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Abstract
An automated on-line solid-phase extraction (SPE) combined with LC–MS/MS method was developed for determination 
of deoxynivalenol (DON), 3-acetyl-DON and 15-acetyl-DON in corn flour and wheat flour samples. The extraction solvent 
of the samples was injected into the automated on-line SPE system to remove matrix interference. After washing step, the 
targets were eluted from the SPE cartridge into liquid chromatography (LC) column. Several SPE parameters including 
injection volume, elution volume and eluting flow rate were assessed and optimized. Method validation was evaluated and 
good linearity was obtained (R2 > 99%) with the limit of detection of 0.1–0.2 μg/kg. Recoveries were evaluated in spiked 
corn flour and wheat flour samples at three concentrations and the values ranged from 86.5% to 99.7%. The benefit of the 
present method with automated on-line SPE system is the ability to inject directly pure extracts into LC–MS/MS, offering 
faster analyses and improving analysis efficiency.
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Mycotoxins are the secondary fungal metabolites, which are 
omnipresent in nature and contaminate cereal crops, pos-
ing potential health hazards to humans and animals (Mishra 
et al. 2020). It is reported that 25–50% of globally harvested 
crops have been contaminated with mycotoxins each year, 
and about 500 million people are exposed to natural toxins 
by consuming their staple diet (Ran et al. 2013; Mishra et al. 
2020). Deoxynivalenol (DON), also known as vomitoxin, is 
a common mycotoxin produced as a secondary metabolite 
mainly by Fuasriumgraminearum and Fuasriumculmorum, 

mainly occurring in cereal grains such as wheat and maize 
(Rahmani et al. 2017; Tralamazza et al. 2016; Alizadeh et al. 
2016). Its acetylated derivatives, 3-acetyl-deoxynivalenol 
(3-ADON) and 15-acetyl- deoxynivalenol (15-ADON), are 
intermediate fungal metabolites in the biosynthesis of DON 
and can occur together with DON in cereal staples, but at 
much lower levels (Wu et al. 2017; Gonçalves and Stroka 
2016). These mycotoxins are stable during food process-
ing, and have adverse effects including anorexia, immune-
suppression, circulatory shock, and diarrhea on human and 
animal consumers (Liu et al. 2016; Wu and Zhang 2014; 
Gerez et al. 2015). To ensure consumers health, the Euro-
pean Union’s Commission stipulated maximum levels for 
DON (1250 μg/kg in cereals; 200 μg/kg in processed cereal-
based foods and baby foods) (European Commission 2006; 
Olcer et al. 2014). The United States and China also set the 
maximum limits for DON in cereal products at 1000 μg/kg 
(Yuan et al. 2017).

DON and its derivatives have been commonly analyzed 
by high-performance liquid chromatography (HPLC), gas 
chromatography-mass spectrometry (GC–MS), liquid chro-
matography-mass spectrometry (LC–MS), LC–MS/MS, 
immunoassay, and microfluidics based on electrochemical 
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profiling (Ran et al. 2013; Olcer et al. 2014; Rahmani et al. 
2017; Broekaert et  al. 2014). GC–MS and LC–MS are 
attractive instrumental analytical methods due to their fast 
speed, excellent sensitivity, and capacity of simultaneously 
determining multi-targets in a single run. However, analysis 
of DON and its derivatives using GC–MS needs clean-up 
and derivation steps, making this technique complicated 
and time consuming (Tang et al. 2018; Rodríguez-Carrasco 
et al. 2017; Ran et al. 2013). Recently, LC–MS and LC–MS/
MS combined with off-line solid phase extraction (SPE) are 
widely used to determine DON and its derivatives without 
derivatization step (Zhang et al. 2016; Broekaert et al. 2014). 
The major drawbacks of off-line SPE are sample loss and 
contamination, time consuming, and high sample volume 
(Ferrer-Aguirre et al. 2016; Salazar-Beltrán et al. 2017). 
These problems can be well solved by on-line SPE method, 
which owns the advantages including high efficiency, time 
saving, low or no contamination, and minimal sample vol-
ume (Bourgogne et al. 2015; Rossi et al. 2017).

On-line SPE combined with LC–MS methods for measur-
ing environmental phenols and parabens in serum (Ye et al. 
2008), sulphonamides in eggs and pork (Fang et al. 2006), 
glyphosate in groundwater (Sanchís et al. 2012), phenols in 
urine (Zhou et al. 2014), and ochratoxin A in wine (Cam-
pone et al. 2018) have been developed. To our knowledge, 
there are few reports on the determination of DON and its 
derivatives, 3-acetyl-DON and 15-acetyl-DON, using on-
line SPE combined with LC–MS method. In this study, we 
used a full-automated on-line SPE sample processor for pre-
concentration and purification of targets, which was inte-
grated with LC–MS/MS, allowing simultaneous extraction 
and analysis of samples with increased efficiency, sensitivity 
and convenience. Parameters of the automated on-line SPE-
LC–MS/MS affecting the extraction efficiency, accuracy and 
sensitivity were optimized. Under the optimal conditions, 
the developed method was validated according to ESP (USP 
29/NF 24, 2006) and ICH (ICH Q2, 2005), and then applied 
at corn flour and wheat flour.

Materials and methods

DON (200 μg/mL), 3-ADON (50 μg/mL) and 15-ADON 
(50 μg/mL) in methanol were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). 13C15-DON (stable isotope labelled 
internal standard, 25.2 μg/mL) and 13C17-3-ADON (stable 
isotope labelled internal standard, 25.3 μg/mL) in ace-
tonitrile were purchased from Cerilliant (LGC Standards, 
Boras, Sweden). Methanol (LC–MS grade) and acetoni-
trile (LC–MS grade) were provided by Merck (Darmstadt, 
Germany). Ultrapure water (resistance of 18 MΩ × cm at 
25 °C) was produced by a Milipore water purification sys-
tem (Billerica, MA, USA). Other reagents were purchased 

from Tianjin Chemical Reagent Factory (Tianjin, China). 
All reagents were of the highest available purity and at least 
of analytical reagent grade.

A Symbiosis ™ Pico system (Spark Holland, Emmen, 
Netherlands) was the automated SPE device consisting of an 
Alias™ antosampler, a binary high-pressure gradient pump 
with the solvent selector, the column selector, one automated 
cartridge exchange unit, and a column oven. The control 
software was Spark Link workstation.

The automated SPE unit was coupled to an HPLC separa-
tion module using a reversed-phase C18 analytical column 
(4.6 mm × 250 mm, 5 μm, Agilent, USA) that was connected 
to a Triple Quad™ 6500 mass spectrometer equipped with 
an electrospray ionization (ESI) source (AB SCIEX, Foster 
City, CA, USA). An IKA MTS 2/4 digital microtiter shaker 
(IKA Werke, Staufen, Germany) and an ultrasonic cleaner 
(Elma Transonic T310, Singen, Germany) were also used.

The HLB SPE cartridge (10 mm × 1 mm, Waters, USA) 
was automatically picked from a 96 well cartridge plate for 
sample extraction procedure. After the SPE cartridge was 
conditioned and equilibration, 50 μL of sample extracts 
containing internal standard 13C15-DON and 13C17-3-ADON 
were loaded onto the SPE cartridges. Then the targets were 
eluted from the cartridge directly to the analytical column. 
Detailed on-line SPE conditions were shown in Table S1 
(Supplementary Material). For LC separation, the column 
temperature was set at 35 °C, and the mobile phase com-
prised solvent A (0.1% ammonia solution, v/v) and solvent 
B (acetonitrile). The solvent gradient setting is summarised 
in Table S2 (Supplementary Material).

The mass spectrometry was operated in the multiple reac-
tion monitoring (MRM) mode, and MS data were obtained 
using the negative ESI mode for all analytes. The optimized 
MS parameters were as follows: ion spray voltage, − 4500 V; 
curtain gas pressure, 30 psi; nebulizer gas pressure, 50 psi; 
auxiliary gas pressure, 55 psi; ion source temperature, 
500 °C. The optimized MS parameters for DON, 3-ADON, 
15-ADON and internal standard were given in Table 1. The 
results were analyzed using MultiQuant 3.0.1 software (AB 
SCIEX, Foster City, CA, USA).

Corn flour and wheat flour were purchased from local 
supermarkets (Hebei province, China) and the test sam-
ple was verified free of DON, 3-ADON and 15-ADON 
by HPLC–MS/MS. The sample preparation was carried 
out as described (Mateo et  al. 2001) with some minor 
modifications.

To 2.0 g of corn flour or wheat flour, 13C15-DON (internal 
standard solution, 400 ng), 13C17-3-ADON (internal stand-
ard solution, 400 ng) DON, 3-ADON and 15-ADON were 
added. Then the samples were homogenized by vortex mix-
ing for 1 min. After standing for 1 h at 4 °C, 20 mL of a 
mixture of acetonitrile–water (84:16, v/v) was added into 
the samples to extract the targets with the aid of ultrasonic 
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vibration for 10 min. After centrifugation (4500 rpm for 
10 min at 4 °C), 5 mL of the supernatant were selected to a 
new tube, and then dried under nitrogen flow at 45 °C. The 
resulting residues were dissolved in 5 mL of deionized water. 
Subsequently, the mixture was filtered using a membrane 
filter (pore size, 0.22 μm) and the filtrate was subjected to 
the on-line SPE procedure.

Results and Discussion

The automated on-line SPE combined with LC–MS/MS 
consists of a high-pressure dispenser module for solvent 
and samples, an automated cartridge exchange module, LC 
module for separation, and a tandem mass spectrometer 
(Fig. 1). After the washing step, the SPE cartridge was auto-
matically moved onto the right clamp from the left clamp, 
where the target analytes were eluted into the LC column. In 
the meantime, a new SPE cartridge was placed onto the left 

side clamp, being ready for the next preconcentration and 
purification sequence.

MS/MS conditions were evaluated in this study by infu-
sion of a standard solution of 500 ng/mL of each compound. 
Electrospray ionization in negative and positive mode was 
tested, indicating that the more abundant precursor ions for 
DON, 3-ADON, 15-ADON, 13C15-DON, and 13C17-3-ADON 
were obtained in negative mode. So the precursor ions, 
[M–H]−, were selected for MRM analysis. Other parameters 
such as declustering potential and collision energy were also 
studied, selecting the optimum conditions listed in Sect. 2.4.

The mobile phase system for chromatographic separation 
of the target compounds was optimized by direct injection 
method with the help of the high-pressure dispenser module. 
Methanol–water, acetonitrile–water, and acetonitrile-ammo-
nia solution (0.1%, v/v) as mobile phase were test under gra-
dient elution conditions. The last solvent gave more satisfac-
tory results regarding peak shapes. Moreover, the addition 
of ammonia to the mobile phase obtained better ionization 

Table 1   Optimized MS 
parameters for DON and ADON

IS internal standard
*Quantifier ion

Compound Precursor 
ion (m/z)

Declustering 
potential (V)

Product ion (m/z) Collision energy (V) IS ion

DON 295.1 − 100 265.3* − 17.780 13C15− DON
247.0 − 18.710

13C15-DON (IS) 310.0 − 100 279.0* − 12
3-ADON 337.1 − 70 307.0* − 10 13C17-3-ADON

173.0 − 21
15-ADON 337.1 − 70 219.0* − 10 13C17-3-ADON

277.0 − 18
13C17-3-ADON (IS) 354.0 − 70 323.0 − 14

Fig. 1   Scheme of the automated on-line SPE combined with LC–MS/MS
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efficiency than water. Therefore, acetonitrile-ammonia solu-
tion (0.1%, v/v) was selected as mobile phase.

Critical factors affecting the efficiency of the on-line SPE 
including the injection volume, elution volume and eluting 
flow rate were assessed by evaluating the performance of the 
on-line SPE procedure.

Different the injection volume was carried out to inves-
tigated whether the sensitivity of this method, could be 
improved by increasing the sample injection volume using 
spiked blank matrix at 50 ng/mL. The results (Fig. S1, in 
Supplementary Material) shown that each curve were lin-
ear with a good correlation coefficient (R2 > 0.995) in the 
evacuated injection volume range (10–100 μL). The signal 
responses of DON, 3-ADON and 15-ADON increased pro-
portionally with the injection volume and no matrix effects 
were obtained. In order to obtain good sensitivity and less 
matrix interference, the injected sample volume was set at 
50 μL.

The effect of eluting flow rates (50 μL/min, 100 μL/min, 
150 μL/min and 200 μL/min) was assessed by loading 50 μL 
of spiked blank matrix (50 ng/mL). The results showed that 
the chromatographic elution peaks and recoveries of the tar-
gets were good as the flow rate was 100 μL/min, avoiding 
the tailed phenomenon of chromatographic peak at low flow 
rate (50 μL/min). However, the recoveries were decreased 
when the eluting flow rate was more than 100 μL/min. To 
ensure the sensitivity and recovery of the method, the elut-
ing flow rate of 100 μL/min was chosen during the on-line 
SPE procedure.

Elution volume was optimized by employing methanol as 
eluent. The results (Fig. 2) indicated that the targets response 
were not increased any more as more than 250 μL of eluent 
were applied. Therefore, 250 μL of methanol was adopted 
in this study.

Matrix effect (ME) is the interfering sample components 
during ionization, which can affect the sensitivity and accu-
racy of the LC–MS/MS analysis. To assess the degree of 
ME (enhancement or suppression of the analytical signals), 
DON and its derivative were spiked in the blank corn flour 
and wheat flour sample extracts. The ME (%) was defined 
as A (peak area of the spiked sample extracts)/B (peak area 
of standard solution) (Mi et al. 2014). The results (Table S3, 
in Supplementary Material) showed that the ME values of 
the present work were 95.89–100.03% and the ranges of 
relative standard deviations (RSDs) were 3.2–5.5%, indi-
cating that no adversely affected by ME with the method 
was found. Therefore, the on-line SPE used here can remove 
co-extraction compounds during the washing step, ensuring 
the detection sensitivity and quantification accuracy of the 
target analyte.

The proposed method validation was carried out under 
USP (USP 29/NF 24, 2006) and ICH (ICH Q2, 2005) guide-
line, including linearity, selectivity, accuracy, detection limit 
and quantitation limit.

Working calibration solutions (0.1–5000 μg/kg) were 
prepared by adding DON, 3-ADON and 15-ADON into the 
black sample extract solutions, which contained internal 
standards 13C15-DON and 13C17-3-ADON with fixed con-
centration (200 μg/kg). Calibration curve of DON and its 
derivative were obtained by plotting peak area ratio of the 
analytes and internal standard (y) against the analytes con-
centrations (x). The regression equation and linear range 
were listed in Table 2, showing good linear correlation 
(R2 > 99%) between the target concentrations and the signals 
and wide linear range.

To estimate the sensitivity of the developed method, the 
limit of detection (LOD) and the limit of quantitation (LOQ) 
were calculated on the basis of a signal-to-noise ratio (S/N) 
of 3 and 10, respectively. The results of LOD and LOQ were 
reported in Table 2, indicating high sensitivity with LOQ 
in the range of 0.3–0.6 μg/kg for corn flour and wheat flour 
matrixes.

Wheat and corn are consumed as a staple food across 
the globe. The occurrence of DON and its derivative in 
grain production have been reported globally, and the mean 
contamination level in China were around 78.9 μg/kg and 
240 μg/kg for corn and wheat, respectively (Mishra et al. 
2020). Therefore, the recovery studies were carried out to 
assess the accuracy of the proposed method by processing 
corn flour and wheat samples spiked with DON, 3-ADON 
and 15-ADON at three different concentration levels (40 μg/
kg, 100 μg/kg and 400 μg/kg). Each spiked sample was ana-
lyzed for six repetitions. As shown in Table 3, the recoveries 
of DON and its derivative from the spiked samples were 
86.5–99.7% with RSDs ranging from 2.5 to 8.3%.

Precision of the method was also assessed by measur-
ing RSDs of intra- and inter-day tests. Intra-day assay was 

Fig. 2   Peak area of DON, 3-ADON and 15-ADON using different 
elution volume
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carried out by analyzing three aliquots of spiked samples in 
one day. Inter-day assay was performed on five consecutive 
days with spiked samples. As shown in Table S4 (Supple-
mentary Material), the RSDs values of intra-day and inter-
day ranged from 2.9% to 8.4%, suggesting good stability 
and reproducibility of the on-line SPE-LC–MS/MS method.

Compared with the reported methods for analysis of 
DON, 3-ADON and (or) 15-ADON based on HPLC with 
air assisted-dispersive liquid–liquid microextraction (Rahm-
ani et al. 2017), on-line SPE LC–MS/MS (Broekaert et al. 
2014), off-line multifunctional column LC–MS/MS (Yoshi-
nari et al. 2012), our developed method has low LOD value, 
wide linear range, and high recovery.

The specificity was defined as non-interference with the 
endogenous substances in the regions of target (Li et al. 
2004), which was evaluated by the selective reaction moni-
toring (SRM) of DON, 3-ADON and 15-ADON, in blank 
samples and blank samples after spiking with the targets. 
The results were presented in Fig. 3, showing no interfering 
peaks in the chromatographic elution zone.

The method was applied to analyze 20 commercial grain 
flour samples (10 corn flour and 10 wheat flour) obtaining 
from local markets in Hebei province, China. The commer-
cial wheat flour without the bran and the corn flour with 
the bran were produced using a mill. Analysis results were 
listed in Table S5 (Supplementary Material), indicating that 

80%, 20% and 20% corn flour samples were contaminated 
by DON, 3-ADON, and 15-ADON, respectively, with the 
levels ranging from 1.4 to 3198.9 μg/kg. 60%, 0% and 0% 
wheat flour samples were contaminated by DON, 3-ADON 
and 15-ADON, respectively, with the levels ranging from 0.8 
to 3245.1 μg/kg. These results showed sensing of DON and 
its derivative in grain flour were very important for ensur-
ing the food safety. Moreover, these samples were also ana-
lyzed by GC–MS according to the paper [Ibáñez-Vea et al. 
2011]. The analytical results were shown in Figs. S2 and 
S3 (Supplementary Material), indicating linear regression 
relationships of the on-line SPE-LC/MS and GC–MS data 
with good correlations. Therefore, this on-line SPE-LC/MS 
is suitable for detection of DON and its derivates in com-
mercial grain flour samples.

In this paper, an automated on-line solid-phase extrac-
tion combined with LC–MS/MS method was developed to 
determine DON, 3-ADON and 15-ADON in corn flour and 
wheat flour samples. This method presents wide linearity 
range, good precision, low LODs (0.1–0.2 μg/kg) and high 
recoveries for the three analytes (86.5–99.7%). Importantly, 
the automated on-line solid-phase extraction and analytical 
procedure can reduce manual procedures, improving analy-
sis efficiency. Therefore, this method could be used in rou-
tine supervision and analysis of vomitoxin in cereal foods.

Table 2   Linearity ranges, limit of detection (LOD), limit of quantitation (LOQ) and correlation coefficient (R2) factors of equation calibration 
curve (n = 3)

Sample Compound Equation of calibration curve R2 Linearity range 
(μg/kg)

LOD (μg/kg) LOQ (μg/kg)

Corn flour DON y = 0.71465x + 0.63391 0.9996 0.4–5000 0.1 0.4
3-ADON y = 0.70258x + 0.03592 0.9998 0.3–3000 0.1 0.3
15-ADON y = 0.04428x + 0.00871 0.9996 0.6–3000 0.2 0.6

Wheat flour DON y = 0.72198x + 0.8966 0.9993 0.4–5000 0.1 0.4
3-ADON y = 0.62995x + 0.03510 0.9995 0.3–3000 0.1 0.3
15-ADON y = 0.05332x + 0.01133 0.9993 0.6–3000 0.2 0.6

Table 3   Recoveries of DON, 
3-ADON and 15-ADON in the 
spiked corn flour and wheat 
flour samples (n = 6)

Sample Spiking 
levels (μg/
kg)

DON 3-ADON 15-ADON

Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%)

Corn flour 40 91.5 3.1 92.4 6.3 87.8 7.3
100 96.3 2.5 95.4 3.1 91.8 4.7
400 98.3 5.6 93.9 4.6 96.4 5.2

Wheat flour 40 91.0 4.5 91.1 7.1 86.5 8.3
100 97.2 3.4 99.7 4.8 93.2 5.8
400 98.7 4.2 98.5 5.0 95.8 6.0
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