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ABSTRACT

Mycotoxins are secondary metabolites of fi lamentous fungi. They pose a health risk 
to humans and animals due to their harmful biological properties and common 
occurrence in food and feed. Liquid chromatography/mass spectrometry (LC/
MS) has gained popularity as a feasible analytical technique in the analysis of food 
contaminants including mycotoxins. In this study, the applicability of the technique 
was evaluated in multi-residue methods aiming at simultaneous determination of 
several chemically different mycotoxins produced by fungal genera of Aspergillus, 
Fusarium, Penicillium and Claviceps.

Multi-residue methods were developed for determining mycotoxins from cheese, 
cereal based agar matrices and grains. A method for selective determination of 
ergot alkaloids from grains was also devised. The analytical procedures were simple 
allowing rapid analysis of the mycotoxins of interest. Analytes were extracted from 
the sample matrices with organic solvents. Minimal sample clean-up was carried 
out before the determination of the mycotoxins with reversed phase LC coupled 
to tandem MS utilizing electrospray ionization (ESI-MS/MS). The methods were 
in-house validated and applied for investigating mycotoxin levels in cheese and 
ergot alkaloid occurrence in grains. Additionally, the mycotoxin production of F. 
sporotrichioides and F. langsethiae isolated from grains was studied. 

Nine mycotoxins could be determined from cheese matrix with the method 
developed. The limits of quantifi cation (LOQ) allowed the quantifi cation at 
concentrations varying from 0.6 to 5.0 μg/kg. The recoveries ranged between 96 
and 143 %, and the within-day repeatability (as relative standard deviation, RSD

r
) 

between 2.3 and 12.1 %. Roquefortine C and mycophenolic acid could be detected 
at levels of 300 up to 12000 μg/kg in the mould cheese samples analysed. 

A total of 29 or 31 mycotoxins were included in the method developed for cereal 
based agar matrices and grains, respectively. The LOQs from agars ranged from 0.1 to 
86 μg/kg while being from 1.0 to 1250 μg/kg from grains. The recoveries from both 
types of matrices ranged generally between 44 and 139 %, and the RSD

r
 between 

2.0 and 38 %. The values of certain problematic compounds, such as fumonisins, 
were outside these ranges. Type-A trichothecenes and beauvericin were determined 
from the agar and grain cultures of F. sporotrichioides and F. langsethiae. T-2 toxin 
was the main metabolite of both species, with the average levels reaching 22000 
μg/kg measured from the grain cultures after an incubation period of 28 days. 

The method developed for the determination of ten ergot alkaloids from grains 
allowed their quantifi cation at concentrations varying from 0.01 to 10 μg/kg. The 
recoveries ranged from 51 to 139 %, and the RSD

r
 from 0.6 to 13.9 %. Ergot alkaloids 

were measured in rye and barley samples at average levels of 720 and 59 μg/kg, 
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respectively. All ten ergot alkaloids could be detected, with the two most prevalent 
being ergocornine and ergocristine.

This study contributes to the area of mycotoxin analysis by presenting novel 
multi-residue methods. The methods developed employ LC-MS/MS techniques 
for the determination of chemically diverse mycotoxins from complex food and 
agar matrices. Rapid and simple analytical procedures with reduced sample pre-
treatment were achieved. Generally, the performance of the methods was good, 
allowing reliable, repeatable and selective analysis of the mycotoxins of interest 
with suffi ciently low quantifi cation limits. With the aid of these methods, new 
information was obtained about the occurrence of mycotoxins in mould cheeses and 
ergot alkaloids in Finnish grains. In addition, the study revealed the high mycotoxin-
producing potential of two common fungi in Finnish crops, F. sporotrichioides and 
F. langsethiae.
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 Greek mythology tells a story of Heracles’ battle with the multi-headed 
Lernean hydra. The multi-mycotoxin analysis with LC-MS/MS often resembled 
that struggle; once you got one analytical problem solved (at least) two new 
emerged! And like it was with Heracles, sometimes a different strategy and 
help from friends had to be sought to accomplish the task. Finally however, 
both stories ended well.

Helsinki, September 2011
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a

w
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HPLC  high performance liquid chromatography
HT-2  HT-2 toxin
IA  immunoaffi nity
i.d  internal diameter
LC  liquid chromatography
LOD  limit of detection
LOQ  limit of quantifi cation
MeOH  methanol
MON  moniliformin
MPA  mycophenolic acid
MRM  multiple reaction monitoring
MS  mass spectrometry
MS/MS  tandem mass spectrometry
NEO  neosolaniol
NIV  nivalenol
OT  ochratoxin
PA  penicillic acid
PLE  pressurized liquid extraction
PSA  primary secondary amine
QuEChERS quick, easy, cheap, effective, rugged and safe
QqQ  triple quadrupole
RM  reference material
ROQ C  roquefortine C
RP  reversed phase
RSD  relative standard deviation
SD  standard deviation
SPE  solid phase extraction
SSE  signal suppression/enhancement
T-2  T-2 toxin
TOF  time of fl ight
TR  trichothecene
UHPLC  ultra high performance liquid chromatography
ZEN  zearalenone
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1 INTRODUCTION

Mycotoxins are toxic secondary metabolites produced by fi lamentous fungi, most 
commonly of the genera Aspergillus, Fusarium and Penicillium, other important 
producers being Claviceps and Alternaria (Bhat et al. 2010). Currently, several 
hundreds of mycotoxins have been characterized. They are low molecular weight 
compounds with great structural variation resulting in diverse physicochemical 
properties (Köppen et al. 2010). Mycotoxins pose a hazard to human and animal 
health due to the harmful biological effects they possess. These effects vary from 
general symptoms, like immunosuppression, weight loss and nausea, to more severe 
such as oestrogenic, teratogenic, mutagenic and carcinogenic effects (Prelusky et 
al. 1993; D’Mello et al. 1999). 

Mycotoxins occur mostly in agricultural products but may be carried over also 
to animal products due to consumption of contaminated feed. Small-grain cereals 
and maize are susceptible to fungal and mycotoxin contamination, and especially 
afl atoxins, ochratoxin A, fumonisins, zearalenone and trichothecenes are frequently 
encountered (Bhat et al. 2010). Different types of mycotoxins produced by a single 
or several fungal species may be present simultaneously in a commodity, which 
is of importance since exposure to mixtures of mycotoxins may have unexpected 
synergistic or additive toxic effects differing from those of an individual compound 
(Speijers and Speijers 2004). To protect consumers and to control the mycotoxin 
occurrence in products intended for human or animal consumption, regulatory 
authorities have set limits for maximum residue levels of several toxins (van Egmond 
et al. 2007). This work is on-going, for example new limits are under consideration 
in the European Union.

 The effective monitoring and research into mycotoxins requires relevant and 
reliable analytical methods. The determination of mycotoxins from food and feed is 
challenging as the compounds are typically present at low concentrations in complex 
sample matrices (Köppen et al. 2010). A wide range of analytical methods have 
been developed for the analysis of mycotoxins over the years but until recently, the 
methods have been limited to single compounds or at best to groups of structurally 
related compounds (Zöllner and Mayer-Helm 2006; Köppen et al. 2010). However, 
with the development of analytical instruments, multi-residue methods with the 
aim of simultaneous detection of a large number of co-occurring, chemically diverse 
compounds have gained popularity in food safety research, and this extends to 
mycotoxins (Malik et al. 2010). With these types of methods, comprehensive 
information about the quality of a sample can be obtained with a single method. 
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Additionally, the objectives of the methods are the high throughput of samples and 
the savings in costs and time when compound or group specifi c methods can be 
replaced with a multi-residue method (Mol et al. 2008).

High performance liquid chromatography (HPLC), or the recently introduced 
ultra high performance LC (UHPLC), coupled to mass spectrometry (MS) has 
become the method of choice in multi-residue analysis due to the high selectivity 
and sensitivity of the technique (Malik et al. 2010). Liquid chromatography is a 
suitable method for separating complex mixtures of  compounds with a wide range 
of chemical polarities and molecular masses, and mass spectrometry enables the 
detection with high sensitivity and selectivity (Boyd et al. 2008). The applicability of 
the LC/MS based techniques is recognized, for example in separating and detecting 
up to 106 mycotoxins from various commodities, most typically from small-grain 
cereals, maize and related products (e.g. Sulyok et al. 2006;2010; Spanjer et al. 
2008). Versatile analytical approaches have been described in the multi-mycotoxin 
methods in the literature. Sample treatment typically involves liquid extraction of 
analytes with the aid of polar solvents and clean-up of the extract with techniques 
based on solid phase extraction (e.g. Lattanzio et al. 2007; Monbaliu et al. 2009; 
Zachriasova et al. 2010). One novel trend is to attempt to reduce sample pre-
treatment, and to inject food and feed extracts with minimum or no clean-up 
(Sulyok et al. 2006). Commonly, LC coupled to tandem MS (MS/MS) utilizing an 
electrospray ionization interface and quadrupole based mass analysers has been 
found to be reliable for the quantitative, targeted determination of the mycotoxins 
of interest at suffi ciently low concentration levels (e.g. Sulyok et al. 2006; Spanjer 
et al. 2008; Martos et al. 2010). Methods based on time of fl ight and Orbitrap 
detectors have also been introduced, and these high mass resolution-high mass 
accuracy instruments are likely to become more common in the future (Tanaka et 
al. 2006; Malik et al. 2010; Zachariasova et al. 2010).

This literature review provides an overview of the chemistry, biological effects 
and occurrence of mycotoxins as well as considers the analytical challenges 
encountered in the multi-residue determination of mycotoxins. Approaches to 
sample preparation, and separation and detection of mycotoxins with multi-residue 
methods based on the LC/MS technique will be discussed. The methods used in 
mycotoxin research need to be improved constantly utilizing the modern techniques 
in order to improve the method performance and the usability in routine analysis. 
This research contributes to the area by presenting novel analytical methods capable 
of providing reliably and rapidly information on a number of toxins simultaneously. 
In the experimental part, the development of LC-MS/MS based multi-mycotoxin 
methods for the determination of toxins of Aspergillus, Fusarium, Penicillium 
and Claviceps is described and the suitability of these methods for quantitative 
analysis is evaluated. The methods were applied in food safety applications where co-
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occurrence of several mycotoxins in samples was expected, i.e. to examine mycotoxin 
occurrence in commodities and to study toxin production by Fusarium fungi on 
agar substrates and grains. 
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2. LITERATURE REVIEW

2.1 MYCOTOXINS

Mycotoxins are natural substances that are produced by fi lamentous fungi and that 
can evoke a toxic response in higher vertebrates and other animals when consumed 
even at low concentrations (D’Mello et al. 1999; Bhat et al. 2010). These compounds 
are usually not required for the growth of fungi and are therefore considered as 
secondary metabolites (Bhat et al. 2010). A number of fungal genera are able to 
synthesize mycotoxins. The three genera of Aspergillus, Penicillium and Fusarium 
comprise the largest number of mycotoxin producing species. Other toxigenic genera 
include Claviceps and Alternaria (Bhat et al. 2010). The exact function of mycotoxins 
for fungi is not clearly understood, but their production is associated with the ecology 
and survival of the organism under different conditions (Magan and Aldred 2007). 
The growth and toxin production of fungi may take place at different stages of crop 
production; either in fi eld before harvest or during storage and transportation if 
the conditions are favourable (Bhat et al. 2010). The secondary metabolism of 
the fungi is regulated by genetic mechanisms which respond to stimuli from the 
environment (Shwab and Keller 2008), temperature with water activity being the 
main environmental factor affecting the production of mycotoxins (Sanchis and 
Magan 2004). 

2.1.1 CHEMISTRY AND BIOLOGICAL EFFECTS

Several hundreds of mycotoxins have been characterized so far, and they show 
signifi cant diversity in their molecular structures (Figure 1) and chemical properties 
(Bhat et al. 2010). A broad range of secondary metabolites is derived from common 
biosynthetic origins. Most of the known mycotoxins originate from the three main 
pathways (or their combinations), which are 1) the polyketide pathway, 2) the 
isoprenoid pathway and 3) amino acid metabolism (ApSimon 1994; Huffman et al. 
2010). Even though certain mycotoxins may share a common pathway, they can be 
structurally very different. For example, zearalenone (ZEN), fumonisins (FBs) and 
moniliformin (MON) produced by Fusarium, and afl atoxins (AFs) and ochratoxins 
(OTs) of Aspergillus and Penicillium genera all originate from the polyketide 
pathway (ApSimon 1994; Huffman et al. 2010). These mycotoxins are derived 
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by repetitive condensation of acetate units or other short carboxylic acids, which 
subsequently undergo reductive and cyclization processes catalysed by polyketide 
synthase enzymes (Huffman et al. 2010). Fumonisins are polar, relatively large 
mycotoxins (molecular weight > 700 Da) consisting of C-20 diester of propane-1,2,3-
tricarboxylic acid and a pentahydroxyicosane with a primary amino group (Figure 
1). Moniliformin is also a highly polar compound, but it has a molecular weight of 
only 98 Da and a structure of a 3-hydroxycyclobut-3-ene-1,2,-dione (Figure 1). MON 
occurs usually as a potassium or sodium salt. Further, zearalenones are defi ned 
as macrocyclic lactones, whereas afl atoxins are difuranocoumarin derivatives 
and ochratoxins are isocoumarins linked to L-β-phenylalanine (Figure 1). These 
compounds have moderate polarity and molecular weights of around 300 to 400 Da. 

Trichothecenes (TRs), which are produced mainly by Fusarium species, originate 
from the isoprenoid biosynthetic pathway (ApSimon 1994). They are formed from 
cyclisation of farnesyl pyrophosphate to trichodiene followed by a number of 
oxygenations, isomerisations, cyclisations and esterifi cations to form eventually 
tricyclic sesquiterpenes that possess a 12,13-epoxy-trichothec-9-ene ring (Tamm 
and Breitenstein 1980; Kimura et al. 2007). Trichothecenes are a large group of 
compounds, of which the type-A and B classes are the most commonly occurring in 
nature, generally with molecular weights between 300 and 500 Da. The difference 
in their structure is the carbonyl group in the position C-8 of the type-B structure 
that is missing in the type-A TRs (Figure 1). 

The amino acid derived mycotoxins are exemplifi ed by the Fusarium metabolites 
enniatins (ENNs) and the closely related beauvericin (BEA) (ApSimon 1994) as 
well as ergot alkaloids (ERGs) produced by Claviceps (Floss and Anderson 1980). 
ENNs and BEA are cyclic hexadepsipeptides consisting of alternating D-α–hydroxy-
isovaleryl and amino acid units (L-phenylalanine in BEA and valine or isoleucine 
in ENNs) (Figure 1). They are apolar compounds with molecular weights of > 640 
Da. Ergot alkaloids are derivatives of the tetracyclic ergoline (Floss and Anderson 
1980). The most pharmacologically active forms are amides of D-lysergic acid, 
which can be either 1) non-peptide amides of lysergic acid (e.g.  ergometrine, 
syn. ergonovine, molecular weight 325 Da) or 2) peptide alkaloids (e.g. ergosine, 
ergocristine, molecular weight ≥ 547 Da) which have a peptide moiety linked to the 
tetracyclic ergoline (Figure 1). The lysergic acid/ergoline ring structure is formed 
from tryptophan and a fi ve-carbon isoprene unit derived from mevalonate and 
the N-methyl group supplied by methionine, whereas the peptide moiety consists 
of a proline unit and other amino acids incorporated into the amino acid and 
hydroxyamino acid positions (Floss and Anderson 1980). Ergot alkaloids have a 
chiral carbon atom in the C-8 position leading to natural occurrence of two epimers, 
i.e. (R)- and (S)-diastereomers of which the former are the biologically more active 
forms (Berde and Stürmer 1978). 
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Mycotoxins are known to exert a broad range of biological effects in humans 
and animals (summarized in Table 1), and this subject has been reviewed 
comprehensively by several authors (e.g. D’Mello et al. 1999; Hussein and Brasel 
2001; Pfohl-Leszkowicz and Manderville 2007; Jestoi 2008). Mycotoxins can be 
toxic either acutely or on chronic exposure. The magnitude of their toxicity depends 
on several factors e.g. the level, duration and route of exposure as well as mechanism 
of action and metabolism in the body, and sensitivity of the target animal (Hussein 
and Brasel 2001). Several mycotoxins can impair the immune system of humans 
and animals, which may consequently lead to exposure to other diseases and mask 
underlying toxicoses (Prelusky et al. 1993). Mycotoxicoses are generally diffi cult to 
diagnose since the biological effects of mycotoxins are diverse and often unspecifi c, 
causing symptoms such as nausea, loss of appetite, reduced feed intake and reduced 
bodyweight (Prelusky et al. 1993).  

The toxicological effects of several mycotoxins, such as afl atoxins, fumonisins, 
deoxynivalenol (DON) and ochratoxin A (OTA) are well-known (Hussein and 
Brasel 2001), whereas the toxic mechanisms have not been elucidated thoroughly 
for the fungal metabolites characterized more recently, including MON, BEA and 
enniatins (Jestoi 2008). With respect to MON, symptoms of acute toxicity have been 
demonstrated, including muscular weakness, respiratory stress and degeneration 
and histopathological changes of cardiac muscle and other organs. The toxicity of 
the less widely investigated BEA and ENNs has been considered principally due to 
their antimicrobial and insecticidal properties and the effects demonstrated mostly 
only at cell level (reviewed in Jestoi 2008; Peltonen et al. 2010). On the other hand, 
AFs, FBs and OTA are regarded as the most toxic of the known mycotoxins. They 
are mutagenic and teratogenic, i.e. they may cause alterations in genetic material 
and impair the development of embryo or foetus (EFSA 2004b;2005; Pfohl-
Leszkowicz and Manderville 2007). AFs have been demonstrated to cause liver 
cancer and are classifi ed as human carcinogens belonging to Group 1 according to 
International Agency for Research on Cancer (IARC 1993;2002). Fumonisins and 
OTA are probable human carcinogens of group 2B (IARC 1993;2002). FBs have 
been linked to liver cancer in rats and epidemics of human oesophageal cancer, 
whereas OTA may cause tumours in kidneys and urinary tract (Pfohl-Leszkowicz 
and Manderville 2007; van der Westhuizen et al. 2010). 
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           a) Ochratoxin A    b)  Zearalenone 
 
  

   
c) Trichothecenes 
 

 
 
d) Ergot alkaloids (*stereo bond)            e) Ergometrine (*stereo bond) 

 
 
 
 
 
 
 

 
 

 
 

f) Fumonisins 

Trichothecene R1 R2 R3 R4 R5 
Type A T-2 toxin OH OAc OAc H OCOi-Bu 
 HT-2 toxin OH OH OAc H OCOi-Bu 
 Diacetoxyscirpenol OH OAc OAc H H 
 Neosolaniol OH OAc OAc H OH 
Type B  Deoxynivalenol (DON) OH H OH OH O 
 Nivalenol OH OH OH OH O 
 3-Acetyl-DON OAc H OH OH O 
 15-Acetyl-DON OH H OAc OH O 
 Fusarenon-X OH OAc OH OH O 

Ergot alkaloid R1 R2 
Ergocornine CH(CH3)2 CH(CH3)2 
Ergoristine CH(CH3)2 CH2C6H5 
Ercocryptine CH(CH3)2 CH2CH(CH3)2 
Ergosine CH3 CH2CH(CH3)2 
Ergotamine CH3 CH2C6H5 

Fumonisin (FB) R1 R2 
FB1 OH OH 
FB2 H OH 
FB3 OH H 

 

 

Figure 1. Molecular structures of some mycotoxins.
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 g) Aflatoxins B and M        h) Aflatoxins G   

  

  i) Enniatins and beauvericin       

       

  j) Moniliformin 
  

Aflatoxin (AF) R Bond type* 
AF B1 H double 
AF B2 H single 
AF M1 OH double 
AF M2 OH single 

Aflatoxin (AF) Bond type* 
AF G1 double 
AF G2 single 

Enniatin (ENN) / 
Beauvericin (BEA) 

R1 R2 R3 

ENN A CH(CH3)CH2CH3 CH(CH3)CH2CH3 CH(CH3)CH2CH3 
ENN A1 CH(CH3)CH2CH3 CH(CH3)CH2CH3 CH(CH3)2 
ENN B CH(CH3)2 CH(CH3)2 CH(CH3)2 
ENN B1 CH(CH3)CH2CH3 CH(CH3)2 CH(CH3)2 
BEA CH2C6H5 CH2C6H5 CH2C6H5 

 

Figure 1. (continued)
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It has been demonstrated that mixtures of mycotoxins can exert combined 
toxicological effects which cannot be necessarily predicted on the basis of the 
known toxicity of the single substances (D’Mello et al. 1999; Speijers and Speijers 
2004). Until recently, toxicity, exposure and risk assessments have focused on one 
chemical and one exposure route at a time. However, it is increasingly recognized 
that every day we are exposed to numerous chemicals by ingestion, inhalation 
and dermal absorption (Borchers et al. 2010). Mixture toxicology, that investigates 
these complex interactions of chemicals, is emerging in the fi eld of mycotoxicology 
although there are still few well designed, systematic studies to assess the combined 
toxic effects (Tammer et al. 2007). However, the fi ndings indicate that the effects 
of mycotoxins can be additive to each other or they can interact in synergistic 
(potentiating) or antagonistic way (Speijers and Speijers 2004). 

The studies of combined toxic effects have been performed using animal models 
(Smith et al. 1997; Theumer et al. 2003; Wangikar et al. 2004; Grimes et al. 2010; 
Tan et al. 2011). However, these studies often lack the explicit theory about what 
is an additive or synergistic effect. It has been demonstrated that the combined 
impact of mycotoxins on histopathological changes, feed intake and weight gain 
can be more severe than that of individual toxins (Smith et al. 1997; Grimes et 
al. 2010). OTA and citrinin (CIT) have been suggested acting synergistically or 
additively on renal carcinogenicity in mice and toxicity on chicken embryos (Vesela 
et al. 1983; Kanisawa 1984), whereas an antagonistic effect has been reported for 
AF B1 and OTA on teratogenicity in rabbits (Wangikar et al. 2004). Furthermore, 
both ZEN and T-2 toxin (T-2) have been associated with reproductive problems 
and thus have been suggested to act synergistically on the fertility of the animals 
(D’Mello et al. 1999). 

In vitro tests have also been used for investigating mycotoxin mixture toxicity 
(Thuvander et al. 1999; Tajima et al. 2002; Heussner et al. 2006; Tammer et al. 
2007; Mwanza et al. 2009; Sugiyama et al. 2011).  For example, cytotoxicity has been 
demonstrated as being additive for OTA, OTB, CIT and patulin (PAT) in a porcine 
renal cell line. The synergistic effect of CIT and OTA was also clear (Heussner et al. 
2006). A synergistic effect of OTA and FB1 on the decrease of viability of human 
and pig lymphocytes has been demonstrated (Mwanza et al. 2009). Furthermore, 
an additive immunotoxic effect of DON and nivalenol (NIV) was reported in mouse 
macrophages (Sugiyama et al. 2011). The toxicity of fungal extracts and cereal sample 
extracts with a known content of mycotoxins has been examined in cell assays 
(Morrison et al. 2002; Jestoi et al. 2004b; Uhlig et al. 2006). These types of studies 
provide an estimate of the total toxicity of the extract but it may be diffi cult to 
demonstrate the correlation between the toxicity and the mycotoxin concentrations. 

Controversy of which fungal metabolites should be called as mycotoxins exists 
due to lack of evidence of the stability, bioavailability and toxicity of these compounds 
in vivo, i.e. via natural route of exposure. For example, the term mycotoxin when 
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referring to enniatins or Alternaria toxins could be questioned in this respect. 
However in this thesis, the term mycotoxin is used in a broad sense to encompass 
various fungal metabolites due to simplicity and the fact that the main perspective 
is on the analytical aspects of these compounds. 

2.1.2 OCCURRENCE IN COMMODITIES AND LEGISLATION

Mycotoxins occur in a wide range of commodities globally, with the highest 
prevalence being encountered in agricultural products. Small-grain cereals and 
maize, and products produced from these materials, are frequently contaminated, 
most commonly with afl atoxins, ochratoxin A, fumonisins, zearalenone and 
trichothecenes (Table 1). The prevalence and contamination levels of mycotoxins 
vary greatly according to several factors e.g. geographic location, commodity and 
harvest year (Gareis et al. 2003; Binder et al. 2007; Scudamore and Patel 2009). In 
Europe, small-grain cereals often contain trichothecenes and ZEN (Placinta et al. 
1999; Eskola et al. 2001; Schollenberger et al. 2006). In particular, T-2 and HT-2 
toxins are becoming prevalent in the temperate regions of Europe, and especially oats 
can contain high levels (Edwards 2009; Edwards et al. 2009). In addition, OTA can 
be detected in European crops, although the levels are relatively low (Miraglia et al. 
2002). Other mycotoxins prevalent especially in Northern European climate include 
BEA, ENNs and MON (Uhlig et al. 2007). In Norwegian and Finnish small grain 
cereals, median levels of <3 to 240 μg/kg of MON and BEA have been reported, and 
concentrations of individual ENNs up to 18300 μg/kg have been found (Uhlig et al. 
2007). The recently collected data demonstrate that also ERGs can be encountered 
in grains, the highest levels in Europe reaching mg/kg level, although the mean 
levels have been lower generally (Battilani et al. 2009). In European produce, AFs 
and FBs are detected principally in maize and maize products. The levels reported 
for AFs are moderate but FBs have been determined at high concentration levels, 
up to 10200 μg/kg (Gareis et al. 2003; Binder et al. 2007).
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Other plant products like pulses, nuts and oilseeds may contain various types 
of mycotoxins, including AFs, ZEN and Alternaria toxins (Schollenberger et al. 
2005;2007; Logrieco et al. 2009; Njobeh et al. 2010). Additionally, spices and dried 
fruits are frequently contaminated with AFs and OTA (Miraglia et al. 2002; Bircan 
2009). Furthermore, OTA is often found in coffee, tea and cocoa (Miraglia et al. 
2002). Mycotoxins can be detected also from fresh vegetables and products made 
from these foodstuffs. For example, PAT is a common contaminant in apples and 
juices and OTA may be detected in grapes and wines (Blesa et al. 2006; Valero et 
al. 2008;). In addition, Alternaria toxins can be present in various vegetables and 
fruits (Logrieco et al. 2009; Asam et al. 2010). 

Mycotoxins may occur in food and feed also as their metabolites or conjugated 
forms called as masked or bound mycotoxins (Berthiller et al. 2009). These 
compounds can be either soluble or associated with macromolecules, and they 
may emerge through the metabolism of fungi, other micro-organisms, plants and 
mammals or appear during food processing (Berthiller et al. 2009). The area of 
this type of altered mycotoxins has not been investigated extensively so far, but it 
is believed that they contribute signifi cantly to the total prevalence of mycotoxins 
and thereby to food safety. Some known mycotoxin conjugates are the plant-derived 
glucosides of ZEN and DON. For example, zearalenone and zearalenol 4-glucosides 
and DON 3-glucoside have been detected occurring naturally in maize and small-
grain cereals (Schneweis et al. 2002; Berthiller et al. 2005;2009). 

 Certain mycotoxins may be carried over to animal products from 
contaminated feed. Milk may contain AF M1, a hydroxylated form of AF B1, which 
is excreted in milk of lactating animals that have consumed contaminated feed (van 
Egmond 1989). In addition, ZEN, OTA and FBs can be transmitted into milk but 
generally, the levels found have been low (EFSA 2004b; Boudra et al. 2007; Gazzotti 
et al. 2009). Eggs have been reported as containing μg/kg or lower levels of AFs, 
DON and its metabolite de-epoxy-DON, ZEN and the metabolites α-zearalenol 
(ZOL) and β-ZOL (Sypecka et al. 2004; Valenta and Dänicke 2005; Garrido Frenich 
et al. 2011). Additionally, the frequent occurrence of BEA, ENN B and ENN B1 has 
been demonstrated in Finnish eggs at trace levels (Jestoi et al. 2009). OTA may be 
transferred to internal organs of animals, and low levels have been detected in pig 
kidneys and liver (Milicevic et al. 2009).

A number of different mycotoxins may be found in the same product since a 
single species of fungi can produce several toxic metabolites, or several species 
that produce different toxins can be present simultaneously. Although the samples 
may contain only relatively low levels of individual mycotoxins, co-occurrence is of 
concern due to possible interactive toxic effects of the mixtures of toxins. Mycotoxin 
co-occurrence has been reported frequently in cereals. Trichothecenes and ZEN 
are commonly simultaneously present in small-grain cereals (Placinta et al. 1999; 
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Eskola et al. 2001). In addition to these, BEA, ENNs and MON may occur in the 
same samples (Jestoi et al. 2004a). Maize is typically contaminated with both AFs 
and FBs, and additionally DON, NIV and ZEN may be present (Ali et al. 1998, 
Sangare-Tigori et al. 2006; Njobeh et al. 2010). BEA, MON, and fusaproliferin have 
also been found to be co-occurring in maize (Logrieco et al. 1993; Munkvold et al. 
1998). Similarly, rice, nuts, dried fruits and spices may be contaminated with various 
combinations of mycotoxins (Sangare-Tigori et al. 2006; Ghali et al. 2008; Bircan 
2009; Njobeh et al. 2010). Feeds, that can be mixtures of different raw materials, 
frequently contain various types of mycotoxins (Binder et al. 2007; Richard et al. 
2007; Driehuis et al. 2008). For example, fermented silage may contain toxins of 
both pre- and post-harvest fungal species. CIT, DON and gliotoxin (GLIO) have 
been detected in maize silage and roquefortine C (ROQ C) and mycophenolic acid 
(MPA) were determined from a silage made of maize and grass (Richard et al. 
2007; Driehuis et al. 2008). 

 The driving forces for mycotoxin research have been food safety concerns due 
to the toxicity of these secondary metabolites, but there is also an economic aspect 
due to losses of harvest (Bhat et al. 2010). In attempts to control the mycotoxin 
occurrence and protect consumers, regulatory authorities in several countries have 
set limits for maximum residue levels (MRL) for several mycotoxins (van Egmond 
et al. 2007). In the European Union (EU), maximum limits have been established 
for afl atoxins, OTA, fumonisins, DON and PAT in various food commodities, and 
for AF B1 in feed and feed raw materials (European Union 2002b;2006c;2007) as 
summarized in Table 2. Additionally, recommendations for the maximum allowable 
levels have been provided for certain mycotoxins in feed (Table 2) (European Union 
2006a). MRLs for ergot sclerotia have been set for EU intervention grain and 
feeds (European Union 2002b;2006b), but there is no guidance for ergot alkaloid 
concentration levels. These, as well as regulatory limits for T-2 and HT-2 toxins 
are currently under discussion in the EU. 
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Table 2. Maximum allowable or recommended residue levels of mycotoxins in foodstuff s and animal feed 
in the EU.

Mycotoxin Commodity Maximum allowable 
residue levels in food  
(g/kg)

Maximum allowable 
or recommended* 
residue levels in 
feed (g/kg)

Sum of afl atoxins Dried fruit, nuts, 
groundnuts, cereals, 
maize, cereal products

4 - 15

Afl atoxin B1 Cereal based infant 
and dietary foods, 
groundnuts, nuts, spices, 
cereals, maize, cereal 
products

0.1 - 8.0

Afl atoxin B1 Feed and related raw 
materials

5 - 50

Afl atoxin M1 Milk based infant and 
dietary food, milk

0.025 - 0.05

Ochratoxin A Cereal based infant and 
dietary foods, dried fruit, 
cereals, cereal products, 
coff ee, wine, grape juice

0.5 - 10

Ochratoxin A Feed materials and 
feeding stuff s

50 - 250*

Patulin Infant food, apple and 
fruit juices, various 
other apple drinks and 
products

10 - 50

Deoxynivalenol Cereal based infant 
foods, various cereal 
products, cereals, 
unprocessed cereals and 
maize

200 - 1750

Deoxynivalenol Feed materials and 
feeding stuff s

900 - 12000*

Zearalenone Cereal and maize based 
infant foods, cereal 
and maize products, 
unprocessed cereals and 
maize

20 - 400

Zearalenone Feed materials and 
feeding stuff s

100 - 3000*

Sum of fumonisin 
B1 and B2

Maize based infant 
foods, maize products, 
unprocessed maize

200 - 4000

Sum of fumonisin 
B1 and B2

Feed materials and 
feeding stuff s

5000 - 60000*

Ergot sclerotia Intervention grain 0.05 % w/w
(=500 mg/kg)

Rye ergot Feeding stuff s 1000 mg/kg
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2.2 LC/MS IN FOOD SAFETY AND MYCOTOXIN RESEARCH

Reliable determination of chemical residues and contaminants from food and 
feed requires high performance methods as the compounds are typically present 
in complex sample matrices at low concentrations, i.e. at the μg/kg level (Malik 
et al. 2010). Additionally, national and international legislative framework places 
requirements on the performance of the analytical methods used for monitoring 
of various undesirable compounds. For example in the EU, the MRLs set for 
various foreign substances and the minimum required performance limits (MRPL) 
established for methods to be used in the control of residues in animal products 
require a certain level of method performance with regard to the detection capability, 
recovery and precision (European Union 2002a). In the Decision 2002/657/
EC, techniques based on MS have been stated as being appropriate to reach the 
confi dence required (as so called identifi cation points) from the confi rmatory 
methods (European Union 2002a). Due to the high selectivity, sensitivity and level 
of confi dence of identifi cation, MS techniques have gained great popularity not only 
in residue control of animal products, but also throughout the whole area of food 
safety research (Malik et al. 2010). 

Methods based on liquid chromatography coupled to different types of MS 
detectors (LC/MS) have been utilized widely for residues of pesticides, veterinary 
drugs and growth promoters, environmental contaminants, toxic compounds 
originating from food processing and packaging materials, as well as natural toxins 
such as marine biotoxins and mycotoxins (Malik et al. 2010). LC/MS methods have 
been devised for single analytes and for groups of chemically related compounds 
such as veterinary drug residues of selected classes (Bogialli and Di Corcia 2009; 
Malik et al. 2010). However, the fact that various contaminants may co-occur and 
that the same samples are often analysed multiple times for different purposes has 
encouraged investigators to develop multi-residue methods capable of detecting a 
larger number of chemically diverse compounds simultaneously, thereby achieving 
high throughput of samples as well as savings in costs and time (Mol et al. 2008). 
Examples of this type of LC/MS based multi-residue methods are the recently 
published methods for milk, eggs, fi sh and meat which can detect up to 150 different 
veterinary drugs or growth promoters (Ortelli et al. 2009; Peters et al. 2009) and 
the pesticide residue methods, the most extensive of which enable simultaneous 
determination of 160 or 297 chemicals from vegetables (Kmellár et al. 2008; 
Mezcua et al. 2009). The scope of the method can be further widened by inclusion 
of contaminants of diverse origins. These types of generic LC/MS methods have been 
developed and validated for a total of 93 and 258 analytes containing pesticides, 
veterinary drug residues, mycotoxins and plant toxins analysed from food and feed 
materials (Mol et al. 2008; Romero-González et al. 2011). 
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LC/MS based techniques have become common in mycotoxin research in the 
fi eld of food and feed safety during the last two decades. Due to the large variety 
of these toxins and the different sample matrices in which they may be present, 
a range of methods exists (Zöllner and Mayer-Helm 2006; Malik et al. 2010). 
Applications have been presented for the analysis of single compounds, like MON, 
OTA or PAT (Jestoi et al. 2003; Blesa et al. 2004; Ito et al. 2004) and groups of 
chemically related mycotoxins, typical example being the determination of type-A 
and B trichothecenes from grains (Razzazi-Fazeli et al. 2002; Berthiller et al. 2005; 
Klötzel et al. 2005;2006). Other  group-specifi c LC/MS analysis are those developed 
for afl atoxins, fumonisins, enniatins (including BEA) or ergot alkaloids (Vahl and 
Jørgensen 1998; Plattner 1999; Takino et al. 2004; Jestoi et al. 2005; Sewram et 
al. 2005; Krska et al. 2008b). Similarly to other areas of residue analysis, the multi-
analyte approach is gaining popularity in mycotoxin research, and methods intended 
to analyse a wide range of toxins of different classes have been published. In this 
literature review, multi-mycotoxin methods for food and feed matrices comprising 
of 8 to 106 chemically diverse compounds (usually originating of several fungal 
genera) will be discussed (Table 3). 

LC/MS multi-residue methods have been developed mostly for targeted analysis, 
i.e. for detecting and quantitating the selected mycotoxins of interest. The majority 
of the methods are intended for determining mycotoxins in the agricultural products 
where these compounds frequently occur, such as small-grain cereals, maize, feed, 
rice, soya, nuts, spices, dried fruit as well as fresh vegetables (Sulyok et al. 2006; 
Boonzaaijer et al. 2008; Spanjer et al. 2008; Garrido Frenich et al. 2009; Monbaliu 
et al. 2009; Desmarchelier et al. 2010). Typically, the methods include those toxins 
for which regulatory limits have been established or are planned in the EU. These 
methods comprise a total of 9 to 12 analytes including AFs, FBs, OTA, ZEN, DON, 
HT-2 and T-2 with the sample matrices being cereals, maize and feed (Lattanzio 
et al. 2007; Beltrán et al. 2009; Garrido Frenich et al. 2009; Capriotti et al. 2010; 
Desmarchelier et al. 2010). The other methods developed for various agricultural 
commodities comprise from 10 to 39 mycotoxins considered relevant. The analytes 
have typically included all or some of the “regulated” mycotoxins and additionally 
other Fusarium toxins (e.g. other TRs, MON, ENNs, BEA and derivatives of 
ZEN), Alternaria toxins (such as altenuene and alternariol), Penicillium toxins 
(e.g. sterigmatocysteine, ROQ C, cyclopiazonic acid, penicillic acid, MPA and PAT), 
and ergot alkaloids (Sulyok et al. 2006;2007b; Spanjer et al. 2008; Herebian et al. 
2009; Martos et al. 2010; Monbaliu et al. 2009;2010a). Currently, conjugated and 
metabolised forms of mycotoxins are not widely included in the multi-mycotoxin 
methods, which is probably due to analytical challenges, such as lack of commercially 
available standards and diffi culty in bringing the bound toxins into soluble forms 
(Berthiller et al. 2009).                    
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Sometimes the expected mycotoxin content requires specifi c analyte targeting. 
For example, a total of 27 metabolites of both pre- and post-harvest fungi of genera 
Penicillium, Alternaria, Aspergillus and Monascus were analysed from fermented 
maize silage (Rasmussen et al. 2010). Further, Sørensen et al. (2009) developed 
a method specifi cally for 13 diverse F. avenaceum metabolites that could occur in 
apples suffering from wet apple core rot. Quantitative methods have been presented 
also for the simultaneous analysis of several mycotoxins from honey and products 
of animal origin, such as meat, kidney, eggs, milk and cheese comprising from eight 
to 18 toxins and their metabolites that could carry over from feed, or originate from 
other contamination sources (Sørensen and Elbæk 2005; Mol et al. 2008; Garrido 
Frenich et al. 2011). The most comprehensive multi-mycotoxin method presented 
for food and feed matrices comprises a total of 106 analytes consisting of mycotoxins 
produced mainly by Fusarium, Penicillium, Alternaria and Claviceps, and some of 
their metabolised and conjugated forms (Sulyok et al. 2010). Although some analytes 
could be determined only qualitatively, the method is a practical tool for applications 
where a comprehensive idea of the quality of a product is needed rapidly, such as 
when identifying the agent causing food or feed contamination, or examining the 
toxin production capacity of fungal species. The applicability of the method was 
demonstrated in the screening of mycotoxins from a range of spontaneously molded 
foodstuffs, including bread, cheese, nuts, jam and wine (Sulyok et al. 2010). 

2.3 ANALYTICAL ASPECTS OF LC/MS MULTI-MYCOTOXIN 
DETERMINATION

The LC/MS analysis of mycotoxins from food and feed matrices typically consists of 
multiple steps. These include sampling, homogenisation of the sample, extraction of 
the analytes, sample purifi cation procedures and fi nally, the separation with liquid 
chromatography and the detection and quantifi cation with a mass spectrometer 
(Köppen et al. 2010). Finally, the suitability of the method for the intended analytical 
purpose should be evaluated with properly selected quality assurance procedures 
(Thompson et al. 2002). In the following, some aspects of the various steps in 
multi-mycotoxin analysis are discussed. The main emphasis will be on the so called 
targeted methods intended primarily for routine analysis. At present, most of the 
multi-mycotoxin LC/MS methods regarding food and feed safety are of this type 
rather than screening methods aimed at gathering information on a wider range of 
both targeted and non-targeted compounds. The challenges of quantitative multi-
mycotoxin determination arise from adjusting the conditions at each of the analytical 
steps for all the compounds of interest that can exhibit very different chemical 
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properties. Typically, optimal conditions cannot be found for all the analytes and 
often some of them need to be omitted due to e.g. insuffi cient extraction, poor 
chromatography or improper ionization in MS (Rundberget and Wilkins 2002; 
Sulyok et al. 2006). In any case, the fi nal multi-mycotoxin method is likely to be a 
compromise of achievable method performance (Sulyok et al. 2006). 

2.3.1. SAMPLING AND EXTRACTION

The distribution of mycotoxins in commodities is often heterogeneous and therefore, 
sampling is a critical part of their chemical determination (Whitaker 2006). With 
properly performed sampling, a representative sample can be obtained for the 
laboratory analysis. By increasing the number or size of the laboratory sample or by 
improving comminution of the sample, the total error related to the analysis can be 
further reduced (Whitaker 2006). The degree of comminution (or homogenization) 
should be paid attention to as it affects also the extraction effi ciency of the analytes 
(Boyd et al. 2008). Criteria regarding sampling and performance of analytical 
methods for offi cial control of certain mycotoxins have been established in the EC 
regulation EC/401/2006 (European Union 2006d). The regulation does not set 
requirements for the preparation or the size of a laboratory sample. However, the 
offi cial or standardized analytical methods for mycotoxins from various commodities 
like grains, feed and milk powder recommend sample sizes of 10 to 50 g (AOAC 
International 2006; International Organization for Standardization. 2007; The 
European Committee for Standardization 2009a;2009b). In the published multi-
mycotoxin studies, sample sizes from 10 to 25 g have been taken from cereals, 
nuts, dried fruit and feed (Tanaka et al. 2006; Lattanzio et al. 2007; Ren et al. 
2007; Spanjer et al. 2008). However in several methods, the sample size has been 
reduced down to between 2 and 5 g, with the smallest sample sizes reported being 
0.25 and 0.5 g of cereals (Sulyok et al. 2006; Herebian et al. 2009; Sørensen et al. 
2009; Monbaliu et al. 2010a). 

Extraction has been stated as the most challenging step in a multi-mycotoxin 
analysis as chemically different compounds need to be isolated (Lattanzio et al. 
2007), and typically, the resulting extraction method is a compromise of  achievable 
recoveries (Sulyok et al. 2006). Generally, the extraction of mycotoxins from 
diverse biological matrices has been achieved with liquid extraction using organic 
solvents and their mixtures (Zöllner and Mayer-Helm 2006). In multi-mycotoxin 
applications, acetonitrile (ACN) and methanol (MeOH) have been commonly chosen 
(Lattanzio et al. 2007; Ren et al. 2007; Spanjer et al. 2008; Martos et al. 2010). 
The majority of mycotoxins are soluble in these solvents, and additionally both are 
volatile and thus compatible with LC/MS analysis (Boyd et al. 2008), which is of 
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importance when sample extract is injected directly to the analytical instrument.
The improved effi ciency of ACN based solvents in comparison to MeOH has 

been demonstrated in multi-mycotoxin extractions from cereals and feed (Sulyok 
et al. 2006; Beltrán et al. 2009; Garrido Frenich et al. 2009). For example, the 
best results for 34 chemically diverse mycotoxins extracted from spiked wheat 
were obtained with a high percentage of ACN (Sulyok et al. 2006). Recoveries 
were mostly between 87 and 111 % with ACN:water (75:25) with the exception of 
patulin and FBs (recoveries were 17-35 %), whereas the equivalent MeOH:water 
mixture yielded more variable recoveries from 27 to 111 % (with the values for 
PAT and ZEN-4-glucoside being outside this range). MeOH and ACN have rather 
equal polarity (Snyder et al. 1997). However, a plausible reason for the improved 
extraction effi ciency of ACN could be its more suitable selectivity towards the non-
ionic mycotoxins, as the selectivity of ACN is based more on dipole interactions 
rather than acid or basic functionalities (which are stronger for MeOH) (Snyder et al. 
1997). On the other hand, Mol et al. (2008) showed that adequate recoveries could 
be achieved with acidifi ed ACN, MeOH or acetone for 174 diverse residues from 
feed. In further extraction experiments, acetone ensured the best recoveries for the 
selected 34 target analytes from six different food and feed matrices. However, the 
use of ACN resulted in the best overall compromise due to the reduced extraction 
of matrix components and subsequently less severe signal suppression in MS in 
comparison to using MeOH and acetone.  

The extraction of multiple mycotoxins has been performed mostly in a single 
step for the sake of simplicity within the analytical procedure (Spanjer et al. 2008) 
although extraction in several steps can be also a feasible option. Recoveries of ≥79 
% were obtained for 11 mycotoxins from maize with a double extraction procedure 
using fi rst phosphate buffered saline (PBS) followed by MeOH:water (70:20) and 
combining these extracts for the subsequent clean-up procedure and LC/MS 
analysis (Lattanzio et al. 2007). Sometimes it may not be possible to extract all 
the desired compounds suffi ciently. For example, none of the solvent compositions 
tested resulted in satisfactory extraction of PAT from wheat and therefore, the 
compound was excluded from the method (Sulyok et al. 2006). Several studies 
have also highlighted the challenges of extracting the acidic fumonisins. It has been 
demonstrated that these compounds can be extracted only in a high water content 
or at a low pH (e.g. Sulyok et al. 2006; Beltrán et al. 2009; Desmarchelier et al. 
2010; Monbaliu et al. 2010a). However, the increase of the proportion of water may 
result in reduced recoveries of other mycotoxins of interest (Sulyok et al. 2006; 
Beltrán et al. 2009; Garrido Frenich et al. 2009). Therefore, the adjustment of pH 
has been proved as a more feasible solution. At a low pH, the four carboxylic groups 
of FBs are protonated (i.e. neutral) leading to less interaction and binding to the 
sample matrix (Mol et al. 2008). Recoveries of over 43 % have been obtained for 
FBs from milk and cereal based matrices when the pH of ACN or MeOH solvent has 
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been adjusted with sulphuric acid or an organic acid, such as formic or acetic acid 
(Sørensen and Elbæk  2005; Sulyok et al. 2006; Beltrán et al. 2009; Herebian et al. 
2009; Desmarchelier et al. 2010; Monbaliu et al. 2010a; Zachariasova et al. 2010). 

L iquid extraction in multi-mycotoxin methods has been performed generally by 
conventional methods like shaking e.g. with a horizontal shaker (e.g. Sulyok et al. 
2006; Herebian et al. 2009) or simultaneously with Ultra Turrax homogenization 
(Martos et al. 2010). In some applications, extraction has been enhanced with 
ultrasonic agitation (Sørensen et al. 2009; Capriotti et al. 2010). Probably due to 
diffi culties e.g. in optimization and in routine use, as well as the need to invest in 
special equipment, other enhanced liquid extraction methods, such as pressurized 
liquid extraction (PLE), microwave extraction or supercritical fl uid extraction 
have not gained popularity in multi-mycotoxin methods. Only Desmarchelier et 
al. (2010) have described a method utilizing PLE by employing the automated ASE® 
instrument (Accelerated Solvent Extraction, Dionex, Sunnyvale, CA, United States) 
for extracting several mycotoxins from wheat. In PLE, organic solvents are used at 
elevated temperatures above their atmospheric boiling points, which is achieved by 
raising the pressure in a closed fl ow-through system. The enhanced extraction is 
based largely on the increase in temperature which results in lower surface tension 
and viscosity of the solvent allowing it to wet and penetrate the sample matrix more 
readily (Carabias-Martínez et al. 2005; Boyd et al. 2008). A drawback of PLE can be 
excessive co-extraction of matrix components and subsequent interfering signals in 
LC/MS, as was reported when applying temperatures above 60 °C by Desmarchelier 
et al. (2010). Therefore, the ASE instrument was operated at room temperature, 
still obtaining adequate recoveries (from 49 to 88 %) for the 17 analytes of interest 
(Desmarchelier et al. 2010). The overall method performance was comparable with 
a procedure employing QuEChERS (acronym for the words quick, easy, cheap, 
effective, rugged and safe) extraction. Despite the fi tness-for-purpose, and the 
possibility of automatization of the ASE extraction, the method was considered 
tedious for routine work due to fi lling and washing of the extraction cartridges.

2.3.2 SAMPLE CLEAN-UP 

Liquid extraction of chemical residues from food and feed samples cannot be 
adjusted so that only the desired analytes will be isolated selectively and thus, 
the extracts usually contain many matrix components such as lipids, proteins, 
carbohydrates and pigments that may interfere with the analysis (Anastassiades 
et al. 2003; di Mavungu et al. 2009; Monbaliu et al. 2009). In order to purify the 
sample extract from the remaining interferences, clean-up procedures of different 
types may need to be adopted. Enrichment of the analytes is also typically performed 
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at this step (Snyder et al. 1997). Sample preparation has been considered as an 
essential part of an analytical procedure, as it will affect the quality of the fi nal 
results and is also advantageous for the maintenance of the analytical instrument 
(Boyd et al. 2008). In MS analysis, matrix components present in the fi nal sample 
frequently cause suppression or enhancement of analyte signal (discussed more 
in-depth in 2.3.4.3). However, with sample clean-up these undesired matrix effects 
can be reduced (Boyd et al. 2008).

The role of sample purifi cation has changed with the developments in LC/MS 
technology, and extensive clean-up is not always necessary due to the high selectivity 
and sensitivity of modern analytical instruments (Malik et al. 2010). This has made 
possible the development of methods with reduced sample clean-up and injection 
of unpurifi ed sample extracts. With this approach, straightforward, rapid methods 
have been developed also in the area of mycotoxin analysis (Sulyok et al. 2006; 
Herebian et al. 2009; Martos et al. 2010). On the other hand, optimal method 
performance may not be achieved and for this reason, several investigators have 
regarded sample clean-up as being essential in multi-mycotoxin analysis (Monbaliu 
et al. 2009; Desmarchelier et al. 2010). The challenges of utilizing clean-up arise 
from optimizing the procedure for chemically diverse analytes without losing any of 
them and still achieving a feasible method for routine use (Monbaliu et al. 2009). 
The sample clean-up procedures used in the published methods include different 
forms of solid phase extraction (SPE) and the so called QuEChERS extraction. 

2.3.2.1 Solid phase extraction 

Solid phase extraction (SPE) is an established sample purifi cation method that 
relies on the same chromatographic principles as HPLC, i.e. partition of solutes 
between a liquid and a solid phase (Snyder et al. 1997). The SPE sorbent phases 
exploit the same functionalities that are used in HPLC, although the separation 
effi ciency is usually lower (Boyd et al. 2008). Some common SPE sorbents include 
reversed and normal phase, ion exchange and (immuno)affi nity sorbents as well 
as so called mixed mode columns combining e.g. reversed phase (RP) and ion 
exchange functionalities (Snyder et al. 1997; Boyd et al. 2008). With the correct 
choice of the SPE stationary phase, the selectivity of the extraction can be adjusted 
leading to retention of either matrix interferences or the analytes thus enabling the 
separation of the two (Boyd et al. 2008). Purifi cation can be improved by using 
multiple columns with different retention properties (Boyd et al. 2008). In multi-
mycotoxin applications, RP columns have been commonly used, either alone or in 
conjunction with mixed-mode and ion exchange columns (Cavaliere et al. 2005; 
Monbaliu et al. 2009; Romero-González et al. 2009). Additionally, Multisep® and 
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Mycosep® cartridges (Römer Labs, Tulln, Austria) intended for the analysis of 
selected groups of mycotoxins, as well as specifi c immunoaffi nity (IA) columns 
have been demonstrated as being applicable (Tanaka et al. 2006; Lattanzio et al. 
2007; Ren et al. 2007). 

The applicability of reversed phase SPE sorbents, such as a polymer based 
Oasis® HLB (Waters, Manchester, UK) and silica based octadecyl silane (C18) were 
demonstrated for adsorbing eight to 23 chemically diverse mycotoxins from food 
extracts and beer (Driffi eld et al. 2003; Sørensen and Elbæk  2005; di Mavungu 
et al. 2009; Romero-González et al. 2009). In these methods, the retention of the 
analytes to the column was achieved when loading of the sample was performed 
in high water content. The use of 100 % of organic polar solvent, i.e. MeOH or its 
mixtures with dichloromethane (DCM) or ACN, ensured the elution of the analytes 
of interest. 

C18 columns have been combined in tandem with other types of sorbents to 
improve the selectivity of the SPE in multi-mycotoxin determinations from corn 
and feed (Cavaliere et al. 2005;2007; Monbaliu et al. 2010a). In the fi rst step, the 
nonpolar functionality of C18 sorbent can be utilized to retain lipid components 
of sample matrices. This has been achieved by passing the sample extract through 
the column in a high percentage of ACN (75 % or 79 % with acetic acid). In the 
method of Cavaliere et al. (2005), further clean-up of the eluate diluted to high 
water content was performed in graphitized carbon black. This can be considered a 
mixed-mode SPE material as it is based mainly on RP retention but has also polar 
interaction and ion exchange properties (Andreolini et al. 1987; Altenbach and Giger 
1995). The selected 13 Fusarium toxins could be retained, and the elution from the 
column was performed with a solvent of high elution strength (DCM:MeOH) that 
was acidifi ed to ensure the release of the ionic FBs. In the application of Monbaliu 
et al. (2010a), the purifi cation of the eluate obtained from the C18 column was 
continued with hexane defatting and subsequently passing it through a Mycosep® 
226 column (Römer Labs, Tulln, Austria). All the 23 mycotoxins of interest could 
be recovered except for FBs. To include these compounds in the analysis, a portion 
of the defatted eluate was fi ltered through a glass fi lter, and the two portions were 
combined for LC/MS determination.

Clean-up procedures taking advantage of the different selectivities of C18 
reversed phase and amino (NH2) normal phase sorbents for retaining sample matrix 
components have been described in the methods for detecting 23 and 26 mycotoxins 
from sweet pepper or tea (the dry product) (Monbaliu et al. 2009;2010b). First, 
the acidifi ed ethyl acetate extract was allowed to let fl ow through NH2 column 
retaining polar matrix components, like pigments (Monbaliu et al. 2009;2010b). 
After evaporation and reconstitution of the sample in ACN:water (84:16, v:v), the 
eluate was cleaned in a C18 column with the aim of adsorbing more interferences. 
Since fumonisins were retained in the NH2 column, they were either analysed from 
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an unpurifi ed extract (Monbaliu et al. 2010b), or isolated separately utilizing strong 
anion exchange (SAX) cartridges (Monbaliu et al. 2009). The SAX sorbent could 
retain the FBs in their anionic form. Consequently, acidifi ed MeOH was used as an 
eluent to release these compounds from the column (Monbaliu et al. 2009). Apart 
from this application, the ion exchange mechanism has not been utilized widely 
in multi-mycotoxin analysis although the methods often comprise ionic analytes. 
The potential of using the orthogonal SPE, i.e. taking advantage of the different 
selectivity of anion and cation exchange and RP mixed mode columns, has been 
shown in the cleaning-up of microbial extracts for the screening and characterizing 
of metabolites (Månsson et al. 2010). This type of systematic approach might hold 
potential also in targeted multi-mycotoxin analysis although it would require careful 
preliminary optimization and the use of several columns to extract groups of analytes 
according to their polarity.

Multisep® and Mycosep® (Römer Labs, Tulln, Austria) SPE cartridges intended for 
purifi cation of food and feed extracts for the analysis of selected groups of mycotoxins 
have been demonstrated as being applicable in multi-mycotoxin analysis. Multisep 
226® and Mycosep 226® Afl azon+ sorbents were applied in the determinations of 
13 and 17 mycotoxins from cereal based products and peanut butter, respectively 
(Tanaka et al. 2006; Ren et al. 2007). According to the manufacturer, the cartridges 
consist of silica based sorbent having both polar and nonpolar functionalities able 
to remove matrix interferences while the selected analytes, i.e. AFs, ZEN, PAT and 
TRs, come through unretained. In the multi-mycotoxin applications, a portion of 
the sample extract in ≥ 85 % ACN was loaded to the cartridge achieving adsorption 
of interferences and direct elution of AFs, ZEN and TRs (Tanaka et al. 2006; Ren 
et al. 2007). Ren et al. (2007) showed that in addition, verrucarol, CIT and STE 
could be collected in the eluate. Both groups reported overall method recoveries 
of ≥70.6 % for the mycotoxins investigated (Tanaka et al. 2006; Ren et al. 2007). 

SPE sorbents based on immunoaffi nity (IA) chromatography have been used 
commonly in analyte and group specifi c mycotoxin extractions from various 
commodities (Zöllner and Mayer-Helm 2006; Senyuva and Gilbert 2010). The 
immunosorbents contain immobilized antibodies which specifi cally bind the analytes 
(i.e. antigens) thus providing a very selective method for isolating the compounds of 
interest from a sample extract (Senyuva and Gilbert 2010). However, commercial 
IA columns containing a mixture of antibodies designed for the determination of 
co-occurring but structurally different mycotoxins are not widely available. The IA 
column AOZ™ of Vicam (Waters corp., Manchester, UK) developed for extracting 
afl atoxins, OTA and ZEN has been employed in food analysis in conjunction with LC 
coupled to a fl uorescence detector (Chan et al. 2004; Göbel and Lusky 2004; Ibañez-
Vea et al. 2011). At present, the most comprehensive multi-mycotoxin application 
based on IA clean-up and LC/MS determination has been reported for 11 toxins 
which were isolated from a maize extract with a Myco6in1® column (Vicam/Waters 
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corp., Manchester, UK) containing antibodies of AFs, OTA, FBs, ZEN, DON, T-2 and 
HT-2 (Lattanzio et al. 2007). The analytes were loaded in a PBS:MeOH solution and 
released from the immunosorbent with pure MeOH. The loading volume and the 
percentage of MeOH were reported as being critical for any successful extraction of 
DON in particular. Antibodies in IA sorbents are generally known to be susceptible 
to organic solvents. Hence, it was hypothesized that the MeOH present at the loading 
step partially denaturated the DON antibodies, leading to unsatisfactory retention 
(Lattanzio et al. 2007). After optimization of the extraction and clean-up steps, total 
recoveries in a range of 79 to 104 % were obtained. 

2.3.2.2 QuEChERS extraction 

A recently introduced sample clean-up procedure called QuEChERS (quick, easy, 
cheap, effective, rugged and safe) initially developed for pesticide analysis from 
vegetables and fruit by Anastassiades et al. (2003) has been introduced also in multi-
mycotoxin methods for cereal and feed samples (Mol et al. 2008; Desmarchelier 
et al. 2010; Rasmussen et al. 2010; Zachariasova et al. 2010). The feasibility of this 
procedure in simultaneous determination of contaminant residues of diverse classes 
has also been demonstrated (Mol et al. 2008; Romero-González et al. 2011). The 
QuEChERS approach is based on the extraction (usually with ACN) of analytes 
of different polarities and a simultaneous partitioning of the organic and water 
phases (Lehotay et al. 2010). The partitioning is performed with the aid of salts and 
buffering agents to induce the transfer of the analytes into the organic phase which 
is thereafter purifi ed by dispersive solid phase extraction (d-SPE) using an SPE 
material of choice, such as primary secondary amine (PSA) (Lehotay et al. 2010). 
The separation of the two phases and the partitioning of the analytes between them 
(i.e. achievable recovery), are optimized with the type and amount of salts added 
(Anastassiades et al. 2003). 

In the multi-residue methods for mycotoxins, a modifi ed QuEChERS procedure 
has been utilized performing only the extraction/partitioning step but excluding 
the subsequent d-SPE clean-up. The mycotoxins were extracted from sample 
matrices with ACN which was acidifi ed to ensure the extraction of FBs (Mol et al. 
2008; Desmarchelier et al. 2010; Rasmussen et al. 2010; Zachariasova et al. 2010). 
ACN buffered with sodium acetate was advantageous for maize silage samples to 
compensate for the variation of pH (Rasmussen et al. 2010). The phase separation 
and transfer of the mycotoxins into the organic phase has been induced either with 
4 g of magnesium sulphate (MgSO

4
) alone or together with 1 g of sodium chloride 

(Desmarchelier et al. 2010; Vaclavik et al. 2010; Zachariasova et al. 2010), which 
is in accordance with the original QuEChERS procedure optimized for pesticides 
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(Anastassiades et al. 2003). MgSO
4 

and the buffering of the solvent with sodium 
acetate has also been used (Mol et al. 2008; Rasmussen et al. 2010; Romero-
González et al. 2011). The advantage of buffering was not discussed but a similar 
approach was introduced by Lehotay et al. (2005) to achieve acceptable recoveries 
for certain pH-dependent pesticides. 

The d-SPE step has been omitted from most of the multi-mycotoxin methods 
because PSA effectively removes polar compounds thereby creating a risk of losing 
some of the analytes of interest (Anastassiades et al. 2003). In particular, fumonisins 
can bind to PSA, hindering their extraction (Desmarchelier et al. 2010; Zachariasova 
et al. 2010). PSA was not incorporated by Rasmussen et al. (2010) due to the risk 
of losing the acidic mycotoxins relevant in silage. After the Qu  EChERS extraction, 
the resulting ACN phase was directly subjected to the MS analysis (Mol et al. 
2008; Desmarchelier et al. 2010; Rasmussen et al. 2010; Zachariasova et al. 2010; 
Romero-González et al. 2011). One exception was the method of Desmarchelier et 
al. (2010), who considered the cleaning effect of QuEChERS as being inadequate 
and added a defatting step with hexane to reduce matrix effects in MS. The 
d-SPE purifi cation with PSA after the partitioning step has been employed in one 
application determining mycotoxins from cereals (Vaclavik et al. 2010). The effect 
of the QuEChERS procedure on method performance was not discussed as the 
challenges were associated more with the ionization of the analytes with the direct 
analysis in real time (DART)-MS. However, satisfactory recoveries (from 100 to 108 
% when using internal calibration) were obtained for those 11 analytes that could 
be ionized and included in the method (Vaclavik et al. 2010).

2.3.2.3 Simplifi ed sample-clean up

Injection of a crude or diluted sample extract without clean-up has been introduced 
in several multi-mycotoxin LC/MS analysis (e.g. Sulyok et al. 2006; Herebian et 
al. 2009; Martos et al. 2010). Most of the published applications are intended 
for cereals and feed but this approach has been utilized also for a food mixture 
(Rundberget and Wilkins 2002). In this case, hexane de-fatting was performed 
simultaneously with sample extraction to reduce the amount of lipids in the fi nal 
sample. This was the only sample purifi cation step, followed by concentration of 
the extract with evaporation, and reconstitution in a solvent compatible with the LC 
mobile phase used. Cereal and feed extracts have been injected to LC/MS as such 
or after concentration and reconstitution (Garrido Frenich et al. 2009; Herebian et 
al. 2009; Capriotti et al. 2010). The disadvantages of this practice are the extensive 
matrix effects and instrument contamination that may be encountered because of 
the high amount of matrix extracts present in the sample injected in relation to 
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solvent (Garrido Frenich et al. 2009). 
The undesired matrix effects can be overcome by diluting the extract before 

injection. Sulyok et al (2006) demonstrated that matrix effects were not signifi cant 
from diluted wheat and maize extracts for most of the 39 mycotoxins analysed. 
Furthermore, as the matrix effects were repeatable and could be compensated by 
using matrix-assisted standards, then the use of the dilute-and-shoot method was 
justifi ed (Sulyok et al. 2006). A similar approach has been applied in several other 
studies investigating cereal, nut and dried fruit extracts (Spanjer et al. 2008; Beltrán 
et al. 2009; Herebian et al. 2009; Martos et al. 2010). However, in some cases, 
dilution of the extract led to the increase of limit of quantifi cation (LOQ) of some 
of the analytes thus favouring the injection of crude extract (Garrido Frenich et al. 
2009; Herebian et al. 2009).

Generally, the method performance, particularly the LOQs, have to be 
compromised when reducing sample purifi cation (Sulyok et al. 2006). One drawback 
may also be the contamination of the LC/MS instrument. For example, a gradual 
increase in the MS response due to contamination has been reported when injecting 
repeatedly diluted cereal extracts (Sulyok et al. 2007b). In addition, contrary fi ndings 
have been reported. Despite the visual contamination observed, the sensitivity of 
the instrument was not affected by over 200 injections of unpurifi ed cereal extracts 
(Herebian et al. 2009). Some researchers have employed a washing run after each 
injection to avoid response variation caused by matrix related contamination 
(Rundberget and Wilkins 2002; Rasmussen et al. 2010). 

The direct injection may be the only practical approach to include a large 
number of chemically diverse mycotoxins in a single analysis (Sulyok et al. 
2006). Additionally, the approach enables an easy inclusion of new analytes and 
matrices, assuming that the previously optimized extraction and chromatographic 
conditions are applicable (Sulyok et al. 2007a;2007b). For example, Sulyok et al. 
(2006;2007a;2010) gradually expanded their method from 39 to 106 mycotoxins 
and from cereal matrices to a wide range of food matrices, such as honey, jam 
and wine. Furthermore, screening of unknown metabolites can be carried out only 
when injecting crude extract since any kind of sample preparation could result 
in the loss of interesting compounds (Herebian et al. 2009). Simplicity and high 
throughput are often listed as objectives of the multi-analyte methods, and these 
may be accomplished only with direct injection of a sample extract (Mol et al. 2008; 
Garrido Frenich et al. 2009; Martos et al. 2010). 
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2.3.3 LC AS A SEPARATION TECHNIQUE IN MULTI-MYCOTOXIN ANALYSIS 

Trace analysis typically encompasses the use of some form of high performance 
separation technique after the preceding sample pre-treatment steps (Boyd et al. 
2008). The separation of analytes in the multi-mycotoxin methods has been achieved 
with high performance liquid chromatography (HPLC) or the more recently emerged 
technique, ultra high performance liquid chromatography (UHPLC). In liquid 
chromatography, the separation is based on partitioning of the analytes between 
liquid mobile phase and solid stationary phase. The technique has wide applicability 
in the separations of compounds of diverse molecular weight and physico-chemical 
properties (Snyder et al. 1997), and has been proved as a feasible technique also in 
mycotoxin analysis (Zöllner and Mayer-Helm 2006). 

The role of chromatography has changed with the emergence of highly selective, 
fast data acquisition MS instruments, and the need for complete separation of 
analytes is not a prerequisite anymore. Despite this, chromatography is generally 
utilized in trace analysis to separate the analytes from matrix components to 
reduce their negative impact on MS response (Boyd et al. 2008). In addition, 
chromatographic resolution of close eluting compounds is advantageous. First of 
all, the retention time is an important identifi cation parameter of analytes (Snyder 
et al. 1997; European Union 2002a). Additionally, MS data acquisition may be 
enhanced since resolution of peaks helps acquiring enough data points across each 
peak and thereby achieving good sensitivity and peak appearance. Furthermore, 
baseline resolution is desirable to perform MS ionization polarity switching between 
two adjacent peaks (Lattanzio et al. 2007). The chromatographic performance can 
be affected by the choice of stationary and mobile phases (Snyder et al. 1997). In 
the multi-residue analysis, the challenges may be encountered when selecting and 
adjusting these in order to achieve adequate retention, required resolution and good 
peak appearance for analytes exhibiting diverse chemical properties.

2.3.3.1 Stationary phases

A range of stationary phases with different chemistries are available to carry 
out liquid chromatographic separation. Commonly used retention mechanisms 
include reversed phase, normal phase, ion exchange, ion pair, chiral and affi nity 
chromatography (Snyder et al. 1997; Boyd et al. 2008). In this review, only RP 
chromatography is presented in more detail since it is used exclusively in multi-
mycotoxin LC/MS determinations (e.g. Sulyok et al. 2006; Spanjer et al. 2008; 
Desmarchelier et al. 2010). RP is mainly based on hydrophobic interactions between 
the analyte and the stationary phase, ensuring retention for a wide range of chemical 
compounds (Snyder et al. 1997). Generally, RP is a suitable technique for separating 



44

mixtures containing both neutral and ionic compounds of low molecular weight (< 
2000 Da) that dissolve in water-organic solvents (Snyder et al. 1997). The most often 
used columns in multi-mycotoxin separations are those based on silica particles with 
octadecyl (C18) bonded phase that provide a rugged and highly retentive sorbent 
(Snyder et al. 1997). Additionally, C14 and C6 phenyl phases with somewhat different 
RP retention selectivity have been used (Sørensen et al. 2009; Desmarchelier et al. 
2010; Rasmussen et al. 2010). The Zorbax Bonus-RP C14 column with embedded 
amide groups providing improved peak shape for basic compounds at neutral or 
low pH values (Agilent Technologies, Santa Clara, CA, United States) was used 
by Desmarchelier et al. (2010) but the advantages of the column choice were not 
discussed. The Gemini C6 phenyl column designed specifi cally for the separation 
of aromatic and polar compounds (Phenomenex, Torrance, CA, United States) was 
reported to achieve good retention for the aromatic fungal metabolite chrysogine 
as well as for the highly polar MON (Sørensen et al. 2009). 

The dimensions of the columns used in multi-mycotoxin separations based on 
HPLC/MS have been mostly 100 or 150 mm of length and 2 or 2.1 mm of internal 
diameter (i.d), although larger diameter columns of 4.6 mm i.d with 150 mm length 
have also been employed (Rundberget and Wilkins 2002; Sørensen and Elbæk 
2005; Sulyok et al. 2006). The typical particle size in the columns was 3 or 5 μm. 
The columns of these dimensions generally provide enough theoretical plates to 
ensure high separation effi ciency (Snyder et al. 1997). For example, resolution of 
structurally close compounds, such as α- and β-isomers of zearalenol and zearalanol 
or the diastereomers of ergot alkaloids have been achieved in multi-mycotoxin 
separations performed in C18 columns (Sørensen and Elbæk 2005; Sulyok et al. 
2006;2007a). The fl ow rates with the 2 mm i.d. columns have been from 0.2 or 
0.3 ml/min, which are compatible with the MS instruments. However, with the 
larger columns, fl ow rates of 0.6 to 1.0 ml/min have been used, with the option 
being the splitting of the fl ow before the MS instrument (Rundberget and Wilkins 
2002; Sørensen and Elbæk 2005; Sulyok et al. 2006). 

UHPLC is being employed increasingly in food safety applications (Malik et al. 
2010), and some methods have been published also for multi-mycotoxin analysis 
(Ren et al. 2007; Romero-González et al. 2009; Jin et al. 2010; Zachariasova et 
al. 2010). The UHPLC technique takes advantage of columns packed with small 
particles of sub-2 μm (Swartz 2005). In addition, higher fl ow rates compared to 
the conventional HPLC/MS are commonly used (Swartz 2005). The small particle 
size increases the column effi ciency improving resolution and sensitivity as the 
chromatographic peaks are narrower. Since the column effi ciency is not diminished 
when working with a high fl ow rate, the speed of analysis can be improved when 
the number of peaks resolved per unit time is increased (Swartz 2005). However, 
the reduction of particle size leads to increased back pressure in the UHPLC system 
requiring a special design of the instrumentation and the columns. Therefore, high 
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performance pumps that can deliver up to 15000 psi of pressure and columns with 
stationary phases able to withstand high mechanical forces are employed (Swartz 
2005). 

RP columns based on ethylene bridged-silicon hybrid particle (BEH) and high 
strength silica (HSS) sorbents introduced by Waters (Manchester, UK) have been 
used in multi-mycotoxin separations (Ren et al. 2007; Beltrán et al. 2009; Garrido 
Frenich et al. 2009; Jin et al. 2010; Monbaliu et al. 2010a; Zachariasova et al. 2010). 
Kinetex® columns (Phenomenex, Torrance, CA, USA) also utilize small particles 
(1.7 and 2.6 μm) which are made of non-porous silica core and a porous silica 
layer. These so called core shell particles have high mechanical strength, making 
the columns suitable for UHPLC applications. However, until today no reports exist 
about the use of these types of columns in mycotoxin analysis with UHPLC although 
an HPLC/MS based application employing a C18 Kinetex column (100 x 2.1 mm, 
2.6 μm) using a fl ow rate of 0.2 ml/min has been described (Capriotti et al. 2010).

Studies carried out in the fi eld of pesticides have demonstrated the benefi ts 
obtained from replacing an HPLC/MS multi-residue method with a UHPLC/MS 
method. For example, improved detection capability and reduced analysis time 
and solvent consumption were achieved in the analysis of 17 pesticides from apples 
(Kovalczuk et al. 2006). For mycotoxins, no such comparative studies have been 
published. However, the separation effi ciency of the sub-2 μm particle columns 
was demonstrated in a multi-mycotoxin application (Ren et al. 2007). Improved 
resolution was achieved in a shorter run-time for the 19 mycotoxins of interest with 
Acquity C18 and C8 BEH columns (100 or 150 x 2.1 mm, 1.7 μm) in comparison to 
conventional C18 HPLC columns (150 x 2.1 mm, 5 μm particles) under equivalent 
conditions employing a UHPLC/MS system. The high separation effi ciency of HSS 
T3 stationary phase was demonstrated by Jin et al. (2010). Improved resolution 
of the ten selected mycotoxins was achieved with this sorbent in comparison to 
BEH columns of equivalent dimensions (100 x 2.1 mm). In addition, the position 
isomers 3-Acetyl deoxynivalenol (3-AcDON) and 15-AcDON could be separated in 
the HSS T3 column although these peaks overlapped in the BEH columns. However, 
regarding the peak shapes and intensities, the two stationary phases ensured equal 
performance. 

2.3.3.2 Mobile phases 

The mobile phase used in a liquid chromatographic separation should be chosen on 
the basis of the analyte properties (e.g. solubility) as well as the desired retention 
and selectivity of the analytes (Snyder et al. 1997). In LC/MS applications, the 
eluent composition needs to be considered in conjunction with the MS analysis; one 
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prerequisite is that the reagents are volatile and thus compatible with the ionization 
(Boyd et al. 2008). Similarly to the extraction, mixtures of water and organic solvents, 
most commonly ACN and MeOH have been used in multi-mycotoxin LC separations. 
These two solvents are compatible with both RP chromatography and MS (Boyd et 
al. 2008). The physico-chemical properties of ACN and MeOH differ and therefore, 
the two provide somewhat differing retention and selectivity in chromatographic 
separation (Snyder et al. 1997). Although satisfactory chromatography can be 
achieved with either of these eluents or their mixture, MeOH has been chosen as 
the mobile phase in the majority of the multi-mycotoxin separations (e.g. Sulyok 
et al. 2006; Tanaka et al. 2006; Martos et al. 2010; Monbaliu et al. 2010a). One 
reason could be the weaker solvent strength of MeOH in C18 (Boyd et al. 2008). 
This is of importance especially at the beginning of gradient elution since increased 
retention of the highly polar mycotoxins can be achieved with MeOH in comparison 
to ACN when used at the same percentage. Thus, there is no need to increase the 
proportion of water, which would be disadvantageous for ionization process in 
MS (Boyd et al. 2008). In general, the effect of solvent on the MS response of the 
analytes has probably been a more decisive factor when choosing the eluent, as 
decreased ionization and sensitivity have been reported using ACN as compared 
to MeOH (Ren et al. 2007; Garrido Frenich et al. 2009). 

Volatile mobile phase modifi ers are used to improve both the chromatographic 
and mass spectrometric behaviour of analytes (Boyd et al. 2008). Organic acids 
(mostly acetic and formic acid) and their ammonium salts are commonly used 
modifi ers in LC/MS, and have been frequently added to the eluents in multi-
mycotoxin applications (e.g. Sulyok et al. 2006; Desmarchelier et al. 2010; Jin et 
al. 2010). With regard to the chromatography, the additives are utilized to adjust 
pH and thereby they can affect the retention of the analytes that have ionic groups 
(Snyder et al. 1997). In RP chromatography, improved retention is achieved when 
the compounds are in their neutral form, and pH should be adjusted taking into 
account the pKa values of the analytes (Snyder et al. 1997). Nonetheless, in multi-
analyte separations, it may not be possible to adjust pH optimally for all the analytes. 
Acidic conditions have been reported as being advantageous in several multi-
mycotoxin methods, a typical example being the fumonisins for which retention 
and acceptable peak shapes have been achieved only under acidic conditions when 
the four carboxylic groups are in the neutral form (Cavaliere et al. 2005; Sulyok et 
al. 2006; Lattanzio et al. 2007). 

Despite using a low pH, broad or tailing peaks have been observed for some other 
acidic mycotoxins such as cyclopiazonic acid (CPA), CIT, fusaric acid and tenuazonic 
acid (Sulyok et al. 2007a; Spanjer et al. 2008; Beltrán et al. 2009; Sørensen et al. 
2009). It is possible that the pH was not suffi ciently low to ensure that the functional 
groups possessing a low pKa were in their neutral forms, causing improper or no 
retention. In addition, MON has a low pKa (1.7), but acceptable retention and peak 
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appearance have been achieved in C18 and C-6 phenyl phases (Sulyok et al. 2007a; 
Sørensen et al. 2009). However, Sulyok et al. (2007a) postulated that in contrast 
to the other acidic mycotoxins, ion-pairing and ionic interactions were involved 
instead of hydrophobic retention mechanism. On the other hand, Sørensen et al. 
(2009) suggested that the silica solid support of the column used in these studies 
(i.e. Gemini® particle manufactured by Phenomenex, Torrance, CA, USA), and not 
the bonded phase, was responsible for the retention. 

The LC separation of chemically diverse mycotoxins has been accomplished by 
using a gradient elution with increasing the solvent strength, i.e. the proportion 
of the organic component in RP chromatography. With gradient, the peak shapes 
and elution of strongly retained, late eluting compounds can be promoted and 
reasonable run-times achieved (Snyder et al. 1997). In the most comprehensive 
multi-mycotoxin method, 85 analytes (of the total of 106) could be retained and 
separated in a single HPLC analysis using a fl ow rate of 1 ml/min and a C18 column 
(150 x 4.6 mm, 5 μm) with a gradient elution starting from MeOH:water:acetic acid 
(10:89:1+5 mM ammonium acetate). Some retention was obtained for the very polar 
analytes (e.g. MON, 3-nitropropionic acid and kojic acid), and the fi nal compound 
(emodin) eluted at a retention time of 16.24 min (Sulyok et al. 2006;2007a;2010). In 
general, the HPLC-based separations of nine to 85 mycotoxins has been completed 
with run-times ranging from 21 to 44 min using fl ow rates of 0.2 to 1 ml/min 
(Sulyok et al. 2006;2010; Capriotti et al. 2010; Rasmussen et al. 2010). Shorter 
run-times (6.5 to 25 min) were needed for separating 10 to 26 mycotoxins with 
the UHPLC methods applying fl ow rates of 0.25 to 0.55 ml/min (Ren et al. 2007; 
Jin et al. 2010; Monbaliu et al. 2010b). A disadvantage of a gradient run can be 
the incompatibility of the initial mobile phase composition to that of the injected 
sample. Distortion or broadening of the peaks of early eluting mycotoxins has been 
reported when samples have been injected in a solvent with a higher organic content 
than that present at the initial gradient conditions (Sulyok et al. 2006; Ren et al. 
2007; Zachariasova et al. 2010). The problem has been overcome by dilution of the 
sample with water or by reconstituting it into a solvent composition closer to the 
aqueous conditions at the beginning of the LC analysis (Sulyok et al. 2006; Ren et 
al. 2007; Zachariasova et al. 2010). 

It may not be possible to analyse all the compounds of interest in a single analysis 
due to their differing requirements for LC/MS conditions. Sulyok et al. (2006) 
reported that 39 mycotoxins were too many to allow ionization polarity switching 
within a single run. In this case, it may be practical to divide the analytes on the 
basis of their ionization behaviour into two chromatographic runs which utilize 
either positive or negative ionization mode solely (Sulyok et al. 2006; Herebian et al. 
2009; Rasmussen et al. 2010). This approach eliminates the problem arising from 
co-elution of two analytes with opposite MS ionization polarity needs. Generally, 
dividing the analytes into more than one analytical run offers more fl exibility when 
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optimizing the LC/MS conditions for a greater number of analytes. For example, 
Rasmussen et al. (2010) used a mobile phase containing ammonia and formic acid 
for the pH dependent (i.e. ionic) compounds, improving their chromatography as 
well as the MS response of those analytes that formed ammonium adducts. However, 
some of the analytes suffered from signal suppression due to ammonium formate, 
and another LC analysis with formic acid as the only modifi er was used. 

2.3.4 MS detection in multi-mycotoxin analysis 

Mass spectrometry (MS) has become a popular detection technique in trace 
analysis (Malik et al. 2010). The MS detectors are sensitive and capable of detecting 
compounds at low concentration levels (Boyd et al. 2008). They are also highly 
selective as the identifi cation of analytes is based on molecular mass, and additional 
structure specifi c information can be obtained e.g. via specifi c fragmentation 
reactions (Boyd et al. 2008). The coupling of a chromatograph and an MS instrument 
is performed through an interface, the purpose of which in LC is to remove the 
excess of the mobile phase by evaporation and to ionize the analytes so that they 
can be transferred to the mass analyser section of the MS operated at vacuum 
(Boyd et al. 2008). In the mass analyser, the ions are separated according to their 
mass-to-charge ratio (m/z) (Boyd et al. 2008). 

The atmospheric pressure ionization (API) techniques dominate modern 
on-line LC/MS equipment (Boyd et al. 2008), and these have been also used in 
the published multi-mycotoxin methods (e.g. Sulyok et al. 2006; Tanaka et al. 
2006; Capriotti et al. 2010). The most common mass analysers have been the 
quadrupole based instruments like triple quadrupole (QqQ) and quadrupole ion 
trap (QIT) enabling tandem MS (MS/MS) (e.g. Sulyok et al. 2006; Martos et al. 
2010; Monbaliu et al. 2010a; Rasmussen et al. 2010). Some applications utilizing 
single MS instruments have been also presented (Tanaka et al. 2006; Herebian 
et al. 2009; Zachariasova et al. 2010). The challenge of MS detection arises from 
fi nding suitable conditions to ionize the analytes of interest effi ciently and to produce 
product ions of suffi cient response for successful quantifi cation. In addition, the 
negative effects of matrix interferences on analyte signal (i.e. matrix effects) need 
to be examined and compensated. 

2.3.4.1 Ionization 

The atmospheric pressure ionization (API) techniques dominate modern on-line 
LC/MS equipment (Boyd et al. 2008). The three commonly used API techniques, 
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electrospray ionization (ESI), atmospheric pressure chemical ionization (APCI) and 
atmospheric pressure photo ionization (APPI) have all been applied in multi-residue 
applications of mycotoxins (e.g. Sulyok et al. 2006; Tanaka et al. 2006; Capriotti et 
al. 2010). The API interfaces have similar design features as they all accommodate 
liquid fl ow by making use of heating and/or nebulization aids often involving inert 
gases to aid desolvation. Additionally, they include optics for transferring ions from 
the atmospheric pressure ion source into the vacuum (Boyd et al. 2008). However, 
the physico-chemical processes that lead to ion formation are different between 
ESI, APCI and APPI. 

In ESI, the ionization occurs in liquid phase, and an aerosol of droplets carrying 
a net electrical charge is formed by nebulizing the solution entering to the ion 
source through a capillary held at high voltage. The increase in electric fi eld density 
of droplets leads to decrease in surface tension and in droplet size. This process is 
repeated until charged molecular ions have been produced in gas phase. Both heat 
and inert gas (usually nitrogen) are used to aid in desolvation of solvent (Boyd et al. 
2008). APCI is a form of chemical ionization which is induced in a gas phase (i.e. 
in ambient air). APCI is used in combination with a heated pneumatic nebulizer 
which achieves nebulization of the liquid sample and evaporation of eluent droplets 
in a heated region before the ionization is achieved by subjecting the sample to a 
high potential applied through a so called corona discharge needle. Following the 
discharge, protonated (or deprotonated) molecules are formed from the eluent 
components. These subsequently ionize the analytes primarily through proton 
transfer reactions (Boyd et al. 2008). APPI is performed in a manner similar to 
APCI by replacing the corona discharge needle with a photoionization lamp. The 
ionization process in APPI is complex, involving the use of dopants such as acetone or 
toluene (Boyd et al. 2008). First, dopants are ionized by photons forming molecular 
ions. These react with eluent through proton transfer and subsequently, eluent can 
transfer protons to analytes. Dopant may also react directly with analytes through 
charge exchange mechanism (Boyd et al. 2008).

The ionization of a compound in an ion source is related to various factors: the 
operation parameters of the MS (e.g. ion source temperature, fl ow rate of the eluent 
and capillary voltage or corona discharge potential), the properties of the eluent 
(such as volatility, surface tension, proton affi nity, conductivity, polarity and pH) 
as well as the nature of the analyte (e.g. pKa value, proton affi nity, polarity and 
molecular mass) (Boyd et al. 2008). Even if these are known, the processes in the ion 
source may not be predictable and one will need to undertake experimental testing 
to determine the optimal conditions for the given analytes (Boyd et al. 2008). The 
studies have demonstrated that with optimization of the conditions and operating 
parameters, all API interfaces are suitable for multi-mycotoxin analysis (e.g. Sulyok 
et al. 2006; Tanaka et al. 2006; Capriotti et al. 2010). However, the majority of the 
multi-mycotoxin applications take advantage of ESI (e.g. Sulyok et al. 2006;2010; 



50

Spanjer et al. 2008; Martos et al. 2010), which is probably due to applicability 
of ESI as it can ionize compounds with a wide range of chemical polarities and 
molecular masses. For example, the technique was suitable for ionizing the 106 
different mycotoxins included in the method of Sulyok et al. (2010). Generally, 
ESI is considered a better choice for polar and ionic compounds in comparison to 
APCI or APPI (Boyd et al. 2008). Additionally, it can be used for thermally unstable 
compounds unlike APCI which requires some thermal stability (Boyd et al. 2008). 
In ESI, fragmentation of compounds does not usually take place during ionization 
process (Boyd et al. 2008). Furthermore, ESI can be performed over a wider range 
of fl ow rates than APCI. At the fl ow rates typically used in HPLC, ESI works as a 
concentration dependent instrument and a linear response is obtained. However, 
the dynamic range of ESI can be limited compared to APCI (Boyd et al. 2008). 

APCI and APPI are best suited to medium or nonpolar compounds which 
may not be ionized effi ciently with ESI (Boyd et al. 2008). The APCI interface 
has proved applicable in mycotoxin determinations of restricted group of analytes, 
such as trichothecenes (Razzazi-Fazeli et al. 2002; Berthiller et al. 2005). Its 
feasibility has been examined also in a few multi-mycotoxin analysis comprising 
of 13 to 18 chemically diverse analytes (Rundberget and Wilkins 2002; Biselli et 
al. 2004; Tanaka et al. 2006). However, better responses were obtained generally 
by employing ESI instead of APCI with MeOH as the mobile phase (Biselli et al. 
2004). On the other hand, Tanaka et al. (2006) reported improved responses for 
trichothecenes and ZEN with APCI although ESI worked better for afl atoxins when 
MeOH with ammonium acetate was used as the mobile phase. APPI has been 
applied in the specifi c analysis of AFs and TRs (Takino et al. 2004; Tanaka et 
al. 2009) but until now, it has been a less widely used interface in multi-analyte 
methods. Capriotti et al. (2010) investigated the applicability of this technique in 
the analysis of nine mycotoxins from cereal matrices. It was demonstrated that 
improved responses for some of the analytes (e.g. AFs) could be achieved with APPI 
in comparison to the equivalent ESI method, thus demonstrating the potential of 
this ionization technique in multi-mycotoxin analysis. Normally, the matrix effects 
in APCI and APPI are less profound compared to ESI interface (Boyd et al. 2008). 
For example, it has been reported that matrix components did not affect the signal 
intensity of analytes determined from cereal extracts purifi ed with Mycosep® 226 
cartridge when using HPLC-APCI-MS (Tanaka et al. 2006). Similarly, Capriotti et 
al. (2010) reported that the matrix effects were not signifi cant as determined with 
the APPI based method although unpurifi ed cereal extracts were injected. In both 
studies, external calibration in standard solution could be used instead of matrix-
assisted calibrants (Tanaka et al. 2006; Capriotti et al. 2010).

Generally, in the ionization processes of the API techniques, ionized intact analyte 
molecules of the form [M+H]+ are produced. Additionally, various adduct ions e.g. 
with alkali metal ions (Na, K, Li), ammonia or chloride may be produced in the 
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positive ionization mode. In the negative mode, deprotonated molecular ions [M-H]- 
are formed, with formate and acetate adducts being also common (Boyd et al. 2008). 
The formation of the ions is application dependent due to various factors that affect 
the process and can be manipulated. Therefore, different ions have been produced 
and selected as precursor ions for mycotoxins in the published applications. Sulyok 
et al. (2006) stated that most of the 39 mycotoxins investigated produced reasonably 
high signal intensities in both ionization modes in the conditions applied. In this 
case, the polarity mode could be chosen on the basis of the best achievable response. 
Examples of compounds that can be ionized readily at both ESI polarities are OTA 
and ZEN which have been monitored as protonated or deprotonated molecular 
ions depending on the conditions (Lattanzio et al. 2007; Ren et al. 2007; Beltrán 
et al. 2009; Garrido Frenich et al. 2009). However, it seems that the majority of 
mycotoxins have a higher tendency to ionize in ESI+ and acquire a proton, thus 
forming protonated molecular ions (Sulyok et al. 2006;2007a;2010). Nonetheless, 
certain compounds ionize only in either of the ionization polarity modes. For 
example, MON can be ionized only in the negative mode as [M-H]- (Sulyok et al. 
2006; Herebian et al. 2009), whereas ENNs and type-A TRs have been reported 
as ionizing only in the positive mode (Sulyok et al. 2006). 

Although MS is considered a universal detector, sometimes it may not be possible 
to ionize certain analytes. For example, poor or no ionization has been reported for 
PAT and PA in ESI (Rundberget and Wilkins 2002; Beltrán et al. 2009; Herebian 
et al. 2009). Additionally, inadequate ionization of trichothecenes as protonated or 
deprotonated molecular ions with ESI is known. This problem has been overcome 
by monitoring adducts since the type-A TRs produce readily ammonium adducts 
in ESI+ and the type-B TRs form acetate and formate adducts in ESI- (Cavaliere 
et al. 2005; Sulyok et al. 2006; Garrido Frenich et al. 2009; Herebian et al. 2009). 
The formation of adducts in API can be enhanced by adding appropriate mobile 
phase modifi ers (e.g. ammonia, organic acids and salts) if it is desirable to use the 
adducts as precursor ions (Boyd et al. 2008). It is important that only one form 
of the ion contributes signifi cantly to the ion current derived from the analyte and 
that the concentration of the ion forming species is constant under the conditions 
being used (Boyd et al. 2008). This is also benefi cial to avoid the formation of stable 
precursor ions such as sodium adducts which are commonly formed for the type-A 
and B TRs and AFs in ESI+ without yielding detectable product ions upon collision 
induced dissociation (CID) in the mass analysers (Sulyok et al. 2006; Beltrán et al. 
2009; Garrido Frenich et al. 2009).

Both MeOH and ACN have suitable properties for API ionization (Boyd et 
al. 2008). However, MeOH has been reported as yielding better responses for 
mycotoxins as compared to ACN. This has been demonstrated for TRs, AFs, ZEN 
and OTA (Cavaliere et al. 2005; Ren et al. 2007; Garrido Frenich et al. 2009). 
One explanation could be that MeOH as a protic solvent is capable of donating a 
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proton and thus enhancing the response of [M+H]+ ions in the positive mode of 
ESI. However, MeOH has also been proven as a more favourable solvent for the 
ionization of analytes ionized in ESI- (Cavaliere et al. 2005, Ren et al. 2007; Garrido 
Frenich et al. 2009). The composition of a mobile phase typically used in the RPLC 
is not necessarily optimal for ESI ionization. Ideally, chromatographic conditions 
could be chosen so as to create charged analytes, which would increase ion formation 
and therefore sensitivity (Boyd et al. 2008). However, improved retention in RP 
chromatography is achieved when analytes are in their neutral forms (Snyder et 
al. 1997). Furthermore, simultaneous separation of basic and acidic compounds 
does not enable adjusting pH to obtain charged species for both of these. In multi-
mycotoxin methods, the conditions are usually adjusted to a low pH ensuring the 
retention of the acidic compounds and thus, their ideal ionization might be sacrifi ced. 
Additionally, the conditions at the beginning of a RP gradient elution do not favour 
ESI ionization, since a high concentration of water is present (Boyd et al. 2008). 
Usually the ionization is improved when a higher percentage of organic solvent is 
present, as the surface tension of the eluent is lower and the volatility higher (Boyd 
et al. 2008). For example, increased sensitivity of 12 mycotoxins was achieved in 
the higher contents of MeOH (from 5 to 40 % were tested) with a compromise of 
25 % of MeOH ensuring both satisfactory MS responses and RP chromatography 
(Garrido Frenich et al. 2009). 

Modifi ers added to the mobile phase can affect negatively on the ionization of 
some analytes. If their concentration is too high, they can displace the analyte ions 
from the charged droplets formed in ESI leading to limited emission of the analytes 
to the gaseous phase thereby reducing their response (Boyd et al. 2008). Signal 
suppression was reported for early eluting compounds NIV, DON, PAT and GLIO if 
0.4 mM ammonium formate was added (Rasmussen et al. 2010). Hence, these toxins 
were analysed without the buffer in a separate LC-MS/MS run with the negative 
mode of ESI. Ionization suppression with ammonium acetate concentrations higher 
than 0.5 mM was observed by Beltrán et al. (2009). In addition, formic acid has been 
reported to evoke signal suppression of ZEN and other Fusarium toxins. Addition 
of the acid at 0.1 % or 10 mM has been found to represent a suitable compromise 
(Cavaliere et al. 2005; Beltrán et al. 2009).

2.3.4 .2 Mass analysers

In the mass analyser section of a mass spectrometer, the molecules are separated 
according to their mass to charge ratio (m/z). This can be performed either with the 
aid of magnetic or electronic fi eld as in linear quadrupole or ion trap instruments, or 
by monitoring the fl ight of ions like in time of fl ight devices (Boyd et al. 2008). The 
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analysers differ in design and properties and hence, in their suitability for analytical 
purposes (Boyd et al. 2008). Several types of mass analysers have been employed 
in multi-mycotoxin applications, including triple quadrupole (QqQ), quadrupole 
ion trap (QIT), time of fl ight (TOF) and Orbitrap instruments (Sulyok et al. 2006; 
Tanaka et al. 2006; Herebian et al. 2009; Martos et al. 2010). 

The most commonly used analysers in the multi-mycotoxin methods are the 
quadrupole based instruments, particularly the triple quadrupole (QqQ) analysers 
(e.g. Martos et al. 2010; Monbaliu et al. 2010a; Rasmussen et al. 2010). Some 
applications employing quadrupole ion trap (QIT) have also been presented (Sulyok 
et al. 2006; Lattanzio et al. 2007; Capriotti et al. 2010). The QqQ instruments enable 
tandem mass spectrometry, where the precursor ion selected in the fi rst quadrupole 
is fragmented in a collision cell (i.e. the second quadrupole) by CID to analyte 
specifi c product ions which are selected in the third quadrupole and monitored 
with multiple reaction monitoring (MRM) data acquisition mode (Boyd et al. 2008). 
QIT are hybrid quadrupole/linear ion trap mass spectrometers and closely related 
to QqQ instruments in operating principles. In QIT, ions are trapped and stored 
within the trap where CID can be performed to produce MS/MS or multiple stage 
MS (MSn) data (Boyd et al. 2008).

Triple quadrupole and quadrupole ion trap instruments are relatively low 
cost and easy to operate. The popularity of the MS/MS instruments is based on 
their applicability in quantitative analysis. QqQ analysers in particular have been 
proved capable of providing the selectivity and sensitivity required from the most 
rigorously validated methods (Boyd et al. 2008). Collecting MS/MS data enhances 
the selectivity of the analysis when structure specifi c product ions are monitored 
leading to higher confi dence in the identifi cation of the analytes (Boyd et al. 2008). 
Furthermore, the relative abundance ratios of the product ions can be used for 
additional confi rmation (European Union 2002a). Chemical background is also 
reduced in MS/MS providing an improved signal-to-noise ratio (S/N) compared to 
single MS (Boyd et al. 2008). For the identifi cation of the analytes, it is desirable to 
monitor structure specifi c ion transitions and avoid products resulting from water 
or adduct loss (Beltrán et al. 2009; Rasmussen et al. 2010). However, obtaining 
two specifi c ions may not be always achieved. In the case of the type-B TRs that 
ionize as acetate adducts [M+CH

3
COO]-, abundant deprotonated molecular ions 

and acetate ions are produced upon fragmentation (Sulyok et al. 2006). Despite 
being non-specifi c products, these have been used for quantifi cation with a third 
fragmentation added for confi rmation (Sulyok et al. 2006). 

Generally, the QqQ instruments have adequately high data acquisition rates for 
quantitative multi-residue analysis. These kinds of applications frequently involve 
co-eluting compounds requiring fast switching between precursor or product ion 
pairs but still providing enough data points across the chromatographic peak (Boyd 
et al. 2008). For example, isotope labeled structural analogues used as internal 
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standards elute simultaneously with the target analyte but need to be distinguished 
(Boyd et al. 2008; Zachariasova et al. 2010). Additionally, isomers 3-AcDON 
and 15-AcDON and AF M1 and AF G1 produce the same precursor ion in ESI 
and have been reported frequently to co-elute (Cavaliere et al. 2005; Sørensen 
and Elbæk  2005; Garrido Frenich et al. 2009; Monbaliu et al. 2009). Fast data 
acquisition has enabled monitoring analyte-specifi c fragment ions allowing the 
reliable identifi cation of these mycotoxin pairs. Nevertheless, older generation QqQ 
instruments may have limited applicability in large-scale multi-residue analysis due 
to moderate scan speed/dwell times, restricting the number of compounds that can 
be simultaneously determined (Boyd et al. 2008). Other disadvantages of QqQ and 
QIT analysers are their low mass resolving power and low mass accuracy. However 
generally, these are adequate to achieve the selectivity required from quantitative 
trace analysis (Boyd et al. 2008). The limitation of the targeted multi-mycotoxin 
LC-MS/MS methods performed with the aid of QqQ and QIT instruments is their 
inability to provide data on non-target compounds that may be present in samples. If 
this type of information is needed, it has to be gathered in separate full scan analyses 
(usually of low sensitivity). On the other hand, the unique scanning functions of 
QqQ (i.e. neutral loss and precursor scans) and the MSn possibility of QIT can 
be used for gathering additional structural information of analytes or non-target 
compounds (Boyd et al. 2008).

Time of fl ight and Orbitrap analysers have been utilized in a few multi-mycotoxin 
applications (Tanaka et al. 2006; Mol et al. 2008; Herebian et al. 2009; Vaclavik et 
al. 2010; Zachariasova et al. 2010). These are intrinsically single MS instruments 
that allow the detection of ionized precursor molecules in the full scan mode or 
the selected ion monitoring (SIM) mode (Orbitrap analysers) with the option being 
performing in-source CID to produce MSn data (Boyd et al. 2008). Both analyser 
types have features that provide increased detection selectivity and confi rmation of 
analyte identity, i.e. medium or high mass resolving power (≥ 104 measured as full 
peak width at half maximum, FWHM) as well as high mass accuracy (approximately 
2 to 5 ppm) and precision (Boyd et al. 2008; Malik et al. 2010). The primary use 
of the TOF instruments has been for accurate mass measurements and elemental 
composition analysis (Boyd et al. 2008). They have rapid spectral acquisition speed 
that enable the recording of virtually unlimited number of compounds and the 
coupling with fast chromatography like UHPLC (Boyd et al. 2008; Malik et al. 2010). 
These properties make TOF as a suitable tool for profi ling type of work in particular, 
when identifi cation and confi rmation of both targeted and non-targeted compounds 
in samples is needed (Malik et al. 2010). Earlier the limitation for the use of these 
instruments was the narrow dynamic linear range, but with the improvements in 
instrumentation, TOF has proved feasible also for quantitative work (Tanaka et al. 
2006; Boyd et al. 2008). Orbitrap was introduced relatively recently and therefore, 
all the aspects of its applicability have not been elucidated yet but reports on its use 
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in trace analysis of food contaminants are emerging (Malik et al. 2010; Vaclavik et 
al. 2010; Zachariasova et al. 2010). 

A method based on LC-ESI-TOF-MS has been described for profi ling fungal 
metabolites (Senyuva et al. 2008). The identifi cation was performed on the basis 
of a database of 465 secondary metabolites, and the utility of the approach was 
demonstrated in detecting fungal metabolites from agar cultures and spiked fi gs 
(a total of 20 mycotoxins were added). This type of approach holds potential in 
qualitative monitoring of a wide range of target and non-target fungal contaminants 
in food products. The utility of TOF in conjunction with HPLC-APCI and UHPLC-
ESI has been demonstrated for quantitative determination of 13 and 11 mycotoxins, 
respectively (Tanaka et al. 2006; Zachariasova et al. 2010). Reliable and selective 
identifi cation of the analytes was achieved with both techniques. It was also 
reported that when HPLC-APCI-TOF-MS was used for determining mycotoxins 
from cereal extracts purifi ed with SPE, the infl uence of matrix interferences on the 
signal intensity and the mass accuracy was insignifi cant, allowing the use of solvent 
calibrants and the detection of considerably low concentrations of the analytes (e.g. 
from 0.1 to 3.8 μg/kg in wheat) (Tanaka et al. 2006). Similarly, mycotoxins could 
be reliably quantifi ed from a purifi ed cereal extract (using QuEChERS) with the 
UHPLC-ESI-TOF-MS (Zachariasova et al. 2010). On the other hand, the detection 
capacity of the instrument was not considered suffi cient when unpurifi ed extracts 
were injected, which was due to the high chemical noise and signal suppression 
encountered. The use of in-source CID to produce MSn transitions was not found as a 
feasible way to improve the selectivity and sensitivity of the detection since adequate 
responses for the product ions were obtained only at relatively high concentrations, 
e.g. for DON at 500 μg/kg (Zachariasova et al. 2010). 

The potential of coupling an Obritrap analyser to UHPLC-APCI was demonstrated 
by the same investigators (Zachariasova et al. 2010). This instrument could be used 
for the quantitative determination of the mycotoxins of interest from untreated cereal 
extracts using the single MS due the higher mass resolution and mass accuracy; the 
limits of detection (LODs) achieved were comparable to those obtained with the 
UHPLC-ESI-TOF-MS from the purifi ed samples. Orbitrap technology has been used 
in two other interesting applications for mycotoxin determination from crude cereal 
extracts. Herebian et al. (2009) coupled ESI-Orbitrap-MS to a capillary-LC achieving 
a rapid and sensitive determination of 30 mycotoxins. The method performance 
was comparable to some HPLC-ESI-QqQ based applications, although the LODs 
were generally higher. A disadvantage of the method was the instable electrospray 
in the negative ionization mode, which hindered the inclusion of MON and CIT 
(Herebian et al. 2009). A multi-mycotoxin application without chromatographic 
separation was presented by Vaclavik et al. (2010), who were able to determine 11 
mycotoxins quantitatively from cereal extracts with a DART-Orbitrap-MS. However, 
lower detection capability as compared to the published LC/MS based methods 
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was obtained, which was largely due to problems with the ionization and signal 
suppression in the DART interface. With technological advances, both micro-fl ow 
LC-MS and direct ionization techniques could hold potential in rapid multi-residue 
analysis in the future.

It is likely that the versatility of the most recent MS technology, such as the 
hybrid linear ion trap/Orbitrap and quadrupole-TOF (QqTOF) analysers will be 
implemented increasingly in the fi eld of mycotoxin research even if applications 
are few at present. The feasibility of full scan accurate mass data obtained with 
nano-fl ow LC-QqTOF-MS was demonstrated recently in identifying OTA and OTB 
from wheat (Aqai et al. 2011). More comprehensive applications taking advantage 
of the modern MS technology can be found in pesticide multi-residue analysis. 
The potential of LC-QqTOF-MS has been demonstrated in the analysis of target 
pesticides and their unknown metabolites and degradation products that could be 
identifi ed and fi nally confi rmed using the accurate product ion mass spectra without 
reference standards (Pico et al. 2007; 2008). The feasibility of the hybrid function of 
a quadrupole linear ion trap instrument was utilized when SRM data was acquired 
with the quadrupole function for the quantitative determination of pesticides while 
producing confi rmatory data with the MS3 or the so called enhanced product ion 
(EPI)  mode using the instrument as a linear ion trap during a single LC run (García-
Reyes et al. 2007). The approach was useful in particular for the confi rmation of 
those analytes that yielded only one product ion of suffi cient abundance in SRM 
mode. In the future, coupling of the most modern analysers to UHPLC separation 
will probably enhance further the applicability of the latest MS techniques for the 
rapid screening and identifi cation of both target and non-target analytes in the 
whole area of food safety (Malik et al. 2010). 

2.3.4.3 Matrix eff ects 

Matrix effects are a well-known phenomenon in mass spectrometry. These effects are 
caused by co-eluting sample matrix components that can induce either suppression 
or enhancement of the analyte signal (Boyd et al. 2008). Chemical background 
(or chemical noise) can also cause decrease of limits of quantifi cation, but it is 
distinguished from matrix effect, as it is caused by contaminants originating from 
e.g. solvents, laboratory utensils or instrument tubing (Boyd et al. 2008).

Matrix effects can take place in all MS ionization techniques, although the 
problem is more serious with API techniques with ESI being particularly prone (Boyd 
et al. 2008). In the majority of the published multi-mycotoxin methods that employ 
ESI, signifi cant matrix effects, mostly encountered as signal suppression, have been 
observed (Sulyok et al. 2006;2007b; Herebian et al. 2009; Romero-González et al. 
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2009; Desmarchelier et al. 2010). The effect of matrix components on an analyte 
response can be tested by monitoring the MS signal of an analyte standard that 
is infused via a T-piece connection inserted between the LC and the MS, while 
injecting the extracts of blank sample matrix on-column (Boyd et al. 2008). The 
comparison of the analyte signals of the standard solution and in the presence of 
matrix components reveals the presence of ionization suppression or enhancement. 
In this way, the effi ciency of sample clean-up procedures on reducing matrix effects 
could also be evaluated (Boyd et al. 2008). This type of systematic testing approach 
has not been introduced in any of the published multi-mycotoxin methods but 
several researchers have adopted the signal suppression or enhancement (SSE) 
percentage to illustrate the extent of the matrix effect. 

SSE is calculated as a relative difference of the slopes of calibration curves 
constructed from calibrants made in solvents and matrix-assisted standards at the 
corresponding concentrations (Sulyok et al. 2006). Matrix effects are particularly 
serious (i.e. SSE values deviate clearly from 100 %) when a food or feed extract 
is injected without purifi cation (Sulyok et al. 2006;2007b; Spanjer et al. 2008). 
For example, the SSEs determined from various cereals ranged from 25 up to 196 
% for the 39 mycotoxins  determined by Sulyok et al. (2006;2007b). The matrix 
effect is dependent on both the analyte and the matrix. For example, the signals of 
AFs were not remarkably affected in wheat but signifi cant suppression (SSE 17-68 
% for the different AFs) occurred in maize (Sulyok et al. 2006). Variation in the 
extent of the matrix effect can be encountered between individual samples of the 
same commodity e.g. maize harvested in different years or between different types 
of beers (Sulyok et al. 2007b; Romero-González et al. 2009). 

Matrix effects can be minimized by injecting samples containing less matrix 
impurities, which can be accomplished by more selective extraction or clean-up 
(Boyd et al. 2008). The effects can be reduced by diluting the extract, but at some 
point this may not compensate for the loss of detection limits (Sulyok et al. 2006; 
Herebian et al. 2009). Since matrix effects are practically unavoidable in MS, they 
need to be compensated to reduce the impact on the accuracy and precision of the 
results (Boyd et al. 2008). Internal standards (IS) may be used for compensating for 
both matrix effects and losses of analyte during sample preparation, and in that way 
improve the quality of the analytical results (Boyd et al. 2008; Rychlik and Asam 
2008). A suitable IS is a compound that is chemically related and resembles the 
analyte as closely as possible in chromatographic and mass spectrometric behaviour 
but is not naturally present in real samples (Boyd et al. 2008). In multi-mycotoxin 
analysis, the use of IS has been rather limited. Some structurally related compounds 
have been added as IS including zearalanone (ZAN, a derivative of ZEN), verrucarol 
(hydrolysis product of macrocyclic TRs), de-epoxy-DON (a metabolite of DON), AF 
M1 and diclofenac (an anti-infl ammatory drug) (Cavaliere et al. 2007; Ren et al. 
2007; Monbaliu et al. 2009;2010b; Capriotti et al. 2010). In some cases, the use of 
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a particular IS has been limited to the structurally close analytes, e.g. only ZEN was 
quantifi ed with using ZAN, whereas external matrix-matched calibration was used 
for the rest of the 17 mycotoxins (Ren et al. 2007). On the other hand, Monbaliu et 
al. (2009) quantifi ed all the 23 mycotoxins of interest with ZAN, obtaining mostly 
comparable results with IS and external matrix-matched calibration. 

The disadvantages of using structurally related IS (and not an analogue) are 
the systematic errors and imprecision of results that may occur due to different 
behaviour of the IS and the analyte during the analysis (Rychlik and Asam 2008). 
Therefore, the use of stable isotopes as IS is considered as the most optimal approach 
for compensating completely for analyte losses and matrix effects (Rychlik and Asam 
2008; Boyd et al. 2008). Several deuterated and 13C-labelled IS have been produced 
for mycotoxins (including AFs, TRs, ZEN, FBs, OTA, PAT, alternariol and alternariol 
methyl ether), and applied in analyte and group specifi c analysis (Cervino et al. 2008; 
Rychlik and Asam 2008; Asam et al. 2009). A selection of 13C-labelled compounds 
is commercially available, e.g. a total of 21 are marketed currently by Biopure (Tulln, 
Austria). A few groups have investigated the applicability of stable isotopes for use 
as IS in multi-mycotoxin methods reporting  improved method performance such 
as accuracy, repeatability and linearity of calibration (Herebian et al. 2009; Jin et al. 
2010; Vaclavik et al. 2010; Zachariasova et al. 2010). Additionally, due to signifi cant 
signal fl uctuation and profound matrix related signal suppression, the use of IS was 
found to be necessary for quantitative work with DART-MS (Vaclavik et al. 2010). 
The most comprehensive sets of isotope labelled or other types of IS comprised of 
seven or nine standards that were used for determining a total of 32 or 11 toxins, 
respectively (Herebian et al. 2009; Zachariasova et al. 2010). It was demonstrated 
that both the accuracy (i.e. recovery) and repeatability (as relative standard deviation, 
RSD) of the method was enhanced when using properly selected 13C-labelled IS 
with the recoveries obtained being from 96 to 108 % and RSD

r 
 between 2.6 and 

7.0 % instead of the corresponding ranges of 31 to 120 % (recovery) and 1.3 to 30 % 
(RSD

r
) obtained with external matrix-assisted calibration (Zachariasova et al. 2010). 

The main reasons limiting the use of the stable isotopes in the multi-residue 
methods are probably the still rather restricted availability and the high price of the 
commercial products. In addition, other types of IS can be challenging to fi nd when 
a larger number of compounds need to be analysed. Therefore, the compensation for 
matrix effects can be achieved practically by preparing matrix-assisted (or matrix-
matched) calibrants as has been the current practice in multi-residue methods of 
mycotoxins (e.g. Sulyok et al. 2006; Spanjer et al. 2008; Martos et al. 2010). This is 
performed by adding a standard solution in a blank sample extract before injection 
to the LC-MS instrument to create a calibration curve. The blank matrix used for 
this purpose should resemble the actual sample material as closely as possible due 
to the variations in matrices (Sulyok et al. 2007b). 
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2.3.5 QUALITY ASSURANCE OF MULTI-MYCOTOXIN METHODS

Every laboratory conducting chemical analysis should undertake quality assurance 
(QA) measures to ensure that it is competent to perform the analytical measurements 
and to provide analytical data of the required quality (Taverniers et al. 2004). These 
measures include using validated methods, performing internal control procedures, 
participating in profi ciency testing schemes and becoming accredited, as defi ned 
in the guidelines of International Union of Pure and Applied Chemistry (IUPAC) 
(Thompson et al. 2002). International Organization for Standardization (ISO), 
IUPAC and the Association of Offi cial Analytical Chemists (AOAC) International 
have produced protocols and guidelines about the different aspects of quality 
assurance to aid single laboratories carry out this task (Thompson et al. 2002). 
However, it is each laboratory’s decision on how to adopt these and to form its 
own QA policy. Nonetheless, the QA needs to be an on-going process with regular 
follow-up (Taverniers et al. 2004). 

Validation is a process where method performance characteristics are 
systematically evaluated and proven to meet certain requirements, thereby 
demonstrating that the developed method is fi t-for-purpose, i.e. applicable to a 
specifi ed type of test material and to a defi ned concentration range of the analyte(s) 
(Thompson et al. 2002, Taverniers et al. 2004). Variations exist in the validation 
procedures between the published multi-mycotoxin methods, since there are no 
guides specifi cally dedicated for the validation of mycotoxin methods to the extent 
that they would have been established for the residues in animal products by the EU 
(European Union 2002a). Some groups have reported carrying out the validation 
tasks according to guides published by the European Committee for Standardization 
(CEN) or ISO (International Organization for Standardization 1994; The European 
Committee for Standardization 2010) or the European Commission decision 
2002/657/EC  (Sørensen and Elbæk 2005; Capriotti et al. 2010; Desmarchelier et 
al. 2010; Monbaliu et al. 2010a; Rasmussen et al. 2010). However, all of the methods 
have been in-house validated (in comparison to the methods with offi cial or standard 
status that have undergone an inter-laboratory validation). At the minimum, limits 
of detection and quantifi cation (LOD and LOQ), linearity of calibration, recovery 
(an estimate for trueness), precision (within and between days repeatability) and 
selectivity or specifi city (often equivalent to matrix effect) have been reported for 
most of the mycotoxin multi-residue methods. 

The validation results presented for multi-mycotoxin methods highlight 
the variation of performance of the methods in terms of recovery, repeatability 
and the LOQs (Table 4). Differences in methodology, validation protocols and 
calculation of results can be a cause of variation. The variation demonstrates 
clearly that the conditions have not been optimal for all the analytes, resulting in 
less satisfactory method performance. For example, recoveries of the range from 
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31 to 125 % and within-day repeatability from 1.6 up to 26 % had to be satisfi ed 
with for the 22 mycotoxins analysed from untreated cereal extracts (Martos et al. 
2010). Furthermore, the detection capability of a multi-residue method may vary 
signifi cantly between the analytes; e.g. LOQs of 0.5 to 800 μg/kg were reported 
for 32 mycotoxins by Herebian et al. (2009). Probably the most inclusive method 
validation regarding the multi-mycotoxin methods has been carried out for a feed 
matrix by Monbaliu et al (2010a), who performed the tasks according to guidelines 
laid down in the Commission Decision 2002/657/EC (European Union 2002a). 
Measurement uncertainty was also determined (i.e. 8.0 to 40.2 % for the 23 toxins) 
as has been recommended in validation guides (Eurachem 1998; Thompson et al. 
2002). This parameter is required to be given together with the analytical result 
for the offi cial control of mycotoxins (European Union 2006d). Finally, the method 
of Monbaliu et al (2010a) was accredited according to ISO 17025 (International 
Organization for Standardization 2005), which has not been reported for the other 
published multi-mycotoxin methods. 

QA procedures should include the use of (certifi ed) reference materials (CRM 
or RM), if possible to evaluate the method bias (Thompson et al. 2002). CRMs 
are available for certain mycotoxin-matrix combinations from the European 
Commission’s Joint Research Centre/Institute for Reference Materials and 
Measurements (JRC/IRMM). RMs can be purchased from e.g. Food Analysis 
Performance Schemes (FAPAS) or Biopure (Tulln, Austria). These have been used 
to variable extent to evaluate the trueness of multi-mycotoxin methods as a part of 
validation process (e.g. Sulyok et al. 2006; Capriotti et al. 2010; Martos et al. 2010; 
Zachariasova et al. 2010). For example, Sulyok et al. (2006) demonstrated that the 
trueness of their multi-residue method was satisfactory, most of the concentrations 
measured for different cereal based (C)RMs containing DON and ZEN being within 
the assigned ranges. In addition, participation in FAPAS profi ciency tests of different 
mycotoxin-matrix combinations has been reported achieving good performance 
with a multi-mycotoxin method as evaluated by the z-scores being <        I 2   I (Martos 
et al. 2010; Desmarchelier et al. 2010).  

The fi tness-for-purpose of the multi-mycotoxin methods has been evaluated 
according to various criteria, such as those described in 2002/657/EC (Capriotti et al. 
2010; Monbaliu et al., 2010a). The recovery and precision of the methods have been 
assessed also on the basis of the requirements laid down in the CEN protocols or in 
the European Commission Regulation 401/2006 given for the methods intended 
for offi cial control of mycotoxins (European Union 2006d). Furthermore, LOD and 
LOQ may be assessed on the basis whether they can measure the concentrations 
at MRLs set by EC or nationally (Spanjer et al. 2008; Monbaliu et al. 2009;2010a; 
Martos et al. 2010; Zachariasova et al. 2010). Typically, the validation parameters 
determined for multi-mycotoxin methods do not fulfi ll all the criteria established in 
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these documents (Rasmussen et al. 2010; Zachariasova et al. 2010). However, this 
is not an utmost prerequisite if the multi-residue method is not intended for offi cial 
control purpose (Rasmussen et al. 2010). Sometimes it may be more relevant to 
evaluate the adequacy of LOD and LOQ on the basis of levels usually found in real 
samples (Cavaliere et al. 2007 ; Rasmussen et al. 2010). In addition, the method 
performance can be compared to an established procedure. For example, Spanjer 
et al. (2008) obtained comparable results when measuring the levels of AF B1 in 
peanuts with a multi-mycotoxin method and a standardized CEN method.

 

Table 4. A summary of the validation results of some multi-mycotoxin methods developed for cereal and 
feed analysis. (Description of the methods and analytes are presented in Table 2.)  

No of 
toxins

Sample 
matrix

Recovery 
(%)

RSDr (%) LOQ (g/kg)
in matrix

Reference

13 Maize
Wheat

81-133
71-132

2.3-4.7
2.1-5.2

0.1-4.9
0.1-3.8

Tanaka et al. (2006)

39 Wheat
Maize
Barley

43-104
57-110
59-117

0.4-44.8
0.3-40.4
1.5-13.1

0.08-170
0.03-220
not reported

Sulyok et al. (2006);
Sulyok et al. (2007a)

17 Maize 83-99 5-11 3-125 Cavaliere et al. (2007)

11 Maize 79-104 0.2-13 0.3-4.2 Lattanzio et al. (2007) 

13
24

Wheat
Maize

35-115
13-109

9-57.5
6.5-105

0.5-50
0.5-200 

Spanjer et al. (2008)

12 Maize 71.1-92.1 1.9-17.4 0.03-5.1 Garrido-Frenich et al. (2009) 

11 Maize 58-120 3-23 0.3-150 Beltrán et al. (2009)

32 Wheat
Maize

87-131
68-152

1.4-12.4
1.5-18

0.5-800
0.5-800

Herebian et al. (2009) 

23 Feed 97-104.8 1.8-11.8 0.7-60.6a Monbaliu et al. (2010a)

27 Maize silage 37-205 5-27 1.0-739b Rasmussen et al. (2010)

11 Wheat
Barley
Maize

31-114
41-45
43-120

1.3-24.5
2.4-30
1.3-23.1

10-100c Zachariasova et al. (2010)

9 Wheat
Barley
Maize

94-103d

95-108d

96-108d

3.3-6.9d 

3.9-7.0d

2.6-5.9d

10-100c Zachariasova et al. (2010)

22 Wheat
Barley
Oats

31-121
47-127
31-125

1.8-20
1.6-26.1
2.3-20

1-36
1-40
1-37

Martos et al. (2010)

RSDr = relative standard deviation representing the within-day repeatability, LOQ=limit of 
quantifi cation
a = decision limit
b = limit of detection
c = matrix not specifi ed
d = quantifi cation with internal standard calibration
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3. AIMS OF THE STUDY 

In this study, the potential of LC-MS/MS technique was explored in the fi eld of 
mycotoxin research. The aim was to develop improved chemical methods capable 
of rapid determination of several, chemically diverse mycotoxins simultaneously. 
The objective was to apply the novel methods in food safety applications in order 
to gather information on mycotoxin co-occurrence in different commodities as well 
as on toxigenic potential of fungal species. 

These tasks were accomplished by 

Developing and validating multi-residue HPLC-MS/MS methods for determining 
mycotoxins in cheese, cereal based agar matrices and grains (I, II, IV)

Developing and validating a UHPLC-MS/MS method for determining ergot 
alkaloids in grains (V)

Utilizing the methods to analyse mycotoxin levels in mould cheeses and cereal 
grains (I, V)

Applying the methods to investigate mycotoxin production of F. sporotrichioides 
and F. langsethiae strains on agar substrates and grains (III, IV)
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4. MATERIALS AND METHODS 

4.1 REAGENTS AND STANDARDS 

The solvents and reagents used were of HPLC or analytical grade and purchased 
from either J.T Baker (Deventer, The Netherlands) or Merck (Darmstadt, Germany). 
Deionized water was purifi ed with a Millipore Milli-Q Plus system (Millipore, Espoo, 
Finland). Diatomaceous earth (DE) drying material for ASE® extraction was from 
Dionex (Espoo, Finland). 

Mycotoxin standards were purchased from Sigma Aldrich (St. Louis, MO, USA) 
or Biopure (Tulln, Austria). The standard for afl atoxin M1 was a BCR Reference 
Material 423 (IRMM, European Commission, Brussels, Belgium), and antibiotic Y 
was donated by Dr. Kristian Fog Nielsen (Technical University of Denmark, Lyngby, 
Denmark). The stock solutions and further dilutions of the standards were prepared 
as described in I, II, IV, V.

4.2 CALCULATION OF CHROMATOGRAPHIC PARAMETERS

For each chromatographic separation, retention factors (k’), resolution (Rs), peak 
asymmetry factors (As) at 10 % peak height and peak widths at half height (w

½
) were 

calculated. The k’, As and w
½

 were determined using Empower software (Waters, 
Milford, MA, USA), and Rs and the column dead time (t

0
, used for calculating 

the k’) were calculated manually as described in Snyder et al. (1997) using the 
equations given below where: V

m
=column void volume, F=fl ow rate, L=column 

length, d
c
=inner diameter of the column, t

r
=retention time of an analyte, t1 and 

t2=retention times of two adjacent peaks (t1 for the fi rst and t2 for the second peak), 
w

½
1 and w

½
2=peak widths at half height for two adjacent peaks.

t
0
= V

m
/F 

V
m

 = 0.5 Ld
c
2
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4.3 MULTI-MYCOTOXIN HPLC-MS/MS DETERMINATION FROM 
CHEESE (I)

A method based on HPLC-MS/MS was developed for determining nine mycotoxins, 
i.e. afl atoxins (B1, B2, G1, G2 and M1), penicillic acid (PA), MPA, ochratoxin A and 
roquefortine C from cheese. The sample preparation procedure was modifi ed from 
the method reported by Rundberget and Wilkins (2002). In brief, ten grams of 
cheese were weighed and 60 ml of ACN (containing 0.1 % formic acid) and 50 ml 
of hexane were added. The sample was homogenized and centrifuged at +10 °C. 
The ACN layer was fi ltered and a 10 ml portion of it was evaporated to dryness. 
The residue was dissolved in 0.2 ml of MeOH and fi ltered into an autosampler vial. 
Matrix-assisted calibration curves were used for quantifi cation of the analytes. The 
calibrants were prepared in blank cheese matrix by adding standard solutions before 
the sample preparation procedure at concentrations of 5 to 1000 μg/kg, except for 
AF M1 for which the range was from 0.5 to 100 μg/kg. The blank material used 
was a model cheese tested not containing the mycotoxins being investigated. If a 
mycotoxin concentration of a sample exceeded that of the highest calibrant, the 
sample extract was diluted with the blank matrix extract to give a total volume of 
10 ml.

The selected mycotoxins were separated and detected with HPLC/MS/MS 
consisting of Alliance 2960 Separations Module (Waters, Milford, MA, USA) which 
was coupled to MicroMass Quattro Micro triple quadrupole mass spectrometer 
(Micromass Ltd, Manchester, UK) equipped with an electrospray ionization probe. 
The analytes were separated on a Symmetry C18 column (100 x 2.1 mm, 3.5 μm 
particles) and a guard column (20 x 2.1 mm) of the same stationary phase (Waters, 
Milford, MA, USA). A total of 10 μl of the sample was injected on to the column. 
A gradient elution with a fl ow rate of 0.2 ml/min was applied. The initial mobile 
phase conditions were water:ACN both containing 0.1 % acetic acid (75:25, pH 
3.5). These conditions were held for 16 minutes and then changed to water:ACN 
(10:90) during the next 24 minutes. The initial conditions were restored and the 
column conditioned with 25 % acetonitrile for nine minutes before the next injection. 
The MS/MS was performed with the MRM mode using positive polarity of ESI. 
Protonated molecular ions [M+H]+ of the analytes were monitored and fragmented 
to their product ions in CID. These were used for identifi cation and quantifi cation. 
The optimization and the detailed MS parameters are described in I. 

The method performance was evaluated by determining limit of detection 
(LOD), limit of quantifi cation (LOQ), recovery and within-day repeatability (as 
RSD

r
). Recoveries and repeatability were determined using spiked samples at levels 

of 50 and 200 μg/kg (n=5) except for afl atoxin M1 (at 5 and 20 μg/kg, n=5). LOD 
was calculated on the basis of signal-to-noise ratio of 3:1 by using matrix-assisted 
calibrants of the lowest concentration. LOQ was determined as two times LOD. 
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The linearity of the calibration was tested and proved within the concentration 
range used with the lack of fi tness test (data not shown) as described in van Trijp 
and Roos (1991). 

The method developed was applied for determining mycotoxins in ten blue and 
ten white mould cheese samples and one blue-white mould cheese purchased from 
Finnish supermarkets.

4.4 MULTI-MYCOTOXIN HPLC-MS/MS DETERMINATION FROM 
CEREAL AND RICE FLOUR AGARS (IV) AND GRAINS (II-III)

An HPLC-MS/MS method was developed for determining a total of 31 mycotoxins 
including TRs, FBs, MON, ENNs, antibiotic Y (ANT Y), AFs, GLIO, OTA, MPA, PA 
and ERGs. The method was applied for determining mycotoxins produced by two 
Fusarium species, F. sporotrichioides and F. langsethiae, grown on cereal and rice 
fl our agars and whole grains.

4.4.1 HPLC-MS/MS PROCEDURE

The mycotoxins included in the method were analysed with an HPLC-MS/MS 
system consisting of Alliance 2960 Separations Module (Waters, Milford, MA, USA) 
and a MicroMass Quattro Micro triple quadrupole mass spectrometer (Micromass 
Ltd, Manchester, UK) equipped with an ESI probe. The separation of the selected 
analytes was performed by analysing the same sample in two chromatographic 
runs, both using a gradient elution. In both runs, 10 μl of the sample was injected 
onto an Inertsil ODS-EP column (150 mm x 2.1 mm, 5 μm) equipped with a guard 
column (5 mm x 2.1 mm, 5 μm) of the same stationary phase (GL Sciences, Torrance, 
CA, USA). The mobile phases used were: A) water containing 0.2 % formic acid, 
B) ACN containing 0.2 % formic acid, C) 1.0 mM ammonium acetate and D) 100 
% ACN. In the fi rst chromatographic run, a constant fl ow rate of 0.2 ml/min was 
used. The starting conditions were 65:35 (A:B, pH 2.8) and these were held during 
the fi rst 3 min, after which a linear gradient was applied, reaching 10:90 (A:B) at 
22 min. Then the initial conditions were restored and held until 35 min. In the 
second run, fl ow rates of 0.1 ml/min (0-2 min) and 0.2 ml/min (2-35 min) were 
applied. Isocratic conditions with 70:30 (C:D, pH 6.7) were held during the fi rst 
10 min, after which a linear gradient was applied reaching 10:90 (C:D) at 15 min. 
These conditions were held until 22 min before restoring the initial conditions and 
conditioning the column during the next 13 min. 
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The MS/MS was performed in the MRM mode using both positive and negative 
polarities of ESI. Depending on the analyte, either protonated or deprotonated 
molecular ions [M+H]+ or [M-H]- or ammonium [M+NH

4
]+ or acetate [M+CH

3
COO]- 

adducts were monitored and fragmented to their product ions in CID, and used for 
identifi cation and quantifi cation. The optimization and the fi nal MS parameters are 
described in more detail in II.

4.4.2 AGARS: SAMPLE PREPARATION AND METHOD VALIDATION (IV)

The sample preparation procedure for the cereal and rice fl our agar matrices was 
modifi ed from that presented by Smedsgaard et al. (1997). Plugs of agar with a total 
mass of 3.5 g were transferred into a test tube. Mycotoxins were extracted in two 
steps: fi rst, 5 ml of MeOH:DCM:EtOAc (1:2:3 + 4 % HCOOH, pH 3.0) was added 
to the test tube, shaken for 1 min and sonicated for 30 min. After centrifugation at 
+ 10 °C, the supernatant was transferred into a new test tube and the extraction 
procedure was repeated for the remaining sample with 3 mL of MeOH:DCM:EtOAc 
(1:2:3 + 1 % HCOOH, pH 3.9). The two supernatants were combined and evaporated 
to dryness, after which the sample was dissolved in 0.4 ml of 50 % ACN and fi ltered 
into an autosampler vial. Standards for the external calibration curves were prepared 
in 50 % ACN corresponding to concentrations from 1.1 to 570 μg/kg in agar matrix. 
The linearity of the calibration was evaluated and approved (data not shown) with 
the lack of fi tness test (van Trijp and Roos 1991). 

The method validation included the determination of LOD and LOQ, recovery 
and repeatability as (RSD

r
). LOD and LOQ were calculated from the standards 

prepared in 50 % ACN. LOD was determined as the signal-to-noise ratio of 5:1 
and LOQ as two times LOD (n=3-6). To evaluate recovery and repeatability, spiked 
samples at a concentration level of 200 μg/kg (n=6) were prepared in both agar 
matrices. 

4.4.3 GRAINS: SAMPLE PREPARATION AND METHOD VALIDATION (II)

A 10 g portion of ground grain was weighed and mixed with three grams of DE 
drying matrix and extracted with an accelerated solvent extraction instrument ASE 
200® (Dionex, Espoo, Finland). The extraction was carried out in two sequential 
steps performed with the static mode of ASE with 90 % ACN at a temperature 
of +100 °C and a pressure of 1500 psi. The extracts were kept overnight at +4 
°C, fi ltered and fi lled to a volume of 50 ml. An aliquot of 5 ml was evaporated to 
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dryness, dissolved in 0.2 ml of 50 % ACN and fi ltered into an autosampler vial. 
Matrix-assisted calibration curves were used for quantifi cation of the analytes. The 
calibrants were prepared in blank grain extracts by adding standard solutions before 
the evaporation step at concentrations from 10 to 1500 μg/kg, with the exception of 
ENNs that were added at following ranges: 1-45 μg/kg (ENN A), 2-300 μg/kg (ENN 
A1), 2-285 μg/kg (ENN B) and 5.4-810 μg/kg (ENN B1). If an analyte concentration 
of a sample exceeded that of the highest calibrant, the sample extract was diluted 
with blank cereal extract to give a total volume of 5 ml.  

The method was validated for wheat, barley and oats and the validation included 
the determination of LOD, LOQ, selectivity, recovery, repeatability (RSD

r
) and 

within-laboratory reproducibility (RSD
R
) and accuracy of the method. The matrix-

assisted standards (n=3-6) were used for the determination of LOD and LOQ. 
When suitable blank material was not available (for ENN B in wheat and barley 
and BEA in wheat) standards dissolved in 50 % ACN were used. Signal to noise 
ratios of 3:1 were used as LOD and S/N of 15 as LOQ. The linearity of calibration 
was evaluated and approved (data not shown) with the lack of fi tness test (van 
Trijp and Roos 1991). The selectivity of the method was determined by calculating 
the percentual difference of the slopes of calibration curves obtained with and 
without (i.e. standards in solvent) sample matrix (n=3). The signal suppression or 
enhancement (SSE) approach (Sulyok et al., 2006) was used. An SSE value of 100 
% indicated no matrix effect; values below this signifi ed a signal suppressive effect.

To determine the recovery and RSD
r
, six replicates of spiked samples at 

concentration levels of 50, 200 and 500 μg/kg were prepared (the concentrations 
for ENNs are presented in II). The within-laboratory reproducibility (RSD

R
) was 

evaluated by analysing a grain sample containing naturally DON, 3-AcDON, HT-
2, T-2 and ENN B and prepared and analysed by different analysts over several 
months (n=13). The accuracy of the method was determined for DON (n=3), 
ZEN (n=3) and T-2 (n=2) by analysing reference materials (T2214, T2225 and 
T2234) purchased from FAPAS (Central Science Laboratory, Sand Hutton, UK). 
Measurement uncertainty was evaluated for the Fusarium toxins on the basis 
of spiked samples (at 500 μg/kg) analysed over several months (n=10-15). The 
expanded measurement uncertainty (U) was calculated by multiplying the combined 
measurement uncertainty u

c
 with a coverage factor of 2. The u

c
 was obtained from 

the square root of the sums of squares of  u
1
 of method bias (the average recovery 

percentage) and u
2
 of method precision (the average RSD

r
): u

c
 = (u

1
2 + u

2
2)1/2 .
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4.4.4 TOXIN PRODUCTION OF F. SPOROTRICHIOIDES AND F. LANGSETHIAE (III-IV)

The methods developed were applied for investigating the mycotoxin production 
of F. sporotrichioides and F. langsethiae on cereal and rice fl our agars and a whole 
grain mixture. In brief, three strains of each Fusarium species isolated from Finnish 
grains were inoculated as triplicates on two types of agar substrates (containing 4 % 
of cereal or rice fl our, preparation of the media is described in IV) and a mixture of 
wheat, oats and barley grains (1:1:1, w/w). The agar cultures (a

w
 0.99) were incubated 

for seven days at + 25 °C, and the grain cultures in a water activity/temperature 
combination of 0.994/25°C for four weeks. After the incubation period, the grain 
cultures were air dried and milled. The mycotoxins produced on the agar plates 
and grains were extracted, and the samples prepared and analysed with HPLC-MS/
MS as described above. 

 

4.5 ERGOT ALKALOID DETERMINATION WITH UHPLC-MS/MS 
FROM GRAINS (V)

A method based on UHPLC-MS/MS technique was developed for determining six 
ergot alkaloids: ergometrine (EMETR), ergosine (ESINE), ergocornine (ECORN), 
ergocristine (ECRIS), ergocryptine (ECRYPT) and ergotamine (EAMINE) and 
four of their respective (S)-epimers: ergocorninine (ECORN-INE), ergocristinine 
(ECRIS-INE), ergocryptinine (ECRYPT-INE) and ergotaminine (EAMININE) from 
grains. 

The samples were prepared according to the instructions of Mycosep® 150 Ergot 
SPE clean-up columns (Römer Labs, Tulln, Austria) with minor deviations from the 
procedure. In brief, 20 g of ground grains were weighed and 100 ml of a mixture 
of ACN and 3.0 mM ammonium carbonate buffer (84:16, pH 8.5) was added. The 
samples were shaken for one hour and fi ltered. An aliquot of 4 ml was transferred 
to a glass tube and purifi ed by passing it through the Mycosep column. A portion 
of 1 ml of the purifi ed extract was transferred to a clean test tube and evaporated to 
dryness. The residue was dissolved in 0.5 ml of ACN:ammonium carbonate (50:50) 
and fi ltered into an autosampler vial. Matrix-assisted calibration curves were used 
for the quantifi cation of the analytes. The calibrants were prepared in blank grain 
extract at concentrations from 1 to 500 μg/kg (10-500 μg/kg for ergometrine). 
If an analyte concentration in a sample exceeded that of the highest calibrant, the 
sample extract was diluted with blank cereal extract to give a total volume of 4 ml. 

The selected ergot alkaloids were determined with a UHPLC-MS/MS system 
consisting of Acquity UPLC (Waters, Milford, MA, USA) connected to a MicroMass 
Xevo triple quadrupole mass spectrometer (Micromass Ltd, Manchester, UK) 
equipped with an ESI probe. Separation of the compounds was achieved by injecting 
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10 μL of the sample onto an Acquity BEH C18 column (2.1 x 100 mm, 1.7 μm 
particles) (Waters, Milford, MA, USA). A gradient elution with a fl ow rate of 0.4 
ml/min was used. The initial mobile phase conditions were ACN and 3.0 mM 
ammonium carbonate buffer (50:50). The concentration of ACN was increased to 
60 % during the fi rst four minutes after which the initial conditions (50:50) were 
restored during the next 0.5 minutes and maintained for an additional 1.5 minutes. 
The MS/MS was performed in the MRM mode using the positive mode of ESI. 
Protonated molecular ions [M+H]+ of the analytes were monitored and fragmented 
to their product ions which were used for identifi cation and quantifi cation. The 
optimization and the MS parameters are described in more detail in V. 

The method was validated by determining the LOD and LOQ, the linearity 
of calibration, recovery, repeatability (RSD

r
) and selectivity. The values of LOD 

and LOQ (n=3) were determined as the analyte concentration corresponding to 
a mean + 3 times standard deviation (SD) of the response measured for a blank 
sample (LOD) and a mean + 10 times SD of the response of a blank sample (LOQ) 
according to validation guide published by Eurachem (1998). The linearity of the 
calibration was calculated from the matrix-assisted calibration curves by using the 
least square method (van Trijp and Roos, 1991). The selectivity of the method was 
determined by using the SSE approach (Sulyok et al. 2006). The recovery and within-
day repeatability were evaluated for rye, barley and wheat using spiked samples 
(n=6) at three concentration levels (10, 50, 200 μg/kg). 

The method was applied for determining the concentrations of the selected 10 
ergot alkaloids in Finnish cereals. A total of 42 samples (25 rye, 12 barley and 5 
wheat) were analysed. Most of the barley samples were intended for animal feed 
and the majority of the wheat and rye samples for human consumption. 
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5. RESULTS

5.1 MULTI-MYCOTOXIN DETERMINATION FROM CHEESE 

A quantitative method for determining nine mycotoxins from cheese was 
successfully developed. The analytes included toxins produced by fungi of the genus 
Aspergillus and Penicillium, i.e. fi ve afl atoxins (B1, B2, G1, G2 and M1), penicillic 
acid, mycophenolic acid, ochratoxin A and roquefortine C could be analysed with 
the method (Table 5, Appendix 1). 

5.1.1 METHOD PERFORMANCE

The extraction of the analytes was achieved with acidic ACN. Sample clean-up was 
kept to a minimum, and lipids could be removed with hexane partitioning with 
proteins being precipitated by centrifuging the extract in the cold. The separation of 
the analytes was accomplished in an HPLC with an RP C18 column and by applying 
a linear gradient starting from 25 % of acidic ACN. The total run-time was 40 min, 
with the fi rst of the analytes (PA) eluting at 3.3 min and the last (OTA) at 31.9 min 
(Figure 2). The calculated retention factors (k’) of these analytes were 2.0 and 27.9. 
Complete baseline resolution was not achieved for the analyte pairs of PA and ROQ 
C, ROQ C and AF M1, and AF B2 and AF G1. The corresponding resolution factors 
(Rs) calculated for these pairs were 0.3, 0.6 and 1.3, respectively. Peak asymmetry 
factors (As) varied from 0.9 to 1.3 with the exception of the peaks of ROQ C and 
OTA (As of 1.6 for both). The peaks of the AFs were broad, the peak widths at half 
height (w

1/2
) being between 0.6 to 0.7 min in comparison with the calculated w

1/2 

of 0.3 to 0.4 min for the rest of the compounds. 
The MS detection of all the selected mycotoxins was accomplished in the positive 

mode of ESI as protonated molecular ions [M+H]+ (Table 5, Appendix 1). The 
analytes were successfully fragmented in CID with the optimized MS parameter 
settings, and for all of them two ion transitions could be monitored for quantifi cation 
and confi rmation purposes in the MRM mode (Table 5, Appendix 1). A minimum 
of 12 data points across each peak could be collected by dividing the analytes into 
two MRM data acquisition windows.
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Figure 2. A chromatogram of a blank cheese spiked at 50 μg/kg (AF M1 at 5 μg/kg)
analysed with HPLC-MS/MS. 

The performance of the method was evaluated on the basis of the validation 
results (summarised in Table 6, Appendix II). The LODs varied from 0.3 μg/kg 
for AF M1 to 2.0 μg/kg for PA. LOQ for AF M1 was 0.6 μg/kg, whereas 5.0 μg/
kg was used for the other analytes corresponding to the lowest concentration on 
the calibration curve. The recoveries of the method varied between 96 and 143 %, 
with the highest values being obtained for AFs and MPA (from 129 to 143 %). The 
within-day repeatability as RSD

r 
varied from 2.3 up to 12.1 %. 
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5.1.2 MYCOTOXINS DETECTED IN MOULD CHEESES

All eleven blue or blue-white mould cheeses analysed for mycotoxins contained 
ROQ C (from 800 to 12 000 μg/kg) and one of them contained MPA (300 μg/kg) 
(Table 7). A chromatogram of the blue cheese sample containing the two toxins is 
presented in Figure 3. None of the mycotoxins examined was detected in the white 
mould cheese samples. 

Table 7. Mycotoxins detected in the mould cheese samples (mean and the range of concentration of the 
positive samples 
 

Cheese type ROQ C (g/kg) MPA (g/kg)

Blue mould 3600 (800-12000) 300a

Blue-white mould 800a n.d

White mould n.d n.d

ROQ C=roquefortine C, MPA=mycophenolic acid, 
n.d=not detected, a=only one positive sample 

Figure 3. A chromatogram of a blue cheese sample containing roquefortine C (ROQ C) and mycophenolic 
acid (MPA).
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5.2 MULTI-MYCOTOXIN DETERMINATION FROM CEREAL AND 
RICE FLOUR AGARS AND GRAINS

Methods were successfully developed for the determination of a total of 29 or 31 
mycotoxins from cereal and rice fl our agars or grains, respectively. The analytes 
included Aspergillus, Fusarium, Penicillium and Claviceps metabolites, such as TRs, 
FBs, MON, ENNs, ANT Y, AFs, GLIO, OTA, MPA, PA and ERGs (Table 5, Appendix 
1). MON and NIV were excluded from the method developed for the agar matrices.

5.2.1 METHOD PERFORMANCE

The extraction of the analytes was accomplished with acidifi ed MeOH:DCM:EtOAc 
mixture in conjunction with ultrasonic agitation (agar matrices) or with 90 % ACN 
with the aid of the ASE® technique (grains). A minimum amount of sample pre-
treatment was carried out, and after the extraction, the precipitation of proteins 
was achieved by centrifuging the samples at cold temperature (agar samples) or 
keeping the extracts in a refridgerator overnight (grains). After these steps, only 
concentration and fi ltration steps were required. 

The separation of the analytes was achieved by analysing the same sample in two 
HPLC runs both using a RP C18 column and a gradient elution. In the fi rst run, the 
separation of 16 analytes was accomplished with a gradient starting from acidifi ed 
water:ACN (65:35) in a total run-time of 35 min (Figure 4a). The fi rst eluting analyte 
neosolaniol (NEO) had a retention time (t

R
) of 3.0 min corresponding to a k’ of 0.8. 

ENN A eluted last at t
R
 of 26 min (k’ of 14.7). Complete baseline resolution was 

not achieved for four analyte pairs: NEO and FB1 (Rs 1.8), AF B2 and AF G1 (Rs 
0.4), AF B1 and FB2 (Rs 0.7) and ENN A1 and BEA (Rs 0.2). The peak asymmetry 
factors varied from 0.7 to 1.3 and the half heights from 0.2 to 0.4 min with the 
exception of FB2 (w

1/2 
=0.6 min). In the second chromatographic run, separation 

of 15 analytes was accomplished in a run-time of 35 min with a gradient starting 
from ammonium acetate:ACN (70:30) (Figure 4b). MON eluted fi rst at t

R
 2.6 min 

(k’=0.6) and ECRIS last at 20.8-21.5 min as two peaks representing the two epimers 
(k’ was 12 for the last peak). Complete baseline separation was not obtained for 
fi ve analyte pairs: MON and NIV (Rs 1.7), NIV and DON (Rs 1.0), DON and PA 
(Rs 0), PA and fusarenon X (F-X) (Rs 0.9), and EMETR and diacetoxyscirpenol 
(DAS) (Rs 0.9). Peak asymmetry factors varied from 1.1. to 1.5 with the exception 
of the peaks of MON and EMETR (As 2.7 and 2.9, respectively). The calculated 
w

1/2 
varied between 0.2 and 0.4 min. Wider peaks were obtained for EMETR and 

HT-2 (w
1/2 

of 0.6 and 0.5 min, respectively). Ergot alkaloids eluted as two separate 
peaks with the exception of EMETR.
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Figure 4a. A chromatogram (mobile phase ACN:water:acetic acid) of a blank wheat sample spiked at 500 
g/kg analysed with the HPLC-MS/MS method developed for grains. 
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Figure 4b. A chromatogram (mobile phase ACN:water:ammonium acetate) of a blank wheat sample spiked 
at 500 g/kg analysed with the HPLC-MS/MS method developed for grains. 

The MS detection of the analytes was achieved using either positive or negative 
mode of ESI. The majority of the analytes could be detected as protonated molecular 
ions [M+H]+ (Table 5, Appendix 1). Deprotonated molecular ions [M-H]– were 
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chosen as precursors for MON, ZEN and PA. The type-A and type-B trichothecenes 
were detected as ammonium adducts [M+NH

4
]+ or acetate adducts [M+CH

3
COO]–, 

respectively, with the exception of  F-X which was monitored as [M-H]–. The chosen 
precursors were successfully fragmented in CID with the optimized MS parameter 
settings, and two product ion transitions could be chosen (Table 5, Appendix 1). The 
only exception was MON, for which only one mass transition could be detected. 
The monitoring of the analytes in fi ve MRM data acquisition windows allowed 
for ESI polarity switching and collection of enough data points across each peak.

5.2.1.1 Validation results for agar matrices

The LOQs determined for the method of agar matrices varied from 0.1 to 86 μg/
kg. The recoveries determined at 200 μg/kg overall ranged between 19 and 163 
% from cereal fl our agar and from 8 up to 134 % from rice fl our agar. The lowest 
recoveries were determined for FB1 and FB2 on rice fl our agar (8-22 %) and for 
EMETR on cereal fl our agar (19 %), whereas the highest values were obtained for 
3-AcDON, ENN A1, BEA and ECRYPT on cereal fl our agar (from 144 to 165 %). 
The within-day RSD

r
 ranged from 2.8 to 62 % for cereal agar and from 5.1 to 53 % 

for rice agar. Rather high RSD
r
 values (≥38 %) were obtained for DON, F-X and 

fumonisins. The validation results are summarised in Table 6, Appendix II.

5.2.1.2 Validation results for grains

With the HPLC-MS/MS multi-mycotoxin method developed for grains, the LOQs 
varied overall from 1 to 1250 μg/kg, with the highest values being calculated for 
NEO (370–800 μg/kg), MON (400–1250 μg/kg), NIV (400–620 μg/kg) and HT-2 
(280–500 μg/kg). The recoveries from wheat, barley and oats at the three spiking 
levels (50, 200, 500 μg/kg) mostly ranged from 51 to 122 %. Lower values were 
obtained for ECORN (48 % in barley at 50 μg/kg). With respect to the fumonisins, 
recoveries from 7 to 36 % were measured in wheat and oats (at levels of 200 and 
500 μg/kg). The within-day RSD

r
 varied from 2 to 26 %. The within-laboratory 

reproducibility was calculated for DON (16 %), 3-AcDON (14 %), HT-2 (19 %), 
T-2 (16 %) and ENN B (28 %). A summary of the validation results is presented 
in Table 6, Appendix II. The matrix effect in MS was mostly suppressive with the 
calculated SSE values ranging from 5.6 to 95 % (Table 8). Only signals of AF G1 
and AF G2 were enhanced in wheat (SSE 105 and 106 %). SSE values of ≤ 10 % 
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(indicating remarkable signal suppression) were measured for MON, NIV, ZEN and 
some of the ENNs and ERGs. Most of the low SSE values were calculated for oats.

Table 8. Signal suppression or enhancement (SSE %) calculated for the analytes included in the HPLC-MS/
MS multi-mycotoxin method for grains. 

Mycotoxin SSE % in 
wheat 

SSE % in 
barley

SSE % 
in oats 

NEO 17 - -

FB 1 74 50 48

FB 2 95 57 72

ZEN 20 21 8.9

ANT Y 48 43 18

ENN A 49 37 5.6

ENN A1 71 47 8.5

ENN B 57 49 14

ENN B1 63 48 13

BEA 89 45 8.1

AF B1 86 60 67

AF B2 95 62 64

AF G1 105 68 71

AF G2 106 64 69

MPA 47 32 27

OTA 36 20 18

MON 6.9 - 7.0

NIV - - 9.4

DON 30 23 20

3-AcDON 50 52 33

F-X 39 27 21

DAS 11 28 34

HT-2 28 44 26

T-2 27 26 19

PA 55 25 38

GLIO 21 33 24

EAMINE 26 51 10

ECRIS 22 48 17

ECRYPT 13 59 16

ECORN 26 37 16

EMETR 8.0 15 20

Median 43 45 20
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The accuracy of the method was evaluated on the basis of RM measurements. 
The mean concentrations measured were 899 μg/kg (DON), 107 μg/kg (T-2) and 
201 μg/kg (ZEN), corresponding to 100, 75 and 129 % of the concentrations assigned 
for the corresponding RMs. Expanded measurement uncertainty determined for the 
Fusarium toxins varied from 26 % for 3-AcDON up to 160 % for both FBs (Table 9).

Table 9. The expanded measurement uncertainty U determined for the Fusarium toxins at 500 g/kg, 
except for ENNs A (at 15 g/kg), A1 (at 100 g/kg), B (at 95 g/kg) and B1 (at 270 g/kg). 

Mycotoxin Expanded uncertainty U (%)

NEO 73

FB1 160

FB2 160

ZEN 57

ANTY 81

ENN A 65

ENN A1 74

ENN B 68

ENN B1 50

BEA 67

MON 67

NIV 40

DON 28

3-AcDON 26

F-X 33

DAS 34

HT-2 44

T-2 52

5.2.2 MYCOTOXINS DETECTED FROM F. SPOROTRICHIOIDES AND 
F. LANGSETHIAE CULTURES

Type-A trichothecenes (T-2, HT-2, DAS and NEO) and BEA were detected from 
the cultures of F. sporotrichioides and F. langsethiae strains (Figure 5). The three 
F. sporotrichioides strains produced the trichothecenes and BEA on all three 
substrates. The concentrations of BEA were < LOQ on the cereal fl our agar. The F. 
langsethiae strains also produced T-2, HT-2, DAS, and NEO on the three substrates. 
Additionally, BEA production could be verifi ed on the cereal fl our (levels < LOQ) 
and rice fl our agars. 
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Figure 5. Trichothecene 
and beauvericin (BEA) 
production of F. 
sporotrichioides and F. 
langsethiae strains on 
cereal and rice flour 
agars and grain mixture 
(concentration of three 
replicate inoculations 
as mean±SD). 
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Figure 5. 
(continued).
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The average mycotoxin levels produced by each species during the incubation 
periods used are presented in Table 10. The total concentrations varied overall from 
n.d (BEA from the F. langsethiae grain cultures) to 22000 μg/kg (T-2 produced 
by F. sporotrichioides on grain cultures).

Table 10. Total concentration levels (mean of three strains cultivated as triplicates±SD) of type-A 
trichothecenes (NEO, DAS, T-2 and HT-2) and beauvericin measured from the Fusarium sporotrichioides 
and F. langsethiae cultures on cereal fl our and rice fl our agars and on a grain mixture. 

BEA 
(g/kg)

NEO 
(g/kg)

DAS 
(g/kg)

T-2 
(g/kg)

HT-2 
(g/kg)

F. sporotrichioides

Cereal fl our agara < 1.0 350±280 400±230 6600±3300 700±430

Rice fl our agarb 160±130 2700±960 3000±1400 16000±3900 1400±730

Grainsc 1800±630 1400±640 210±79 22000±12000 6200±3300

F. langsethiae

Cereal fl our agara < 1.0 850±230 490±130 6000±1300 210±63

Rice fl our agarb 2.5±1.0 3700±1900 3500±1900 14000±2400 340±67

Grainsc n.d 2100±1500 190±130 4100±2700 4600±2700

BEA=beauvericin, NEO=neosolaniol, DAS=diacetoxyscirpenol, T-2=T-2 toxin, HT-2=HT-2 toxin, n.d = 
not detected
a aw 0.99, 25 °C, 7 d incubation
b aw 0.99, 25 °C, 7 d incubation
c aw 0.994, 25 °C, 28 d incubation

5.3 ERGOT ALKALOID DETERMINATION FROM GRAINS

A method based on UHPLC-MS/MS was developed for determining selectively a 
total of 10 ergot alkaloids (EMETR, ESINE, EAMINE, ECORN, ECRYPT, ECRIS, 
EAMININE, ECORN-INE, ECRYPT-INE, ECRIS-INE) from grains (Table 5, 
Appendix 1).

 5.3.1 METHOD PERFORMANCE

The extraction of the investigated ergot alkaloids was achieved by using an 
ACN:ammonium carbonate solution. A rapid sample pre-treatment procedure for 
routine use was developed and after fi ltration of the extract, commercial Mycosep 
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SPE push-through columns intended for selective isolation of ergot alkaloids were 
successfully applied to obtain visually clear extracts. The separation of the analytes 
was accomplished in a total run time of 6 min with UHPLC in a RP C18 column and 
applying a linear gradient elution starting from ACN:ammonium carbonate (50:50) 
(Figure 6). The fi rst eluting compound EMETR had a t

R
 of 0.65 min (k’=0.2) and 

the last eluting ECRIS-INE 4.2 min (k’=6.7). A complete baseline separation was 
achieved for all the other compounds except for ESINE and EAMINE, and ECRYPT 
and ECRIS (Rs of 1.9 for both analyte pairs). All the (R)- and (S)- epimer pairs 
could be separated under these conditions (Rs factors were between 18 and 29).

 

 

Figure 6. A total ion chromatogram obtained with UHPLC-MS/MS of a blank rye sample spiked at 50 g/kg.
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The MS detection of all the selected ergot alkaloids was accomplished in the 
positive mode of ESI as protonated molecular ions [M+H]+ (Table 5, Appendix 
1.). These precursors were successfully fragmented in CID with the optimized MS 
parameter settings. Two ion transitions for the quantifi cation and confi rmation 
purposes could be monitored for each precursor ion in the MRM mode. The division 
of the analytes in two MRM data acquisition windows ensured collection of enough 
data points across the peaks.

With the developed method, LOQs ranged from 0.01 to 0.8 μg/kg with the 
exception that higher limits of 1.0 to 10.0 μg/kg were determined for EMETR. The 
recoveries from wheat, rye and barley at the three spiking levels (10, 50, 200 μg/kg) 
varied overall from 51 up to 139 %. A tendency was observed for recoveries to be 
below 100 % for the (R)-epimers and above 100 % for the (S)-epimers. The RSD

r
 

was between 0.6 and 13.9 % (Table 6, Appendix II). A matrix effect was observed 
in MS. Most of the SSE percentages were within the range of 63 and 113 % (Table 
11). The response of EMETR was suppressed most remarkably (SSE from 9.8 to 
29 %), whereas signifi cant signal enhancement was observed for ECRIS, ECORN 
and ECORN-INE (SSE between 152 and 698 %). 

Table 11. Signal suppression or enhancement (SSE %) calculated for ergot alkaloids from grains. 

Mycotoxin SSE % 
in wheat 

SSE % 
in barley 

SSE % 
in rye

EMETR 15 29 9.8

ESINE 73 62 63

ECORN 450 698 367

ECORN-INE 227 104 156

ECRYPT 99 59 99

ECRYPT-INE 88 85 88

EAMINE 72 188 73

EAMININE 93 82 113

ECRIS 81 84 71

ECRIS-INE 172 168 152

Median 90 85 94
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5.3.2 ERGOT ALKALOIDS DETECTED IN FINNISH GRAINS

A total of 55 % (i.e. 18 rye and 5 barley) of the samples were found to be contaminated 
with one or more ergot alkaloids at a level exceeding the LOD. In wheat, detectable 
levels of the ERGs were not present. The mean concentrations of total ERGs were 
717 μg/kg in rye and 59 μg/kg in barley. The amounts of total ergot alkaloids 
measured in the individual samples ranged from n.d to 6200 μg/kg in rye and 
from n.d to 420 μg/kg in barley. Each of the ten ergot alkaloids analysed could be 
detected at variable concentration levels in both rye and barley samples (Table 12). 
With respect to the individual alkaloids, ECORN and ECRYPT were measured at 
the highest concentrations and most often (in 20 out of 42 samples). The highest 
amount of an individual ergot alkaloid was 2200 μg/kg of ECORN in a rye sample. 
A chromatogram of a contaminated rye sample is featured in Figure 7.  

Table 12. The levels of ergot alkaloids determined in Finnish grains (as a mean and range of the  concentrations 
found in the samples).

Ergot alkaloid Rye (g/kg),
n=25

Barley (g/kg),
n=12

Wheat (g/kg),
n=5

Ergometrine 8.0 (n.d – 61) < 2.6 (n.d – <2.6) n.d

Ergosine 96 (n.d – 760) 14 (n.d – 130 ) n.d

Ergocornine
Ergocorninine

230 
70

(n.d – 2200)
(n.d – 590)

12
3.7

(n.d – 71)
(n.d – 22)

n.d
n.d

Ergocryptine
Ergocryptinine

75 
62

(n.d – 890)
(n.d – 790)

8.8
2.2

(n.d – 62)
(n.d – 14)

n.d
n.d

Ergocristine
Ergocristinine

110
51 

(n.d – 1200)
(n.d – 460)

11
1.9

(n.d – 130)
(n.d – 22)

n.d
n.d

Ergotamine
Ergotaminine

7.5
6.8 

(n.d – 150)
(n.d – 130)

3.5
0.8

(n.d – 39)
(n.d – 8.4)

n.d
n.d

n.d = not detected
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Figure 7. A total ion chromatogram obtained with UHPLC-MS/MS of a rye sample naturally containing 
ergot alkaloids. 
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6. DISCUSSION  

6.1 EVALUATION OF THE SIMPLIFIED SAMPLE PREPARATION 
PROCEDURES

In modern analytical chemistry, simplicity and speed of analysis are important 
goals to achieve high throughput of samples (Anastassiades et al. 2003; Mol et 
al. 2008). Since sample pre-treatment is often the most time-consuming step, 
several investigators have looked for ways to facilitate this step by reducing clean-
up procedures (Anastassiades et al. 2003; Suloyk et al 2006; Mol et al. 2008). 
Another way has been to reduce sample size, which allows the procedure to be 
carried out in smaller scale and may also result in decreased consumption of solvents 
(Anastassiades et al. 2003; Suloyk et al 2006). In this study, relatively large sample 
sizes (from 10 to 20 g) of cheese or grains were taken in comparison to several other 
multi-mycotoxin methods which have utilized about ten fold smaller sizes (i.e. from 
0.25 g to 3 g) for similar sample matrices (Cavaliere et al. 2005; Sulyok et al. 2006; 
Herebian et al. 2009; Monbaliu et al. 2009). Bearing in mind that mycotoxins are 
frequently present at low concentrations and can be heterogeneously distributed in 
various commodities (Whitaker 2006), large sample sizes were considered necessary 
to ensure the representativeness of samples. There are no published guidelines 
for the size of a laboratory sample for mycotoxin analysis. However, in several 
offi cial and standardized methods a portion of 10 up to 50 g of sample is taken (e.g. 
AOAC International 2006; International Organization for Standardization 2007; 
The European Committee for Standardization 2009a). A total of 3.5 g of agar was 
taken for the toxin production studies to obtain sample plugs around the whole 
area where the fungus had grown and thereby to guarantee repeatable quantitative 
analysis. In this case also, the sample size was large in comparison to those of 0.5 
and 0.75 g agar taken in other studies examining mycotoxin production (Medina 
and Magan 2011; Van Pamel et al. 2011). 

Sample pre-treatment was kept to a minimum in the developed methods, which 
permitted both simple and rapid analytical procedures for routine use. The extraction 
of the analytes was achieved with liquid extraction either with ACN based solvents 
(grains and cheese) or with a mixture of MeOH, EtOAc and DCM (agars). In the 
case of grain samples intended for multi-mycotoxin determination, the extraction 
was enhanced and automated by using pressurized liquid extraction instrument 
(ASE®), which conferred an additional benefi t of reduced occupational exposure to 
hazardous solvents. Ultrasonic agitation was utilized to enhance the extraction of 
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analytes from agar matrices. However, the enhanced extraction methods were not 
compared to any conventional procedure to demonstrate experimentally improved 
extraction effi ciency. After the extraction, the developed methods consisted of only 
centrifuging (cheese and agars), fi ltering and concentration steps. Low temperatures 
were used in each method to enhance precipitation of proteinaceous sample 
components, i.e. the sample extracts were either centrifuged at low temperature 
(cheese, agar) or kept in cold storage overnight (grains). Since cheese has a high 
fat content, hexane partitioning was performed simultaneously with the extraction 
step in order to remove lipid compounds. In the specifi c analysis of ergot alkaloids, 
a sample clean-up step was introduced for the grain extracts in order to achieve the 
best possible detection capability of the method. A commercially available Mycosep 
Ergot push-through SPE cartridge (Römer labs, Tulln, Austria) provided a simple 
and robust clean-up option for routine use. 

Sample purifi cation has been considered as an essential part of an analytical 
method but modern mass spectrometric instruments allow selective and sensitive 
determination of low analyte concentrations also from unpurifi ed food and feed 
sample extracts (Malik et al. 2010). There are some factors limiting the applicability 
of clean-up procedures in multi-analyte applications. Generally, selective clean-up 
options are not available when chemically diverse compounds need to be evaluated. 
For example, the IA clean-up column Myco6in1™ manufactured by Vicam (Waters 
corp., Manchester, UK) is restricted to the eleven EU regulated toxins and T-2 
and HT-2, thus offering only limited use in multi-mycotoxin analysis. Additionally, 
due to the restricted number of active binding sites, the loading capacity of IA 
columns can be limited (Lattanzio et al. 2007). The use of more general clean-up 
methods, such as SPE could provide a feasible option. However, this type of approach 
involves a degree of optimization and may require employing multiple columns 
with different chemistries and thus, the fi nal method may prove tedious for routine 
use (Rasmussen et al. 2010; Monbaliu et al. 2010). Mixed mode SPE might have 
a wider applicability and  applications utilizing graphitized carbon black sorbents 
and a laboratory-made column have been described in multi-mycotoxin analysis 
(Cavaliere et al. 2005;2007; Jin et al. 2010). However, challenges in optimizing this 
approach could arise when both acidic and basic compounds need to be analysed. 
In addition, a QuEChERS procedure without the dispersive-SPE step has been 
tested in multi-mycotoxin analysis (Rasmussen et al. 2010; Zachariasova et al. 
2010). However, it seems that only a limited clean-up effect can be achieved in this 
way as profound matrix effects in MS have been reported (Rasmussen et al. 2010; 
Zachariasova et al. 2010). In summary, the sample preparation procedures were kept 
simple in order to allow rapid analytical procedures and to avoid loss of analytes 
during the analysis. This approach also allows the application or adaptation of the 
methods to include new analytes and matrices later. It has been stated that the only 
way to accomplish a true multi-analyte method for a wide range of compounds 
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enabling fast sample throughput and an easy inclusion of new analytes and matrices 
is to devise a simplifi ed sample preparation procedure prior to direct injection of 
the sample extract (Sulyok et al. 2007a;2007b). 

6.2 CHALLENGES AND SOLUTIONS OF LC SEPARATION IN 
MULTI-MYCOTOXIN ANALYSIS

The challenge of developing an LC method for multi-analyte separation arise from 
adjusting the conditions for chemically diverse compounds in order to achieve 
good chromatographic performance in a reasonable analysis time. The separation 
of the mycotoxins investigated was accomplished with reversed phase liquid 
chromatography. Generally, RPLC is considered a suitable choice for separating 
mixtures of neutral and ionic low molecular weight compounds (Snyder et al. 1997), 
and it has been used successfully in most of the other multi-mycotoxin methods 
developed for food and feed (e.g. Sulyok et al. 2006; Spanjer et al. 2008; Martos 
et al. 2010). Chromatographic separation can be characterized in terms of various 
parameters, including retention and resolution of the analytes as well as width and 
symmetry of peaks (Snyder et al. 1997). In this study, satisfactory chromatographic 
performance with respect to retention, resolution and peak shapes was obtained 
using C18 stationary phases, although the conditions could not be fully optimized 
for all of the compounds. Mobile phases compatible with MS were chosen, and 
aqueous mixtures of ACN with volatile modifi ers were used. Similar solvents have 
been utilized previously for separating a large number of mycotoxins (Spanjer et al. 
2008; Sørensen et al. 2009; Rasmussen et al. 2010), although mixtures of MeOH 
have been more common (e.g. Sulyok et al. 2006; Beltrán et al. 2009; Martos et 
al. 2010). In the present study, suitable compromises in terms of chromatography 
and MS responses were achieved by using ACN after careful optimization of the 
operation parameters of LC-MS/MS. Gradient elution was necessary to achieve 
the elution of the most strongly retained compounds in a reasonable run-time but 
still achieving good peak shapes. A gradient elution is usually a prerequisite when 
analytes with a wide range of polarity are separated (Snyder et al. 1997), and it has 
been applied practically in all the multi-mycotoxin methods published to date (e.g. 
Sulyok et al. 2006; Spanjer et al. 2008).

The nine mycotoxins analysed from cheese could be separated in a run-time of 
40 min with a linear gradient starting from ACN:water (25:75+0.1 % acetic acid). 
The retention factors (2.0< k’< 27.9) showed that adequate retention (k’>0.5) was 
achieved for the fi rst eluting compound penicillic acid but the last eluting OTA 
had a relatively high retention factor since ideally, a gradient can be adjusted so 
that 0.5<k’<20 (Snyder et al. 1997). The resolution factors of 0.3 to 1.3 for three 
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analyte pairs indicated incomplete baseline separation if Rs of ≥ 2.0 is used to 
defi ne baseline resolution (Snyder et al. 1997). In multi-residue methods, at least 
some degree of co-elution is usually unavoidable (Sulyok et al. 2007a). However 
in the method developed, incomplete resolution was not a problem since different 
precursor ions were used for the MS detection of the analytes with overlapping 
peaks. Furthermore, enough data points across each peak could be acquired in the 
MS despite the partial co-elution. The chromatographic conditions could not be 
optimized to achieve fully symmetric peak shapes for all the mycotoxins investigated 
from cheese, and slight tailing was observed for OTA and ROQ C. With regard to ROQ 
C, this could be explained by basic functionalities present in this compound, which 
undergo interactions with the free silanol groups of the column stationary phase. 
Cyclopiazonic acid and citrinin, initially intended to be included in the method, were 
omitted due to their very broad peaks indicating inadequate retention of these very 
polar mycotoxins. Similar results have been reported for these two compounds in RP 
multi-mycotoxin separations (Sulyok et al. 2007b; Spanjer et al. 2008; Rasmussen 
et al. 2010). Broad peaks were obtained for AFs compared to the other analytes, 
which was possibly due to the injection of the samples in a higher content of organic 
solvent (i.e. 100 % MeOH) than that present at the initial LC conditions (ACN:water, 
25:75). This practice usually leads to the distortion or broadening of early eluting 
compounds (Snyder et al. 1997). Since lipids or emulsifying agents originating from 
the cheese matrix were present in the samples at the fi nal stage, dissolving the 
sample into an aqueous or pure ACN lead to partition of two phases. When using 
MeOH, a homogenous sample was achieved.

The HPLC separation of the 29 or 31 mycotoxins extracted from cereal based 
agars or grains was achieved in two chromatographic runs, each requiring 35 min. 
The use of several analytical runs is a common practice in mycotoxin multi-residue 
methods and previously, there are reports of the HPLC separation of 27 or more 
toxins achieved in two separate runs each taking 21 to 44 min (e.g. Sulyok et al. 
2006;2007a; Herebian et al. 2009; Rasmussen et al. 2010). A complete baseline 
separation was not achieved for all the analytes, and Rs of 0.2 to 1.8 were obtained 
for a total of nine analyte pairs in the two LC runs. DON and PA practically co-
eluted (Rs=0). These co-eluting analytes produced different precursor ions upon 
MS ionization, enabling their specifi c detection. The collection of enough data points 
across peaks was accomplished by dividing the analytes into three or fi ve MRM 
acquisition windows.

The use of two separate chromatographic runs was necessary because some of the 
co-eluting compounds were ionizable only with either negative or positive polarity 
of ESI, thus preventing the polarity switching within a single run. In several other 
multi-mycotoxin LC-MS/MS methods, the analytes have been divided into two LC 
analyses utilizing either the ESI+ or ESI- solely (Sulyok et al. 2006; Herebian et al. 
2009; Rasmussen et al. 2010). However in this study, the use of polarity switching 
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in each of the two runs provided more options when selecting the chromatographic 
conditions (achieving the best possible peak shape, retention and resolution) and 
the more optimal of the two ESI modes. Although the analytes were divided into 
two runs allowing fl exibility in the method development, compromises were needed, 
i.e. some mycotoxins had to be analysed in the less favourable chromatographic 
conditions or with the less optimal ESI mode. For example, NEO and MON co-
eluted but required different ionization polarities. Therefore, NEO was transferred to 
the less favourable acidic LC conditions although it was analysed as an ammonium 
adduct. Furthermore, interfering matrix peaks caused problems with the detection 
of ZEN and PA and they both had to be ionized in the less advantageous negative 
mode of ESI. Additionally, PA had to be analysed in the ACN:ammonium acetate 
run even if it produced a higher MS response when formic acid was present. 

In the fi nal methods, 15 mycotoxins were separated using ACN:water (+ 0.2 % 
formic acid) and 16 analytes using ACN:1.0 mM ammonium acetate. The retention 
factors of 0.8 < k’ < 14.7 (for NEO and ENN A) and 0.6 < k’ < 12 (for MON and ECRIS, 
respectively in the second run) demonstrated that the gradients were adjusted well 
to achieve retention of the fi rst eluting compounds and avoiding unnecessarily long 
run-times. It should be noted that the k’ of 0.6 for MON was calculated using a 
fl ow rate of 0.2 ml/min although a fl ow of 0.1 ml/min was applied during the fi rst 
two minutes of the run. Therefore, it is possible that less retention was achieved 
for MON in practice. However, it was assumed that retention of k’ > t

0
 occurred 

since the retention time of MON was reproducible. MON is a very polar compound 
which is diffi cult to retain on an RP column without resorting to ion pairing agents 
(Jestoi et al. 2003). On the contrary, good retention has been reported for this 
mycotoxin occasionally in RP columns without any such modifi ers (Sulyok et al. 
2006; Sørensen et al. 2009). Nevertheless, the retention was hypothesized as being 
either due to ion-paring or ionic interactions occurring unintentionally (Sulyok et 
al. 2006) or due to some property of the particle material of the column used (i.e. 
Gemini®, Phenomenex, Torrance, CA, United States) rather than the actual RP 
stationary phase (Sørensen et al. 2009). 

The peak shapes were mostly acceptable although peaks of FB2 and HT-2 were 
broad and asymmetrical peaks were obtained for MON and EMETR (As of 2.7 and 
2.9, respectively). The peak of MON was distorted due to improper retention or 
because the injection solvent had a higher ACN content compared to the prevalent 
LC conditions. Tailing of EMETR could be explained by the amine group interacting 
with free silanols of the stationary phase. It is also possible that small amounts of 
the (S)-diastereomer of EMETR were present, and this was not resolved but could 
be seen as a shoulder in the chromatogram. The other ergot alkaloids eluted as 
two peaks which originated most probably from the (R)- and (S)-epimers. Earlier 
studies have demonstrated that the two epimers can be separated in a RP C18 
column under both acidic and basic conditions (Sulyok et al. 2006; Müller et al. 
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2009; Krska et al. 2008b). Despite the separation obtained, ergot alkaloids were 
quantifi ed as a sum of the two epimers since standards of the individual epimers 
were not incorporated into this method. 

The use of UHPLC allowed rapid separation of six ergot alkaloids and four of their 
respective (S)-epimers. The recently introduced UHPLC technique utilizes columns 
packed with sub-2 μm particles and high fl ow rates, which results in improved 
effi ciency and speed of separation (Swartz 2005). In the present application, the 
UHPLC ensured the separation of the ten ERGs as sharp, narrow peaks in a total 
run-time of 6 min, using a linear gradient with ACN:ammonium carbonate and a 
fl ow rate of 0.4 ml/min. In comparison, the separation of 12 ergot alkaloids with 
similar mobile phase took 21 minutes with RP-HPLC (Krska et al. 2008b). The 
good resolution achieved highlights the effi ciency of the UHPLC technique; only 
the peaks of two analyte pairs were not separated completely until the baseline (Rs 
= 1.9). The slightly basic mobile phase (pH 8.4) was favourable for the peak shapes 
of the ergot alkaloids which are neutral at these conditions improving the retention 
and diminishing the undesired interactions with free silanols of the stationary 
phase. Despite the fact that the peaks were narrow and seemed symmetric, the 
asymmetry factors of 1.5 to 2.3 for some of the peaks were indicative of tailing. The 
calculated retention factors (0.2 < k’< 6.7) revealed that the gradient was adjusted 
well but adequate retention of the fi rst eluting EMETR was not achieved. The 
improper retention may be only theoretical, as reproducible retention times and 
peak intensities were obtained for this compound over several months. 

The (R)- and (S)-epimers of each ergot alkaloid could be resolved with the chosen 
column and conditions, which was an important objective for this method, enabling 
the gathering of occurrence data on the individual epimers. It has been proven 
that epimerization of the ergot alkaloids at the C-8 position, i.e. transformation 
of (R)-diastereomers to (S)-diastereomers, occurs readily in aqueous acidic and 
alkaline solutions and in protic solvents (Komarova and Tolkachev 2001; Hafner et 
al. 2008; Storm et al. 2008). Conversion at a rate ranging from 4 to 6 % can take 
place at room temperature in ACN:ammonium carbonate mixture (84:16) during 
an LC analysis lasting 18 hours (Hafner et al. 2008). However, it was assumed that 
during the usually shorter UHPLC runs, the conversion was controllable, especially 
as the sample vials were kept at + 10 °C during the UHPLC analysis.

In conclusion, suitable liquid chromatographic conditions were found in the 
multi-mycotoxin methods developed by using reversed phase chromatography 
performed with gradient elution utilizing ACN based solvents. However, the 
conditions could not be fully optimized for all the analytes in terms of retention, 
resolution and peak shapes since occasionally, the peaks overlapped and broad or 
tailing peaks were obtained. Challenges were encountered with polar analytes in 
particular. The use of UHPLC ensured rapid separation and good peak appearance 
for ergot alkaloids, demonstrating its potential in multi-residue analysis.
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6.3 THE POTENTIAL OF MS IN MULTI-MYCOTOXIN DETECTION

 The MS analysis was performed by utilizing electrospray ionization and tandem 
MS accomplished with triple quadrupole analysers. Ionization with the electrospray 
interface was a feasible choice for the multi-residue LC-MS/MS methods considering 
the diverse chemical nature of the analytes. Since a number of acidic and basic 
compounds were included in addition to neutral ones, ESI was chosen, as it 
is generally considered to be more sensitive for polar and ionic compounds in 
comparison to APCI (Boyd et al. 2008). No comparative study was conducted 
between these two interfaces. However, the applicability of ESI technique has been 
demonstrated in a number of the multi-mycotoxin methods published to date (e.g. 
Sulyok et al. 2006; Spanjer et al. 2008; Desmarchelier et al. 2010; Martos et al. 
2010). The ionization polarity mode (i.e. ESI+ or ESI-) was chosen on the basis of 
the preliminary tests performed with direct injection, although in some cases, the 
less optimal mode had to be used ultimately because of co-eluting analytes requiring 
different ionization polarities or matrix components interfering with the detection. 
For most of the analytes, protonated molecular ions were formed in ESI. This was 
in accordance with the studies of Sulyok et al. (2006;2007a) who demonstrated 
that generally, the known mycotoxins are ionizable in the ESI+ as [M+H]+. 

The triple quadrupole instruments were considered as an appropriate choice 
for the quantitative determination of the mycotoxins of interest. The QqQ mass 
analysers are utilized widely in this type of targeted trace analysis as they can provide 
the required selectivity and detection capacity (Boyd et al. 2008). The precursor 
ions selected in the preliminary experiments could be fragmented in CID, and for 
most of the analytes, two mass transitions could be monitored for quantifi cation 
and confi rmation purposes. In general, structure specifi c mass transitions were 
selected. The use of MRM data of QqQ ensured a total of four identifi cation points 
(i.e. one precursor and two product ions) as required for example from the offi cial 
control methods for residues in animal products (European Union 2002a). Data 
acquisition speed of the instruments employed was adequate to produce good and 
reproducible peak shapes especially, when the analytes were divided in several 
acquisition windows. The drawback of employing QqQ instruments was the 
possibility of gathering data on the selected analytes only and thus, information 
on non-targeted mycotoxins possibly present in samples could not be obtained.

In the HPLC-MS/MS method developed for the cheese matrix, the mycotoxins 
included (AFs, OTA, MPA, PA and ROQ C) were ionizable in the positive mode of ESI. 
Hence, polarity switching was not necessary, simplifying the method development. 
All the toxins produced good responses as protonated molecular ions, which is in 
agreement with earlier reports (e.g. Rundberget and Wilkins 2002; Sulyok et al. 
2007a;2010; Spanjer et al. 2008). However, OTA, MPA and ROQ C have been 
observed to produce the optimal sensitivity also as [M-H]- (Desmarhcelier et al. 
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2010; Rasmussen et al. 2010), which indicates that these compounds have ability 
to both acquire and lose a proton upon ionization depending on the conditions. 
Although there did not seem to be any signifi cant amounts of other type of adducts 
observable in the spectra of the analytes, acetic acid was added to the mobile phase 
to enhance the proportion of the [M+H]+. Two structure-specifi c product ions could 
be monitored for each analyte with the exception of MPA, for which a non-specifi c 
transition produced from the loss of water was used as a confi rmatory ion. This 
was a justifi ed choice since other mass transitions observed for MPA did not yield 
a suffi cient response upon CID. 

The MS ionization of the 29 or 31 mycotoxins from cereal based agar or grain 
extracts was accomplished utilizing both polarity modes of ESI, as well as adduct 
formation with the aid of mobile phase modifi ers. The analytes ionizing readily in 
ESI+ as protonated molecular ions (i.e. ANT Y, AFs, FBs, ENNs, BEA, MPA and 
OTA) were analysed in the chromatographic run using the acidic mobile phase 
containing formic acid. On the basis of earlier studies, all of these compounds have 
a high tendency to form [M+H]+ (e.g. Sulyok et al. 2007a; Spanjer et al. 2008). 
However, exceptions do exist, and ENNs, BEA, MPA as well as AF B1 and AF B2 have 
been reported as forming also ammonium adducts in the presence of ammonium 
acetate in the mobile phase (Sulyok et al. 2007a; Herebian et al. 2009; Monbaliu 
et al. 2009). In addition, ZEN was analysed under acidic conditions. In the initial 
tests, a better response was obtained for ZEN as [M+H]+ but due to co-eluting 
matrix interferences, it was monitored as [M-H]- in the negative mode of ESI. A 
good response was obtained since ZEN is readily ionisable with both polarities, as 
has also been demonstrated in previous studies (Sulyok et al. 2006; Herebian et 
al. 2009; Monbaliu et al. 2009; Martos et al. 2010). 

Ammonium acetate was added in the mobile phase of the second run of the 
multi-mycotoxin analysis from grains. This was principally to ensure ionization 
of the trichothecenes which did not produce an adequate signal as protonated or 
deprotonated molecular ions but formed readily ammonium adducts (the type-A 
TRs) or acetate adducts (the type-B TRs). There are similar observations in the 
literature of the poor ionization of TRs in LC/MS with ESI and the feasibility of 
monitoring the adducts (Berthiller et al. 2005 ; Sulyok et al. 2006), even if a response 
for type-A and B trichothecenes has been obtained also as [M+H]+ (Spanjer et al. 
2008; Garrido-Frenich et al. 2009; Desmarchelier et al. 2010). The addition of 
ammonium acetate inhibited the formation of undesired sodium adducts that were 
observed for TRs. Stable Na-adducts, which are not easily fragmented in CID and 
do not produce abundant product ions have been demonstrated to occur frequently 
for TRs and AFs (Sulyok et al. 2006; Garrido-Frenich et al. 2009). MON, PA, GLIO 
and ergot alkaloids were also analysed in the presence of ammonium acetate; the 
fi rst two being monitored as [M-H]- and GLIO and ERGs as [M+H]+. With respect 
to PA, the negative ionization was needed to avoid problems of the co-eluting matrix 
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interferences, whereas MON is generally ionisable only in the negative mode of ESI 
as a deprotonated molecular ion (Jestoi et al. 2003). On the other hand, GLIO can 
be ionized at both polarities and [M-H]- and [M+H]+ have produced a satisfactory 
response (Sulyok et al. 2007a; Rasmussen et al. 2010).  

Two structure specifi c mass transitions per analyte were chosen, with some 
exceptions. MON as a small molecule (molecular weight 98 Da) yields only one ion 
transition upon CID (Jestoi et al. 2003). Thus, this non-specifi c product ion arising 
from the loss of carbon monoxide was used for the quantifi cation as has been done 
also in previous studies (Jestoi et al. 2003, Sulyok et al. 2006). In addition, the 
type-B TRs fragmented very easily in CID at low collision energies and produced few 
fragments which could be selected for monitoring. Therefore, the mass transitions 
corresponding to the deprotonated molecular ions [M-H]- and the acetic ion (m/z 
59) producing the most intense response were used for DON, 3-AcDON and F-X. 
Non-specifi c mass transition ions formed from the loss of water were regarded as 
appropriate confi rmatory ions for ERGs and MPA since these provided enhanced 
MS response in comparison to other product ions formed upon CID. Initially, both 
isomeric mycotoxins, 3-AcDON and 15-AcDON, were intended to be included in the 
multi-residue method. However, chromatographic resolution was not obtained, and 
the fragments produced in CID were not specifi c for reliably distinguishing between 
these two forms. Therefore, 15-AcDON was excluded and the MS parameters were 
optimized for 3-AcDON. This was considered as the more relevant isomer in Finnish 
crop as the producer organisms i.e. F. graminearum and F. culmorum, which 
are encountered in northern Europe, are of the 3-AcDON producing chemotype 
(Langseth et al. 2001; Jestoi et al. 2008).

Ergot alkaloids produced the best response as [M+H]+ upon ionization in ESI in 
both the HPLC-MS/MS multi-mycotoxin method and the UHPLC-MS/MS method. 
These compounds did not display any tendency to form ammonium adduct in the 
conditions applied despite the presence of ammonium, which is in agreement with 
earlier studies (Sulyok et al. 2007a; Krska et al. 2008b). In the UHPLC-MS/MS 
based method for ERGs, structure specifi c product ions were produced in CID, 
corresponding to the transitions presented by Lehner et al. (2005).

In summary, in the methods developed, mass spectrometry employing 
electrospray ionization and the MRM function of the triple quadrupole analyser 
enabled the detection of the analytes. The mycotoxins of interest produced readily 
either protonated or deprotonated molecular ions in ESI. However, the addition of 
ammonium acetate was required to achieve suffi cient response for trichothecenes as 
adduct ions. Generally, two specifi c product ions could be detected for each analyte 
resulting in selective identifi cation also in those cases that chromatographic peaks 
overlapped. However, sometimes unspecifi c mass transitions had to be used for 
quantifi cation and confi rmation of analytes in order to achieve adequate response. 
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6.4 OVERCOMING THE MATRIX EFFECTS 

The matrix components are known to affect the MS ionization process, and 
ESI is particularly prone to these effects with mostly signal suppression being 
encountered (Boyd et al. 2008). Matrix effects, evaluated as the signal suppression 
or enhancement (SSE %), were observed for most of the analytes determined from 
the grain matrices with either the HPLC-MS/MS multi-mycotoxin method or the 
UHPLC-MS/MS method for ergot alkaloids. Especially in the HPLC-MS/MS multi-
toxin method, profound matrix effects were observed, with the calculated SSEs being 
between 5.6 and 106 %. For most of the analytes, signifi cant signal suppression 
was observed, but its extent varied between the matrices. The suppression was 
generally stronger in oats compared to barley and wheat when evaluated on the basis 
of the median SSE percentages in these matrices (20, 43 and 45 %, respectively). 
The matrix effect was not unexpected as crude cereal extracts without any further 
clean-up were being injected into the MS instrument. 

Extensive matrix effects seem to be unavoidable in multi-analyte methods which 
utilize direct injection in LC-ESI-MS/MS as several investigators have reported 
SSE values deviating clearly from 100 % (Sulyok et al. 2007b; Spanjer et al. 2008; 
Beltran et al. 2009). The SSEs for 39 mycotoxins in wheat (85-129 %), barley (47-
196 %) and maize (25-148 %) presented by Sulyok et al. (2006;2007b) indicate 
clear analyte and matrix dependent effect and are comparable to the observations 
in this study. However, the signal suppression of the analytes in wheat (SSEs as 
low as 6.9 %) was more profound as compared to that reported by Sulyok et al. 
(2006). The discrepancy in data between the two studies can be explained by the 
differences in the sample preparation procedures leading to different amount of 
sample components being present in the injected sample. In the method devised 
here, the sample extract was concentrated with evaporation and theoretically, one 
injection contained extracts of 50 mg of cereal fl our, which was about 100 times 
more than the approximately 0.6 mg injected by Sulyok et al. (2006). Dilution of 
the sample can reduce matrix effects but may also result in higher detection limits 
(Sulyok et al. 2007; Beltran et al. 2009). In the method developed here, the sample 
preparation procedure was regarded as representing a reasonable compromise 
between the matrix effects and the achievable LODs. Extensive matrix effects 
observed could be also attributed to the ASE extraction which was performed at 
an elevated pressure and temperature. It is possible that ASE enhances the co-
extraction of matrix components e.g. in comparison to conventional extraction with 
shaking. In attempt to reduce the amount of co-extracted matrix components, ASE 
has been operated at room temperature when extracting multiple mycotoxins from 
cereals (Desmarchelier et al. 2010). Despite the low temperature, a QuEChERS 
clean-up was considered necessary after the extraction to avoid further the matrix 
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effects in ESI-MS. Unfortunately, SSEs or other numerical data attributable to the 
matrix effects were not presented in that study and the impact of the implemented 
actions cannot be evaluated. 

Clear analyte-specifi c trends regarding the matrix effect were not observed. 
However, the effect was particularly dramatic (≤ 10 %) for MON, NIV, BEA, ENN 
A and A1, ZEN and EAMINE in oats, as well as EMETR and MON in wheat. The 
matrix effect is a complex phenomenon and therefore it is diffi cult to explain 
unequivocally why certain compounds were more affected than others. In some 
cases (e.g. MON, NIV and NEO), the suppressive effect was associated with the early 
elution of the analytes simultaneously with polar matrix interferences. The signal 
suppression was refl ected as increased LOQs of these compounds. On the other 
hand, the compounds eluting late in the gradient (BEA, ENNs, ERGs) were possibly 
affected by the strongly retained matrix components causing signal suppression 
(Boyd et al. 2008). It is diffi cult to compare the analyte-specifi c SSEs to those 
described in the literature since the matrix effects are caused by various method 
and instrument dependent factors (Boyd et al. 2008). For example, in contrast to 
these results, a clear enhancement of the signal of MON has been observed with 
different cereal matrices (Sulyok et al. 2007b). In addition, AFs have been listed 
as critical compounds for signal suppression (Sulyok et al. 2007b; Spanjer et al. 
2008, Beltran et al. 2009) whereas in the present study, these were among the least 
affected, and even slight signal enhancement was observed.  

Considerable signal suppression or enhancement was observed also in the ergot 
alkaloid-specifi c UHPLC-MS/MS method with the SSEs varying overall between 
9.8 and 700 %. In most cases, the effect was of the same type (either suppressive 
or enhancing) for a given analyte in each matrix. The median SSE values of 85, 90 
and 94 % for barley, wheat and rye, respectively did not reveal any great differences 
between the matrices although barley did evoke somewhat more suppression than 
the other two cereals. The suppressive effect was especially severe for EMETR and 
was refl ected in the LOQs of this compound being higher compared to the other ergot 
alkaloids. The signal suppression was assumed to be due to the early elution of this 
compound simultaneously with matrix interferences. A clear signal enhancement 
(SSE 152-700 %) of ECORN, ECORN-INE and ECRIS was observed in all three 
cereals. This kind of fi nding has not been reported previously, and therefore the 
reason remains unclear at the moment. The matrix effects could be investigated 
further e.g. by infusing standard compounds with the aid of a T-piece connection 
between the LC and the MS and simultaneously injecting blank cereal matrix on-
column (Boyd et al. 2008). Subsequently, the chromatography could be adjusted 
better in order to avoid such extensive matrix effects. 

The intense matrix effects were unexpected since the selective SPE clean-up 
with the Mycosep column was used to remove matrix components. Additionally, the 
improved resolution and narrower peaks in UHPLC-MS/MS has been demonstrated 
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to result in decreased matrix effects compared to HPLC-MS/MS as analytes co-
elute less with interferences during ionization (Van De Steene and Lambert 2008). 
On the other hand, one can hypothesize that if matrix interferences co-elute, their 
concentration in the narrow peaks can be higher, thus leading occasionally to 
more drastic matrix effects in UHPLC/MS methods. The results obtained were 
not consistent with the data of Krska et al. (2008b) who reported the SSEs of ergot 
alkaloids deviating only slightly from 100 % in wheat and malted-milk biscuits 
determined with HPLC-ESI-MS/MS. In that study, the role of the dispersive-SPE 
with PSA was emphasized for avoiding severe matrix effects (Krska et al. 2008b). It 
is possible that the purifying effect of that procedure was more effi cient compared 
to that achieved with the Mycosep cartridge clean-up, but verifying this would need 
careful comparison of the procedures. The theoretical amounts of the cereal matrix 
present in the injected samples can also explain the differences in the matrix effect 
observed. Krska et al. (2008b) injected theoretically extracts of 2 mg of sample 
whereas the amount was double in the present method possibly leading to more 
profound SSE. 

In the methods developed, compensation was made for the matrix effects in MS 
by using matrix-assisted standards in the quantifi cation of multiple mycotoxins from 
cheese and grain matrices as well as in the ergot alkaloid-specifi c method. The use 
of matrix-assisted calibration is well established when working with LC-ESI-MS/
MS (Boyd et al. 2008) and has been adopted in the majority of the multi-residue 
methods developed for mycotoxins from food and feed (e.g. Sulyok et al. 2007b; 
Spanjer et al. 2008; Martos et al. 2010). Isotope labelled or other types of internal 
standards have been used for quantifi cation in some multi-mycotoxin applications 
(Herebian et al. 2009; Monbaliu et al. 2009; Zachariasova et al. 2010). In particular, 
stable isotope diluted calibration is regarded as the ideal way to compensate for 
analyte losses and matrix effects especially when used in conjunction with matrix-
assisted calibrants (Boyd et al. 2008; Rychlik and Asam 2008). Improved linearity of 
calibration, repeatability and accuracy (as recovery) of the results have been reported 
when using isotope analogues in multi-mycotoxin determinations (Vaclavik et al. 
2010; Zachariasova et al. 2010). On the other hand, with other types of IS (i.e. not 
analogues), improvement of quantifi cation is not necessarily achieved. For example, 
Monbaliu et al. (2009) quantifi ed the 23 mycotoxins of interest with ZAN as IS, 
obtaining mostly comparable results with the internal calibration and external 
matrix-assisted calibration.

IS were not incorporated into the methods developed due to some drawbacks 
associated with their use in multi-residue methods. First of all, suitable internal 
standards, i.e. compounds not present in the real samples and resembling closely 
the chromatographic and mass spectrometric behaviour of the analytes, are 
not available for all the mycotoxins of interest. For example, isotope labelled IS 
were commercially available for only a few of the analytes at the time of method 
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development. Additionally, multi-mycotoxin analysis would require the inclusion 
of a large number of IS increasing the cost of analysis. However, when isotope 
labelled compounds become more easily available, the use of internal calibration 
should be examined as it could improve the quality of results. Another possibility 
to reduce matrix effects in MS would be to increase sample purifi cation. In order 
to maintain the simplicity of the analytical procedures, this was not considered a 
practical option. With the emergence of feasible approaches, such as QuEChERS, 
option of clean-up should be considered. However, even with extensive sample 
clean-up, matrix effects may not be avoided completely (Desmarchelier et al. 2010).

It can be concluded that matrix effects frequently occur in ESI-MS based 
methods. The analyte signals were affected by cereal matrix components both in 
the multi-mycotoxin method where unpurifi ed extracts were injected as well as 
in the ergot alkaloid-specifi c method utilizing SPE clean-up. The matrix effects 
were mostly suppressive but varied between the analytes and the cereals. Although 
the effects observed could not be explained unequivocally, signal suppression was 
frequently associated with early elution of analytes simultaneously with polar matrix 
interferences and was refl ected as increased LOQs of these compounds. Matrix-
assisted calibration was considered a practical approach to compensate for the 
matrix effects, although the use of internal standards and clean-up options could 
be examined in the future. 

6.5 EVALUATION OF THE METHOD PERFORMANCE

Validation of analytical methods should be carried out in order to demonstrate that 
they are fi t-for-purpose (Taverniers et al. 2004). The methods developed in this 
study were in-house validated. Since there are no guides specifi cally dedicated for 
the validation of mycotoxin methods, the degree of validation was evaluated on the 
basis of the intended use of the methods, which was for research purposes rather 
than offi cial control of occurrence. 

6.5.1 MULTI-MYCOTOXIN METHOD FOR CHEESE

The performance of the HPLC/MS/MS based method for cheese was defi ned by 
recovery, repeatability and LOQs. The recoveries for the nine mycotoxins analysed 
were between 96 and 143 % demonstrating that the acidic mixture of ACN ensured 
satisfactory extraction effi ciency and that the analytes were not transferred to the 
hexane phase during the partitioning step. Formic acid supposedly enhanced the 
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extraction of acidic compounds PA and MPA, although the effect of the acid addition 
was not evaluated specifi cally. The recoveries above 100 % obtained mostly at the 
lower spiking level (5 or 50 μg/kg) could not be explained unequivocally. A similar 
solvent composition (i.e. acidifi ed 90 % ACN) and hexane defatting were reported 
feasible in the analysis of Penicillium metabolites from a complex sample matrix 
(food mixture), reaching recoveries of 75 to 116 % (at 10 to 1000 μg/kg) with an 
HPLC-MS/MS method (Rundberget and Wilkins, 2002). In disagreement to the 
present results, low recoveries were obtained for OTA (i.e. ≤30 %) which was 
omitted from the quantitative analysis. There are no offi cial guidelines for mycotoxin 
methods for cheese or related matrices hindering the evaluation of the compliance 
of the recoveries. However, considering the strictest range of 80 to 110 % set for the 
recovery of a method for offi cial control of afl atoxins at > 10 μg/kg (EC/401/2006), 
all the values obtained would not fulfi l these particular criteria. The within-day 
repeatability for all the analytes was ≤ 12.1 % which is comparable to the RSDs of 
≤23.5 % presented by Rundberget and Wilkins (2002). The repeatability would be 
compliant also with the most stringent RSD

r
 of 15 % set in the EC/401/2006 (for 

patulin at > 50 μg/kg level). However, if the precision criteria are calculated on the 
basis of Horwitz equation as recommended for AFs in EC/401/2006 (European 
Union 2006d), the RSD

r
s would not meet the values of 5.9 and 4.6 % corresponding 

to the spiking levels used in this study (50 and 200 μg/kg).
The toxins could be quantifi ed from cheese at levels of 0.6 to 5.0 μg/kg, which 

was satisfactory considering the complexity of the sample matrix and the multi-
analyte nature of the method. In comparison, the LOQs between 5.0 and 20 μg/kg 
were accomplished from a food mixture by Rundberget and Wilkins (2002). The 
LOQs cannot be evaluated on the basis of regulatory limits, as these do not exist 
for cheese. The EU has set an MRL of 0.05 μg/kg for AF M1 in milk, but this level 
was not achievable. However, the method developed was capable of quantifying 
the mycotoxins investigated at the levels which they have been detected in cheeses 
previously (discussed in 6.6.1).

6.5.2 MULTI-MYCOTOXIN METHOD FOR CEREAL AND RICE FLOUR AGARS

Values for recovery, repeatability and LOQs were determined for the method 
developed for cereal based agar matrices. The recovery varied extensively (from 
8 to 165 %) between the 29 analytes of interest. The values below 100 % could be 
related to incomplete extraction of the compounds, in particular when low recoveries 
were obtained for the FBs (8-44 %) and for EMETR, ZEN, NEO and DON (≤ 
55 %). Furthermore, MON and NIV were excluded from the method because of 
inappropriate extraction. It was hypothesized that part of the low molecular weight 
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compounds would be retained physically or chemically within the starch components 
of the agar matrix with similar interactions as have been demonstrated for fl avour 
ingredients (Escher et al. 2000). However, this was a theoretical assumption 
and could not be confi rmed on the basis of the literature. An acidifi ed mixture of 
MeOH:DCM:EtOAc (1:2:3) was used for the extraction  according to a procedure 
introduced for extracting Penicillium metabolites from Czapek yeast autolysate agar 
and yeast extract sucrose (YES) agar for qualitative determination (Smedsgaard 
1997). However, it was demonstrated recently that the use of these three solvents 
separately could be more feasible for the quantitative extraction of mycotoxins from 
agar (Van Pamel et al. 2011). With this procedure, improved recoveries for FB1, 
DON, NIV and PAT from YES agar were achieved compared to those obtained with 
a mixture of MeOH:DCM:EtOAc (1:2:3 + 1 % formic acid). The overall recoveries 
ranged between 56 and 125 % for the 21 fungal metabolites (Van Pamel et al. 2011) 
being more consistent in comparison to the recoveries of our study. However, it 
should be noted, that the spiking levels used (up to 2000 and 6000 μg/kg) were 
also much higher. 

In addition to the extraction effi ciency, the recoveries might have been 
affected by the fact that possible matrix effects were not taken into account in the 
quantifi cation which was performed using calibrants in solvent. For example, some 
of the recoveries deviating from 100 % (e.g. 163 and 165 % for 3-AcDON and BEA) 
could be attributable to this fact. The evaluation of the matrix effects would have 
been advisable since even simple matrices like agar based growth media consisting 
of mostly water can affect the MS signal (Van Pamel et al. 2011). Therefore, it is 
possible that the agar matrix had an effect on the responses also in the present 
study and the lack of matrix-assisted calibration decreased the accuracy of the 
quantifi cation. The use of calibrants in solvent was considered acceptable since the 
repeatability of the results was generally good and the purpose of the method was 
the determination and comparison of toxin production of fungi during the same 
experiment. Additionally, the aim was to keep the procedure as simple as possible 
to allow a rapid screening of a large number of strains. However, comparison of 
toxin production on different matrices has to be conducted with caution. 

The within-day repeatability of the method was satisfactory as the RSDs were 
mostly ≤ 12 %. However, for DON, F-X and FBs quite high RSDs (≥ 31 %) were 
encountered, which was associated with poorly repeatable extraction. In general, 
the repeatability is in accordance with RSD

r
 values from 1 to 39 % presented for 

mycotoxins from YES agar (Van Pamel et al. 2011). The LOQs determined from 
the standards in solvent varied between 0.1 and 86 μg/kg for the 29 analytes. 
However, the limits might have been quite different if they had been determined 
from the agar matrix. For example, Van Pamel et al. (2011) obtained very high 
LOQs (between 400 and 10000 μg/kg) for several toxins including DON, HT-2, 
NIV and ZEN from spiked agar samples. These values were possibly related to the 
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suppressive matrix effects but also to the diffi culty of extracting lower concentrations. 
Although the method could not be validated for MON and NIV, qualitative data 
could be obtained at high concentrations since the compounds were included in the 
HPLC-MS/MS method developed. The studies conducted on the toxin production of 
fungi on solid agar have demonstrated that the toxin levels produced during 7 days’ 
incubation are usually at the mg/kg level (Medina and Magan 2011; Van Pamel et 
al. 2011). Thus, the detection capability of the novel method was adequate for the 
intended purpose i.e. screening of toxin production of fungal species. The method 
allows quantifi cation of the analytes of interest although for some compounds, 
such as DON, F-X and FBs, semi-quantitative or qualitative work is advisable due 
to inadequate recovery or repeatability. 

6.5.3 MULTI-MYCOTOXIN METHOD FOR GRAINS

The values for the recovery, repeatability and LOQ determined for the HPLC-MS/
MS method for grains varied greatly between the individual mycotoxins, which 
was not unexpected considering that the method could not be fully optimized for 
all 31 analytes. Generally, the recoveries were between 51 and 122 % indicating 
that the ASE extraction with 90 % ACN ensured satisfactory extraction for most of 
the mycotoxins of interest. The lower recoveries obtained for ECORN (48 %) and 
fumonisins (7 to 36 %) were probably related to the poor extraction effi ciency. In 
particular, the effi cient and reproducible extraction of the polar FBs would have 
required a low pH and/or high water content as has been reported earlier (Sulyok 
et al. 2006; Spanjer et al. 2008; Beltran et al. 2009; Zachariasova et al. 2010). 
Exceptionally high recoveries obtained for ANT Y (i.e. up to 196 %) are in line with 
the data of Sulyok et al. (2007a) reporting a recovery of 285 % for this compound 
from bread-crumbs. It was stated that the result could not be explained by matrix 
effects or a blank containing the analyte, as was found also in this study. Considering 
the inconsistent recoveries of FBs and the exceptionally high recoveries obtained 
for ANT Y, only semi-quantitative or qualitative determination of these compounds 
would be appropriate. 

The extraction solvent composition was chosen on the basis of preliminary studies 
where ACN and MeOH based mixtures were compared. The use of ACN provided a 
better overall extraction of the mycotoxins of interest (data not shown). It has been 
reported previously that the use of ACN, MeOH and acetone can provide equally 
effi cient extraction of chemically diverse contaminants, including mycotoxins (Mol 
et al. 2008). However, the use of ACN has resulted in improvements in the extraction 
effi ciency in some multi-mycotoxin methods (Sulyok et al. 2006; Beltrán et al. 2009; 
Garrido Frenich et al. 2009). The reason could be the higher selectivity of ACN 
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towards most of the mycotoxins due to its tendency of interacting through dipole 
rather than acidic/basic functionalities as compared to MeOH (Snyder et al. 1997). In 
the light of the results of Mol et al. (2008), ACN can also be advantageous to reduce 
the co-extraction of sample matrix components, thus leading to less profound matrix 
effect in MS as compared to MeOH. However, any experimental comparison of the 
solvents was not made in this sense within the present study. A high percentage of 
MeOH also increased the back pressure of ASE hindering occasionally its operation, 
which favoured the choice of ACN. The extraction with ASE was not compared with 
any alternative extraction method, such as horizontal shaking. 

It has been demonstrated that an adequate extraction effi ciency from cereal 
based matrices can be achieved with ASE at room temperatures (compared to 100 
°C used in the present method) (Desmarchelier et al. 2010). The absolute recoveries 
describing the effi ciency of the extraction varied from 49 to 126 % for the 17 analytes 
being comparable to the overall method recoveries obtained in this study. The 
higher recoveries obtained for FBs (49 to 55 %) from wheat by Desmarchelier 
et al. (2010) might be explained by the higher water content and the acid in the 
extraction solvent (i.e. ACN:water:acetic acid, 80:19.5:0.5). A broad examination of 
the recoveries achieved with other published multi-mycotoxin methods (Table 4) 
demonstrates that they all have variations in their results, highlighting the challenges 
of optimizing a multi-residue method. For example, recoveries between 31 and 
127 % and between 43 and 117 % have been presented for 22 and 39 mycotoxins, 
respectively from wheat, barley and oats (Sulyok et al. 2006;2007b; Martos et al. 
2010). Even more variable recoveries from 37 to 205 % were reported for 27 toxins 
analysed from maize silage (Rasmussen et al. 2010).

The within-day repeatability (RSD
r
) for the individual mycotoxins ranged from 

2 to 26 %, which is satisfactory for a multi-residue method. These values are in 
accordance with other published multi-mycotoxin LC-MS/MS methods utilizing 
direct injection of cereal and feed extracts and reporting RSD

r
 of ≤ 27 % (e.g. 

Herebian et al. 2010; Martos et al. 2010; Rasmussen et al. 2010). The between-
day RSD

R
 of 14 to 28 % measured for DON, 3-AcDON, T-2, HT-2 and ENN B from 

the naturally contaminated grain fl our also indicate that the day-to-day variation 
with this method is acceptable. Due to the lack of CRMs with suitable mycotoxin-
matrix combinations at relevant concentration levels, the trueness of the method 
was determined by analysing the FAPAS reference materials available for DON, 
T-2 and ZEN. The concentration levels determined were 100, 75 and 129 % of the 
assigned values of the RMs, showing that the bias of the method was acceptable 
despite the fact that there was some underestimation of T-2 and overestimation 
of ZEN could occur. 

The expanded measurement uncertainty (U) calculated for the Fusarium toxins 
demonstrates that the results include relatively high uncertainties, as 11 out of 18 
values were ≥ 50 %. The highest U was obtained for the fumonisins, which can be 
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explained by the large variation of the results of the spiking experiments used for 
the calculation of U. Additionally, possible outlying values were not discarded. The 
measurement uncertainty has not been commonly presented in the literature on 
multi-mycotoxin methods. Monbaliu et al. (2010a) reported U of 8 to 40.2 % for 23 
mycotoxins determined from spiked feed samples. These values also indicate that 
measurement uncertainty can be considerable. The better overall U compared to that 
in the present study is probably due to the extensive sample clean-up performed, 
leading to more repeatable results (e.g. RSD

r
s of 1.8 to 11.8% and RSD

R
s of 2.2 to 

13.2 % were reported). 
The LOQs determined were matrix and analyte dependent ranging overall from 

1 to 1250 μg/kg. The relatively high LOQs of NEO, NIV, MON and HT-2 (≥ 280 μg/
kg) were attributable largely to mass spectrometric factors, i.e. signal suppression 
caused by matrix components and/or poor ionization in ESI. Signal suppression 
especially affected the quantifi cation of the early eluting analytes (e.g. NEO, NIV and 
MON). It is also likely that the evaporation of solvent and the ionization process in 
ESI were not optimal in the high water content (Boyd et al. 2008), which affected 
preferentially these compounds eluting at the beginning of the run. The high LOQ 
determined for HT-2 could not be solely due to matrix suppression, since the SSE 
values were within the same range as those of the structurally close T-2 which 
however, had much lower LOQs. Similarly to the other validation parameters, the 
LOQs obtained demonstrate the variation that is inherent when working with multi-
residue direct injection analysis. Previously, LOQs of the same range (i.e. from 0.5 
to 800 μg/kg) for 32 mycotoxins have been reported from unpurifi ed wheat and 
maize extracts (Herebian et al. 2009). Somewhat lower values (from 0.03 to 200 
μg/kg) from the same commodities were reported by Sulyok et al. (2006). The 
discrepancy could be due to the dilution of the extract leading to less severe matrix 
effects and consequently improved LOQs as compared to the method used in the 
present study. In addition, the lower LOQs achieved for the type-B trichothecenes 
might be explained by the use of acetate ion (m/z 59) for quantifi cation (Sulyok et 
al. 2006). In the present study, acetate gave the highest response of the product 
ions produced in CID for the type-B TRs. Nonetheless, acetate was used only as a 
confi rmatory ion due to its unspecifi c nature.  

It is not relevant to make a close comparison of the method performance with 
the published multi-mycotoxin methods because the validation parameters are 
dependent on the ways that they have been calculated as well as on the actual 
analytical procedure and the technique used. Furthermore, the poor performance 
obtained for certain analytes seems to be application dependent and generalizations 
are diffi cult to make. The overall performance of the developed method reveals 
rather large variation between the analytes in terms of recoveries, repeatability 
and detection capability, similarly to several other multi-mycotoxin methods 
especially those utilizing the direct injection approach (as summarized in Table 



104

4). Considering the method performance criteria laid down in the Commission 
Regulation EC/401/2006, precision (i.e. RSD

r
 and RSD

R
) and recoveries were in 

accordance for DON, T-2 and HT-2 at the corresponding concentration levels. With 
regard to OTA and ZEN, within-day repeatability and most of the recovery values 
were within the recommended range. On the contrary, for AFs and FBs, several 
values were outside the approved range. Regarding the LOQs, the present method 
was compliant with the existing and proposed MRLs for mycotoxins in animal feed 
(European Union 2002b;2006a). The only exception was AF B1, the LOQ of which 
was too high to meet the recommended limits in some specifi c cases (European 
Union 2002b). With respect to the regulatory limits in cereals intended for human 
consumption, the method performance was satisfactory for measuring adequately 
low levels of DON, FBs and ZEN (except for oats intended for direct human 
consumption) (European Union 2006c). It should be noted that the compliancy 
of the multi-mycotoxin method with the regulations was not a prerequisite since 
the method was not developed for offi cial control purposes.

6.5.4 SELECTIVE METHOD FOR ERGOT ALKALOIDS FROM GRAINS

The recoveries obtained for the ergot alkaloids with the selective UHPLC-MS/MS 
method were generally good as most of the values were between 70 and 120 %. Lower 
recoveries were obtained for ECRIS, ECRYPT, ECORN and ESINE, and higher 
values for ECRIS-INE, ECRYPT-INE, ECORN-INE and EAMININE. It seemed that 
the recovery percentages were affected by the epimerisation process since recoveries 
below 100 % were obtained for the (R)-diastereomers (–ines) and recoveries above 
100 % for all the respective (S)-isomers. Hence, it was hypothesized that a portion of 
the (R)-epimers had been converted to the respective (S)-forms during the analysis 
or sample storage. It has been demonstrated that some isomerisation can occur 
during storage of six weeks at + 4 and + 20 °C in a mixture of ACN:ammonium 
carbonate mixture (80:20) comparable to the extraction solvent used in the present 
study (Hafner et al. 2008). Although the samples were never stored for such a long 
time, it is likely that the conversion of (R)-diastereomers to the (S)-isomers took 
place as epimerization may occur also during a shorter period like LC analysis of 
18 hours (Hafner et al. 2008). Attention needs to be paid to protect the samples 
from excess isomerisation during the sample preparation and analysis, and to avoid 
long-term storage to obtain repeatable and reliable data for the individual ergot 
alkaloid epimers. In addition, isomerisation is one of the factors that needs to be 
taken into account when calculating the measurement uncertainty of this method 
in the future.
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The recoveries of the sum of the two epimers were approximately 200 % showing 
that the extraction effi ciency with the chosen solvent as well as the recovery from 
the Mycosep clean-up cartridge were satisfactory. According to earlier studies, 
ergot alkaloids can be extracted from cereal matrices with both aqueous acidic 
and basic mixtures of organic solvents (Scott and Lawrence 1980; Bürk et al. 2006; 
Storm et al. 2008). However, an ACN:ammonium carbonate mixture (84:16 v/v) 
has been demonstrated to achieve improved extraction effi ciency from naturally 
contaminated rye and barley in comparison to acidic (MeOH:0.25% phosphoric 
acid, 60:40) and neutral (ACN:10 mM ammonium acetate, 1:2) solvents (Krska et 
al. 2008a) that have been used in some earlier studies (Ware et al. 2000; Mohamed 
et al. 2006). The result could be explained by the fact that at neutral or basic 
pH, the N-6 of ergot alkaloids, the pKa values of which are between 4.8 and 6.2 
depending on the compound, exists in the non-ionized form (Krska and Crews 
2008), decreasing the interaction with charged groups of matrix components and 
enhancing the extraction effi ciency with organic solvents. Exact recovery percentages 
were not presented but in another study applying the same analytical procedure, 
recoveries ranged mostly between 70 and 110 % from various cereal matrices for 
six ergot alkaloids and their epimers (Krska et al. 2008b), thus being comparable to 
the recoveries of this study. In disagreement with the results of the present study, 
values < 65 % were measured for EMETR and ECRIS-INE. The possible impact of 
epimerisation on the recoveries was not discussed by Krska et al. (2008b).

The developed method was repeatable with the RSD
r
 of the individual ergot 

alkaloids being from 0.61 to 14 %, which is in good agreement with the RSDs of 9 
to 18 % or 4.1 to 9.3 % presented for other LC-MS/MS methods (Crews et al. 2009; 
Mohamed et al. 2006). Low concentrations could be measured, and the LOQs 
between 0.01 and 10 μg/kg were achieved. The highest values were determined for 
EMETR (i.e. 1.2-10 μg/kg) the probable reason being the severe signal suppression 
encountered in the MS. The LOQs were calculated from the response obtained 
from blank cereals according to the Eurachem validation guide (Eurachem 1998). 
Considering the possible variation between cereals used as blanks, the LOQs may 
not be practical and hence, the lowest concentration in the calibration curve (i.e. 0.1 
μg/kg) might be a more suitable limit for routine work (for other compounds than 
EMETR). The LOQs of the developed UHPLC-MS/MS method were comparable 
to those reported for other LC-MS/MS based methods. For example, LOQs of 0.17 
to 2.78 μg/kg have been presented for (R)- and (S)-diastereomers of ergot alkaloids 
from cereal based matrices (Krska et al. 2008b). Bürk et al. (2006) obtained LODs 
between 0.1 and 1.0 μg/kg whereas clearly higher values (from 23 to 37 μg/kg) 
were reported by Mohamed et al. (2006). Both of these studies analysed only the 
(R)-forms of fi ve or six ergot alkaloids, respectively. 

At present, few investigators have presented validation (or occurrence) data 
for the individual epimers of ergot alkaloids, which is possibly due to the poor 
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availability of the standards. In some cases, diffi culties have been encountered in 
stabilizing the conditions which would have hindered the epimerization processes 
and thereby the reliable quantifi cation of the two epimers. In this case it would be 
reasonable to express the results as a sum of the two epimers (Storm et al. 2008). 
However, methods capable of quantifying both epimers are of major importance in 
order to gather information on their occurrence for risk assessment and legislative 
work (Battilani et al. 2009). Legal limits for ergot alkaloids do not currently exist but 
values from 100 to 600 μg/kg for the individual ergot alkaloids have been discussed, 
based on their estimated average content in 1 mg of ergot sclerotia (Battilani et al. 
2009; European Union 2010). Considering the suggested values, the developed 
UHPLC-MS/MS method is capable of quantifying the selected 10 ergot alkaloids 
at suffi ciently low levels. 

In conclusion, the validation results demonstrated that a multi-residue 
method cannot be fully optimized for all the analytes of interest. Generally, the 
recovery, repeatability and limits of quantifi cation determined for the methods 
were acceptable but the values varied greatly between individual analytes. Low 
recoveries were mostly associated with insuffi cient extraction with the solvents 
used, a typical example being the fumonisins. In the case of the specifi c method 
of ergot alkaloids, the epimerisation affected the recovery percentages. Some of 
the high LOQs determined were attributed to poor ionization and extensive signal 
suppression evoked by matrix components. In some cases, the method performance 
would not permit reliable quantitative analysis and thus, only semi-quantitative or 
qualitative determination would be appropriate. The multi-mycotoxin method for 
grains could be used for offi cial control in the cases where the method performance 
fulfi ls the established regulatory criteria. The UHPLC method for ergot alkaloids 
would enable quantifi cation at the concentration levels proposed as legal limits.

6.6. MYCOTOXIN OCCURRENCE AND TOXIN PRODUCTION   

6.6.1 MYCOTOXINS IN MOULD CHEESES

Roquefortine C and mycophenolic acid were detected in the blue cheese samples 
and these compounds originated most probably from the metabolism of the starter 
organisms used in the cheese production. P. roqueforti is a common starter in 
blue cheeses and it is known to produce these two metabolites (Lafont et al. 1979; 
Frisvad et al. 2004). The concentrations of ROQ C (from 800 to 12000 μg/kg) and 
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MPA (300 mg/kg) found were generally in accordance with earlier studies. ROQ C 
has been reported at levels from 50 to 2290 μg/kg in various blue cheeses (Schoch 
et al. 1984; Finoli et al. 2001). Compared to these results, the level of 12000 μg/
kg of ROQ C in one of the samples was rather high. MPA has been reported from 
different types of blue mould cheeses at levels of 100 to 500 μg/kg (Zambonin et 
al. 2002), although levels of up to 15000 μg/kg have also been reported (Lafont et 
al. 1990). In the present study, only one blue cheese sample contained a detectable 
amount of MPA, which indicates that this toxin can be avoided with the proper 
selection of the starter strain (Lafont et al. 1990). 

No other mycotoxins investigated were found in the cheese samples. AF M1 
could be present in cheeses due to its occurrence in milk, and some recent studies 
have reported concentrations from 0.03 to 2.52 μg/kg in different types of cheeses 
(Montagna et al. 2008; Virdis et al. 2008; Er et al. 2010; Hampikyan et al. 2010). 
Unfortunately, cyclopiazonic acid and citrinin could not be detected with the method 
applied. CPA has been detected in white mould cheeses as a consequence of the 
production by the commonly used starter organism, P. camemberti (Le Bars 1990; 
Zambonin et al. 2001). On the other hand, CIT producing wild strains of Penicillium 
have been isolated from cheeses and cheese manufacturing sites (Vázquez et al. 
1997). Generally, reports of the occurrence of mycotoxins in cheese other than those 
produced by starter fungi or AF M1 are scarce. This is likely to be attributable to 
good manufacturing practices applied in the modern cheese production where the 
raw materials, manufacturing processes and storage conditions are controlled to 
avoid fungal contamination and mycotoxin formation (Bullerman 1981; Engel and 
Teuber 1989). Additionally, toxigenic moulds are believed to represent only a minor 
proportion of the total fl ora in cheese and cheese factory environments (Bullerman 
1980). Furthermore, cheese is not necessarily a good substrate for mould growth 
and mycotoxin formation, and some mycotoxins, such as patulin, penicillic acid and 
PR-toxin, have been shown to be unstable in cheese matrix (Lieu and Bullerman 
1977; Scott and Kanhere 1979).

The levels of ROQ C and MPA found in the blue cheeses examined are safe 
for consumers considering the presumably low daily consumption of this type 
of products and on the basis of the current knowledge on the toxicity of these 
compounds. The existing data indicates that the acute toxicities of ROQ C and MPA 
are low (Wilson 1971; Arnold et al. 1978; Kopp and Rehm 1979; Bentley 2000). 
For example, LD50 values of 450 to 550 mg/kg per bodyweight (with intravenous 
administration) have been presented for MPA in mice and rats (Wilson 1971), and 
LD50 values between 169 and 189 mg/kg (with intraperitoneal administration to 
mice) were reported for ROQ C (Arnold et al. 1978). Furthermore, the neurotoxic 
properties associated to ROQ C (Wagener et al. 1980) have been questioned as blue 
mould cheese has been consumed for centuries without any reports of harmful 
effects on humans (Bullerman 1981). 
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6.6.2 TOXIN PRODUCTION OF F. SPOROTRICHIOIDES AND F. LANGSETHIAE

Beauvericin and type-A trichothecenes (i.e. NEO, DAS, T-2 and HT-2) were detected 
on both F. sporotrichioides and F. langsethiae cultures demonstrating that the 
general toxin profi les of these two fungal species are similar. The toxin profi les 
obtained were to be expected on the basis of reports presented in the literature. The 
type-A trichothecene synthesis of F. sporotrichioides and F. langsethiae has been 
demonstrated in several studies (e.g. Langseth et al. 1998; Mateo et al. 2002; Thrane 
et al. 2004), and F. sporotrichioides is a known producer of BEA (Thrane et al. 
2004; Jestoi et al. 2008). However, the BEA production of the F. langsethiae strains 
was unexpected because this species has not been demonstrated unequivocally 
as a BEA producer. The production was modest, but the fi ndings indicate that 
F. langsethiae possesses toxin producing capability. On the basis of the amount 
of the toxins detected, T-2 was the main metabolite of both F. sporotrichioides 
and F. langsethiae, which is in accordance with the earlier studies conducted on 
the trichothecene production of F. sporotrichioides (Marasas et al. 1987; Mateo 
et al. 2002). Generally, it seems that the species examined favour the type-A TR 
production over that of BEA. However, the biosynthetic pathways of trichothecenes 
and BEA are independent (Desjardins and Proctor 2007) and therefore their 
concentrations cannot be expected to correlate. These toxins might also have very 
different functions for the fungus.

Both species possess a very high potential of producing mycotoxins under in 
vitro conditions. The average levels of T-2 produced by F. sporotrichioides and F. 
langsethiae on the cereal fl our agar (6600 and 6000 μg/kg, respectively) and of 
HT-2 (704 and 210 μg/kg) are in agreement with those presented previously for 
F. langsethiae on oats based agar at similar conditions (i.e. a

w
 0.99, 25 °C, 10 d 

incubation) (Medina and Magan 2011). The levels of around 3000 and 13000 μg/
kg of T-2 and around 1000 to 3000 μg/kg of HT-2 (exact concentrations were not 
presented) were reported for strains isolated from UK and the Nordic countries 
(including two isolates from Finland that were investigated also in the present 
study). The somewhat higher toxin levels measured are presumably due to the 
longer incubation period used by Medina and Magan (2011). 

The mycotoxin production was abundant also on the rice based agar. T-2 was 
produced on average at levels of 14400 and 16000 μg/kg by F. sporotrichioides and 
F. langsethiae, respectively. In addition, the other type-A TRs were measured on 
rice agar at high levels, ranging overall from 340 to 3700 μg/kg. Furthermore, BEA 
production was quantifi able on the rice cultures of all three F. sporotrichioides and 
two of the F. langsethiae strains. Sometimes the toxin levels measured on the rice 
cultures after seven days were even higher compared to those produced on the grain 
mixture after 28 days. For example, F. langsethiae produced higher amounts of T-2, 
DAS and NEO on the rice substrate compared to the grains. Rice has been stated as 
being a suitable substrate for fungal growth and toxin production (Jestoi et al. 2008), 
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which is postulated to be because of the readily available carbohydrates as the excess 
of carbon promotes the production of fungal secondary metabolites (Carlile et al. 
2001). The rice substrate used contained added sucrose which presumably enhanced 
also the mycotoxin production. It has been demonstrated previously that sucrose 
promoted trichothecene (i.e. DON and 3-AcDON) synthesis of F. graminearum 
(Jiao et al. 2008).

The F. sporotrichioides and F. langsethiae strains produced high amounts of 
mycotoxins also on the grain mixture at the conditions applied. Average T-2 toxin 
levels of 4100 and 22000 μg/kg were measured on the F. sporotrichioides and F. 
langsethiae grain cultures, respectively, with the levels of other TRs varying from 190 
to 6200 μg/kg. Additionally, grain mixture was favourable for the BEA production 
of F. sporotrichioides, and 1800 μg/kg were detected on average. The type-A TR 
production of F. sporotrichioides has been investigated earlier on maize, rice and 
wheat grains (Mateo et al. 2002). As the incubation conditions (a

w
 from 0.990 to 

0.999, + 26 °C, 21 d) were similar to those in the present study, toxin production 
of the same magnitude could have been expected. However, the concentrations of 
T-2, HT-2, DAS and NEO presented were clearly lower, varying from 34 to 243 
μg/kg in wheat grains (Mateo et al. 2002). Even the highest concentration of T-2 
toxin measured on maize (i.e. 1083 μg/kg) was low. The differences in data can be 
explained by the shorter incubation time used in the study of Mateo et al. (2002) as 
well as by the differences in the toxin production capacity of the isolates examined 
in the two studies.

The toxin production observed on the grain mixture, in comparison to the 
two agars, might best resemble the situation in the natural habitat of these fungi. 
The toxin profi les of F. sporotrichioides and F. langsethiae refl ect quite well the 
mycotoxin occurrence data in Finnish cereals. Frequent contamination with low 
levels of BEA (mostly < 10 μg/kg) has been reported, and T-2 and HT-2 toxins have 
been detected at occasionally high concentrations, e.g. average levels of 300 to 500 
μg/kg have been measured in oats (Eskola et al. 2000;2001; Jestoi et al. 2004c; 
Yli-Mattila et al. 2008). On the other hand, the occurrence of DAS or NEO has not 
been described although these were produced readily in vitro. However, prediction 
on the situation in the fi eld cannot be made on the basis of these results, since in 
the in situ conditions, various environmental and agricultural factors as well as the 
presence of other microbiota affect the toxin production of fungi (Doohan et al. 2003; 
Edwards 2004; Xu et al. 2007) . The information on the toxin production capacity 
of these two species is of great importance as the recent studies indicate that F. 
langsethiae in particular is becoming more prevalent in northern Europe (Parikka 
et al. 2008; Edwards et al. 2009). At the same time, the increased occurrence of T-2 
and HT-2 toxins has been observed (Edwards et al. 2009; van der Fels-Klerx 2010). 
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6.6.3 ERGOT ALKALOID OCCURRENCE IN FINNISH GRAINS 

All ten ergot alkaloids examined were found in the grain samples at variable 
concentration levels. Ergot alkaloids were most prevalent in the rye samples (72 
% positive) compared to barley (42 % positive), or wheat where these compounds 
were not detected. The result was expected as the most important producer organism 
in grains, Claviceps purpurea, is most commonly encountered in rye (Battilani 
et al. 2009). Furthermore, data compiled recently from Europe and Canada has 
demonstrated the frequent occurrence of ergot alkaloids in rye (Battilani et al. 2009). 
For example, some studies conducted on European rye, rye fl our or rye bread have 
reported that 89 to 100 % of the investigated samples (n=28-51) did contain ergot 
alkaloids (Lauber 2006; Storm et al. 2008; Crews et al. 2009).

Relatively high levels of ergot alkaloids were present in rye, i.e. on average 720 
μg/kg was measured, with the highest level in a single sample being 6200 μg/
kg. The levels were in line with those presented previously. For example, a mean 
concentration of 818 μg/kg in rye samples (n=30) collected from Germany has been 
reported (Lauber 2006). Furthermore, maximum values of 1063 and 3280 μg/kg 
of total ergot alkaloids have been found in German rye samples (Lauber 2006; 
Reinhold and Reinhardt 2011), while in mixed feed, a total amount of 4883 μg/kg 
has been measured (Ruhland and Tischler 2008). According to the present results, 
also barley can contain ergot alkaloids, and a mean concentration of 59 μg/kg was 
determined. Little is known about the occurrence of ergot alkaloids in cereals other 
than rye. A study conducted on infant foods indicated that these compounds may 
be found in wheat based biscuits and oat, barley and multi-grain cereals with the 
highest incidence (56 %) and highest average concentration (18 μg/kg) determined 
in barley products (Lombaert et al. 2003). In the present study, the wheat samples 
were not contaminated. However, other researchers have detected a median value 
of 29 μg/kg (with a maximum level as high as 1236 μg/kg) of ergot alkaloids in 
wheat intended for use as animal feed (Ruhland and Tischler 2008).

The levels of individual ergot alkaloids presented in the literature are lower than 
in this study (from n.d. to 2200 μg/kg in rye). For example, mean concentrations 
from 0.7 to 24.4 μg/kg of individual alkaloids in rye and rye fl our were reported by 
Müller et al. (2009), who examined both the (R)- and (S) –epimers. In addition, 
levels ranging from 0 to 19 μg/kg and from 42.4 to 94.5 μg/kg (as a sum of the 
two ergot alkaloid epimers) have been reported (Storm et al. 2008; Reinhold and 
Reinhardt 2011). The ergot alkaloid patterns detected in both ergot sclerotia and 
in rye and rye products have been demonstrated to vary considerably (Young 
1981a;1981b; Storm et al. 2008; Appelt and Ellner 2009; Crews et al. 2009). 
According to the studies reporting both (R)- and (S) –epimer concentrations, the 
physiologically active (R)-forms have been more prevalent, although the ratios of 
the two epimers can vary signifi cantly (Crews et al. 2009; Müller et al. 2009). In 
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the samples examined in this study, the (R)-epimers of ergocornine and ergocristine 
were the major alkaloids followed by ergocryptine. Other studies have reported 
EAMINE and ECRIS together with ESINE as being predominant in rye and related 
products  (Storm et al. 2008; Crews et al. 2009; Reinhold and Reinhardt 2011). 
EAMINE and ECRYPT were reported as the main alkaloids by Storm et al. (2008). 
Furthermore, ECRIS, EAMINE and ECORN were the major alkaloids in rye and 
triticale ergot sclerotia in the study of Appelt and Ellner (2009). According to these 
reports, EAMINE is common in rye whereas in the present study, EAMINE and 
EMETR were the least prevalent alkaloids. The variations of ergot alkaloid patterns 
between the studies may be due to different rye cultivars and agricultural practises 
used as well as different climate conditions prevailing. In addition, the prevalence of 
Claviceps species and variations in their ability to produce toxins could have affected.

The results indicate that rye frequently contains ergot alkaloids. Although ergot 
sclerotia should be separated from grains in the milling processes, smaller ergots and 
their fractions can end up in fl our (Lauber 2006). Ergot alkaloids may also survive 
food processing to some extent although they are unstable if heated and thus, they 
can be present in the fi nal cereal products (Crews et al. 2009; Müller et al. 2009). 
Currently, no legal maximum limits for ergot alkaloids have been established in the 
EU. A value of 1000 μg/kg has been presented as it corresponds to a content of 0.2 
% ergot alkaloids (w/w) in ergot sclerotia at a contamination level of 0.05 % (MRL 
for ergot in intervention grain). However, lower values from 100 to 500 μg/kg of 
total ergot alkaloids have been proposed (Battilani et al. 2009). In addition, MRLs 
between 100 and 600 μg/kg have been discussed for individual ergot alkaloids 
(European Union 2010). Considering the values proposed, rye samples exceeding 
these concentration levels would be encountered in Finland even if the MRL were 
to be 1000 μg/kg. It should be noted that the samples were raw cereals that had not 
been processed, and therefore the content of ergot alkaloids might not represent 
completely that of the fi nal products intended for human consumption. However, 
the results obtained do provide an estimate of the ergot alkaloid contamination 
levels in Finnish grains. Risk assessment and legislation for ergot alkaloids are of 
great importance due to their frequent occurrence. There is agreement that the 
content of ergot alkaloids cannot be estimated simply on the basis of the presence 
of sclerotia due to the high variation of patterns and concentrations of individual 
ergot alkaloids (Battilani et al. 2009). Therefore, more data is needed about the 
prevalence as well as on toxicological effects of all individual ergot alkaloids and 
their combinations in grains and related products (Appelt and Ellner 2009).

In summary, co-occurring, chemically different mycotoxins could be determined 
from food and agar samples with the LC-MS/MS methods developed. Roquefortine 
C and mycophenolic acid were detected in blue cheeses but not at levels considered as 
being harmful. In addition, the production of beauvericin and type-A trichothecenes 
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by F. sporotrichioides and F. langsethiae could be verifi ed from cereal based agar 
and whole grain cultures. T-2 toxin was the main metabolite of these species with 
the average concentrations measured being as high as 22000 μg/kg. Furthermore, 
occurrence of several ergot alkaloids was demonstrated in Finnish barley and rye 
samples at average levels of 59 and 720 μg/kg.



113

CONCLUSIONS 

Novel methods were successfully developed for simultaneous determination 
of several, chemically diverse mycotoxins from food and agar matrices. Liquid 
chromatography coupled to tandem mass spectrometry was proved to be a feasible 
technique for this type of targeted multi-residue analysis. HPLC-MS/MS based 
methods were devised for determining nine mycotoxins from cheese and 29 to 
31 mycotoxins from cereal based agar matrices and grains. UHPLC-MS/MS was 
demonstrated to be an effective tool in the selective determination of ten ergot 
alkaloids from grains. 

Straightforward analytical procedures ensured rapid determination of the 
mycotoxins of interest. The extraction of the analytes from the sample matrices 
was accomplished with liquid extraction after which only minimal sample clean-
up was required before the extracts were injected to the LC-MS/MS. Reversed 
phase chromatography in C18 columns ensured the separation of the analytes in 
reasonable run-times by using gradient elution with ACN based mobile phases. The 
ionization of the mycotoxins was achieved by utilizing ESI interface, and reliable 
confi rmation and quantifi cation were performed by monitoring the product ions 
formed in the collision-induced dissociation of triple quadrupole-MS. 

Several compromises were needed during the method development, as the 
extraction, chromatographic and mass spectrometric conditions could not be 
optimized completely for all the analytes. Additionally, the co-extracted matrix 
components led to profound signal suppression, or in some cases enhancement, 
in ESI. Therefore, the matrix effects were compensated by using matrix-assisted 
calibration. The validation showed that the performance of the methods was generally 
good for this type of multi-residue analysis, allowing reliable, repeatable and selective 
determination of the mycotoxins of interest at suffi ciently low concentrations. 
Occasionally, one had to be satisfi ed with the high limits of quantifi cation and 
reduced recovery and repeatability and therefore, it is recommended that either 
semi-quantitative or qualitative determination would be advisable for certain 
compounds. The effi ciency of selective SPE sample clean-up in combination with the 
high separation and detection capacity of UHPLC-MS/MS was demonstrated in the 
ergot alkaloid analysis. Low LOQs and good recoveries and within-day repeatability 
were obtained.

The methods were suitable for applications where several mycotoxins needed 
to be detected simultaneously. In the mould cheese samples analysed, co-occurring 
roquefortine C and mycophenolic acid could be detected. The concentration levels 
were not at a harmful level considering the normal consumption of this type of 
cheese products. The method developed for cereal based agar matrices and grains 
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was applicable for the screening of toxin production of fungal strains. Chemically 
diverse metabolites, i.e. type-A trichothecenes (T-2, HT-2, DAS and NEO) and 
beauvericin, of F. sporotrichioides and F. langsethiae could be determined with a 
single method. The results provided new knowledge on the toxigenic potential of 
these important fungal species, which is especially valuable for the less extensively 
investigated F. langsethiae. The production of BEA by F. langsethiae has not been 
confi rmed unequivocally, but was demonstrated in this study. Contamination levels 
and patterns of ergot alkaloids could be determined with the developed UHPLC-MS/
MS method from grain samples. The high prevalence and variety of ergot alkaloids 
were demonstrated for the fi rst time from Finnish rye and barley. This occurrence 
data will be valuable for future risk assessment purposes.  

In the future, the LC-MS/MS methods devised in this study can be used in 
other food safety applications. The simple procedures allow the modifi cation of 
the methods in order to include new analytes and sample matrices. Nonetheless, 
possibilities to improve the present methods should be investigated. For example, 
the use of internal standard calibration as well as feasible ways to purify samples to 
reduce matrix effects and to improve quantifi cation could be examined. Additionally, 
wider use of UHPLC/MS in multi-mycotoxin analysis should be considered. 
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