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. Introduction 

Mycotoxins are toxic secondary metabolites produced by fila-

entous fungi under suitable humidity and temperature condi-

ions, contaminating a wide range of agricultural commodities dur-

ng the planting, harvesting, processing, transportation, as well as

torage [1 , 2] . It was observed that most mycotoxins are stable dur-

ng processing and are found even in finished products, raising a

lobal concern due to their toxic effects when ingested, inhaled

r adsorbed through the skin by humans and animals [3] . There-

ore, many mycotoxins have been regulated by the European Union

egislation [4] and are monitored in a large number of matrices.

dditionally, besides the mycotoxins typically regulated in various

rops, there are more than 300 other known mycotoxins, includ-

ng the emerging Fusarium and Alternaria mycotoxins, which are

f significant interest because of their worldwide occurrence and

he insufficient toxicological data. Currently there is a strong inter-

st towards developing multiclass methods for the determination

f mycotoxins in various food commodities using LC-MS/MS [5 , 6] .

owever, the methods available for quantitative analysis are of-

en inadequate when looking for less-known mycotoxins. The typ-

cal difficulties include the detection low-level mycotoxin contami-
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ation, applicability to diverse chemical structures of mycotoxins,

nterference from similar compounds, as well as the complexity

f different food matrices in which mycotoxin contamination can

e analysed only after complicated sample preparation, extraction,

nd purification procedures, which become much more challenging

pon increasing the number of mycotoxins to be detected. 

Tea is one of the most popular and widely consumed bever-

ges in the world (being the leading drink after water in terms of

onsumption). According to the Intergovernmental Group of tea at

he Food and Agriculture Organisation of the United Nations, the

verage annual increase of tea consumption has been 4.5% over

he last decade. Tea has beneficial effects on human health due

o the presence of various compounds, such as vitamins, amino

cids, polyphenols, caffeine, purine alkaloids etc., which are re-

orted to have antimicrobial, antioxidative, anticarcinogenic activi-

ies, enhanced digestion, as well as blood lipid and body mass re-

uction [7] . Unlike other types of tea, Pu-erh belongs to the best

nown post-fermented teas, which need a long time of maturation

o be considered ripened. It is unique due to the microbial post-

ermentation process, which may last from several months to many

ears, resulting in potential fungal contamination. Other studies

ave reported about the contamination of tea with heavy metals,

esticides, polycyclic aromatic compounds, microorganisms, plant 

rowth regulators, radionuclides, and mycotoxins as well [8] . Re-

arkably, there have been very few studies on multi-mycotoxin

https://doi.org/10.1016/j.chroma.2020.461145
http://www.ScienceDirect.com
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t  
occurrence in Pu-erh teas, generally because of problems with an-

alytical method development for this complex matrix [9 , 10] . 

In recent years, two-dimensional liquid chromatography (2D-

LC) has gained recognition from researchers in the field of sep-

aration science [11] . This methodology is based on combining

two solid phases in order to achieve significantly higher sepa-

ration power and peak capacity, compared to conventional one-

dimensional liquid chromatography (1D-LC). This effective separa-

tion technique is mostly applied in the case of sophisticated matrix

interactions that could be substantial for the determination of se-

lected analytes [12] . 

2D-LC separations can be carried out either in offline or in on-

line mode. The offline mode is convenient with no time constraint

in the second dimension, because of collecting fractions are col-

lected from the first column with later reinjection into a second

column. However, in comparison with online 2D-LC, this mode in

not suitable for automation, as it is time consuming and less repro-

ducible, with possible carry-over issues and sample loss [13] . The

two most commonly used modes of online 2D-LC separation are

known as comprehensive and heart-cutting analysis. Comprehen-

sive 2D-LC (LC × LC) is predominantly used to analyse complex,

unknown mixtures, when every peak eluting from the first dimen-

sion ( 1 D) chromatographic column is transferred to the second di-

mension ( 2 D) chromatographic column through a switching valve

or another transferring device in order to subordinate the entire
1 D effluent to 2 D separations [14 , 15] . Heart-cutting 2D-LC is dif-

ferent from LC × LC involving the transfer of only one or few se-

lected eluent fractions from the 1 D column for further separation

on the 2 D column. The major advantage of the heart-cutting tech-

nique versus the comprehensive analysis is that the first and sec-

ond dimension run times are decoupled and both of them can be

operated closer to optimal conditions without any time constraints

on the second-dimension separation, providing higher peak resolu-

tion [16 , 17] . 

While 2D-LC methodology combined with mass spectromet-

ric detection can be very effective for the determination of tar-

get compounds in complex matrices, such as spices and herbal

medicines [18] , there are limited reports of its use for multi-

mycotoxin determination where aflatoxin and ochratoxin A were

separated using immunoaffinity columns, followed by LC analysis

[19 , 20] . Thus, it would be a relevant challenge in the field of sepa-

ration technique research to develop a 2D-LC method for simulta-

neous analysis of hundreds of chemical constituents with different

polarities, abundance, as well as structural types in complex ma-

trices, such as Pu-erh tea extract. 

Thus, the aim of this study was to develop online- heart-cutting-

2D-HPLC-TOF-HRMS method as an automated analytical tool for

simultaneous, highly selective determination of 70 mycotoxins in

Pu-erh tea. 

2. Material and methods 

2.1. Chemicals, reagents, and materials 

The solvents used (acetonitrile, methanol, ethyl acetate) were

of pesticide grade and were purchased from Sigma-Aldrich (Stein-

heim am Albuch, Germany). Dimethylformamide (DMF) of pesti-

cide grade ( ≥99.8%) and formic acid of analytical grade were pur-

chased from Merck Millipore (Darmstadt, Germany). Deionised wa-

ter was produced with a Millipore Milli-Q system (Darmstadt, Ger-

many). 

The standards of beauvericin (BEA, ≥95%), enniatin A (ENN

A, ≥99%), enniatin A 1 (ENN A 1 , ≥99%), enniatin B (ENN B,

≥99%), enniatin B 1 (ENN B 1 , ≥99%), meleagrin (MEL, ≥98%),

cytochalasin A (CCA, ≥98%), cytochalasin B (CCB, ≥98%), cy-

tochalasin C (CCC, ≥99%), cytochalasin D (CCD, ≥95%), cytocha-
asin E (CCE, ≥98%), cytochalasin J (CCJ, ≥95%), cytochalasin

 (CCH, ≥95%), 15-acetyldeoxynivalenol (15-AcDON, ≥99%), 3-

cetyldeoxynivalenol (3-AcDON, ≥99%), tentoxin (TNX, ≥99%), cit-

eoviridin (CVD, ≥95%), stachybotrylactam (SBL, ≥95%), alternar-

ol monomethyl ether (AME, ≥98%), dihydrochalasin B (DTC B,

98%) and fusaric acid (FA, ≥98%) were purchased from Cay-

an Chemical (Ann Arbor, MI, USA). Deoxynivalenol (DON, 98.3%),

flatoxins (AFB 1 , AFB 2 , AFG 1 , AFG 2 , ≥99%), HT-2 toxin (HT-2,

9%), T-2 toxin (T-2, 99%), sterigmatocystin (STC, 99.7%), zear-

lenone (ZEN, 99,66%), citrinin (CIT, 99.6%), ochratoxin A (OTA,

9%), fumonisins B 1 and B 2 (FB 1 , 98%; FB 2 , 97.5%), fusarenon-

 (FUS-X, 99.4%), and deoxynivalenol-3-glucoside (D3G, 96%)

ere acquired from Romer Labs (Tulln, Austria). Neosolaniol

NEO, 99%), anisomycin (ANC, 98.9%), T-2 toxin tetraol (T-2TET,

 99%), apicidin (API, > 99%), ansamitocin P3 (AN P3, 99%) al-

enuene (ALT, 99.3%), alternariol (AOH, > 98%), cerulenin (CER,

8%), chaetocin (CTC, 99%), 15-acetoxyscirpenol (15-AcS, > 98%), T-2

oxin triol (T-2TRI, 99%), fumonisin B 3 (FB 3 , 99%), myriocin (MYR,

9%), brefeldin A (BRF A, 99.9%), 17-dimethylaminoethylamino-

7-demethoxygeldanamycin (17-DMAG, 99.4%), altertoxin I (ATX

, 99%), 17-(allylamino)-17-demetoxygeldanamycin (17-AAG, 99%),

flatoxicol (AFL, 99%), chaetoglobosin A (CHG A, 99%), verrucu-

ogen (VCL, > 99%), wortmannin (WTM, 99%), helvolic acid (HA,

9%), ochratoxin B (OTB, 99%), destruxin A (DTX A, 99%), destruxin

 (DTX B, 99%), paxilline (PXL, 99%), penitrem A (PN A, > 99%),

liotoxin (GTX, > 99%), curvularin (CVL, 99%), bafilomycin A 1 (BFA 1 ,

 99%) and bafilomycin B 1 (BFB 1 , > 99%) were purchased from Fer-

entek (Jerusalem, Israel), while mycophenolic acid (MPA, > 99%),

enicillic acid (PA, > 99%) and roquefortine-C (ROQ-C, > 99%) were

urchased from Santa Cruz Biotechnology (Dallas, TX, USA). (The

tructural characteristics and origins of the analysed mycotoxins

re shown in the Supplementary Material (Table S1)). 

Standard stock solutions of all mycotoxins were prepared in

cetonitrile, methanol or their mixtures with DMSO, with the ex-

eption of BEA and enniatins that were kept in DMF. The spiking

olutions and calibration standards were prepared by serial dilu-

ion of stock solutions and were stored in UV-protected glassware

t 4 °C. 

.2. HRMS conditions 

The HRMS instrumentation included an Apollo II electrospray

onisation (ESI) source and a Compact Q-ToF time-of-flight mass

pectrometer (Bruker Daltonik GmbH, Bremen, Germany) that was

ontrolled by Control 4.0 software (Bruker Daltonik GmbH, Bre-

en, Germany). The analysis was performed in positive full scan

ode for all of the mycotoxins with the m/z scanning range from

0 to 10 0 0. The source parameters were the following: capillary

ap voltage was set at 4.5 kV, while the spray shield voltage was

et at 0.5 kV; desolvation gas temperature was 200 °C; the nitro-

en flow rate was 10 L min 

−1 ; the nebuliser gas flow pressure was

 bar. The analyte-dependent parameters are listed in Table 1 . Ex-

ernal instrument calibration for accurate mass measurements was

erformed before each batch of samples according to the instru-

ent manufacturer’s guidelines by using the sodium formate clus-

er. Data acquisition was controlled by HyStar 3.2. software (Bruker

altonik GmbH, Bremen, Germany) and the data analysis was per-

ormed with QuantAnalysis 4.3. (Bruker Daltonik GmbH, Bremen,

ermany). The analyte-dependent data is summarised in Supple-

entary Material (Table S2). 

.3. Online- heart-cutting-2D-HPLC parameters 

Heart-cutting RP-RP 2D-HPLC analysis was performed on an Ul-

iMate 30 0 0 UHPLC system (Thermo Fisher Scientific, Waltham,
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Table 1 

Gradient elution program and valve-switching information. 

Time, min 1D-LC separation Time, min 2D-LC separation Valve position 

(Kinetex C 18 (1.7 μm, 100 Å, 50 mm × 3 mm)) (Luna® Omega Polar C 18 (3 μm, 100 Å, 100 × 3 mm)) 

Flow rate (mL/min) A (%) B1 (%) Flow rate (mL/min) A (%) B2 (%) 

0 0.35 50 50 0 0.35 45 55 6–1 

0.5 0.35 50 50 0.5 0.35 45 55 1–2 

1.9 0.35 50 50 1.9 0.35 45 55 

3.0 0.35 50 50 2.7 0.35 45 55 6–1 

8.0 0.35 2 98 3.0 0.35 90 10 

11 0.35 2 98 5.0 0.35 90 10 

11.5 0.35 90 10 9.0 0.35 2 98 

13 0.35 90 10 11 0.35 2 98 

13.5 0.35 60 40 11.2 0.35 45 55 

16 0.35 60 40 16 0.35 45 55 

A – deionised water containing 0.1% of formic acid;. 

B1 – 0.5 mM ammonium acetate in acetonitrile containing 0.1% of formic acid. 

B2 – acetonitrile containing 0.1% of formic acid. 
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A, USA) containing a binary pump, degasser, a column oven com-

artment, an autosampler manager fitted with a 500 μL injection

oop, and a programmable Rheodyne® six-port switching valve

t the side of the column compartment. A two-position six-port

witching valve equipped with a stainless steel 500 μL sampling

oop was used to capture the fraction eluted from the 1 D analyti-

al column. 

The 1 D chromatographic separation was performed on a Kinetex

 18 (1.7 μm, 100 Å, 50 mm × 3 mm; Phenomenex, Torrance, CA,

SA) reversed-phase analytical column packed with fully porous

ilica particles, while the 2 D separation was performed on a Lu-

a® Omega Polar C 18 (3 μm, 100 Å, 100 × 3 mm; Phenomenex,

SA) reversed-phase analytical column packed with core-shell sil-

ca particles. The 1 D and 

2 D columns shared the column oven and

heir temperature was set at 40 °C. The elution programs for the
 D and 

2 D separations, as well as the valve switching program are

hown in Table 1 and the generic scheme of the used 2D-HPLC is

hown in the Fig. 1 . The volume of the injection was set at 15 μL. 

.4. Sample preparation procedure for the raw Pu-erh tea 

Two grams of raw and homogenised Pu-erh tea were weighed

nto a 50 mL PP centrifuge tube. The extraction of mycotoxins was

erformed using 15 mL of ethyl acetate/formic acid (99:1, v/v) so-

ution. The mixture was shaken (15 min) and then centrifuged at

0 0 0 rpm for 10 min. The sample extract was filtered through

 filter paper. The supernatant (3 mL) was collected and evapo-

ated to dryness under a gentle nitrogen flow at 50 °C. The dry

esidue was dissolved in 1.5 mL of MeOH:H 2 O (1:1, v/v) and vor-

exed for 5 min. This solution is referred to as the first part of

he extract. The remaining 12 mL of the extract (referred to as the

econd part of the extract) were cleaned up by passing through a

00 mg/6 mL NH 2 -SPE column which was conditioned with 5 mL

f ethyl acetate/formic acid (99:1, v/v). The eluent was collected

n a 15 mL PP centrifuge tube, the NH 2 -SPE column was kept un-

er a low vacuum for 5 min and the eluate was evaporated under

he same conditions as the first part of the extract. Afterwards, the

esidue was dissolved in 5 mL of MeOH:H 2 O (1:1, v/v) and cleaned

p by passing together with the first part of the extract through a

00 mg/6 mL C 18 -SPE column which was conditioned with 5 mL of

ethanol and 5 mL of milli-Q deionised water. After passing both

arts of the extract through the C 18 -SPE column, the column was

ried under low vacuum, then the mycotoxins were eluted with

 mL of acetonitrile, the eluent was evaporated under a gentle ni-

rogen flow at 50 °C and redissolved in 150 μL of water/methanol

60:40, v/v) containing 0.1% formic acid. 
.5. Data analysis and the analytical method validation 

The developed online heart-cutting-2D-HPLC-TOF-HRMS 

ethod was validated according to the performance criteria

et in Commission Regulations (EU) No 882/2014, 401/2006,

19/2014, the “Guidance Document on the Estimation of LOD and

OQ for the Measurements in the Field of Contaminants in Feed

nd Food” [21 , 22] , and ISO 5725:1994. The selectivity, trueness,

inearity, repeatability expressed as relative standard deviation

RSD) values and the uncertainty of the method developed during

his study were verified by validation of the analytical procedure

ccording to the aforementioned criteria. 

The quantification limit of the instrumental method ( i -LOQ) for

hich the S/N ratio exceeded 10 was evaluated by analysing a se-

uence of standard solutions with decreasing concentration. The

 -LOQ and m -LOD values were calculated by taking into account

he sample preparation procedures and the matrix effects obtained

uring the method validation. 

. Results and discussion 

.1. Development and optimisation of the 

nline- heart-cutting-2D-HPLC-TOF-MS method 

The objective of this work was to develop a 2D-LC method for

imultaneous analysis of 70 mycotoxins in Pu-erh teas. First, the

ycotoxins and all the other substances from tea samples were

eparated on the 1 D column, then the target fraction of eluent was

irected into the sample storage loop, followed by separation on

he 2 D column. Prior to the analysis of real samples, the two di-

ensions were optimised independently. 

.1.1. HRMS optimisation 

Following the online- heart-cutting-2D-HPLC separation, detec- 

ion and quantification of target compounds was performed by

ime-of-flight mass analyser. Compared to other mass analysers,

specially different quadrupole instruments that are most often

sed for mycotoxin determination, a TOF system shows higher ef-

ciency operating in single ionisation mode (positive or negative

nly) within one analysis. This is due to the instrument feature

here a much longer time is needed for positive-negative polarity

witching, resulting in deterioration of mass accuracy during the

nalysis [22 , 23] . In spite of the fact that in several recent studies

any mycotoxins were determined using negative ionisation mode

ll of the 70 mycotoxins that were of interest during our study

ere analysed using positive ionisation mode, forming protonated

olecular ions and/or ammonium/sodium adducts. At the same
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Fig. 1. Schematic representation of the two positions of a 6-port switching valve with a loop-based interface. 
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time, many of our analysed compounds have not yet been thor-

oughly described by other researchers. In order to compare both

ionisatioin modes and verify that positive ionisation is viable for

all of the mycotoxins, a standard solution of each mycotoxin was

individually injected directly into the mass analyser. The highest

intensities were obtained in the positive mode, so polarity switch-

ing or a second run in negative mode could be omitted. Our find-

ings were in accordance with recently published articles specifi-

cally directed on optimization and evaluation of HRMS for the my-

cotoxin analysis [24–27] . The detection was performed in the full

scan mode (50–10 0 0 Da), since the molecular weight of mycotox-

ins ranged from 170.2 Da in a case of penicillic acid to 783.4 Da

for the emerging mycotoxin beauvericin. 

The elaborated method showed high stability during the ex-

periments. Thus, the retention times of the compounds can also

be used as identification criteria of the quantification method. The

details of optimised instrumental parameters, as well as the aver-

age measured masses of quantification and confirmation ions of all

analysed mycotoxins are summarised in Table 1 . 

The measured mass accuracy compared to the theoretical val-

ues was acceptable (from −3.85 to 4.92 ppm), being within the

recommended range of ≤5 ppm for m/z ≥ 200 [28] at a resolution

of 10 0 0 0 Full Width at Half Maximum (FWHM) values. 

3.1.2. Selection of analytical columns 

According to other studies, reversed phase (RP) liquid chro-

matography columns С 18 are used most frequently for myco-

toxin separation [24 , 29] . Thus, for 1 D separation we tested C 
18 
olumns of two dimensions. To prove the efficiency of the non-

olar columns, we compared them to Polar C 18 analytical RP

olumns ( Table 2 ). The non-polar Kinetex C 18 column (1.7 μm,

00 Å, 50 mm × 3 mm) was decided to be used for the 1 D separa-

ion in order to have shorter analysis time. However, problematic

hromatographic separation was observed for polar compounds

hat are eluted in short retention time (DON and its metabolites,

A , PA , etc.). Previously, those compounds were reported by other

uthors as being affected by strong matrix interference [30] . Thus,

ifferent analytical columns were tested in order to achieve bet-

er retention and separation of polar compounds in 

2 D separation

 Table 2 ). 

As the result, a merged RP-LC system in both dimensions (C 18 -

.7 μm, 50 mm × 3 mm and Polar C 18 - 3 μm, 100 × 3 mm)was

elected, which is the most widely used 2D-LC approach for differ-

nt types of analytes [13 , 31 , 32] . This system provided better mo-

ile phase mutual compatibility than other modes and the selected

tationary phases were not only efficient, but also provided signif-

cant orthogonality due to their modifications. Another advantage

f RP-LC compared to other stationary phases is that RP-LC ana-

ytical columns require short equilibration times, giving high effi-

iency and hence high peak capacity, which is of prime interest in

he context of 2D-LC analysis [33] . 

.1.3. Selection of the eluents 

The most frequently reported gradient systems for myco-

oxin analysis with further MS detection have been acidified

ethanol/water, acetonitrile/water, or both of these systems con-
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Table 2 

Comparision of differetnt columns for 2D-LC analysis. 

Columns tested Conclusions 

1 D separation 

Phenomenex Kinetex C 18 (1.7 μm, 100 Å, 50 mm × 3 mm and 1.7 μm, 100 Å, 

150 mm × 2.1 mm) 

The resolution and peak shapes were practically identical. 

Luna® Omega Polar C 18 (3 μm, 100 Å, 100 × 3 mm and 3 μm, 100 Å, 

30 × 2.1 mm) 

Significantly longer analysis time and tailing peaks of some compounds 

were obtained. 
2 D separation 

Luna® Omega Polar C 18 (3 μm, 100 Å, 100 × 3 mm) The best retention and separation of analytes was achieved. The obtained 

analytical signals were eluted in optimal time, not extending the whole 

2D analysis. 

Luna SCX (5 μm, 100 Å, 50 × 4.6 mm) Most of the peaks were spread over a wide time range, indicating less 

time-effective analysis. 

Synergi Hydro-RP (4 μm, 80 Å, 150 × 2.0 mm) Not possible to separate the related compounds of DON from each other. 

Luna Phenyl-Hexyl (5 μm, 150 × 4.6 mm) The first compound was eluted only after the 8th minute, even when 

using mobile phase composition with high initial organic solvent content 

(60% ACN). 

Synergi Fusion-RP (4 μm, 80 Å, 50 × 2.0 mm) The satisfactory separation of polar compounds was achieved, but it was 

necessary to significantly increase the analysis time to reach it. 

Synergi MAX-RP (4 μm, 80 Å, 150 × 2.0 mm) All compounds had nearly identical retention times, preventing the 

separation of DON from its related compounds. 
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aining various amounts of ammonium acetate, because of the ten-

ency of many mycotoxins to bind ammonium ions [7 , 29] . For that

eason, all of the mentioned gradient systems were tested for the

eparation of mycotoxins in both dimensions. 

Unlike the previously reported conventional heart-cutting ap-

roaches, where two different detectors or one detector in succes-

ion for both dimensions have been generally used [11 , 17 , 31 , 34] ,

he method developed during the present study was based on par-

llel 2D-LC 

–HRMS detection. In online 2D-LC, the compatibility of

he mobile phases is very important. Mobile phases with great dif-

erences in viscosities should be avoided in 2D-LC systems to pre-

ent problems associated with viscous fingering [35 , 36] . Our key

riteria in choosing the gradient systems were eluent compatibil-

ty, maintaining symmetric peak shapes of analytes when both gra-

ient systems blended together before entering the time-of-flight

etector. As a result of our experiments, it was concluded that

cetonitrile-containing gradient systems were more effective for

his application. Methanol/water gradients were less appropriate

or some lower mass mycotoxins, showing more pronounced peak

xpansion, especially after the fraction collected in the storage loop

as transferred to the 2 D column. Therefore, in order to achieve an

ffective separation also for small molecules, an acetonitrile/water

radient was used for performing the 2 D separation. When choos-

ng the strongest organic phase component for 1 D separation, the

ffects of both methanol and acetonitrile were compared, but, un-

ike in the 2 D separation, the only difference between the chro-

atograms was the retention time of the compounds, resulting in

onger analysis time in the case of methanol. The signal shapes

nd intensities were comparable, but due to the greater effective-

ess of acetonitrile in the 2 D separation, as well as the fact that

ethanol/water solution is more viscous, thus increasing the back

ressure in the chromatographic system, it was decided to apply

cetonitrile-containing gradient also for the 1 D separation. 

During the optimisation of HRMS parameters, the strongest sig-

als for many analytes were detected from their [ M + NH 4 ] 
+ molec-

lar adducts, which were later selected as quantification or con-

rmation ions. Thus, in order to better characterise the formation

f [ M + NH 4 ] 
+ signals, we also tested systems containing ammo-

ium acetate. In other studies, ammonium acetate solutions with

oncentrations as high as 10 mM have been used. Therefore, we

ompared mobile phases containing 0.1 mM, 0.5 mM, 5 mM, and

0 mM of ammonium acetate. Comparing the effects of different

mmonium acetate concentrations on the intensity of [M + NH 4 ] 
+ 

ignals, the 0.1 mM solution showed practically no improvement,
 o  
hile raising the ammonium acetate concentration to 5 mM en-

anced the [M + NH 4 ] 
+ ion intensities for many mycotoxins (es-

ecially affecting the ionisation of Alternaria mycotoxins). The ef-

ect of 10 mM ammonium acetate on the chromatographic per-

ormance was found to be deleterious, greatly increasing the back

ressure on the column (after lasting experiments raising from ap-

roximately 350 bar to almost 600 bar), while not improving the

mmonium ion formation compared to the 5 mM solution. In or-

er to avoid high back pressure, while still increasing the inten-

ity of [M + NH 4 ] 
+ ion signals, 5 mM ammonium acetate in ace-

onitrile/water was used for 1 D separation. The same buffer system

as also tested for 2 D separation, but there was no marked im-

rovement, thence we decided to avoid complicating the 2 D sepa-

ation step and not to load the column with additional salts in mo-

ile phases. For achieving better ionisation of mycotoxin molecules,

ll of the solvents of gradient systems were acidified with 0.1% of

ormic acid. 

.1.4. Optimisation of gradient systems 

The aim of the gradient system optimisation was to effectively

emove the most problematic matrix components, while collect-

ng all mycotoxins. Thus, 1 D gradient system was optimised to

chieve the optimal retention of mycotoxins for which 

1 D sepa-

ation in Pu-erh tea matrix is feasible. Since the scope of ana-

ytes include groups of compounds with very good affinity towards

he chromatographic column sorbent, such as the emerging myco-

oxins (ENNs and BEA), bafilomycins A 1 and B 1 , penitrem A, and

ther compounds with similar structural characteristics, their ef-

ective separation and retention requires longer elution at the ab-

olute acetonitrile composition. Theoretically, the use of a mobile

hase with higher initial organic component level can shorten the

lution time on a reversed phase column, so 1 D chromatography

egan with 50% of acetonitrile, providing the resolution of 41 an-

lytes in the range from 2.0 to 13.1 min during the 1 D separation.

sing the same gradient system, a fraction containing 29 analytes

as collected in the sample storage loop up to 2.0 min and trans-

erred to the 2 D column. 

The initial mobile phase composition also turned to be a key

actor for developing the 2 D gradient system, because of significant

ailing of the more polar and acidic compounds eluting at the be-

inning of 2 D separation when starting with a low organic solvent

ontent. In the case of beginning the 2 D separation with 10% ace-

onitrile and gradually increasing its content, significant extension

f the chromatography time (up to 25 min) was needed to ensure
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Fig. 2. Changes in the chromatographic signal of DON depending on the initial conditions of 2 D separation. 
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both the elution of all analytes and column re-equilibration un-

der the initial conditions before the next injection. Moreover, the

quantification of low molecular and polar compounds under these

conditions was impossible. 

The determination of DON and its metabolites (15-AcDON and

3-AcDON) in various foodstuffs is a very significant task, because

a growing number of publications report their occurrence, in some

cases at relatively high concentrations. Fig. 2 shows the optimisa-

tion of the initial mobile phase composition for 2 D separation (A:

0.1% formic acid in water; B: 0.1% formic acid in acetonitrile) on

the chromatographic signal of DON. 

It should also be noted that under such conditions it was pos-

sible to separate the isomeric analytes 3-AcDON and 15-AcDON,

which are usually difficult to simultaneously determine by con-

ventional multi-mycotoxin methods, if their separation from each

other is not achieved because of the same molecular mass and

the same fragmentation ions in their MS spectrum using MS 2 de-

tection. Some researchers skip this step by describing the con-

centrations of these compounds as the sum of both isomers [37] ,

but a more complete study on the contamination and objective

assessment of possible effects and contributions from both com-

pounds requires their independent quantification. Nevertheless, the

retention times of these isomers differed by 0.2 min (5.1 min and

4.9 min), which was sufficient for identification, especially after

adding ammonium acetate to the mobile phase, because of the

high intensity of ammonium ion adduct for 15-AcDON, which was

selected as the quantifying ion. 

Since the initial composition of the mobile phase did not signif-

icantly influence the separation of high molecular analytes, except

for a change in their retention times, it was decided to focus di-

rectly on the problematic analytes in an effort to adjust the system

parameters to obtain quantifiable analytical signals. Therefore, we

started our 2 D gradient program with 55% of acidified acetonitrile,

ensuring the elution of representative chromatographic peaks. In

order to delay the elution of all other compounds from the ana-
 p  
ytical column in parallel with the compounds analysed in the 1 D

ode and to overcome peak overlapping, the mobile phase com-

osition after the elution of highly polar compounds was increased

o 90% of acidified water and maintained for 2 min. The acetoni-

rile content was then gradually increased to 98% over 4 min, ac-

elerating the elution of mycotoxins retained on the 2 D column.

lthough the sorption behaviour of these compounds in the ana-

ytical column was very similar and the retention times in many

ases overlapped, their detection was specific due to the very dif-

erent masses of quantification ions measured by high resolution

ass spectrometry. 

The mobile phase flow rate also appeared to be an important

actor, which was left equal at 0.35 mL/min in both the 1 D and 

2 D

imensions. The lower flow rate of 0.30 mL/min was tested, but

t adversely affected the elution of collected fraction from the 1 D

n 

2 D column, broadening the signals of some analytes. The final

radient elution program and valve-switching information for the

eveloped method is shown in Table 1 . 

.1.5. Selection of switching time from 

1 D to 2 D separation 

During the optimisation of 1 D separation, it was obvious that

he polar analytes could not be retained on the analytical column

ith appropriate effectiveness for all of the mycotoxins, and such

ttempts would prolong the analysis time with no remarkable im-

rovement. Thus, it was decided to collect mycotoxins with short

etention times during the 1 D separation ( < 2 min) in the sample

torage loop for further separation on the 2 D column. The collec-

ion was performed by switching the valve position in the time in-

erval from 0.5 min until 1.9 min, because all 29 of the highly polar

nalytes were present in this eluent portion. The generic scheme of

witching valve positions is shown in Fig. 1 . 

The effect of sample loop volume was also studied. Three sam-

le loops of different volume were tested (100 μL, 250 μL, and 500

L). When testing the 100 μL sample loop, we could collect only a

art of the target analytes. Another possibility was using the 250
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L sample loop with the so-called “stop-flow” approach, collecting

wo eluent portions with interruption of 1 D separation in between,

ut it had the disadvantage of much longer analysis time, as well

s the analyte peaks eluted immediately after valve switching dur-

ng the 1 D separation were noticeably broadened. Finally, the 500

L loop was selected for this study, since the peak widths of tar-

et compounds were in the range of 0.6–1.9 min. Corresponding

hromatograms of Pu-erh tea samples spiked with DON and its

etabolites on different concentration levels obtained during ini-

ial experiments by 1D-LC and final outcome of 2D-LC are shown

n Supplementary Material (Figs. S1–3). 

.2. Sample preparation and optimisation for the Pu-erh tea matrix 

The incidence of mycotoxins has been described for a wide va-

iety of sample matrices, ranging from baby food to spice blends.

u-erh tea is considered to be a complex matrix, which includes

 wide range of different components, depending on the compo-

ition of the tea plants and the processing conditions. Thus, one

f the most important parameters in the development of this an-

lytical method was to adapt a sample preparation procedure that

ould be suitable for Pu-erh tea. For this purpose, different extrac-

ion solvents and purification techniques were tested. 

The most commonly described sample preparation methods

QuEChERS and SPE) for the determination of mycotoxins in sam-

les of plant origin were also approbated and optimised for the

urposes of this study. 

.2.1. The application of QuEChERS methodology 

According to recent studies devoted to the analysis of myco-

oxins in tea matrices, the QuEChERS approach was often used

or sample preparation. Therefore, we tested this widely described

echnique for sample preparation within our study. A QuEChERS

ethod with minimal changes from that reported by Reinholds

t al. in 2019 was used [38] . 

Despite the fact that this extraction and purification proce-

ure showed satisfactory recoveries for emerging mycotoxins and

ther less polar compounds (such as STC, BFB1, BFA1), the method

roved to be unsuitable for the detection of low molecular and po-

ar mycotoxins in Pu-erh tea samples. Quantification was found to

e impossible for 49 or approximately 2/3 of the analytes at con-

entration of 50 μg/kg. 

.2.2. SPE procedure optimisation 

election of extraction solvent and optimisation of extract clean-up.

ne of the most important steps during sample preparation, which

nsures the overall efficiency of the method, is the choice of an

ppropriate solvent or solvent system for the extraction of target

ompounds from the relevant matrix. For mycotoxin extraction, the

se of acetonitrile, methanol, ethyl acetate, chloroform, and vari-

us mixtures containing these organic solvents has been reported

39 , 40] . When analysing complex matrices, it should be taken into

ccount that an extra purification step is required for preventing

he contamination of mass spectrometer, so different procedures

or extractions, as well as different SPE techniques were compared

nd their appropriateness for direct analysis was evaluated. 

Referring to a scientific review on mycotoxin determination in

eas [7] , the following extraction solvent systems were consid-

red: Acetonitrile/H 2 O (84:16, v/v), Acetonitrile/H 2 O (50:50, v/v),

eOH/H 2 O (50:50, v/v), and EtOAc. When comparing the final ex-

racts, it should be noted that the most cloudy, dark, and inten-

ively coloured extracts were obtained by extraction with acetoni-

rile mixtures, while the clearest extracts were obtained by EtOAc

xtraction. As the d-SPE purification according to the QuEChERS

pproach proved to be unsuitable, it was decided to test sample
reparation methods using SPE columns described in earlier arti-

les. The following were selected for comparison purposes: Strata®

H 2 , Oasis-MAX, Strata-X, Oasis-HLB, Strata® C 18 -E, and Discov-

ry® DSC-18 solid phase extraction columns (all column param- 

ters are described in the Materials and Reagents description). 

We found that emerging and other less polar mycotoxins can

e extracted by acetonitrile NH2systems and EtOAc using all the

f the aforementioned SPE columns without preliminary filtra-

ion (except for Discovery® DSC-18 and Oasis-MAX), but acetoni-

rile extracts after the whole sample preparation were still visu-

lly opaque. An additional filtration step of the extracts through

H 2 -SPE column resulted in chromatographic signal deterioration

or ENNs and BEA, as well as the determination of FBs became im-

ossible because of their binding to the sorbent material, which

as been also mentioned in an earlier study [41] . On the other

and, this step improved the determination of other compounds

y elimination of undesirable matrix components. So, the best so-

ution to improve the determination of the most mycotoxins with-

ut significant affecting the ENNs, BEA and FBs determination, is to

ass one part of the extract through NH 2 -SPE column and leave the

est of extract without additional clean up. During experiments, it

as found that the volume of 3 mL is optimal that is needed for

ltration. 

It should be highlighted that EtOAc extracts became much

leaner after an additional filtration step. Moreover, in agreement

ith many publications dedicated to mycotoxin determination in

ifferent foodstuffs, EtOAc showed comparable extraction efficiency

or mycotoxins with a wide range of lgP values [40–45] . 

Other authors [46] have claimed that the sample preparation

rocedure based on extraction with EtOAc/FA (99:1, v/v), followed

y passing the extract through an NH 2 -SPE column with further

vaporation, reconstitution with acetonitrile/H 2 O (84:16, v /v), and

efiltration through C 18 -SPE was appropriate for the analysis of Pu-

rh tea samples. When we performed the same procedure, the ex-

ected effectiveness was not achieved, so we replaced the filtration

hrough C18-SPE column by extraction using this SPE. Additionally,

asis-HLB and Strata-X columns were also tested for this purpose.

very of these three SPE columns was suitable for individual com-

ounds, but the best results were obtained with Strata® C18-E col-

mn, giving the best analyte recovery and the largest number of

etectable compounds. EtOAc/FA (99:1, v/v) was selected as the ex-

raction solution, resulting in fewer interfering signals in the final

hromatograms and giving a clear extract prior to injection, pro-

ecting both the LC system and the detector from major contami-

ation. 

.3. Method validation 

The elaborated analytical method for the determination of 70

ycotoxins in Pu-erh tea was validated in-house with considera-

ion of the criteria and recommendations set in EU legislation and

uidelines. The validation was carried out over two days, thus ob-

aining both inter-day and intra-day data. 

.3.1. Evaluation of matrix effects 

Co-extractives originating from the matrix may significantly af-

ect the ionisation of analytes and thereby have an impact on the

eliability of the method. The matrix effect was calculated as the

ercentage (ME,%) of signal enhancement or suppression, accord-

ng to the equation: 

E ( % ) = 100 ×
(

a m 

a s 
− 1 

)
(1) 

ith the slope of the matrix-matched calibration curve denoted as

 m 

and the slope of the calibration plot with calibration solutions

n solvent denoted as a s . 
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Fig. 3. The matrix effect (ME,%) of Pu-erh tea amongst the analysed mycotoxins. 
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The calculated matrix effect values were in a good agreement

with those observed by other authors. Lower matrix effects were

obtained for the mycotoxins that were better retained on the an-

alytical column (ENNs, BEA, BFs, ZEN, etc.), compared to the more

polar mycotoxins that were eluted faster (DON, D3G, FA, PA, etc.).

None of the analysed mycotoxins showed ion enhancement in Pu-

erh tea matrix, while ion suppression was observed for all com-

pounds, being in a range from −4.3% (BFs and emerging mycotox-

ins) to −62% in the case of MPA. The distribution of matrix effects

amongst the analysed mycotoxins is shown in Fig. 3 . 

Considering the strong adverse matrix effect of Pu-erh tea for

most of the analysed mycotoxins, the matrix-matched calibration

approach was applied during the further mycotoxin analysis, in or-

der to compensate for the negative effect on the analyte recovery. 

3.3.2. Selectivity and linearity 

The selectivity of the method was estimated by the analysis of

blank matrix samples fortified with mycotoxin standards at LOQ

levels. No significant interfering peaks or chromatographic interfer-

ence effects were observed at the retention times of the targeted

compounds. The blank samples of Pu-erh tea are shown along with

some examples of Pu-erh tea samples spiked with DON and its

related compounds 3-AcDON, D3G, and 15-AcDON that were de-

tected in all of the analysed samples (Supplementary Material, Fig-

ure S4). 

The linearity of the method was assessed from five-point

matrix-matched calibration curves by spiking blank Pu-erh tea

samples with standard solutions of mycotoxins. The peak areas of

each analyte were plotted against their concentrations and a linear

least squares regression model was applied, showing a good lin-

earity (R 

2 > 0.99). The linear ranges and the respective correlation

coefficients are shown in Table 3 . 

3.3.3. Precision, trueness and uncertainty of the method 

The trueness and precision of the method were tested by

analysing blank samples spiked with all 70 mycotoxins at low,

moderate, and high concentration levels. In particular, 18 spiked

samples were processed per day, resulting in a total of 36 spiked

samples analysed over two days. The trueness expressed as re-

covery of mycotoxin determination was calculated from matrix-

matched calibrations, indicating that, in turn to the standard solu-

tion calibration, it can effectively compensate the matrix effects of
u-erh tea. The inter-day recovery of mycotoxin determination was

n an acceptable range of 83%–116%, as shown in Table 3 . However,

he individual recovery obtained during the overall validation var-

ed from 79% to 121%. 

The precision was expressed as the relative standard deviation

RSD) for both intra-day and inter-day precision experiments. The

esults of the precision experiments confirmed the good perfor-

ance of the developed method, and all the values are shown in

upplementary Material (Table S3). The obtained mean RSD val-

es for the between-days validation ranged from 5% to 13%. Com-

ared to the previously reported 

1 D methods for mycotoxin deter-

ination [7 , 47–49] , the parameters obtained in the present study

ere similar or even superior. A comparison of the validation pa-

ameter values to those described in the EU validation guidelines

howed that both the trueness and precision met the validation

riteria. The uncertainty of the method was estimated by multiply-

ng the intra-day RSD of each mycotoxin by a factor of 2. The un-

ertainty values for individual mycotoxins ranged from 9% to 28%,

hich is considered to be an acceptable degree of uncertainty dur-

ng method evaluation, taking into account the matrix effects and

ther complications that may affect the final concentration values. 

.3.4. Sensitivity (LODs and LOQs) 

The method sensitivity was evaluated by measuring the instru-

ental limit of quantification ( i -LOQ) that was determined exper-

mentally as the lowest amount of analyte injected on-column for

hich the S/N ratio exceeded 10. With regard to the dynamic range

f the TOF detector, only signals with intensities above 1 × 10 4 

ere used for reliable detection. The m- LOQ values were calcu-

ated by taking into account the sample preparation procedure and

he matrix effects observed during the method validation. The m-

OQ and m- LOD values were expressed as μg/kg of the raw sam-

le weight, varying from 0.01 to 7.17 μg/kg for m- LODs and from

.04 to 23.9 μg/kg for m -LOQs. The obtained m -LODs and m -LOQs

 Table 3 ) were comparable to those obtained in traditional myco-

oxin determination methods based on offline SPE methodology or

uEChERS approach for the analysis of different types of tea, fol-

owed by HPLC-MS/MS detection or by other techniques [7 , 40] . 

.4. Analysis of real samples 

The applicability of the elaborated online- heart-cutting-2D-LC

ethod was assessed through the analysis of 70 mycotoxins in 20
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Table 3 

Method validation data. 

Compound 

Linearity 

range, μg/kg Linearity, r 2 i- LOD, pg i- LOQ, pg m- LOD, μg/kg m- LOQ, μg/kg 

Inter-day 

recovery 

( n = 36),% 

Inter-day RSD 

( n = 36),% Uncertainty,% 

AFB 1 1.0–25 0.998 6.3 21 0.05 0.15 96 9 18 

AFB 2 0.25–5 0.9990 3.5 12 0.07 0.24 90 10 19 

AFG 1 1.0–25 0.998 7.7 26 0.05 0.18 92 9 17 

AFG 2 0.25–5 0.994 10 33 0.08 0.27 93 8 15 

AFL 10–250 0.998 250 833 1.44 4.80 100 7 14 

AME 10–250 0.994 143 476 1.04 3.45 99 10 20 

ANC 1.0–25 0.9991 15 49 0.10 0.33 92 7 13 

AN P3 5.0–100 0.9996 77 256 0.47 1.57 93 7 14 

ALT 1.0–25 0.9997 46 152 0.30 1.01 92 10 19 

AOH 5.0–100 0.996 83 278 0.68 2.25 100 8 16 

ATX I 1.0–25 0.9995 19 64 0.13 0.45 95 9 18 

API 1.0–25 0.995 21 69 0.11 0.37 100 8 16 

BEA 1.0–25 0.9998 9.6 32 0.06 0.19 97 12 24 

BFA 1 5.0–100 0.9991 91 303 0.47 1.57 104 9 17 

BFB 1 5.0–100 0.9997 143 476 0.77 2.58 99 7 14 

BRF A 25–500 0.998 667 2222 3.52 11.7 98 8 16 

D3G 25–500 0.9990 250 833 1.90 6.30 96 14 28 

DON 25–500 0.996 211 701 1.55 5.15 108 6 11 

DTX A 10–250 0.9993 95 317 0.62 2.07 94 6 12 

DTX B 10–250 0.997 111 370 0.75 2.52 98 6 11 

DTC B 10–250 0.9991 100 333 0.58 1.94 92 7 13 

ENN A 1.0–25 0.9993 6.0 20 0.04 0.12 103 8 16 

ENN A 1 1.0–25 0.9997 5.0 17 0.03 0.11 103 7 13 

ENN B 1.0–25 0.9992 7.8 26 0.05 0.16 102 8 16 

ENN B 1 1.0–25 0.9998 14 46 0.08 0.27 97 4 9 

CCA 10–250 0.993 154 513 1.00 3.34 104 6 13 

CCB 10–250 0.9994 125 417 0.87 2.91 95 7 13 

CCC 10–250 0.998 154 513 1.24 4.14 96 8 17 

CCD 10–250 0.997 167 556 1.19 3.97 99 7 13 

CCE 10–250 0.998 200 667 1.37 4.57 88 6 12 

CCH 10–250 0.9991 182 606 1.17 3.92 96 8 15 

CCJ 10–250 0.996 133 444 0.97 3.26 94 9 17 

CER 10–250 0.9996 154 513 1.16 3.86 94 7 14 

CTC 5.0–100 0.9994 83 278 0.50 1.65 91 8 17 

CHG A 10–250 0.997 182 606 1.17 3.90 94 7 14 

CVD 5.0–100 0.9998 100 333 0.52 1.74 95 6 12 

CIT 5.0–100 0.9991 91 303 0.65 2.18 115 7 14 

CVL 10–250 0.9990 46 152 0.54 1.81 92 6 12 

GT 5.0–100 0.9994 77 256 0.33 1.10 99 5 11 

HT-2 5.0–100 0.9996 153 513 1.22 4.07 97 8 16 

HA 25–500 0.9998 467 1556 3.03 10.1 96 7 14 

FUS-X 5.0–100 0.9992 111 370 0.90 2.30 92 7 13 

FA 25–500 0.998 1778 5926 7.17 23.9 88 10 20 

FB 1 25–500 0.993 381 1270 2.91 9.69 89 6 13 

FB 2 25–500 0.998 471 1569 4.05 13.5 90 7 14 

FB 3 25–500 0.9990 333 1111 3.03 10.1 94 5 10 

OTA 1.0–25 0.9993 8.3 28 0.07 0.24 93 6 13 

OTB 1.0–25 0.9990 7.1 24 0.04 0.13 90 6 13 

MEL 5.0–100 0.997 42 139 0.46 1.54 94 7 14 

MPA 5.0–100 0.998 25 83 0.33 1.10 96 7 15 

MYR 5.0–100 0.9992 46 152 0.31 1.02 97 7 13 

NEO 1.0–25 0.992 31 104 0.27 0.90 93 6 13 

PA 25–500 0.9997 615 2051 2.69 8.95 96 7 15 

PN A 1.0–25 0.996 11 37 0.06 0.21 98 7 14 

PXL 25–500 0.9995 250 833 1.44 4.79 102 5 11 

ROQ-C 1.0–25 0.997 1.4 4.7 0.01 0.04 96 8 16 

SBL 10–250 0.9997 125 417 0.77 2.57 95 9 17 

STC 1.0–25 0.9996 13 42 0.08 0.26 104 8 17 

T-2 5.0–100 0.9992 167 556 1.22 4.07 94 7 14 

T-2TET 5.0–100 0.9992 83 278 0.49 1.63 92 6 11 

T-2TRI 10–250 0.997 133 444 0.81 2.69 90 5 10 

TNX 5.0–100 0.9990 59 196 0.38 1.27 91 8 16 

VCL 5.0–100 0.9998 46 152 0.48 1.61 96 7 15 

ZEN 5.0–100 0.9993 100 333 0.69 2.29 96 8 16 

15-AcDON 25–500 0.998 381 1270 5.77 19.2 96 7 13 

15-AcS 1.0–25 0.9998 23 78 0.14 0.46 103 6 11 

17-AAG 5.0–100 0.9990 91 303 0.59 1.97 94 6 13 

17-DMAG 5.0–100 0.997 71 238 0.63 2.12 90 7 13 

3-AcDON 25–500 0.994 615 2051 4.23 14.2 95 6 13 

i -LOD – the instrumental limit of detection, assessed from the analysis of pure standard solutions, expressed as pg per column;. 

i -LOQ – the instrumental limit of quantification, assessed from the analysis of pure standard solutions, expressed as pg per column;. 

m -LOD – the method limit of detection;. 

m -LOQ – the method limit of quantification;. 
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Table 4 

The occurrence and concentrations of mycotoxins in the analysed Pu-erh tea 

samples. 

Mycotoxin 

Positive 

samples Positive,% Concentration, μg/kg 

Average Minimum Maximum 

15-AcDON 20/20 100 1154 113 3601 

3-AcDON 20/20 100 1573 145 4197 

AFB1 8/20 40 2.6 1.1 9.2 

AFB2 7/20 35 0.87 0.33 2.76 

AFG1 8/20 40 2.2 0.99 7.9 

ALT 9/20 45 2.7 1.3 18.9 

ALX I 10/20 50 15.5 1.4 42 

CER 15/20 15 15.3 11.6 19.2 

D3G 20/20 100 1007 122 2252 

DON 20/20 100 2313 145 8946 

ENN A 10/20 50 17.5 0.69 115 

ENN A1 5/20 25 23.9 3.8 91.8 

ENN B 11/20 55 22.3 1.3 143 

ENN B1 11/20 55 22.3 0.5 125 

OTA 5/20 25 1.7 0.85 4.1 

OTB 12/20 60 11.3 0.76 30.2 

STC 8/20 40 21.7 1.2 93.4 

T-2 10/20 50 11.5 4.7 18.9 

ZEN 7/20 35 23.8 4.7 56.1 
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Pu-erh tea samples purchased from the Latvian retail market and

specialised tea houses. The observed concentrations of mycotoxins

in tea samples (Supplementary Material, Table S4) varied from val-

ues below the m- LOQ, which were not included in the summary,

up to 8946 μg/kg for DON, representing a broad range of myco-

toxin contamination. A summary of the positive sample percent-

ages, minimum, maximum, as well as the average concentrations

of 19 out of 70 analysed mycotoxins found in Pu-erh tea samples

are presented in Table 4 . 

When comparing the concentrations of actually observed myco-

toxins in Pu-erh teas, there were significant differences depending

on the compound. As shown in Table 4 , a total of 19 mycotoxins

were detected, including both regulated and less known contami-

nants. Despite the large number of literature sources reporting the

detection of contaminants in Pu-erh tea, a relatively limited num-

ber of articles have been focussed specifically on multi-mycotoxin

analysis of this matrix. 

The results of the present research also include the detection of

potentially carcinogenic compounds. The contamination with three

aflatoxins (AFB 1 , AFB 2 , and AFG 1 ) was detected in 30–40% of the

samples, reaching the highest concentration in the case of AFB 1 

(9.2 μg/kg). 

In the present study, OTA was detected in 25% of the sam-

ples, with the highest concentration of 4.1 μg/kg, which is a rela-

tively low value compared to precedents described in the literature

[50 , 51] . Similarly, OTB was also detected during our study, but its

incidence in the Pu-erh teas has not yet been reported, since none

of the methods discussed in the literature included the determina-

tion of OTB. 

Three of twenty samples contained cerulenin at the mean con-

centration of 15.3 μg/kg, but these results are not comparable to

literature due to the lack of studies including the determination

of this compound, with only its recurrent occurrence in rice and

related crop products reported [52] . In our study, 35% of analysed

samples were positive for ZEN and 40% were positive for STC. It

is important to note that STC is a mycotoxin produced by certain

species of Aspergillus and is structurally related to the aflatoxins

that are also generated by the same fungi. This association can ex-

plain the similar frequency of occurrence for both of these toxins

in the analysed Pu-erh tea samples. Moreover, the highest concen-
rations of STC (93.4 μg/kg) were found in the Pu-erh tea sample

hat was the most contaminated with AFBGs. 

The emerging Fusarium mycotoxins (ENNs) and two Alternaria

oxins (ATX I and ALT) were also identified in the analysed sam-

les. The number of studies on these mycotoxins is very lim-

ted and do not describe their occurrence in Pu-erh teas. In our

tudy the concentrations of ENNs found in Pu-erh teas varied from

.5 μg/kg (ENN B 1 ) to almost 143 μg/kg for ENN B. The samples

hat were contaminated with ENN B also contained ENN B 1 but in

maller amounts (the maximal value for ENN B 1 was 125 μg/kg).

omparing ENN A and ENN A 1 , the occurrence of the second one

s only one half as common, as it was found in 25% of the samples.

Both of the identified Alternaria mycotoxins occurred in almost

alf of the samples (45–50%). The only literature source for com-

aring the occurrence of ALT is a study focussed on the analysis of

1 tea samples, reporting the determination of 27 mycotoxins [46] .

o other reported methods included the determination of ALT or

TX I. The observed concentrations were not high and, in line with

he absence of regulations, apparently presented no risk to con-

umers. Nevertheless, the concentrations detected were covered a

ide range from 1.3 to 18.9 μg/kg in the case of ALT and from 1.4

o 42 μg/kg in the case of ATX I. The occurrence of Alternaria my-

otoxins in the previously untested matrices invites further studies

or accumulating incidence data and for enabling a more careful

ssessment of possible risks. 

Finally, a widespread contamination of Pu-erh tea with DON

nd its related compounds (D3G, 15-AcDON, and 3-AcDON) was

bserved. The concentrations of the aforementioned mycotoxins

anged from 113 μg/kg for 15-AcDON up to almost 8946 μg/kg for

ON. Thus, the maximum concentration for these Fusarium toxins

xceeded 20 0 0 μg/kg, which is comparable to the results for DON

btained by other researchers. [38 , 51] . 

. Conclusions 

For the first time, an analytical method for the simultaneous

dentification and quantification of 70 regulated and emerging my-

otoxins has been developed for Pu-erh tea using online heart-

utting 2D ultra-high performance liquid chromatography coupled

o high-resolution ToF mass spectrometry. The developed method

as successfully validated in accordance with the performance cri-

eria set in EU guidelines and applied to the analysis of 20 com-

ercially available Pu-erh tea samples. The occurrence study re-

ealed actual contamination with 19 out of the 70 analysed myco-

oxins. The detected concentrations ranged from 0.5 (for ENN B 1 )

o 8946 μg/kg (DON). 

onflicts of Interest 

None. 

upplementary materials 

Supplementary material associated with this article can be

ound, in the online version, at doi:10.1016/j.chroma.2020.461145 . 

eferences 

[1] H. Zhang, B. Wang, Fate of deoxynivalenol and deoxynivalenol-3-glucoside dur-

ing wheat milling and Chinese steamed bread processing, Food Control 44
(2014) 86–91, doi: 10.1016/j.foodcont.2014.03.037 . 

[2] Q. Liu, C. Xiao, H. Liu, Y. Hu, W. Guo, W. Kong, Sensitive assesment of multi-

class mycotoxins residue in Atractylodis rhizoma , Ind. Crops Prod. 127 (2019)
1–10, doi: 10.1016/j.indcrop.2018.10.026 . 

[3] M.E. Flores-Flores, E. Lizarraga, A. Lopez de Cerain, E. Gonzalez-Penas, Presence
of mycotoxins in animal milk: a review, Food Contr 53 (2015) 163–176, doi: 10.

1016/j.foodcont.2015.01.020 . 

https://doi.org/10.1016/j.chroma.2020.461145
https://doi.org/10.1016/j.foodcont.2014.03.037
https://doi.org/10.1016/j.indcrop.2018.10.026
https://doi.org/10.1016/j.foodcont.2015.01.020


E. Bogdanova, I. Pugajeva and I. Reinholds et al. / Journal of Chromatography A 1622 (2020) 461145 11 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

 

 

 

 

[  

 

[  

 

 

 

[  

 

 

[  

 

 

 

 

 

[  

 

 

[  

 

[  

 

 

 

 

 

[  

 

 

 

[  

 

 

 

 

 

[  

 

 

 

 

 

[  

 

[  

 

[  

 

 

 

 

[  

 

[  

 

 

 

[  

 

 

[  

 

 

[  

 

 

 

 

[  

 

 

 

[4] European Commission, Commission Regulation (EC) No 1881/2006 of 19 De-
cember 2006 setting maximum levels for certain contaminants in foodstuffs,

2006. 
[5] F. Berthiller, B. Cramer, M.H. Iha, R. Krska, V.M.T. Lattanzio, S. MacDonald,

R.J. Malone, C. Maragos, M. Solfrizzo, M. Stranska-Zachariasova, J. Stroka,
S.A. Tittlemier, Developments in mycotoxin analysis: an update for 2016-2017,

World Mycotoxin J. 11 (2018) 5–32, doi: 10.3920/WMJ2017.2250 . 
[6] C.H. Diaz Nieto, A.M. Granero, M.A. Zon, H. Fernandez, Sterigmatocystin: a my-

cotoxin to be seriously considered, Food Chem. Toxicol. 118 (2018) 460–470,

doi: 10.1016/j.fct.2018.05.057 . 
[7] I. Sedova, M. Kiseleva, V. Tutelyan, Mycotoxins in tea: occurrence, Methods

of Determination and Risk Evaluation, Toxins 10 (11) (2018) 4 4 4, doi: 10.3390/
toxins101104 4 4 . 

[8] H. Sereshti, S. Samadi, M. Jalali-Heravi, Determination of volatile compo-
nents of green, black, oolong and white tea by optimised ultrasound-assisted

extraction-distersive liquid-liquid microextraction coupled with gas chro-

matography, J. Chromatogr. A. 1280 (2013) 1–8, doi: 10.1016/j.chroma.2013.01.
029 . 

[9] P. Svoboda, D. Sander, K. Plachka, L Novakova, Development of matrix effect-
free MISPE-UHPLC-MS/MS method for determination of lovastin in Pu-erh tea,

oyster mushroom, and red yeast rice, J. Pharm. Biomed. Anal. 140 (2017) 367–
376, doi: 10.1016/j.jpba.2017.03.058 . 

[10] A. Yashin, B. Nemzer, E. Combet, Y. Yashin, Determination of the Chemical

Composition of Tea by Chromatographic Methods: a Review, J. Food Res. 4 (3)
(2015) 56–88, doi: 10.5539/jfr.v4n3p56 . 

[11] B. Ji, B. Xia, J. Liu, Y. Gao, L. Ding, Y. Zhou, Application of fractionized sam-
pling and stacking for construction o fan interface for online heart-cutting

two-dimensional liquid chromatography, J. Chromatogr. A. 1466 (2016) 199–
204, doi: 10.1016/j.chroma.2016.09.014 . 

[12] Y.Q. Wang, X. Tang, J.F. Li, Y.L. Wu, Y.Y. Sun, M.J. Fang, Z. Wu, X.M. Wang,

Y.K. Qui, Development o fan on-line mixed-mode gel liquid x chromatogra-
phy reversed phase liquid chromatography method for separation of eater ex-

tract from Flos Carthami, J. Chromatogr. A. 1519 (2017) 145–151, doi: 10.1016/j.
chroma.2017.08.053 . 

[13] M. Iguiniz, S. Heinisch, Two-dimensional liquid chromatography in pharmaceu-
tical analysis. Instrumental aspects, trends and applications, J. Pharm. Biomed.

Anal. 145 (2017) 482–503, doi: 10.1016/j.jpba.2017.07.009 . 

[14] F.T. Van Beek, R. Edam, B.W.J. Pirok, W.J.L. Genuit, P.J. Schoenmakers, Compre-
hensive two-dimensional liquid chromatography of heavy oil, J. Chromatogr. A.

1564 (2018) 110–119, doi: 10.1016/j.chroma.2018.06.001 . 
[15] X. Wang, S. Buckenmaier, D. Stoll, The role of two-dimensional LC in the bio-

pharmaceutical industry, J. App. Bioanal. 3 (5) (2017) 120–126, doi: 10.17145/
jab.17.015 . 

[16] K. Sandra, G. Vanhoenacker, I. Vandenheede, M. Steenbeke, M. Joseph, P. San-

dra, Multiple heart-cutting and comprehensive two-dimensional liquid chro-
matography hyphenated to mass spectrometry for the characterization of the

antibody-drug conjugate ado-trastuzumab emtansine, J. Chromatogr. B 1032
(2016) 119–130, doi: 10.1016/j.chromb.2016.04.040 . 

[17] Y. Yang, Y. Zhang, C. Wei, J. Li, W. Sun, Silver ion chromatography for peak
resolution enchancement: application to the preparative separation of two

sesquiterpenes using online heart-cutting LC-LC technique, Talanta 187 (2018)
252–258, doi: 10.1016/j.talanta.2018.05.043 . 

[18] C.L. Yao, W.Z. Yang, W.Y. Wu, J. Da, J.J. Hou, J.X. Zhang, Y. Jin, M. Yang,

B.H. Jiang, X. Liu, D.A. Guo, Simultaneous quantitation of five Panax notogin-
seng saponins by multi heart-cutting ywo-dimensional liquid chromatography:

method development and application to the quality control of eight Notogin-
seng conteining Chinese patent medicines, J. Chromatogr. A 1402 (2015) 71–81,

doi: 10.1016/j.chroma.2015.05.015 . 
[19] A. Breidbach, F. Ulberth, Two-dimensional heart-cut LC-LC improves accuracy

of extract-matching double isotope dilution mass scetrometry measurements

of aflatoxin B 1 in cereal-based baby food, maize, and maize-based feed, Anal.
Bioanal. Chem. 407 (11) (2015) 3159–3167, doi: 10.1007/s12161- 018- 1359- y . 

20] C. Armutcu, L. Uzun, A. Denizli, Determination of Ochratoxin A traces in food-
stuffs: comparison of automated on-line two-dimenstional high-performance

liquid chromatography and off-line immunoaffinity-high-performance liquid
chromatography system, J. Chromatogr. A 1569 (2018) 139–148, doi: 10.1016/

j.chroma.2018.07.057 . 

[21] T. Wenzl, J. Haedrich, A. Schaechtele, P. Robouch, J. Stroka, Guidance Document
on the Estimation of LOD and LOQ for Measurements in the Field of Contami-

nants in Feed and Food, EUR 28099, Publications Office of the European Union,
Luxembourg, 2016 ISBN 978-92-79-61768-3, doi: 10.2787/8931 . 

22] I. Rozentale, E. Bogdanova, V. Bartkevics, A rapid and sensitive method for the
control of selected regulated and emerging mycotoxins in beer, World Myco-

toxin J. 11 (4) (2018) 1–16, doi: 10.3920/WMJ2017.2298 . 

23] A. Kaufmann, Combining UHPLC and high-resolution MS: a viable approach for
the analysis of complex samples? TrAC-Trend. Anal. Chem. 63 (2014) 113–128,

doi: 10.1016/j.trac.2014.60.025 . 
[24] N.W. Turner, S. Subrahmanyam, S.A. Pletsky, Analytical methods for determi-

nation of mycotoxins: a review, Anal. Chim. Acta 632 (2) (2009) 168–180,
doi: 10.1016/j.aca.2008.11.010 . 

25] Q. Ren, C. Wu, J. Zhang, Use of on-line stop-flow heart-cutting-two-

dimensional high performance liquid chromatography for simultaneous deter-
mination of 12 major constituents in tartary buckweat, J. Chromatogr. A. 1304

(2013) 257–262, doi: 10.1016/j.chroma.2013.07.008 . 
26] B. de Santis, F. Debegnach, E. Gregori, S. Russo, F. Marchegiani, G. Moracci,

C. Brera, Development of a LC-MS/M/S Method for the Multi-Mycotoxin De-
termination in Composite Cereal-Based Samples, Toxins 9 (5) (2017) 169,
doi: 10.3390/toxins9050169 . 

[27] T. Jensen, M. de Boevre, N. Preußke, S. de Saeger, T. Birr, J.A. Verreet, F.D.
Sönnichsen, Evaluation of high-resolution mass spectrometry for the quan-

titative analysis of mycotoxins in complex feed matrices, Toxins, 11 (9) 531,
doi:10.3390/toxins1190531. 

28] European Commission (EC), Guidance Document on Identification of Myco-
toxins in Food and Feed. SANTE/12089/2016 (Implemented By 01/01/2017),

European Commission, DG Health and Food Safety, Brussels, Belgium. Avail-

able at: https://ec.europa.eu/food/sites/food/files/safety/docs/cs _ contaminants _ 
sampling _ guid- doc- ident- mycotoxins.pdf 

29] A. Rahmani, S. Jinap, F. Soleimany, Qualitative and Quantitative Analysis of
Mycotoxins, Compr. Rev. Food Sci. F. 8 (3) (2009) 202–251, doi: 10.1111/j.

1541-4337.20 09.0 0 079.x . 
30] N. Fabregat-Cabello, P. Zomer, J.V. Sancho, A.F. Roig-Navarro, H.G.J. Mol, Com-

parison of approaches to deal with matrix effects in LC-MS/MS based deter-

minations of mycotoxins in food and feed, World Mycotoxin J. 9 (2) (2016)
149–161, doi: 10.3920/WMJ2014.1872 . 

[31] S. Ji, S. Wang, H. Xu, Z. Su, D. Tang, X. Qiao, M. Ye, The application of on-
line two-dimensional liquid chromatography (2DLC) in the chemical analysis

of herbal medicines, J. Pharmaceu. Biomed. 160 (2018) 301–313, doi: 10.1016/j.
jpba.2018.08.014 . 

32] M. Jayamanne, I. Granelli, A. Tjernberg, P.O. Edlund, Development of a two-

dimensional liquid chromatography system for isolation of drug metabolites, J.
Pharm. Biomed. Anal. 51 (3) (2010) 649–657, doi: 10.1016/j.jpba.20 09.09.0 07 . 

[33] X. Li, F. Wang, B. Xu, X. Yu, Y. Yang, L. Zhang, H. Li, Determination of the free
and total concentrations of vancomycin by two-dimensional liquid chromatog-

raphy and its application in elderely patients, J. Chromatogr. B. 969 (2014) 118–
189, doi: 10.1016/j.chromb.2014.08.002 . 

34] Z. Long, Y. Zhang, P. Gamache, Z. Guo, F. Steiner, N. Du, X. Liu, Y. Jin, X. Liu,

L. Liu, Determination of tropane alkaloids by heart cutting reserved phase-
Strong cation exchange two dimensional liquid chromatography, J. Chromatogr.

B. 1072 (2017) 70–77, doi: 10.1016/j.chromb.2017.10.064 . 
[35] M. Russo, F. Cacciola, I. Bonaccorsi, P. Dugo, L. Mondello, Determination

of flavanones in Citrus juices by means of one- and two-dimensional liq-
uid chromatography, J. Sep. Sci. 34 (6) (2011) 6 81–6 87, doi: 10.1002/jssc.

2010 0 0844 . 

36] Y. Hou, J. Ma, X. He, L. Chen, S. Wang, L. He, A stop-flow two-dimensional
liquid chromatography method for determination of food additives in yogurt,

Anal. Methods 7 (2015) 2141–2148, doi: 10.1039/C4AY02855DD . 
[37] B. Warth, G. del Favero, G. Wiesenberger, H. Puntscher, L. Woelflingseder,

P. Fruhmann, B. Sarkani, R. Krska, R. Schumacher, G. Adam, D. Marko, Identif-
icantion of a nover human deoxynivalenol metabolite enchancing poliferation

of intstinal and urinary bladded cells, Sci. Rep. 6 (2016) 33854, doi: 10.1038/

srep33854 . 
38] I. Reinholds, E. Bogdanova, I. Pugajeva, V. Bartkevics, Mycotoxins in herbal teas

marketed in Latvia and dietary exposure assessment, Food Addit. Contam. 12
(3) (2019) 199–208, doi: 10.1080/19393210.2019.1597927 . 

39] L. Zhang, X.W. Dou, C. Zhang, A.F. Logrieco, M.H. Yang, A review of current
methods for analysis of mycotoxins in herbal medicines, Toxins 10 (2) (2018)

65–104, doi: 10.3390/toxins10 020 065 . 
40] L. Escriva, L. Manyes, G. Font, H. Berrada, Mycotoxin analysis of human urine

by LC-MS/MS: a comparative extraction study, Toxins 9 (10) (2017) 330, doi: 10.

3390/toxins91003300 . 
[41] J. Sun, W. Li, Y. Zhang, H. Zhang, L. Wu, X. Hu, Evaluation of solid phase ex-

traction NH2 for determination of enniatins (A, A1, B, B1) and beauvericin
in cereals by UPLC-MS/MS, SM. Anal. Bioanal. Technique 1 (1) (2016) 1003,

doi: 10.36876/smabt.1003 . 
42] A . Breidbatch, A . Greener, Quick and comprehensive extraction approach

for LC-MS of multiple mycotoxins, Toxins (Basel) 9 (2017) 91, doi: 10.3390/

toxins9030091 . 
43] J. Diana Di Mavungu, S. Monbaliu, M.L. Scippo, G. Maghuin-Rogister,

Y.J. Schneider, Y. Larodelle, A. Callebaut, J. Robbens, C. Van Peteghem, S. De
Saeger, LC-MS/MS multi-analyte method for mycotoxin determination in food

supplements, Food Addit. Contam. Part A Chem. Anal. Control Expo. Risk As-
sess. 26 (6) (2009) 885–895, doi: 10.1080/02652030902774649 . 

44] S.A. Khan, E.J. Venancio, M.A. Ono, E.V. Fernandes, E.Y. Hiroka, C.F. Shimizu,

A. Oba, K.K.M.C. Flaiban, E.N. Itano, Efects of subcutaneous ochratoxin A expo-
sure on immune system of broiler chicks, Toxins 11 (2019) 264, doi: 10.3390/

toxins11050264 . 
45] M. Lauwers, S. De Baere, B. Letor, M. Rychlik, S. Croubels, M. Devreese, Multi

LC-MS/MS and LC-HRMS methods for determination of 24 mycotoxins includ-
ing major Phase I and II biomarker metabolites in biological matrices from pigs

and broiler chickens, Toxins 11 (2019) 171, doi: 10.3390/toxins11030171 . 

46] S. Monbaliu, A. Wu, D. Zhang, C. van Peteghem, S. De Saeger, Multimycotoxin
UPLC-MS/MS for tea, herbal infusions and the derived drinkable products, J.

Agric. Food Chem. 58 (24) (2010) 12664–12671, doi: 10.1021/jf1033043 . 
[47] L. Hu, M. Gastl, A. Linkmeyer, M. Hess, M. Rychlik, Fate of enniatins and

beauvericin during the malting and brewing process determined by stab-
ule isotope dilution assays, LWT-Food Sci. Technol. 56 (2) (2014) 469–477,

doi: 10.1016/j.lwt.2013.11.004 . 

48] Z. Zhao, X. Yang, X. Zhao, B. Bai, C. Yao, N. Liu, J. Wang, C. Zhou, Vortex-
assisted dispersive liquid-liquid microextraction for the analysis of major As-

pergillus and Penicillium mycotoxins in rice wine by liquid chromatography-
tandem mass spectrometry, Food Control 73 (2016) 862–868, doi: 10.1016/j.

foodcont.2016.09.035 . 

https://doi.org/10.3920/WMJ2017.2250
https://doi.org/10.1016/j.fct.2018.05.057
https://doi.org/10.3390/toxins10110444
https://doi.org/10.1016/j.chroma.2013.01.029
https://doi.org/10.1016/j.jpba.2017.03.058
https://doi.org/10.5539/jfr.v4n3p56
https://doi.org/10.1016/j.chroma.2016.09.014
https://doi.org/10.1016/j.chroma.2017.08.053
https://doi.org/10.1016/j.jpba.2017.07.009
https://doi.org/10.1016/j.chroma.2018.06.001
https://doi.org/10.17145/jab.17.015
https://doi.org/10.1016/j.chromb.2016.04.040
https://doi.org/10.1016/j.talanta.2018.05.043
https://doi.org/10.1016/j.chroma.2015.05.015
https://doi.org/10.1007/s12161-018-1359-y
https://doi.org/10.1016/j.chroma.2018.07.057
https://doi.org/10.2787/8931
https://doi.org/10.3920/WMJ2017.2298
https://doi.org/10.1016/j.trac.2014.60.025
https://doi.org/10.1016/j.aca.2008.11.010
https://doi.org/10.1016/j.chroma.2013.07.008
https://doi.org/10.3390/toxins9050169
https://ec.europa.eu/food/sites/food/files/safety/docs/cs_contaminants_sampling_guid-doc-ident-mycotoxins.pdf
https://doi.org/10.1111/j.1541-4337.2009.00079.x
https://doi.org/10.3920/WMJ2014.1872
https://doi.org/10.1016/j.jpba.2018.08.014
https://doi.org/10.1016/j.jpba.2009.09.007
https://doi.org/10.1016/j.chromb.2014.08.002
https://doi.org/10.1016/j.chromb.2017.10.064
https://doi.org/10.1002/jssc.penalty -@M 201000844
https://doi.org/10.1039/C4AY02855DD
https://doi.org/10.1038/srep33854
https://doi.org/10.1080/19393210.2019.1597927
https://doi.org/10.3390/toxins10020065
https://doi.org/10.3390/toxins91003300
https://doi.org/10.36876/smabt.1003
https://doi.org/10.3390/toxins9030091
https://doi.org/10.1080/02652030902774649
https://doi.org/10.3390/toxins11050264
https://doi.org/10.3390/toxins11030171
https://doi.org/10.1021/jf1033043
https://doi.org/10.1016/j.lwt.2013.11.004
https://doi.org/10.1016/j.foodcont.2016.09.035


12 E. Bogdanova, I. Pugajeva and I. Reinholds et al. / Journal of Chromatography A 1622 (2020) 461145 

 

 

 

 

 

 

 

 

 

[49] K. Habler, M. Rychlik, Multi-mycotoxin stabule isotope dilution LC-MS/MS
method for Fusarium toxins in cereals, Anal. Bioanal. Chem. 408 (1) (2016)

307–317, doi: 10.10 07/s0 0216- 015- 9110- 7 . 
[50] J.Y. Wu, G.Y. Ynag, J.L. Chen, W.X. Li, J.T. Li, C.X. Fu, G.F. Jiang, W. Zhu, Inves-

tigation for Pu-erh tea contamination caused by mycotoxins in tea market in
Guangzhou, J. Basic Appl. Sci. 10 (2014) 349–356, doi: 10.60 0 0/1927-5129.2014.

10.46 . 
[51] F. Malir, V. Ostry, A. Pfohl-Leskowicz, J. Toman, I. Bazin, T. Roubal, Transfer
of Ochratoxin A into TEA AND COFFEE BEVErages, Toxins 6 (12) (2014) 3438–

3453, doi: 10.3390/toxins6123438 . 
[52] M.K. Ghosh, R. Amudha, S. Jayachandran, N. Sakthivel, Detection and quantifi-

cation of phytotoxic metabolites of Sarocladium oryzae in sheath rot-infected
grains of rice, Lett. Appl. Microbiol. 34 (6) (2002) 398–401, doi: 10.1046/j.

1472-765x.2002.01111.x . 

https://doi.org/10.1007/s00216-015-9110-7
https://doi.org/10.6000/1927-5129.2014.10.46
https://doi.org/10.3390/toxins6123438
https://doi.org/10.1046/j.1472-765x.2002.01111.x

	Two-dimensional liquid chromatography - high resolution mass spectrometry method for simultaneous monitoring of 70 regulated and emerging mycotoxins in Pu-erh tea
	1 Introduction
	2 Material and methods
	2.1 Chemicals, reagents, and materials
	2.2 HRMS conditions
	2.3 Online-heart-cutting-2D-HPLC parameters
	2.4 Sample preparation procedure for the raw Pu-erh tea
	2.5 Data analysis and the analytical method validation

	3 Results and discussion
	3.1 Development and optimisation of the online-heart-cutting-2D-HPLC-TOF-MS method
	3.1.1 HRMS optimisation
	3.1.2 Selection of analytical columns
	3.1.3 Selection of the eluents
	3.1.4 Optimisation of gradient systems
	3.1.5 Selection of switching time from 1D to 2D separation

	3.2 Sample preparation and optimisation for the Pu-erh tea matrix
	3.2.1 The application of QuEChERS methodology
	3.2.2 SPE procedure optimisation

	3.3 Method validation
	3.3.1 Evaluation of matrix effects
	3.3.2 Selectivity and linearity
	3.3.3 Precision, trueness and uncertainty of the method
	3.3.4 Sensitivity (LODs and LOQs)

	3.4 Analysis of real samples

	4 Conclusions
	Conflicts of Interest
	Supplementary materials
	References


