samples (Devreese et al. 2012). The efficiency of extraction of blood with different volumes of acetonitrile was compared. Extraction was more effective with a 9:1 (v/v) ratio of acetonitrile: blood than with a 3:1 (v/v) ratio, as shown in Fig. 3.[image: ]
Fig. 3Comparison of the peak areas of aflatoxins (4 ng/mL) in spiked blood sample using acetonitrile extraction at different volumes (n = 3)


Method validation
No significant peaks or responses were detected in the blank blood samples at the retention times of the target compounds or the IS. The chromatograms of samples spiked at 0.5 ng/mL and IS (AFB1-13C17 spiked at 0.3 ng/mL and AFM1-13C17 spiked at 0.9 ng/mL) are shown in Fig. 4. Calibration curves were constructed for each compound and showed good linearity (r > 0.999). The LODs ranged from 0.01 to 0.03 ng/mL. The LOQs for aflatoxins were 0.05 ng/mL for AFB1, AFB2, AFG1, and AFM1 and 0.2 ng/mL for AFM2 and AFG2. The calibration curves, LODs, and LOQs are shown in Table 2. The LOQ was lower than that previously reported for the protein precipitation method for aflatoxin determinations in plasma or serum. Fan et al. (2019) reported a HPLC–MS/MS method based on plasma aflatoxin extraction in acetonitrile containing 1% formic acid with LOQs between 0.1 and 0.2 ng/mL. Cao et al. (2018) developed a method using enzymatic hydrolysis and protein precipitation. The LOQs for aflatoxin ranging from 0.21 to 0.43 ng/mL, the detectable concentrations of AFB1 and AFB2 in hepatocellular carcinoma (HCC) patients were reported as 1.23–4.56 ng/mL and 1.16–3.75 ng/mL, respectively. Because our method is sensitive enough, it is expected to be applied to aflatoxins exposure assessment in the future.[image: ]
Fig. 4MRM chromatograms of quantitative ions for aflatoxins ( spiked at 0.5 ng/mL) and IS (AFB1-13C17 spiked at 0.3 ng/mL and AFM1-13C17 spiked at 0.9 ng/mL)

Table 2Calibration, LOD, and LOQ of aflatoxin in blood


	Analyte
	Curve equation
	r
	LOD (ng/ml)
	LOQ (ng/ml)

	AFB1
	Y = 3.37X + 0.036
	0.9992
	0.02
	0.05

	AFB2
	Y = 2.53X + 0.010
	0.9993
	0.02
	0.05

	AFG1
	Y = 2.62X − 0.0036
	0.9991
	0.01
	0.05

	AFG2
	Y = 0.78X-0.016
	0.9991
	0.03
	0.2

	AFM1
	Y = 1.14X + 0.0079
	0.9995
	0.02
	0.05

	AFM2
	Y = 0.75X − 0.015
	0.9992
	0.03
	0.2




The accuracy and precision are shown in Table 3. The results of intra-day and inter-day precision were within 20%, and the accuracies were 92–111% and 94–102%, respectively. The recoveries and matrix effects are listed in Table 3. The recoveries of QC samples ranged from 68.0 to 96% for all analytes. Matrix effects varied between 63 and 107% for all compounds. The blood matrix had no significant ion suppression or ion enhancement on AFM1 or AFM2 but it had a significant ion suppression effect on AFB1, AFB2, AFG1, and AFG2. Nevertheless, the choice of AFB1-13C17 as an IS offset this interference with acceptable accuracy and precision. The accuracy range of stability was between 92 and 119%, and the RSD results were within 7%. The investigation of stability during the 3 freeze/thaw cycles showed that all analytes were stable under these conditions, as shown in Table 4. The dilution integrity results for aflatoxins are shown in Table 5. The accuracies of the 250-fold diluted QC samples ranged from 93 to 101% and the precision (RSD) was < 6%. This confirmed that samples with concentrations higher than the maximum concentration in calibration curve could still be analyzed after appropriate dilution with blank matrix.Table 3Precision, accuracy, recovery, and matrix effects of aflatoxins in blood


	Analyte
	Spiked concentration (ng/mL)
	Intraday(n = 6)
	Inter-day (6 × 4 days)
	Recovery (mean ± SD, %)
	Matrix effects (mean ± SD, %)

	accuracy (%)
	Precision (%)
	accuracy (%)
	Precision (%)

	AFB1
	0.05
	95
	4
	99
	3
	78 ± 3
	67 ± 1

	0.5
	102
	1
	100
	5
	85 ± 4
	65 ± 2

	2
	100
	2
	99
	5
	79 ± 6
	66 ± 1

	16
	97
	1
	99
	3
	70 ± 1
	63 ± 1

	AFB2
	0.05
	104
	4
	100
	5
	80 ± 1
	82 ± 1

	0.5
	106
	4
	99
	6
	86 ± 3
	68 ± 2

	2
	93
	4
	98
	7
	80 ± 5
	67 ± 1

	16
	106
	2
	99
	4
	72 ± 2
	63 ± 1

	AFG1
	0.05
	105
	1
	100
	4
	75 ± 1
	80 ± 1

	0.5
	105
	4
	99
	4
	93 ± 4
	76 ± 3

	2
	95
	4
	99
	6
	82 ± 5
	79 ± 0.4

	16
	106
	3
	100
	4
	70 ± 2
	74 ± 1

	AFM1
	0.05
	104
	5
	102
	4
	75 ± 3
	107 ± 2

	0.5
	98
	2
	98
	5
	88 ± 2
	99 ± 1

	2
	92
	1
	94
	5
	89 ± 6
	103 ± 2

	16
	98
	1
	98
	2
	73 ± 3
	96 ± 2

	AFG2
	0.2
	105
	5
	100
	4
	75 ± 2
	72 ± 2

	0.5
	97
	6
	98
	5
	95 ± 2
	70 ± 2

	2
	111
	3
	99
	8
	81 ± 2
	74 ± 1

	16
	90
	4
	98
	6
	68 ± 3
	67 ± 1

	AFM2
	0.2
	111
	6
	101
	4
	73 ± 1
	100 ± 2

	0.5
	96
	8
	101
	4
	96 ± 5
	105 ± 2

	2
	103
	5
	95
	5
	89 ± 1
	100 ± 0.5

	16
	96
	2
	99
	3
	73 ± 3
	102 ± 3



Table 4Freeze–thaw stability


	Analyte
	Spiked concentration(ng/mL)
	Accuracy (%)
	Precision (%)

	AFB1
	0.05
	97
	5

	 	0.5
	102
	1

	 	2
	118
	3

	 	16
	111
	3

	AFB2
	0.05
	100
	7

	 	0.5
	98
	1

	 	2
	114
	1

	 	16
	106
	0.3

	AFG1
	0.05
	107
	3

	 	0.5
	92
	1

	 	2
	114
	1

	 	16
	105
	2

	AFG2
	0.2
	98
	5

	 	0.5
	97
	3

	 	2
	109
	5

	 	16
	105
	3

	AFM1
	0.05
	108
	4

	 	0.5
	99
	0.4

	 	2
	119
	2

	 	16
	115
	1

	AFM2
	0.2
	103
	1

	 	0.5
	100
	1

	 	2
	117
	1

	 	16
	113
	4



Table 5Concentration, precision, and accuracy of diluted samples


	Analyte
	Target concentration(ng/mL)
	Calculated concentration(ng/mL)
	Accuracy (%)
	Precision (%)

	AFB1
	0.4
	0.39
	100
	3

	0.41

	0.39

	0.38

	0.39

	0.40

	AFB2
	0.4
	0.39
	99
	2

	0.41

	0.39

	0.38

	0.39

	0.40

	AFG1
	0.4
	0.40
	101
	1

	0.41

	0.40

	0.40

	0.39

	0.40

	AFG2
	0.4
	0.36
	98
	6

	0.41

	0.42

	0.39

	0.35

	0.36

	AFM1
	0.4
	0.40
	100
	2

	0.41

	0.39

	0.40

	0.39

	0.41

	AFM2
	0.4
	0.35
	93
	5

	0.40

	0.36

	0.37

	0.34

	0.35




Toxicokinetic study
The calculated kinetic parameters, expressed as mean ± SD, are shown in Table 6. The concentration–time profiles are presented in Fig. 5.Table 6Pharmacokinetic parameters using noncompartmental analysis of AFB1 and AFM1 in rat blood after a single oral dose of AFB1


	Pharmacokinetic parameters
	Unit
	AFB1
	AFM1

	Tmax
	h
	0.15 ± 0.034
	0.33 ± 0.10

	Cmax
	ng/ml
	93.42 ± 23.01
	53.86 ± 12.12

	T1/2
	h
	7.62 ± 3.61
	4.74 ± 2.58

	AUC(0-24 h)
	h*ng/ml
	49.59 ± 17.19
	110.26 ± 36.28

	AUC (0-∞)
	h*ng/ml
	51.26 ± 18.43
	112.48 ± 36.19

	CLz/F
	l/h/kg
	22.33 ± 9.79
	9.98 ± 4.21

	Vz/F
	l/kg
	226.46 ± 100.76
	65.96 ± 38.47


Data are presented as mean ± SD


[image: ]
Fig. 5Mean blood concentration–time curves for AFB1 and AFM1 following oral administration (1 mg/kg BW) in rats (n = 6)


After oral administration of 1 mg/kg BW of AFB1, both AFB1 and AFM1 were found in the blood at 5 min. The blood levels of AFB1 reached a maximum concentration (93.42 ± 23.01 ng/mL) of approximately at 0.15 h and AFM1 reached a maximum concentration (53.86 ± 12.12 ng/mL) at 0.33 h. The concentrations of AFB1 and AFM1 in blood peaked quickly and then declined. However, the concentration of AFB1 fluctuated at 8 h. AFB1 and AFM1 were rapidly eliminated from the blood, with T1/2 of 7.62 h and 4.73 h, respectively. Due to its lipophilicity and low molecular weight, most of the ingested AFB1 was readily absorbed in the gastrointestinal tract (Bastaki et al. 2010). A previous study on intestinal absorption kinetics showed that the absorption of AFB1 in the rat small intestine is a very rapid process that follows first-order kinetics, with an absorption rate constant (ka) of 5.84 + 0.05 (Ramos and Hernández 1996). Ingestion of AFB1 administered at high doses could cause acute toxic symptoms immediately (McKean et al. 2006). Similar to our results, the oral administration of AFB1 (0.5 mg/kg BW) to rats resulted in the highest concentration of AFB1 at 0.17 h in a previous study (Han et al. 2012). However, the target analytes may have been confused with the metabolites in previous studies, as the obtained time-to-peak for AFB1 ranged from 2–3 h (Han et al. 2012). Jubert et al. (2009) used the two-compartment model to simulate the toxicokinetic parameters of AFB1 in plasma and obtained values of T1/2α = 2.86 h and T1/2 β = 64.4 h. T1/2α was speculated to represent the half-life of free aflatoxin. AFB1 and its metabolites or conjugates could not be distinguished by the protocol used in Jubert’s study. Our study shows that the half-life of free aflatoxin in blood is longer than the time speculated by Jubert.
AFM1 appeared rapidly in the blood after oral ingestion, and the peak concentration was rapidly reached, showing that the metabolism of AFB1 occurs immediately. Therefore, rapid metabolism may be one of the reasons for the rapid elimination of AFB1 from the blood. Lactating Holstein dairy cows (Gallo et al. 2008) and pregnant mice (Bastaki et al. 2010) given a single oral dose of AFB1 showed detectible plasma AFM1 at 5 min and peak values at 25 min, in agreement with the present findings. The half-life of AFM1 is 4.73 h, indicating that AFM1 was quickly removed from the blood. The AFM1 amounts reflect acute aflatoxin exposure in the past 2–3 days and excretion mainly in urine and milk (Mupunga et al. 2016; Schrenk et al. 2020). The Vz/F is wider for AFB1 than for AFM1, and the high volume of distribution inferred a relatively high tissue concentration of AFB1 (Wong and Hsieh 1980). Blood concentrations of AFB1 fell quickly after 0.15 h, except for a fluctuation at 8 h, when the blood concentration of AFB1 (0.99 ± 0.52 ng/mL) was higher than at 4 h (0.42 ± 0.14 ng/mL). This may indicate a redistribution of AFB1 in the peripheral blood, as reported previously by Wong et al. (1980). The redistribution of AFB1 in rats may reflect that the rate of AFB1 entering the tissue is greater than the rate of metabolism or elimination from the tissue (Wong and Hsieh 1980). This redistribution was not observed in monkeys through active metabolism in their tissues. The effective uptake and metabolism of AFB1 may explain the greater sensitivity to acute toxicity in monkeys than in rats (Wong and Hsieh 1980).
Conclusion
An HPLC–MS/MS method was specifically developed for simultaneous determination of aflatoxins (AFB1, AFB2, AFG1, AFG2, AFM1 and AFM2) in blood. AFB1 and AFM1 were found in all rat blood samples between 5 min and 24 h after a single administration of AFB1. AFB1 was rapidly absorbed after intragastric administration and showed a peak at 0.15 h. AFM1 reached a peak concentration at 0.33 h, indicating that AFB1 was rapidly metabolized. AFB1 and AFM1 were rapidly eliminated with half-life times (t1/2) in blood of 7.62 h and 4.73 h, respectively. The kinetic parameter values presented here might be helpful in predicting the toxicokinetics and toxicity of AFB1 and AFM1 in animals and humans.
Author contributions
MBC and HY contributed to the design of the study. MBC performed the experiments and analyzed the data. SY, ZNC, XZL, BD and WL gave their valuable suggestions during the course of validation. MBC, HY wrote the manuscript. HY and WL involved in writing–review and editing and supervision. All authors read and approved the final manuscript.

Funding
The authors would like to give thanks to the Science and Technology Commission of Shanghai Municipality (Grant No.19ZR1458800, 21DZ2270800 and 19DZ2292700), Ministry of Finance, PR China (Grant No. GY2021G-6, GY2022G-2).

Availability of data and materials
Almost all details of experimental data are presented in the article.

Declarations
Ethics approval and consent to participate
This study was approved by the institute ethics committee.

Consent for publication
The authors have no objection regarding publication of the article.

Competing interests
The authors declare that they have no competing interests.


[image: Creative Commons]Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article are included in the article's Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://​creativecommons.​org/​licenses/​by/​4.​0/​.

References
	Andrade PD, da Silva JLG, Caldas ED. Simultaneous analysis of aflatoxins B1, B2, G1, G2, M1 and ochratoxin A in breast milk by high-performance liquid chromatography/fluorescence after liquid–liquid extraction with low temperature purification (LLE–LTP). J Chromatogr A. 2013;1304:61–8. https://​doi.​org/​10.​1016/​j.​chroma.​2013.​06.​049.CrossrefPubMed

	Ardic M, Karakaya Y, Atasever M, Durmaz H. Determination of aflatoxin B1 levels in deep-red ground pepper (isot) using immunoaffinity column combined with ELISA. Food Chem Toxicol. 2008;46:1596–9. https://​doi.​org/​10.​1016/​j.​fct.​2007.​12.​025.CrossrefPubMed

	Arroyo-Manzanares N, Campillo N, López-García I, Hernández-Córdoba M, Viñas P. High-Resolution mass spectrometry for the determination of mycotoxins in biological samples: a review. Microchem J. 2021;166:106197. https://​doi.​org/​10.​1016/​j.​microc.​2021.​106197.Crossref

	Bastaki SA, Osman N, Kochiyil J, Shafiullah M, Padmanabhan R, Abdulrazzaq YM. Toxicokinetics of Aflatoxin in Pregnant Mice. Int J Toxicol. 2010;29:425–31. https://​doi.​org/​10.​1177/​1091581810369565​.CrossrefPubMed

	Bastianello SS, Nesbit JW, Williams MC, Lange AL. Pathological findings in a natural outbreak of aflatoxicosis in dogs. Onderstepoort J Vet Res. 1987;54:635–640. https://​doi.​org/​10.​1080/​00480169.​/​1987.​35460.

	Benkerroum N. Aflatoxins: producing-molds, structure, health issues and incidence in southeast Asian and sub-Saharan African countries. Int J Environ Res Public Health. 2020;17:1215. https://​doi.​org/​10.​3390/​ijerph17041215.CrossrefPubMedPubMedCentral

	Bianco G, Russo R, Marzocco S, Velotto S, Autore G, Severino L. Modulation of macrophage activity by aflatoxins B1 and B2 and their metabolites aflatoxins M1 and M2. Toxicon. 2012;59:644–50. https://​doi.​org/​10.​1016/​j.​toxicon.​2012.​02.​010.CrossrefPubMed

	Bruchim Y, Segev G, Sela U, Bdolah-Abram T, Salomon A, Aroch I. Accidental fatal aflatoxicosis due to contaminated commercial diet in 50 dogs. Res Vet Sci. 2012;93:279–87. https://​doi.​org/​10.​1016/​j.​rvsc.​2011.​07.​024.CrossrefPubMed

	Cao X, Li X, Li J, Niu Y, Shi L, Fang Z, Zhang T, Ding H. Quantitative determination of carcinogenic mycotoxins in human and animal biological matrices and animal-derived foods using multi-mycotoxin and analyte-specific high performance liquid chromatography-tandem mass spectrometric methods. J Chromatogr B. 2018;1073:191–200. https://​doi.​org/​10.​1016/​j.​jchromb.​2017.​10.​006.Crossref

	Chao TC, Maxwell SM, Wong SY. An outbreak of aflatoxicosis and boric acid poisoning in Malaysia: a clinicopathological study. J Pathol. 1991;164:225–33. https://​doi.​org/​10.​1002/​path.​1711640307.CrossrefPubMed

	Chen Z, Ying S, Liu J, Zhan P, Zhao Y. PRiME pass-through cleanup for the fast determination of aflatoxins in human serum by using LC-MS/MS. Anal Methods. 2016;8:1457–62. https://​doi.​org/​10.​1039/​c5ay03099d.Crossref

	De Santis B, Raggi ME, Moretti G, Facchiano F, Mezzelani A, Villa L, Bonfanti A, Campioni A, Rossi S, Camposeo S, Soricelli S, Moracci G, Debegnach F, Gregori E, Ciceri F, Milanesi L, Marabotti A, Brera C. Study on the association among mycotoxins and other variables in children with Autism. Toxins. 2017. https://​doi.​org/​10.​3390/​toxins9070203.CrossrefPubMedPubMedCentral

	Devreese M, De Baere S, De Backer P, Croubels S. Quantitative determination of several toxicological important mycotoxins in pig plasma using multi-mycotoxin and analyte-specific high performance liquid chromatography–tandem mass spectrometric methods. J Chromatogr A. 2012;1257:74–80. https://​doi.​org/​10.​1016/​j.​chroma.​2012.​08.​008.CrossrefPubMed

	Ediage EN, Mavungu J, Song S, Wu A, Peteghem CV, Saeger SD. A direct assessment of mycotoxin biomarkers in human urine samples by liquid chromatography tandem mass spectrometry. Anal Chim Acta. 2012;741:58–69. https://​doi.​org/​10.​1016/​j.​aca.​2012.​06.​038.CrossrefPubMed

	Fan K, Xu J, Jiang K, Liu X, Meng J, Di Mavungu JD, Guo W, Zhang Z, Jing J, Li H, Yao B, Li H, Zhao Z, Han Z. Determination of multiple mycotoxins in paired plasma and urine samples to assess human exposure in Nanjing, China. Environ Pollut. 2019;248:865–73. https://​doi.​org/​10.​1016/​j.​envpol.​2019.​02.​091.CrossrefPubMed

	Gallo A, Moschini M, Masoero F. Aflatoxins absorption in the gastro-intestinal tract and in the vaginal mucosa in lactating dairy cows. Ital J Anim Sci. 2008;7:53–63. https://​doi.​org/​10.​4081/​ijas.​2008.​53.Crossref

	Han Z, Zhao Z, Song S, Liu G, Shi J, Zhang J, Liao Y, Zhang D, Wu Y, Saeger S, Wu A. Establishment of an isotope dilution LC-MS/MS method revealing kinetics and distribution of co-occurring mycotoxins in rats. Anal Methods. 2012;4:3708–17. https://​doi.​org/​10.​1039/​C2AY25891A.Crossref

	Huang W, Liu M, Xiao B, Zhang J, Song M, Li Y, Cao Z. Aflatoxin B1 disrupts blood-testis barrier integrity by reducing junction protein and promoting apoptosis in mice testes. Food Chem Toxicol. 2021;148:111972. https://​doi.​org/​10.​1016/​j.​fct.​2021.​111972.CrossrefPubMed

	Jubert C, Mata J, Bench G, Dashwood R, Pereira C, Tracewell W, Turteltaub K, Williams D, Bailey G. Effects of chlorophyll and chlorophyllin on low-dose aflatoxin B1 pharmacokinetics in human volunteers. Cancer Prev Res Phila. 2009;2:1015–22. https://​doi.​org/​10.​1158/​1940-6207.​capr-09-0099.CrossrefPubMedPubMedCentral

	Klvana M, Bren U. Aflatoxin B1–Formamidopyrimidine DNA adducts: relationships between structures, free energies, and melting temperatures. Molecules. 2019;24:150. https://​doi.​org/​10.​3390/​molecules2401015​0.CrossrefPubMedCentral

	Marchese S, Polo A, Ariano A, Velotto S, Costantini S, Severino L. Aflatoxin B1 and M1: biological properties and their involvement in cancer development. Toxins. 2018. https://​doi.​org/​10.​3390/​toxins10060214s.CrossrefPubMedPubMedCentral

	Martínez-Martínez L, Valdivia-Flores AG, Guerrero-Barrera AL, Quezada-Tristán T, Rangel-Muñoz EJ, Ortiz-Martínez R. Toxic effect of aflatoxins in dogs fed contaminated commercial dry feed: a review. Toxins. 2021. https://​doi.​org/​10.​3390/​toxins13010065.CrossrefPubMedPubMedCentral

	Martins C, Vidal A, De Boevre M, De Saeger S, Nunes C, Torres D, Goios A, Lopes C, Alvito P, Assunção R. Burden of disease associated with dietary exposure to carcinogenic aflatoxins in Portugal using human biomonitoring approach. Food Res Int. 2020;134:109210. https://​doi.​org/​10.​1016/​j.​foodres.​2020.​109210.CrossrefPubMed

	Matuszewski BK, Constanzer ML, Chavez-Eng CM. Strategies for the assessment of matrix effect in quantitative bioanalytical methods based on HPLC−MS/MS. Anal Chem. 2003;75:3019–30. https://​doi.​org/​10.​1021/​ac020361s.CrossrefPubMed

	McKean C, Tang L, Billam M, Tang M, Theodorakis CW, Kendall RJ, Wang JS. Comparative acute and combinative toxicity of aflatoxin B1 and T-2 toxin in animals and immortalized human cell lines. J Appl Toxicol. 2006;26:139–47. https://​doi.​org/​10.​1002/​jat.​1117.CrossrefPubMed

	McMillan A, Renaud JB, Burgess KMN, Orimadegun AE, Akinyinka OO, Allen SJ, Miller JD, Reid G, Sumarah MW. Aflatoxin exposure in Nigerian children with severe acute malnutrition. Food Chem Toxicol. 2018;111:356–62. https://​doi.​org/​10.​1016/​j.​fct.​2017.​11.​030.CrossrefPubMed

	Mupunga I, Izaaks CD, Shai LJ, Katerere DR. Aflatoxin biomarkers in hair may facilitate long‐term exposure studies. J Appl Toxicol. 2016;37:395–9. https://​doi.​org/​10.​1002/​jat.​3422.CrossrefPubMed

	Neal GE, Eaton DL, Judah DJ, Verma A. Metabolism and toxicity of aflatoxins M1and B1in human-derivedin vitrosystems. Toxicol Appl Pharmacol. 1998;151:152–8. https://​doi.​org/​10.​1006/​taap.​1998.​8440.CrossrefPubMed

	Osteresch B, Viegas S, Cramer B, Humpf H-U. Multi-mycotoxin analysis using dried blood spots and dried serum spots. Anal Bioanal Chem. 2017;409:3369–82. https://​doi.​org/​10.​1007/​s00216-017-0279-9.CrossrefPubMedPubMedCentral

	Peters FT, Drummer OH, Musshoff F. Validation of new methods. Forensic Sci Int. 2007;165:216–24. https://​doi.​org/​10.​1016/​j.​forsciint.​2006.​05.​021.CrossrefPubMed

	Qi D, Fei T, Liu H, Yao H, Wu D, Liu B. Development of multiple heart-cutting two-dimensional liquid chromatography coupled to quadrupole-orbitrap high resolution mass spectrometry for simultaneous determination of aflatoxin B1, B2, G1, G2, and ochratoxin A in snus, a smokeless tobacco product. J Agric Food Chem. 2017;65:9923–9. https://​doi.​org/​10.​1021/​acs.​jafc.​7b04329.CrossrefPubMed

	Ramos AJ, Hernández E. In situ absorption of aflatoxins in rat small intestine. Mycopathologia. 1996;134:27–30. https://​doi.​org/​10.​1007/​BF00437049.CrossrefPubMed

	Rubert J, León N, Sáez C, Martins CPB, Godula M, Yusà V, Mañes J, Soriano JM, Soler C. Evaluation of mycotoxins and their metabolites in human breast milk using liquid chromatography coupled to high resolution mass spectrometry. Anal Chim Acta. 2014;820:39–46. https://​doi.​org/​10.​1016/​j.​aca.​2014.​02.​009.CrossrefPubMed

	Schrenk D, Bignami M, Bodin L, Chipman J, del Mazo J, Grasl-Kraupp B, Hogstrand C, Hoogenboom L, Leblanc J-C, Nebbia C, Nielsen E, Ntzani E, Petersen A, Sand S, Schwerdtle T, Vleminckx C, Marko D, Oswald I, Piersma A, Wallace H, Risk assessment of aflatoxins in food. EFSA J. 2020; 18:e06040. https://​doi.​org/​10.​2903/​j.​efsa.​2020.​6040

	Seetha A, Monyo ES, Tsusaka TW, Msere HW, Madinda F, Chilunjika T, Sichone E, Mbughi D, Chilima B, Matumba L. Aflatoxin-lysine adducts in blood serum of the Malawian rural population and aflatoxin contamination in foods (groundnuts, maize) in the corresponding areas. Mycotoxin Res. 2018;34:195–204. https://​doi.​org/​10.​1007/​s12550-018-0314-5.CrossrefPubMed

	Slobodchikova I, Vuckovic D. Liquid chromatography – high resolution mass spectrometry method for monitoring of 17 mycotoxins in human plasma for exposure studies. J Chromatogr A. 2018;1548:51–63. https://​doi.​org/​10.​1016/​j.​chroma.​2018.​03.​030.CrossrefPubMed

	Tkaczyk A, Jedziniak P. Development of a multi-mycotoxin LC-MS/MS method for the determination of biomarkers in pig urine. Mycotoxin Res. 2021;37:169–81. https://​doi.​org/​10.​1007/​s12550-021-00428-w.CrossrefPubMedPubMedCentral

	Wogan GN, Paglialunga S. Carcinogenicity of synthetic aflatoxin M1 in rats. Food Cosmet Toxicol. 1974;12:381–4. https://​doi.​org/​10.​1016/​0015-6264(74)90012-1.CrossrefPubMed

	Wong ZA, Hsieh DPH. The comparative metabolism and toxicokinetics of aflatoxin B1 in the monkey, rat, and mouse. Toxicol Appl Pharmacol. 1980;55:115–25. https://​doi.​org/​10.​1016/​0041-008X(80)90227-6.CrossrefPubMed

	Xia L, Routledge M, Rasheed H, Ismail A, Dong Y, Jiang T, Gong YY. Biomonitoring of aflatoxin B1 and deoxynivalenol in a rural pakistan population using ultra-sensitive LC-MS/MS method. Toxins. 2020;12:591. https://​doi.​org/​10.​3390/​toxins12090591.CrossrefPubMedCentral



Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		HPLC–MS/MS method for the simultaneous determination of aflatoxins in blood: toxicokinetics of aflatoxin B1 and aflatoxin M1 in rats


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/40543_2022_336_Fig2_HTML.png
intensity, cps

Intensity, cps

80

1050 1412

100 120 140

Intensity, cps

160 180 200 220 240 200 280 300 320 340
vz Ds

Intensity, cps

Intensity, cps

160 180 200 220 240 260 280 300 320
mz. Ds

€ 80 100 120 140

B .0S2 (331.00) CE (43) 40 MCA scans from Sample 5 (...

99.1 2732

Intensity, ¢ps

€ 80 100 120 140 160 180 200 220 240 200 280 300 320
mz. 08





OEBPS/images/40543_2022_336_Fig5_HTML.png
concentration(ng/ml)

—— AFBI
—— AFMI

1 LI
6 6 81012141618202224
time(h)





OEBPS/images/40543_2022_336_Fig1_HTML.png





OEBPS/css/cc-by.png
() _®





OEBPS/images/40543_2022_336_Fig3_HTML.png
Pcak arca

3 AFBI

600000 —: % % I
400000 —: % %
200000 —_ % B} % 7

AL 7 n

acetonitrile : blood(3:1) acetonitrile : blood(9:1)
Extraction methods





OEBPS/css/envelope.png





OEBPS/images/40543_2022_336_Article_TeX_Equ1.png
matrix effect = (Apost—extracted/Astd.) * 100%





OEBPS/images/40543_2022_336_Fig4_HTML.png
Intensity, cps

Intensity, cps

784 679 AFBI 69e4 62 AFG1 484 541 AFM1
313.1241.1 8084 329.1243.0 ibei 32892731
8.0e4 § :&) w0
- . ed
0k % 4084 %
5 S 2.0e4
2084 T 20e E ges
0,3’ 0.0’ 0.\“,' 4
4 8 8 10 12 14 2 4 8 3 10 12 14 8 10 12 14
Time, min Time, min Time, min
855 591 513
38e4
6064 AFB2 20et AFG2 AFM2
315.1/259.3 « 331.0/189.0 w 330912729
3 1.5¢4 2
4.0e4 - -
% f6ai % 20e4
g 5
zost E 50000 700  10es
578 L 516 778 5147
ool L 0o - oot
0 4 L] 8 10 12 14 -4 4 ] 8 10 12 14 0 L] 8 10 12 14
Time, min Time, min Time, min
- 542
5984 e AFBL-13C17 . ARMI-13C17
330.0255.1 o e 34622882
Z s0es
g
2
£ 20e4
OAG.
4 ] 8 10 12 14 2 4 [} 8 10 12 14
Time, min Time, min





OEBPS/images/40543_2022_336_Article_TeX_Equ2.png





OEBPS/css/sidebar.gif





