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ABSTRACT: A generic procedure, which involved accelerated solvent extraction and homemade cleanup cartridges, has been
developed for the extraction and purification of 35 mycotoxins in various traditional Chinese medicine (TCM) matrixes, i.e.,
rhizomes and roots, seeds, flowers, and grasses and leaves, for subsequent analysis by ultra-high-performance liquid
chromatography—tandem mass spectrometry (UHPLC—MS/MS). All target analytes could be simultaneously quantitated in less
than 17 min per run, showing narrow symmetrical peaks. The developed method was also successfully applied in routine
monitoring programs, which implied a significant reduction of both effort and time, to investigate the contamination of TCMs.
Among 60 commercial TCMs analyzed, S0 were positive. The achieved data underpin the practical application of the UHPLC—
MS/MS method as a valuable tool for the trace analysis of multiple mycotoxins in TCMs.

KEYWORDS: mycotoxins, traditional Chinese medicine, UHPLC—MS/MS, accelerated solvent extraction,

homemade cleanup cartridges

B INTRODUCTION

Mycotoxins, a series of secondary metabolites, are produced by
various mold species growing on the plant origin product either
in the field or during storage. Hitherto, approximately 300—400
mycotoxins have been found, which can be categorized into
different groups on the basis of their different sources.'
Aflatoxins, a family of structure-related mycotoxins, are
produced as secondary metabolites by the spoilage of fungi
Aspergillus, particularly Aspergillus flavus and Aspergillus para-
siticus. The most important members, ie., aflatoxin B1 (1),
aflatoxin B2 (2), aflatoxin G1 (3), aflatoxin G2 (4), and
aflatoxin M1 (5), have been classified in group I as human
carcinogens by the International Agency for Research on
Cancer (IARC). Sterigmatocystin (26), which is produced by
the same fungi, also has direct carcinogenic activity.
Trichothecenes represent a group of secondary metabolites
produced by toxigenic Fusarium species, especially Fusarium
sporotrichioides, Fusarium poae, and Fusarium equiseti. Acute and
chronic ingestion of trichothecenes exemplified as deoxyniva-
lenol (10) by humans and animals can elicit a variety of toxic
effects, i.e., feed refusal, weight loss, vomiting necrosis of the
myeloid tissue, and hemorrhage of visceral organs.” Ochratox-
ins are also very important secondary metabolites, which are
related to many diseases, i.e., urothelial urinary tract tumors and
renal intumescences. Zearalenone (33) and its derivatives, a
group of phenolic compounds produced by several species of
Fusarium, may damage the reproduction of mammals.
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The widespread presence of fungi in the environment
renders mycotoxins practically ubiquitous contaminants in
food, feedstuff, and herbal drugs. To protect public health, one
of the most effective means is to establish reasonable regulatory
levels of these toxins on the basis of valid toxicological data. In
the European Union (EU), the maximum contents are
established at the following levels: 2 ug/kg for 1 and 4 ug/kg
for total aflatoxins in peanut products, 1250 ug/kg for 10, 100
ug/kg for 33, and S pug/kg for ochratoxin A (22) in
unprocessed cereals.®

Although the presence of these mycotoxins is potentially
harmful, research has mainly focused on the study of food and
feedstuff, and few papers have been published for monitoring
the mycotoxins in traditional Chinese medicines (TCMs). As a
consequence, limited information about the contamination
levels of mycotoxins in TCMs has been obtained, and thus,
scarce regulations have been established up to now. Moreover,
the TCMs can be simultaneously infected by different toxigenic
molds, which potentially results in the co-occurrence of
multiple mycotoxins. The previous studies were only directed
toward a single class of mycotoxins in TCMs.** Consequently,
the same sample needs to be analyzed multiple times to cover
all relevant analytes. Therefore, within the field of mycotoxin
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Figure 1. Chemical structures of the 35 mycotoxins investigated in the present study.

analysis in TCMs, a clear trend toward the use of multianalyte
methods can be seen.

The increasing need for mycotoxin analysis of TCMs has
promoted increasing research on the methods with the
employment of adequate extraction and cleanup procedures.
In some previous studies, mixtures of methanol/water (some-

times added with sodium chloride, acid, or alkali) or
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acetonitrile/water (acetonitrile 75—90%, v/v) with various
extraction procedures, i.e., ultrasonic and homogenization, were
commonly used.*®” The main drawbacks of these techniques
are extensive sample manipulation and labor intensiveness. As
more rapid and automated procedures are required because of
the constant increase in the number of samples tested, interest
in the incorporation of new technologies that are faster and
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amenable for automated sample handling and reduce exposure
of laboratory technicians to toxic chemicals is ongoing. One of
the most promising extraction techniques is accelerated solvent
extraction (ASE). Due to its high efficiency, ASE has been
employed for the extraction of 22 in rice and bread,*’ 33 in
cereals,'® fumonisins in corn-based baby food,'* and 10 and
fumonisins in wheat and corn.'” For further purification and
analyte enrichment, the extracts are submitted to solid-phase
extraction (SPE) with a wide variety of sorbents, i.e., reversed-
phase, stron§ anion exchange, immunoaffinity, or polymeric
materials.>'* However, up to now, this field has been limited
to a few surveys of mycotoxins in food and no method has been
developed for the given application to TCMs due to the variety
of the physicochemical properties of the mycotoxins, along with
the complex composition of the sample matrix.

For quantitative analysis, methods based on thin-layer
chromatography (TLC),"® enzyme-linked immunosorbent
assay (ELISA),'*"” gas chromatography (GC),"® and high-
performance liquid chromatography (HPLC)"'*?** have been
developed. The most frequently used technique is HPLC as it
combines high precision with increasing sophisticated automa-
tion. After the introduction of ultra-high-performance liquid
chromatography (UHPLC), better chromatographic resolution
and improved sensitivity have been achieved for the analysis of
the multicomponent mycotoxin contaminants.”"** In recent
years, the availability of ionization sources has significantly
improved the possibilities of employing liquid chromatogra-
phy—tandem mass spectrometry (LC—MS/MS) in the
mycotoxin analysis.>>>” The methodology achieves its
preferred status because it is perceived that MS/MS detection
is highly selective and thus can effectively eliminate
interferences. However, the accuracy of quantitative assays
using LC—MS/MS may not be absolute. Results may be
adversely affected by the ion suppression/enhancement caused
by the sample matrix when the electrosgray ionization (ESI)
mode is utilized in the MS/MS detection.”® The purpose of the
current work is to develop an accurate analytical method which
should not only cover a vast number of mycotoxins but also be
applicable to different types of TCM matrixes to investigate the
actual contaminant situations in representative TCMs in China.

B MATERIALS AND METHODS

Chemicals and Reagents. The standards 1, 2, 3, 4, S, aflatoxin
M2 (6), 22, ochratoxin B (23), T-2 toxin (27), and HT2 toxin (28)
were purchased from Alexisa (San Diego, CA). 3-Acetyldeoxynivalenol
(11) and 1S-acetyldeoxynivalenol (12) were purchased from Biopure
(Tulln, Austria). Chaetoglobosin A (7), citrinin (8), cyclopiazonic acid
(9), 10, deepoxydeoxynivalenol (13), deoxynivalenol-3-glucoside
(14), diacetoxyscirpenol (15), fusarenon X (16), gliotoxin (17),
moniliformin  (18), mycophenolic acid (19), neosolaniol (20),
nivalenol (21), penitrem A (24), patulin (25), 26, verruculogen
(29), zearalanone (30), a-zearalanol (31), B-zearalanol (32), 33, a-
zearalenol (34), and f-zearalenol (35) were obtained from Sigma-
Aldrich (St. Louis, MO). The chemical structures of the 35 mycotoxins
are shown in Figurel. 3C.1, 13C-10, ¥C-22, ¥C-27, and ¥C-33, also
purchased from Sigma-Aldrich, were used as internal standards (ISs).

Milli-Q-quality water (Millipore, Billerica, MA) was used during the
whole analysis. Acetonitrile and methanol, both HPLC grade, were
purchased from Merck (Darmstadt, Germany). Other solvents and
chemicals were of HPLC or analytical grade. High-quality poly(9, 9-
diethylfluorene) (PDEF) syringe filters (0.22 ym pore size, 13 mm
diameter) were purchased from Millipore. Oasis HLB SPE cartridges
(200 mg, 6 cm®) were purchased from Waters Corp. (Milford, MA).
Polypropylene SPE empty tubes (6 mL) and frits were purchased from
Shenzhen Biocomma Biotech Co., Ltd.
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UHPLC Conditions. UHPLC was performed using a Waters
Acquity ultra-high-performance LC system (Waters). Separation was
performed on a 150 mm X 2.1 mm id,, 1.7 gm, Acquity UPLC BEH
Shield RP18 column at 40 °C, with a mobile phase flow rate of 0.35
mL/min. The mobile phase consisted of (A) water (containing 0.25
mmol/L ammonium acetate and 0.2% aqueous ammonia) and (B)
acetonitrile/methanol (80/20, v/v). A linear gradient elution program
was applied as follows: 0 min 5% B, 4 min 18% B, 6 min 20% B, 8 min
20% B, 9 min 25% B, 11.5 min 60% B, 13 min 80% B, 14 min 100% B,
14.5 min 100% B, 14.8 min 5% B, and hold for a further 2.2 min for re-
equilibration, giving a total run time of 17 min. The injection volume
was 5.0 uL (partial loop with needle overfill).

Mass Spectrometry. The separated compounds were detected
with a Waters XEVO TQ mass spectrometer (Waters). The following
settings were used: source temperature, 150 °C; desolvation
temperature, 500 °C. The cone and desolvation gas flows were 30
and 1000 L/h, respectively. Quantitation was performed in multiple-
reaction monitoring (MRM) mode, and the conditions were
optimized for each mycotoxin during infusion. Data acquisition and
processing were performed using MassLynx v4.1 and Targetlynx
(Waters).

Preparation of Standard Solutions. Accurately weighed solid
portions of each mycotoxin (1 + 0.0S mg) were dissolved in 10 mL of
acetonitrile to prepare 0.1 mg/mL stock solutions, and the resulting
solutions were stored at —20 °C in the dark. The work solutions were
prepared by diluting each stock solution step by step with the
combined solution (acetonitrile/water containing 0.2% formic acid,
20/80, v/v). The stock solutions of the ISs were directly used with the
purchased products and diluted with the same combined solution to
50 ng/mL for 13C-1, 13C-22, and 3C-27 and 500 ng/mL for 3¢c-10
and *C-33. All work solutions were prepared immediately before use.

Preparation of Homemade Cleanup Cartridges. Silica gel (2 +
0.010 g) was accurately weighed into a 6 mL hollow SPE cartridge, and
the cartridge was shaken to compact the silica gel. Then the frit was
put on the top layer to ensure that the surface was smooth and flat.

Samples. A total of 60 dried TCMs (S00 g each), randomly
collected from different regulated enterprises, were included in four
types: (1) rhizomes and roots (Radix Angelicae Sinensis, Radix
Paeoniae Alba, Rhizoma Coptidis, Radix Angelicae Dahuricae (two),
Rhizoma Bolbostematis, Bulbus Fritillariae Thunbergii, Radix Paeoniae
Rubra (two), Rhizoma Coptldis, Radix Puerariae Lobatae, Rhizoma
Iridis Tectori, Caulis Dendrobii, Radix Bupleuri, Radix Polygoni
Multiflori (two), Radix Et Rhizoma Salviae Mil Tiorrhizae (two),
Radix Rumicis Japonici, Radix Astragali (two), Radix Scutellariae,
Radix Rhizoma Glycyrrhizae); (2) seeds (Fructus Citri, Semen
Persicae (three), Citrus reticulata Blanco, Fructus Aurantii, Semen
Ziziphi Spinosae (two), Fructus Mume, Semen Armeniacae Amarum,
Fructus Crataegi (two), Fructus Schisandrae Chinensis, Fructus
Forsythiae, Spora Lygod II); (3) grasses and leaves (Herba
Spanishneedles, Herba Ephedrae, Herba Lysimachiae (two), Herba
Violae, Folium Isatidis, Herbal Moellendorfs Spidemoss (two), Herba
Spreeding Hedyotis, Indigo Naturalis (two)); (4) flowers (Flos
Carthami (five), Flos Chrysanthemi (two), Solidagodecurrens Lour.,
Flos Lonicerae Japonicae, Flos Carthami, Flos Albiziae). Information
about the geographic origin of the samples was required and
registered. Each TCM was milled into powders using a Romer
analytical sampling mill (Romer Laboratories, Tulln, Austria) and
maintained in zipper-top paper bags at —20 °C until the analysis time.

Sample Pretreatment. Mycotoxins were extracted from TCMs
using the ASE method by an APLE-2000 (Beijing Titan Instruments
Co., Ltd.). Nitrogen was obtained from an in-house nitrogen source to
assist the pneumatic system and to purge the extraction cells.

A ground test portion of each TCM (2 g) was spiked with 100 L
of each IS solution. The spiked test portion was packed into an 11 mL
pressure-resistant stainless steel extraction cell. Acetonitrile/water
solution (84/16, v/v) (60% flush volume) was utilized as the elution
solvent. The other conditions were set as follows: temperature, 70 °C;
pressure, 10 MPa; preheating time, 2 min; static time, 300 s; purge
time, 60 s; number of cycles, 2. The total volume of extract was about
18 mL, and the total extraction time was around 15 min.
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Figure 2. Comparison of the peak shapes and ionization efficiencies of citrinin (8) and cyclopiazonic acid (9) among four candidate weak elution
mobile phases: (a) water containing 10 mmol/L ammonium acetate; (b) water containing 0.2% formic acid; (c) water containing 0.2% aqueous
ammonia; (d) water containing 0.2% aqueous ammonia and 10 mmol/L ammonium acetate.

The ASE extract was transferred into a S0 mL round-bottomed flask
and concentrated to about S mL with a rotatory evaporator at 50 °C
and 120 mbar. Then the extract was transferred to a 10 mL test tube
and dried by a gentle stream of nitrogen gas at S0 °C. The residue was
redissolved in acetonitrile/water solution (84/16, v/v) to a volume of
S mL. The solution was passed through the homemade cleanup
cartridges and eluted with 3 mL of methanol. The effluents, including
the loading solution and the eluent, were collected in a test tube and
dried by nitrogen gas at 50 °C. The residue was redissolved by 200 uL
of acetonitrile and then shaken for about 30 s by vortex, and 800 uL of
the combined solution (acetonitrile/water containing 0.2% formic
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acid, 20/80, v/v) was added. The tube was then shaken for another 30
s briefly to mix the contents of the tube. Finally, the solution was
passed through a 0.22 um nylon filter and was ready for injection.
Cleanup of TCM Extraction by the Candidate Purification
Materials. For normal-phase materials, the extractions were passed
through the cartridges and eluted with 3 mL of methanol, and the
effluents were combined and dried by nitrogen gas at 50 °C; for
reverse-phase materials, the same standard solutions were diluted with
distilled water until the content of acetonitrile was no higher than 5%.
The solutions were passed through the reconditioned cartridges, and
then 5 mL of water was passed. All targets were eluted with 6 mL of
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Table 1. MRM Transitions, Ionization Modes, Cone Energies, and Collision Energies for Various Mycotoxins®

mycotoxin  precursor ion (m/z) cone energy (eV) primary product ion (m/z)
1 313 (+H) 50 241
2 315 (+H) 50 287
3 329 (+H) 25 243
4 331 (+H) 50 245
5 329 (+H) 38 229
6 331 (+H) 36 313
7 529 (+H) 24 130
8 251 (+H) 26 91
9 335 (-H) 48 140
10 355 (+CH,CO0"7) 20 295
11 337 (-H) 24 307
12 337 (-H) 20 150
13 339 (+CH,CO0") 18 59
14 517 (+CH3COO0") 26 457
457 (—H) 36 -
15 384 (+NH,") 20 307
16 413 (+CH,CO0") 18 353
17 327 (+H) 16 263
18 97 (—Na) 20 41
19 321 (+H) 22 207
20 400 (+NH,") 18 185
21 371 (+CH,CO0") 20 281
22 404 (+H) 31 239
23 370 (+H) 24 205
24 636 (+H) 34 560
25 153 (=H) 18 -
213 (+CH,CO0") 10 153
26 325 (+H) 42 310
27 484 (+NH,*) 22 185
28 442 (+NH,") 16 263
29 534 (+Na) 50 392
30 319 (-H) 44 159
31 321 (=H) 44 259
32 321 (-H) 44 259
33 317 (-H) 44 175
34 319 (=H) 44 159
35 319 (-H) 40 205
Bca 330 (+H) 48 301
Bc-10 370 (+CH,COO0") 20 310
13C-22 424 (+H) 26 250
BC-27 509 20 229
B3C-33 335 (=H) 42 185

collision energy (eV) secondary product ion (m/z) collision energy (eV)

37 285 23
26 259 30
25 283 25
30 257 30
42 273 22
18 259 22
47 S11 10
41 191 23
27 180 25
9 265 15
15 173 9
23 219 11
11 249 13
15 - -
- 427 17
11 105 31
11 263 17
11 111 29
10 - -
21 159 41
21 218 19
15 311 9
19 358 14
23 187 37
15 618 10
- 81 11
5 - -
23 283 41
19 215 19
11 145 25
13 191 21
30 174 26
24 91 36
24 91 36
30 131 24
30 174 26
22 107 30
25 25§ 37
11 279 15
25 232 37
17 323 15
26 140 36

“A dash means no relative product ions (collision energies) have been found.

methanol at a rate of about 1—2 drops/s and then evaporated under a
stream of nitrogen gas at S0 °C. All of the above residues were
redissolved in 1 mL of acetonitrile/water containing 0.2% formic acid
(20/80, v/v) solution and analyzed by the established UHPLC—-MS/
MS method.

Evaluation of Matrix Effects. The samples, showing the absence
of the target compounds, for each type of TCM, ie., rhizomes and
roots, flowers, seeds, and grasses and leaves, were selected and carried
through the whole sample preparation to prepare the blank matrixes.
The standards of mycotoxins were added to the blank matrixes to
prepare matrix-matched standards at 0.2, 0.5, 1, 2, S, 10, 20, 50, 100,
200, and 600 ng/mL. The standard solutions, with the same
concentration sequence, were prepared in the combined solution
(acetonitrile/water containing 0.2% formic acid, 20/80, v/v). The
slope of the standard addition plot was compared with the slope of the
standard calibration plot to calculate the signal suppression/enhance-
ment (SSE), which was used for quantitative assessment of the matrix
effects.
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Method Validation. The standard solutions, with the concen-
tration sequence of 0.2, 0.5, 1, 2, S, 10, 20, 50, 100, 200, and 600 ng/
mL, were prepared in the combined solution (acetonitrile/water
containing 0.2% formic acid, 20/80, v/v) and the four different blank
matrixes, with 5 ng/mL for *C-1, *C-22, and '*C-27 and 50 ng/mL
for 13C-10 and '3C-33, included. The calibration curves were created
using the isotope dilution method. The limit of detection (LOD) and
limit of quantitation (LOQ) were determined by successive analyses of
spiked matrixes with decreasing amounts of every standard until signal-
to-noise ratios of 3/1 and 10/1 were reached, respectively. A recovery
test was performed in the noncontaminated TCMs employing the
method of standard addition at high, intermediate, and low levels. The
noncontaminated TCMs were also employed for the intra- and
interday precision analysis. The recoveries and precisions were
calculated on the basis of the relative matrix-matched calibration.

Statistical Treatment. Statistical analysis was performed using
Student’s ¢ test and one-way analysis of variance. Multiple comparisons
of means were separated at P < 0.05 by the least significant difference

dx.doi.org/10.1021/jf301928r | J. Agric. Food Chem. 2012, 60, 8233—8247
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Figure 3. MRM chromatograms of 19 positive ions (A) and 16 negative ions (B) of mycotoxins in the standard solution. The concentrations were
10 ng/mL for the positive ions of mycotoxins and 50 ng/mL for the negative ones, while 5 ng/mL 13C- aflatoxin B1 (*3C-1), '3C-ochratoxin A (**C-
22), and "*C-T-2 toxin (*C-27) and 50 ng/mL "*C- deoxynivalenol (**C-10) and '*C-zearalenone (**C-33) were included.

(LSD; a = 0.05) test. All computations were made by employing
statistical software (SAS, version 8.2).

B RESULTS AND DISCUSSION

Optimization of UHPLC Conditions. In previous studies,
ESI* analysis and ESI™ analysis were performed."® These were
time- and labor-consuming processes and are dealt with in the
present study by optimizing the mobile phase. For the choice of
the weak elution mobile phase, (a) water containing 10 mmol/
L ammonium acetate, (b) water containing 0.2% ammonium
formate, (c) water containing 0.2% aqueous ammonia, and (d)
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water containing 0.2% aqueous ammonia and 10 mmol/L
ammonium acetate were compared. Results from an MS full
scan of 35 kinds of mycotoxins showed that 1,2, 3,4, §, 6, 7, 8,
17, 19, 22, 23, and 26 could generate corresponding [M + H]*
ions under the ESI* mode and 9, 30, 31, 32, 33, 34, and 35
could generate corresponding [M — H]™ ions under the ESI™
mode. The responses of [M + NH,]" ions generated from 18,
20, 27, and 28 and [M + Na]" generated from 29 were
obviously higher than those of the [M + H]* ions with all
candidate mobile phases. However, the ionization efficiency of
the type B trichothecenes (10, 11, 12, 13, 14, 16, 21) was quite

dx.doi.org/10.1021/jf301928r | J. Agric. Food Chem. 2012, 60, 82338247
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Figure 4. LC—(ESI")-MS/MS spectrum of chaetoglobosin A (7), chaetoglobosin B, and chaetoglobosin D (A), as well as their postulated

fragmentation pathways (B).

poor, and the peak shapes of 8 and 9 were unsatisfactory when
solution a was selected (Figure 2A). When using solution b, the
peak shape of 8 was obviously improved; however, the other
problems could not be solved (Figure 2B). When solution ¢
(Figure 2C) or solution d (Figure 2D) was selected, all
mycotoxins could obtain high ionization efficiency with good
peak shapes. Alternatively, solution d was selected because the
isomers (31, 32 and 34, 35) could not be separated and thus
could not be accurately quantitated if solution c was used. After
that, the concentration of ammonium acetate (0.25, 0.5, 1, 2, S,
10 mmol/L) was optimized. Then the established UHPLC
method was applied to analyze mycotoxin-spiked TCM
extracts, ie, Radix Angelicae Dahuricae (rhizome), Herbal
Moellendorfs Spidemoss (grasses), Fructus Crataegi (seeds),
and Flos Carthami (flowers). The results showed that all targets
could be completely separated from the interferences in
different matrixes. Finally, water containing 0.2% aqueous
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ammonia and 0.25 mmol/L ammonium acetate was selected as
the mobile phase in the present study.

MS/MS Analysis. The MS/MS conditions were optimized
for each mycotoxin by direct injection of the standard solution
(500 ng/mL). Identification of precursor ions was performed in
the full-scan mode by recording from m/z 100 to m/z 800 in
both ESI" and ESI” modes. On the basis of the confirmation of
precursor ions, two product ions for each precursor ion were
selected according to the highest sensitivity and optimal
selectivity for the target compounds. Cone voltages were
selected according to the sensitivity of the precursor ions, and
collision energies were chosen to give the maximum intensity of
the fragment ions. The final selections of precursor ions,
product ions, cone energies, and collision energies are shown in
Table 1.

After optimization of the MS/MS parameters, the MRM
mode with two transitions was developed. The transition with
the best signal intensity was preferred for quantitation, and the
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less intense one, as well as the ratio of abundances between two
transitions, was used for confirmation. MRM chromatograms of
19 positive ions and 16 negative ions of mycotoxins in the
standard solution are shown in Figure 3.

Among the 35 mycotoxins, 7 has received more attention.
After the standard solution of 7 had been stored under the
room conditions for 3 days, another two peaks appeared both
in the most intense transition used for quantitation and in the
less intense transition used for qualification. To find out what
the other two peaks represented, full-scan and daughter-scan
modes were employed. After comparison of the LC—(ESI*)-
MS/MS spectra of three compounds, the same precursor ions
and product ions were found (Figure 4A). In previous studies,
chaetoglobosin B, chaetoglobosin C, and chaetoglobosin D
were reported to have the same molecular formula,
C;3,H305N,, and showed similar spectrometric properties,
suggesting that they were isomeric with 7. When 7 was treated
with some chemicals (BF;-etherate in CHC1, or triethylamine
in methanol) or heated, chaetoglobosin B, chaetoglobosin C,
and chaetoglobosin D formed.”*** According to the retention
time in Figure 3A, the last peak was established as 7.
Considering the longer retention time of 7 compared to that
of the other two compounds, its polarity might be the lowest.
Therefore, the two peaks might represent chaetoglobosin B and
chaetoglobosin C (two hydroxy groups) rather than
chaetoglobosin C (no hydroxy group). The main fragmentation
pathways of 7, chaetoglobosin B, and chaetoglobosin C were
also investigated as shown in Figure 4B, which obviously
supported the speculation. Overall, the stock solution of 7
should be carefully stored at —20 °C in the dark, and the
working solution should be prepared immediately before use;
otherwise, it might be transformed to chaetoglobosin B or
chaetoglobosin C, which would result in inaccurate quantitative
analysis.

Optimization of the ASE Method. Six commonly used
solvent systems, (a) acetonitrile/water (84/16, v/v), (b)
methanol/water (84/16, v/v), (c) acetonitrile/water containing
1% sodium chloride (84/16, v/v), (d) acetonitrile/water (70/
30, v/v), (e) acetonitrile/water/formic acid (79/20/1,v/v), and
(f) acetonitrile/water/acetic acid (79/20/1,v/v), were com-
pared in the pilot test. Extraction recovery was evaluated by
comparing the peak areas of the relative mycotoxins spiked
before extraction with those spiked after extraction in Radix
Angelicae Dahuricae (rhizomes and roots) samples. The results
showed that the highest extraction recoveries, ranging from
76.3% to 98.1%, were obtained when solvent a was selected.
Similar good results were obtained when solvent a was applied
to perform the extraction of the 35 mycotoxins in other TCMs,
ie., (1) flowers (Flos Carthami), (2) seeds (Fructus Crataegi),
and (3) grasses and leaves (Herbal Moellendorfs Spidemoss).
Finally, acetonitrile/water (84/16, v/v) was selected as the
extraction solvent.

After optimization of the extraction solvent, the influence of
the pressure, extraction time, and number of cycles was also
studied to find the optimal conditions for the ASE method. An
orthogonal design L, (3*) was used. First, a spiked Radix
Angelicae Dahuricae sample (10 ug/kg for positive ions and S0
ug/kg for negative ions) was selected and extracted following
the procedure according to the orthogonal table, and each
treatment was done in triplicate. The extraction efficiency was
directly evaluated by testing the responses of the 35 mycotoxins
in the extracts. The results showed that the pressure had a
significant effect on the extraction of many mycotoxins: F
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values of §, 6, 8, 20, 16, 21, 10, 11, 12, and 25 were all greater
than the critical F value (19, P = 0.05). Although its effect on
the extraction efficiency for the other mycotoxins was not
significant, 10 MPa was obviously the best choice. The number
of cycles also played a vital role in the extraction of 1, 14, 22,
and 24. The extraction efficiency was the highest for all
mycotoxins when the number of cycles was three; however, the
extraction efficiency of two cycles was almost the same as that
of three cycles for all mycotoxins (>90%). On the basis of the
consideration of solvent and time consumption, the number of
cycles was standardized as two. Although the influence of the
extraction time was not significant, the extraction efficiencies
for most of the mycotoxins were highest when the extraction
time was 300 s.

After selection of the three significant factors, some other
conditions, such as the cell size and temperature, were also
investigated. For optimization of the cell size, 11 and 22 mL
cells were tried. For both sizes, the same quantity of spiked
sample was added, and the results showed that no difference
existed between the two types of cells. Alternatively, the 11 mL
cell was selected as it required a lower quantity of solvent,
which constitutes a more economical and ecological procedure.
The ASE method was also optimized by changing the
temperature (30, 50, 70, 90, and 110 °C). High temperature
during the extraction process increased the solubility of the
analytes and the extraction rate and decreased the viscosity and
surface tension of the solvents. However, when the temperature
was set above 70 °C, the extraction efficiency of some
mycotoxins (7 and 28) decreased, probably due to the
degradation or their reaction with matrix components. To
ratify the optimal conditions, four spiked TCM samples, i.e.,
(1) rhizomes and roots (Radix Angelicae Dahuricae), (2)
flowers (Flos Carthami), (3) seeds (Fructus Crataegi), and (4)
grasses and leaves (Herbal Moellendorfs Spidemoss), were
extracted with the established ASE method. It was shown that
the extraction recoveries were more than 74.2% for all
mycotoxins, indicating that the established method could be
used for simultaneous extraction of the 35 mycotoxins in
different TCMs.

To characterize and clarify the established extraction method,
homogenization, ultrasonic, and ASE methods were compared
for the sample extraction. A spiked Radix Angelicae Dahuricae
sample (10 ug/kg for positive ions and SO pg/kg for negative
ions) was selected. The test was performed as follows: (a) The
spiked samples were macerated with 10 mL of acetonitrile/
water solution (84/16, v/v) for 40 min and then subjected to
the ultrasonic procedure for 40 min. Subsequent steps were
identical to those described above. (b) The spiked samples
were macerated with 10 mL of acetonitrile/water solution (84/
16, v/v) for 40 min and then homogenized for S min with an
IKA T25 high-speed homogenizer (Ika-Werke GmbH, Staufen,
Germany). Then the extracts were pretreated as described
above. (c) The spiked samples were pretreated as described
above. The results showed that the extraction recoveries of ASE
were obviously higher than those of the other two extraction
approaches, ranging from 76.3% to 98.1%. As the developed
extraction method showed high recoveries combined with high
sophisticated automation, it should be a suitable extraction
method for the trace analysis of multiple mycotoxins in TCMs.

Development of the Homemade Cleanup Cartridges.
Since there are too many categories of TCMs and target
analytes, the applicability of some special SPE cartridges, i.e.,
Mycosep multifunctional cartridges or immunoaffinity car-
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Table 3. Sensitivities of the Mycotoxins in Different TCM Matrixes (ug/kg)

solvents rhizomes and roots flowers seeds grasses and leaves
mycotoxin LOD LOQ LOD LOQ LOD LOQ LOD LOQ LOD LOQ
1 0.01 0.02 0.01 0.02 0.01 0.03 0.01 0.02 0.01 0.02
2 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02
3 0.04 0.04 0.08 0.09 0.08 0.08 0.04 0.05 0.04 0.04
4 0.02 0.03 0.04 0.06 0.03 0.05 0.04 0.06 0.07 0.09
S 0.01 0.02 0.02 0.03 0.02 0.02 0.01 0.02 0.01 0.01
6 0.06 0.10 0.08 0.11 0.06 0.10 0.05 0.08 0.06 0.10
7 0.05 0.08 0.04 0.07 0.02 0.05 0.02 0.06 0.03 0.05
8 0.02 0.03 0.05 0.11 0.09 0.18 0.03 0.06 0.03 0.05
9 0.02 0.04 0.03 0.08 0.05 0.09 0.03 0.05 0.04 0.09
10 0.30 0.90 0.34 0.98 0.46 1.23 0.56 1.68 0.60 1.79
11 0.68 0.79 0.71 0.82 0.66 0.69 0.77 0.92 0.90 1.03
12 0.78 0.90 0.90 1.23 0.90 1.00 0.76 0.87 0.90 1.12
13 0.65 0.87 1.30 1.73 1.12 1.80 0.79 091 0.62 0.93
14 0.68 0.90 1.33 1.68 0.62 0.88 0.77 0.99 1.56 1.79
15 0.02 0.04 0.02 0.04 0.02 0.04 0.01 0.02 0.02 0.03
16 0.63 0.76 1.02 1.16 0.90 1.03 0.99 1.24 1.21 1.56
17 0.07 0.13 0.12 0.15 0.13 0.18 0.10 0.14 0.09 0.13
18 0.06 0.12 0.66 1.56 0.58 1.49 0.09 0.19 0.72 1.86
19 0.01 0.02 0.02 0.03 0.02 0.03 0.01 0.02 0.01 0.02
20 0.09 0.14 0.08 0.14 0.10 0.15 0.07 0.10 0.08 0.10
21 0.68 0.79 0.82 1.00 1.02 1.15 1.01 1.15 0.90 1.00
22 0.02 0.04 0.03 0.04 0.03 0.04 0.02 0.03 0.02 0.03
23 0.02 0.03 0.02 0.03 0.03 0.07 0.02 0.03 0.02 0.04
24 0.10 0.14 0.08 0.11 0.07 0.10 0.14 0.18 0.14 0.19
25 0.51 0.68 1.01 1.32 1.00 1.13 0.88 1.02 1.01 1.54
26 0.02 0.02 0.01 0.02 0.01 0.02 0.01 0.02 0.03 0.06
27 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02
28 0.12 0.13 0.14 0.18 0.18 0.19 0.16 0.17 0.11 0.13
29 0.02 0.03 0.16 0.19 0.04 0.06 0.14 0.19 0.05 0.08
30 0.28 0.80 0.31 0.33 0.33 0.38 0.32 0.34 0.37 0.38
31 0.57 0.80 0.57 0.79 0.80 1.02 0.54 0.76 0.90 1.14
32 0.42 0.65 0.50 0.77 0.51 0.82 0.69 0.90 0.61 0.88
33 0.28 0.30 0.31 0.32 0.35 0.37 0.32 0.34 0.36 0.43
34 0.19 0.47 0.23 0.57 0.30 0.87 0.29 0.74 0.29 0.90
35 0.37 0.79 0.40 0.81 0.18 0.32 0.48 0.95 0.62 1.04

tridges, to the analysis of the mycotoxins in different TCMs has
yet to be proven and is probably not feasible. In the present
study, six normal-phase materials, ie., silica gel, Florisil,
kieselgur, alumina base, alumina acid, alumina neutral, and
two reversed-phase materials, ie., Oasis HLB SPE cartridges
and cartridges filled with RP C18 material, were tested for their
purification efliciencies. First, we evaluated the recovery
performance of all candidates by purifying mixed standard
solutions (10 ng/mL for positive ions and SO ng/mL for
negative ions) with the cartridges filled with one material. The
results showed that aflatoxins were absorbed by florisil and
ochratoxins were absorbed by alumina base, alumina acid, or
alumina neutral and could not be eluted by methanol, causing
low recovery performance (<20%). The kieselgur was also not
suitable because of the poor recovery performance (<20%) of
7,11, 12, 16, 17, 18, 19, 20, and 25. The recoveries of 18, 21,
22, 23, and 26 were also not satisfactory (<31.8%) when HLB
or C18 was selected. Only silica gel showed good recoveries
ranging from 78.9% to 84.3%. Then the spiked TCM extracts
purified by silica gel were tested, and the recoveries were in the
range of 71.8—82.3%. After comparison of the sensitivities of
the mycotoxins in different TCM matrixes purified by different
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quantities of silica gel, a reliable cleanup cartridge was
developed.

To characterize and clarify the purification method, the
sensitivities of the 35 mycotoxins in the extracts of Fructus
Crataegi purified with the homemade mixed cartridges or not
were compared. It could be obviously seen from the results that
the sensitivities were significantly improved for most of the
mycotoxins when the spiked extracts were purified with
homemade mixed cartridges. On the other hand, some
impurities, i.e., pigment and tannin, which could reduce the
lifetime of the analytical columns, were absorbed on the SPE
cartridges. As the proposed cartridge showed satisfactory
recoveries and purification efficiencies, the developed sample
cleanup method was proved to be beneficial for the purification
of TCM samples.

Evaluation of Matrix Effects. In the present study, the
matrix effects were carefully accessed to ensure the accuracy of
the method. Samples of Radix Angelicae Dahuricae, Flos
Carthami, Fructus Crataegi, and Herba Moellendorfs Spide-
moss were selected to prepare the blank matrixes of rhizomes
and roots, flowers, seeds, and grasses and leaves, respectively.
The results showed that the extents of SSEs were quite different
for the four matrixes. The maximal extent was up to 191.7%,
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Table 4. Contamination Levels of the 35 Mycotoxins in a Total of 60 Commercial TCMs Widely Used in China (ug/kg)

sample
category sample 1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 18

rhizomes Radix Angelicae 12 0.2 - - 0.6 - 2.3 5.1 2.7 - - - - - - - 6.1 -
and roots Sinensis

Radix Paeoniae 1.9 - - - - - 1.3 - - — — - — _ _ _ 43 _
Alba

Rhizoma Coptldis  — - - - — - — — — - — — — _ _ _ _ _

Radix Angelicae - - — — — — 0.5 — — — — - — — — _ _ _
Dahuricae

Radix Angelicae — - — - - - — — — — — — - - — — — _
Dahuricae

Rhizoma Bolbos- 1.6 - 0.6 - 0.2 - - - - — - - - - — — - -
tematis

Bulbus Fritillariae - - - - - - 2.1 - 36.1 - - - - - - - 23 -
Thunbergii

Radix Paeoniae - - — - - - — — — - — — — - - — —_ 38
Rubra

Radix Paeoniae - - - - - - 0.3 - 22 - - - - 34 - - — —_
Rubra

Rhizoma Coptldis  — - - - - - - - - - - - - - - - 23 -

Radix Puerariae 29 6.5 2.5 0.4 1.2 - 0.3 - - - - - - — — — _ _
Lobatae

Rhizoma Iridis - - - - — - - 0.8 - - - - - 1.4 — - — 2.6
Tectori

Caulis Dendrobii — 7.1 12 0.5 — — — — — — — — — — — — — 22
Radix Bupleuri — — — — — — 1.2 — — — —_ — — — — — _ _

Radix Polygoni 2.1 — — — — — — — 23.8 — — — — — — — 0.3 —
Multiflori

Radix Polygoni — — — — — — — — 0.5 — — — — — — _ 0.9 _
Multiflori

Radix Et Rhizoma 1.9 0.9 — 4.8 — — 34 — — — — — — — — — — _
Salviae Mil
Tiorrhizae

Radix Et Rhizoma — — — — 0.2 — — — — — — — — 2.4 — — — — —
Sophorae Ton-
kinensis
Radix Rumicis Ja- — — — — 0.2 — — 0.3 — — — — — — — — 6.7 —
ponici
Radix Astragali — — — — — — 0.5 — — — — — — — — — — —
Radix Astragali — — — — — - - 08 — — - - = — 03 — — —
Radix Scutellariae — — — — — - 0.3 — — — — — — — — — — —

Radix Rhizoma 9.8 6.2 2.3 — 12 — — — 34 — — — — — — — — _
Glycyrrhizae

seeds Fructus Citri — — 0.3 — — — 1.4 — — — — — — — — _ _ _
Semen Persicae 0.5 1.1 — — — — — — — — — — — — — — — —
Semen Persicae 0.9 —_ —_ — —_ — 0.4 — — — —_ — — — — — — _
Semen Persicae 1.5 0.5 0.2 0.5 0.4 — 5.6 — 6.8 — — — — — — — 2.1 —

C. reticulata Blan- — — — — — — — — — 25.4 — — 2.3 — — — — _
co

Fructus Aurantii — — — — — — — — 2.5 — — — — — — — _ _

Semen Ziziphi 1.6 — 0.8 1.5 — — — — — — — — — — 0.3 — — —
Spinosae

Semen Ziziphi 1.9 1.5 — — — — — — 4.9 — — — — — 0.3 — 0.5 2.1
Spinosae

Fructus Mume — — — — — — — — — — — — — — — 2.0 — —

Semen Armenia- 1.5 0.7 — — — — — — — — — — — — 0.2 — 32 —
cae Amarum

Fructus Crataegi — — — — — - — — — — — — — — — — _ _
Fructus Crataegi 2.3 0.8 —_ — — — 1.3 —_ 2.4 — —_ — 2.5 — — — — —

Fructus Schisan- - 2.3 - - - - - - - - - - - 12 - — — _
drae Chinensis

Fructus Forsythiae =~ — - - - - - - — - — - — — — — — _ _
Spora Lygod 1T - - - - - - - - - - - - - - - - - -

grasses and  Herba Spanish- 0.2 - - - - - - - - - - - - - 19 - - -
leaves needles

Herba Ephedrae — — — — - - — 8.5 — — — - — — - — _ _

Herba Lysima- — - — — — — - - 0.4 — — — — — — — — —
chiae

Herba Lysima- 2.4 - 0.3 - - - - - - — — — — - — - 1.8 -
chiae
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Table 4. continued

sample
category

flowers

sample
category

rhizomes
and roots

sample
Herba Violae
Folium Isatidis

Herbal Moellen-
dorfs Spidemoss

Herbal Moellen-
dorfs Spidemoss

Herba Spreeding
Hedyotis

Indigo Naturalis
Indigo Naturalis
Flos Carthami
Flos Carthami
Flos Carthami
Flos Carthami
Flos Carthami

Flos Chrysanthe-
mi

Flos Chrysanthe-
mi

Solidago decurrens
Lour.

Flos Lonicerae Ja-
ponicae

Flos Carthami

Flos Albiziae

sample

Radix Angelicae
Sinensis

Radix Paeoniae
Alba

Rhizoma Coptldis

Radix Angelicae
Dahuricae

Radix Angelicae
Dahuricae

Rhizoma Bolbos-
tematis

Bulbus Fritillariae
Thunbergii

Radix Paeoniae
Rubra

Radix Paeoniae
Rubra

Rhizoma Coptldis

Radix Puerariae
Lobatae

Rhizoma Iridis
Tectori

Caulis Dendrobii

Radix Bupleuri

Radix Polygoni
Multiflori

Radix Polygoni
Multiflori

Radix Et Rhizoma
Salviae Mil
Tiorrhizae

Radix Et Rhizoma
Sophorae Ton-
kinensis

Radix Rumicis Ja-
ponici

Radix Astragali

Radix Astragali

Radix Scutellariae

Radix Rhizoma
Glycyrrhizae

19
7.1

1.6

22.7

6.1
0.2

2.9
0.2
0.7

2.1

6.9

20

0.3

0.3

0.2

43

2.9

22

0.2

0.4
0.7

0.2

12

0.2

0.4

0.2

0.9

25
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26
2.1

2.9

0.3
10.8
0.3

0.6

23

0.4
2.6

27

0.2

0.3

0.8

10 11 12 13 14

- - - - 182

28 29 30 31 32

- 02 - — -
- 02 - — -

dx.doi.org/10.1021/jf301928r | J. Agric.

15 16 17 18

- - - 27
02 - - -
- - 25 -
- - 21 29
- - - 23

33 34 35 total
- - - 29.7

- - - 405

- - - 27.7

- - - 147

- - - 16.6

- Y
- - - 122
21— — 300

- - - 16.3

- - - 16.7

I
-
|
|

5.0
- - - 23.1
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Table 4. continued

mpl
CS:tegIZ):y sample 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 tota
seeds Fructus Citri 2.1 - - 0.2 1.8 - - - - - - - - - - - - 5.8
Semen Persicae 3.1 - - - - - - - - - - - - - - - - 4.1
Semen Persicae - - - - - - - 0.3 - - - 1.4 - - 44 1.5 - 8.9
Semen Persicae 0.4 - - - - 5.8 - 33 - 2.9 1.5 - - - 2.1 - - 33.6
C. reticulata Blan- - - 7.9 - - - - - - - - - - - - - - 35.6
co
Fructus Aurantii - - - - - - - 7.6 - - - - - - - - - 10.1
Semen Ziziphi 7.3 - - - - 0.5 - 0.3 - - - - - - - - - 10.7
Spinosae
Semen Ziziphi LS - 3.7 - - - - 0.2 - - 0.3 - - - - - - 16.9
Spinosae
Fructus Mume 6.1 0.2 - 1.8 1.0 - 7.1 0.2 - - - - - - - - - 18.4
Semen Armenia- - - - - - - - 12 - - - - - - 2.7 - - 9.5
cae Amarum
Fructus Crataegi - - - - - - - - - - - - - - - - - -
Fructus Crataegi 0.2 - - - - - - - - - - - - - - - - 9.5
Fructus Schisan- 0.9 - - - - - - 3.6 - - 0.2 - - - - - - 8.2
drae Chinensis
Fructus Forsythiae  10.8 - - 0.3 - - - - - - - - - - - - - 11.1
Spora Lygod II - - - 03 - - - - - - - 1.8 - - 103 21 13 15.8
grasses and  Herba Spanish- - - - 02 02 - - - - - - - - - - - - 2.5
leaves needles
Herba Ephedrae 0.8 - - 0.3 0.4 - - - - 2.3 - - - - - - - 12.3
Herba Lysima- - - 5.8 - - - - 7.5 - - - - - - - - . 13.7
chiae
Herba Lysima- 35 - - - 1.5 1.2 - 0.8 - - - - - - - - - 11.5
chiae
Herba Violae - — 2.1 0.3 - 0.9 — - - — - - - - - - — 42
Folium Isatidis - - - - - - - - - - - - - - - - - -
Herbal Moellen- 8.1 - - - - - - 5.6 - - - - - - 2.3 - - 342
dorfs Spidemoss
Herbal Moellen- - - - - - - - - - - - - - - - - - -
dorfs Spidemoss
Herba Spreeding 0.9 - - 0.2 - - 32 0.8 - - - - - - - - - 15.1
Hedyotis
Indigo Naturalis 3.5 - - - - 0.2 - 19 - - - - - - - - - 5.6
Indigo Naturalis 33 - - - - - - 9.6 - - - - - - - - - 159
flowers Flos Carthami - - - - - 1.1 - 0.6 - - - - - - - - - 12.3
Flos Carthami - - - - - - - - - - - - - - - - - -
Flos Carthami - - - - - - - - - - - - - - - - - -
Flos Carthami - - - - - - - - - - - - - - - - - -
Flos Carthami - - - - - - - - - - - - - - - - - 2.5
Flos Chrysanthe- - — - — - 0.2 — - - — - - - - - - — 2.3
mi
Flos Chrysanthe- - - - 1.1 0.4 - - - - 0.2 - - - - - - - 17
mi1
Solidago decurrens - - - - - - - - - - - - - - - - - -
Lour.
Flos Lonicerae Ja-  — - - - - - - - 0.2 - - - - - - - - 52
ponicae
Flos Carthami - - - - - - - - - - - - - - - - - -
Flos Albiziae - - - - - - - 0.2 - - - - - - - - - 2.5
while the minimal extent was only 22.0%, indicating that indicating that the matrix effects could not be ignored even
suitable ISs were needed. After comparison of the recoveries of though the ISs were used. To guarantee a reliable quantitation,
all compounds in different matrixes, the '*C-labeled com- ISs and matrix calibration were combined using the contents of
pounds were selected as the ISs for the analytes whose the mycotoxins in TCMs with the same kind of matrix
recoveries were similar. Finally, *C-1 was selected as the IS for calculated using the relative calibration.
1,2,3,4,5, 6,15, 24, and 26, 13C-10 for 10, 11, 12, 13, 14, 16, Validation. The calibration curves were constructed using
18, and 21, 3C-22 for 7, 8, 17, 22, and 23, 3C-27 for 19, 27, the isotope dilution method. Good linear relationships and
and 28, and *C-33 for 9, 20, 25, 29, 30, 31, 32, 33, 34, and 35. coefficients of determination (R* > 0.9990) were obtained
In the next step, the SSE using ISs was also investigated to find (Table 2). The LODs were in the range of 0.01—1.56 ug/kg,
out whether the ISs could be used for the correction of and the LOQ ranged from 0.01 to 1.86 ug/kg (Table 3).
recovery losses during the ionization process. The results Recovery was performed in the noncontaminated TCM
showed that the SSEs were in the range of 37.1-215.0%, matrix employing the method of standard addition. Each
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sample was fortified 6-fold with 35 mycotoxins at high,
intermediate, and low levels (50, S, and 0.5 ug/kg for the 15
positive ions of mycotoxins, 15, 5, and 0.5 ug/kg for 20, 24, 26,
and 29, 500, 50, and S pg/kg for the 16 negative ions) and
analyzed by the established method. All recoveries were in the
range of 71.4—119.3%.

Intra- and interday precisions for each mycotoxin at high,
intermediate, and low concentration levels are thoroughly
studied. Research has shown that the analytical variance (and
standard deviation) increases with the concentration squared,
and as a result the relative standard deviation (RSD) decreases.
The RSD goes to infinity as the concentration approaches zero.
The RSD is controlled by the functional relationship between
variance and concentration. Therefore, in most cases, the RSDs
were less than 15% at high and intermediate levels. Not
surprisingly, the highest RSD worse than 20% occurred for the
lowest levels for the interday precision, which also improved
rapidly with increasing concentration levels.

To prove the trueness of the analytical method developed in
the present study, several certified reference materials,
supported by FAPAS and Romer Laboratories, were analyzed.
Good consistent results are obtained, indicating that the current
analytical method can be regarded as selective, robust, and
accurate.

Method Application. The evaluated method was sub-
sequently applied to determine the natural occurrence of the 35
mycotoxins in a total of 60 commercial TCMs widely used in
China.

Among the pool of 60 TCMs, 50 were contaminated with
mycotoxins (83.3% of incidence), ranging from 1.7 to 48.0 ug/
kg (Table 4). A total of 24 TCMs (occurrence 40.0%) were
contaminated with aflatoxins in the range of 0.2—19.5 ug/kg.
The occurrence of aflatoxins in seeds (60.0%) was a little higher
than that in rhizomes and roots (43.5%), but obviously higher
than that in grasses and leaves (36.4%) or flowers (9.1%),
indicating that the fungi might favor growing on the TCMs
which are rich in starch and oil. The ranges (occurrence) of
type A trichothecenes, type B trichothecenes, and 33 and its
derivatives were 02-2.9 pug/kg (31.7%), 12-35.6 ug/kg
(21.7%), and 2.1-15.5 ug/kg (11.7%), respectively. To our
surprise, the ochratoxins, which were rarely found in TCMs in
previous studies, were also detected in TCMs (incidence
28.3%) with a maximal content of 2.8 ug/kg. Some other
mycotoxins, such as 7, 9, 17, and 19, also frequently existed in
TCMs. The results revealed that most of the TCMs in the
present study were contaminated with some mycotoxins,
usually in low levels. Although there appeared to be a low
risk to the consumers who occasionally used TCMs, the
potential risks were associated with the accumulative effects.

Overall, the current study describes a reliable analytical
method for simultaneous quantitative determination of 35
mycotoxins in 60 different TCMs. ASE was newly applied for
the coextraction of multiple mycotoxins from different TCMs.
Compared to the traditional extraction techniques, i.e.,
ultrasonic and homogenization, the optimal ASE method
showed higher extraction efficiency. The extraction method,
allowing for complete extraction by using a minimum amount
of solvent in a short period, has been proved to be a powerful
tool for extraction of a wide range of chemicals (from nonpolar
to polar) from various TCM matrixes. For the purification of
the extracts, a simple and cost-eflicient solid-phase extraction-
based cleanup method was established. This pretreatment
procedure greatly improved the detection sensitivity and was
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suitable for all of the complex TCM matrixes. After
optimization of the chromatographic conditions, the 35
mycotoxins could be simultaneously quantitated by UHPLC—
MS/MS in less than 17 min in one run. Considering the
satisfactory performance of the method and the concentrations
that were investigated, it can be concluded that the present
method made the multimycotoxin analysis faster and more
sensitive, selective, and repeatable compared to some tradi-
tional approaches of ELISA, GC, and HPLC coupled with
conventional sample preparation.

B ASSOCIATED CONTENT

© Supporting Information

Figure S-1, MRM chromatogram of chaetoglobosin A (7) after
it was put under the room conditions for 3 days; Figure S-2,
MRM chromatograms of a representative contaminated sample
(Semen Persicae); Figure S-3, results of the orthogonal
experiment for optimization of the conditions of the ASE
method; Table S-1, factors and their levels of the orthogonal
experiment L, (3*); Table S-2, comparison of the extraction
recoveries by different extraction approaches,; Table S-3,
sensitivities of mycotoxins cleaned up with the homemade
mixed cartridges or not (ug/kg); Table S-4, SSEs calculated
with or without ISs; Table S-5, recovery tests of the mycotoxins
in different TCMs; Table S-6, inter- and intraday precision of
the UHPLC—MS/MS method (ug/kg); and Table S-7, results
of the proficiency test on the determination of aflatoxin B1 (1),
aflatoxin B2 (2), aflatoxin G1 (3), deoxynivalenol (10),
ochratoxin A (22), and zearalenone (33) in several certified
reference materials. This material is available free of charge via
the Internet at http://pubs.acs.org

B AUTHOR INFORMATION

Corresponding Author
*Phone: +86 571 8820845S. Fax: +86 571 88208621. E-mail:
yjwu@zju.edu.cn.

Funding

This project was supported by the Research Fund for the
Doctoral Program of Higher Education (Grant
20110101110121) and Foundation of Zhejiang Educational
Committee of China (Grant Y201018711).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Sulyok, M.; Berthiller, F.; Krska, R; Schuhmacher, R.
Development and validation of a liquid chromatography/tandem
mass spectrometric method for the determination of 39 mycotoxins in
wheat and maize. Rapid Commun. Mass Spectrom. 2006, 20, 2649—
2659.

(2) Li, Y; Wang, Z.; Beier, R. C,; Shen, J,; De Smet, D.; De Saeger,
S.; Zhang, S. T-2 toxin, a trichothecene mycotoxin: review of toxicity,
metabolism, and analytical methods. J. Agric. Food Chem. 2011, 59,
3441-3453.

(3) European Commission. Commission Regulation (EC) No 1126/
2007 of 28 September 2007 amending Regulation (EC) No 1881/
2006 setting maximum levels for certain contaminants in foodstuffs as
regards Fusarium toxins in maize and maize products. Off. J. Eur. Union
2007, L 255, 14—17.

(4) Han, Z.; Zheng, Y.; Luan, L; Cai, Z.; Ren, Y.; Wu, Y. An ultra-
high-performance liquid chromatography-tandem mass spectrometry
method for simultaneous determination of aflatoxins B1, B2, G1, G2,
M1 and M2 in traditional Chinese medicines. Anal. Chim. Acta 2010,
664, 165—71.

dx.doi.org/10.1021/jf301928r | J. Agric. Food Chem. 2012, 60, 8233—8247



Journal of Agricultural and Food Chemistry

(5) Han, Z; Zheng, Y,; Luan, L; Ren, Y; Wu, Y. Analysis of
ochratoxin A and ochratoxin B in traditional Chinese medicines by
ultra-high-performance liquid chromatography-tandem mass spec-
trometry using ['*C(20)]-ochratoxin A as an internal standard. J.
Chromatogr,, A 2010, 1217, 4365—4374.

(6) Ren, Y,; Zhang, Y.; Shao, S.; Cai, Z.; Feng, L.; Pan, H.; Wang, Z.
Simultaneous determination of multi-component mycotoxin contam-
inants in foods and feeds by ultra-performance liquid chromatography
tandem mass spectrometry. J. Chromatogr, A 2007, 1143, 48—64.

(7) Sulyok, M.; Berthiller, F.; Krska, R; Schuhmacher, R.
Development and validation of a liquid chromatography/tandem
mass spectrometric method for the determination of 39 mycotoxins in
wheat and maize. Rapid Commun. Mass Spectrom. 2006, 20, 2649—
2659.

(8) Gonzalez, L.; Juan, C.; Soriano, J. M.; Molto, J. C.; Manes, J.
Occurrence and daily intake of ochratoxin A of organic and non-
organic rice and rice products. Int. J. Food Microbiol. 2006, 107, 223—
227.

(9) Monbaliu, S.; Van Poucke, C.; Detavernier, C.; Dumoulin, F.;
Van De Velde, M.; Schoeters, E,; Van Dyck, S.; Averkieva, O.; Van
Peteghem, C.; De Saeger, S. Occurrence of mycotoxins in feed as
analyzed by a multi-mycotoxin LC—MS/MS method. ]J. Agric. Food
Chem. 2010, 58, 66—71.

(10) Pallaroni, L.; von Holst, C. Determination of zearalenone from
wheat and corn by pressurized liquid extraction and liquid
chromatography-electrospray mass spectrometry. J. Chromatogr, A
2003, 993, 39—4S.

(11) D’Arco, G.; Fernandez-Franzon, M.; Font, G.; Damiani, P.;
Manes, J. Analysis of fumonisins B-1, B-2 and B-3 in corn-based baby
food by pressurized liquid extraction and liquid chromatography/
tandem mass spectrometry. J. Chromatogr., A 2008, 1209, 188—194.

(12) Lawrence, J. F.; Niedzwiadek, B.; Scott, P. M. Effect of
temperature and solvent composition on extraction of fumonisins B-1
and B-2 from corn products. J. AOAC Int. 2000, 83, 604—611.

(13) Stroka, J.; Otterdijk, R. v.; Anklam, E. Immunoaffinity column
clean-up prior to thin-layer chromatography for the determination of
aflatoxins in various food matrices. J. Chromatogr, A 2000, 904, 251—
256.

(14) Noba, S.; Uyama, A,; Mochizuki, N. Determination of
ochratoxin a in ready-to-drink coffee by immunoaffinity cleanup and
liquid chromatography—tandem mass spectrometry. J. Agric. Food
Chem. 2009, 57, 6036—6040.

(15) Omurtag, G. Z; Yaziciogly, D. Occurrence of T-2 toxin in
processed cereals and pulses in Turkey determined by HPLC and
TLC. Food Addit. Contam. 2001, 18, 844—849.

(16) Vidal, J. C.; Bonel, L.; Ezquerra, A,; Duato, P.; Castillo, J. R. An
electrochemical immunosensor for ochratoxin A determination in
wines based on a monoclonal antibody and paramagnetic microbeads.
Anal. Bioanal. Chem. 2012, 403, 1585—1593.

(17) Yu, F. Y,; Vdovenko, M. M,; Wang, J. J; Sakharov, L Y.
Comparison of enzyme-linked immunosorbent assays with chem-
iluminescent and colorimetric detection for the determination of
ochratoxin A in food. J. Agric. Food Chem. 2011, 59, 809—813.

(18) Valle-Algarra, F. M; Medina, A,; Gimeno-Adelantado, J. V.;
Llorens, A.; Jimenez, M.; Mateo, R. Comparative assessment of solid-
phase extraction clean-up procedures, GC columns and perfluor-
oacylation reagents for determination of type B trichothecenes in
wheat by GC-ECD. Talanta 2005, 66, 194—201.

(19) Liu, G; Zhu, Z,; Cheng, J; Senyuva, H. Z. Immunoaffinity
column cleanup with liquid chromatography using postcolumn
bromination for the determination of aflatoxins in black and white
sesame seed: single-laboratory validation. J. AOAC Int. 2012, 95, 122—
128.

(20) Solfrizzo, M.; Panzarini, G.; Visconti, A. Determination of
ochratoxin A in grapes, dried vine fruits, and winery byproducts by
high-performance liquid chromatography with fluorometric detection
(HPLC-FLD) and immunoaffinity cleanup. J. Agric. Food Chem. 2008,
56, 11081—11086.

8247

(21) Van Pamel, E.; Verbeken, A,; Vlaemynck, G.; De Boever, J;
Daeseleire, E. Ultrahigh-performance liquid chromatographic—tandem
mass spectrometric multimycotoxin method for quantitating 26
mycotoxins in maize silage. J. Agric. Food Chem. 2011, §9, 9747—9755.

(22) Monbaliu, S.; Wu, A.; Zhang, D.; Van Peteghem, C.; De Saeger,
S. Multimycotoxin UPLC—MS/MS for tea, herbal infusions, and the
derived drinkable products. J. Agric. Food Chem. 2010, 58, 12664—
12671.

(23) Diana Di Mavungu, J.; Monbaliu, S.; Scippo, M. L.; Maghuin-
Rogister, G.; Schneider, Y. J.; Larondelle, Y.; Callebaut, A.; Robbens, J.;
Van Peteghem, C.; De Saeger, S. LC-MS/MS multi-analyte method for
mycotoxin determination in food supplements. Food Addit. Contam.
2009, 26, 885—89S.

(24) Bogialli, S.; Curini, R.; Di Corcia, A.; Nazzari, M.; Samperi, R. A
liquid chromatography-mass spectrometry assay for analyzing
sulfonamide antibacterials in cattle and fish muscle tissues. Anal.
Chem. 2003, 75, 1798—1804.

(25) Oueslati, S.; Romero-Gonzalez, R.; Lasram, S.; Frenich, A. G.;
Vidal, J. L. Multi-mycotoxin determination in cereals and derived
products marketed in Tunisia using ultra-high performance liquid
chromatography coupled to triple quadrupole mass spectrometry. Food
Chem. Toxicol. 2012, 50, 2376—2381.

(26) Ediage, E. N.; Di Mavungy, J. D.; Monbaliu, S.; Van Peteghem,
C.; De Saeger, S. A validated multianalyte LC—MS/MS method for
quantification of 25 mycotoxins in cassava flour, peanut cake and
maize samples. J. Agric. Food Chem. 2011, 59, 5173—5180.

(27) Desmarchelier, A,; Oberson, J. M.; Tella, P.; Gremaud, E.;
Seefelder, W.; Mottier, P. Development and comparison of two
multiresidue methods for the analysis of 17 mycotoxins in cereals by
liquid chromatography electrospray ionization tandem mass spectrom-
etry. J. Agric. Food Chem. 2010, 58, 7510—7519.

(28) Matuszewski, B. K.; Constanzer, M. L.; Chavez-Eng, C. M.
Strategies for the assessment of matrix effect in quantitative
bioanalytical methods based on HPLC—MS/MS. Anal. Chem. 2003,
75, 3019—3030.

(29) Sekita, S.; Yoshihira, K; Natori, S.; Kuwano, H. Structures of
chaetoglobosin a and B, cytotoxic metabolites of Chaetomium
globosum. Tetrahedron Lett. 1973, 23, 2109—2112.

(30) Sekita, S.; Yoshihira, K; Natori, S.; Kuwano, H. Structures of
chaetoglobosins-C, chaetoglobosin-D, chaetoglobosin-E, chaetoglobo-
sin-F, cytotoxic indol-3-yl-[13]cytochalasans from Chaetomium
globosum. Tetrahedron Lett. 1976, 17, 1351—1354.

dx.doi.org/10.1021/jf301928r | J. Agric. Food Chem. 2012, 60, 8233—8247



