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Abstract

A method is described using LC-MS—-MS for the detection of five different enniatins in grain. The method involves extraction of the
fungal secondary metabolites using acetonitrile—water and quantification using LC-MS—MS with atmospheric pressure chemical ionisation,
without further treatment of sample extracts. The selected ion reactiovi 6fNlH,]* to [M + H]™ was utilised in the specific detection of
the compounds. Mean recoverigs{5-12) of enniatins from spiked grain samples over a period of six months were 99-115%, 86—131%,
97-113%, 73-100% and 78-114% for beauvericin, enniatin A, A1, B and B1, respectively. The limits of detection weyg3for
beauvericin, enniatin A, B and B1 and 4./kg for enniatin A1, which corresponds to on-column detection limits of 7.5pg and 10 pg,
respectively.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Depsipeptides; Foodtusarium Mycotoxin; Validation

1. Introduction by Fusarium subglutinan§l2] and F. proliferatumstrains
[13] that were isolated from maize and cultivated in the lab-
Enniatins are secondary fungal metabolites that have beeroratory. It is toxic to mammalian and human cell lines, influ-
known to science for several decadiEls They representsix-  ences the contraction of smooth muscle and induces apoptosis
membered cyclic depsipeptides, which are commonly com- [14—16] Recent reports of the production of beauvericin by
posed of three alternatimga-hydroxyisovaleryl and threld- F. avenaceurfill7], the mostimportant grain-infecting fungus
methyli-amino acid residued=(g. 1). Individual enniatins of the genud-usariumin Norway [18], as well as findings
are distinguished by the nature of themethylamino acid of high concentrations of beauvericin and three other enni-
residue and more than 10 distinct enniatins have been eithemtins in Finnish grain, prompted us to develop a screening
isolated or synthesised so {&-8]. method for the determination of these fungal metabolites in
Enniatins are cationophoric compounds that posses insec-grain.
ticidal activity[9,10]and were found to be potent and specific The development of LC-MS provided the analytical
inhibitors of acyl-CoA: cholesterol acyltransferase (ACAT) chemist with a powerful tool for the fast and selective deter-
activity [11]. Beauvericin, which is the only enniatin that mination of many compounds. Fragmentation of the analytes
is composed oN-methyl1.-phenylalanyl residues, was sub- of interest, either by collision-induced dissociation in the ion
ject to more profound toxicological investigations in recent source or in a collision cell/ion trap, in many circumstances
years. It was discovered that the metabolite was producedproduces specific daughter ions, which allow for the removal
of serious matrix interferences. It is therefore often possible
to minimise or even omit sample preparation. Few methods
msponding author. Tel.: +47 23216264, fax: +47 23216201. _have been published that deal with the analysis of beau.vericm
E-mail addresssilvio.uhlig@vetinst.no (S. Uhlig). in corn [19-21] and meaf22]. They employ HPLC with
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R, out further purification.

R'WAO 0 O;EO 2.3. LC-MS-MS

N0 0

WI \ The enniatins were separated on a 150 mn8.9 mm
Ay

j;( | transferred to HPLC vials, sealed tightly and analysed with-
N

~ Symmetry Gg (5pm) column (Waters, Milford, USA). A
R, model P4000 pump and a Model AS3000 autosampler (TSP,
San Jose, CA, USA) were used for providing a mobile

Compound phase flow of 1 ml/min and for the injection of A0 ex-
Beauvericin Ry=Ry=R3=-CH,C¢Hs tract aliquots, respectively. The mobile phase for isocratic
EnniatinA Ry=Ry=R3= -CH(CH;)CH,CHj; elution was water—methanol-acetonitrile (15:40:45, vivlv,
Enniatin A1 Ry=Ry=-CH(CH3)CH;CH3, R3= -CH(CH3), containing 15mM ammonium formate). After elution of
Enniatin B R;=R,=R3=-CH(CH3),

the enniatins (3.7—6.2min), the column was flushed with
methanol-acetonitrile (50:50, v/v) for 10 min. The HPLC
was coupled to a LCQ ion trap mass spectrometer operating
with an atmospheric pressure chemical ionisation (APCI) in-
) ) ) terface (Finnigan MAT, San Jose, CA, USA). The MS was
either UV or mass spectrometric detection after electrospray gnerated in selected ion reaction monitoring mode (SRM).
or thermospray ionisation. One paper deals with the simul- 1 jon injection time was set to 300 ms with a total of three

taneous analysis of beauvericin, enniatin A, Al, B and Bl \icroscans. The APCI interface was operated with a vapor-
together with fusaproliferin from spiked water samples us- isation temperature of 35€ and a sheath gas rate of 20

ing LC-MS[23]. However, since the compounds possess low jts (approximately 200 ml/min). No auxiliary gas was ap-
water sol_ublllty the latter study may be considered of low plied to the interface. A corona discharge voltage of 6 kV
practical importance. and a heated capillary temperature of 1680vere used. Tun-

This paper reports the development and validation of a j,q of jonisation and MS—-MS collision energy was carried
rapid and selective LC-MS-MS method for the simultaneous ot while continuously infusing a tuning solution containing

determination of beauvericin, enniatin A, A1, B and B1in gjther heauvericin or enniatin A, A1, B and B1, dissolved in
oats, barley and wheat. methanol, at a flow rate of 1;8/min into the mobile phase.

The capillary voltage as well as the tube lens offset and the
octapole offsets were optimised prior to the commencement

Enniatin B1 R,=R,= -CH(CHj),, Ry= -CH(CH;)CH,CH,

Fig. 1. Simplified drawing of the structure of the enniatins.

2. Experimental of sample analysis using a methanolic solution ofugiml
) beauvericin and direct infusion as above. Typical values for
2.1. Chemicals the capillary voltage and the tube lens offset were in the range

o 30-40V and 10-30V, respectively.
Acetonitrile and methanol (Rathburn, Walkerburn, UK)

were of LC quality, water was purified and deionised using 2 4. Quantification

a Purite Analyst HP water purifier (Oxon, UK). Beauvericin

(ca. 99% purity), a mixture of enniatin A, A1, B and B1 (ho- Enniatins were quantified using external calibration

mologue composition 3%, 20%, 19% and 54%, respectively, cyrves, which were constructed for each compound by plot-
ca. 97% purity), as well as ammonium formate were pur- ting the amount{g/kg) against the signal height.

chased from Sigma (St. Louis, MO, USA). Stock solutions  Ag a consequence of the different concentrations of en-
of 500pg/ml and 100Qug/ml of beauvericin and enniatin - npiatin A, A1, B and B1 in the standard material and hence
mixture, respectively, were prepared by dissolution of the i the stock solution, the calibration range was for practical

crystalline material in methanol and stored-&6°C. reasons not the same for all five analytes. Calibration curves
were plotted using pure standards as well as oats matrix-
2.2. Extraction procedure assisted standardsin all cases (allin acetonitrile—water, 84:16,

v/v). However, for the purpose of quantification oats matrix-

Grain samples (oats, wheat and barley, 500 g) were milled assisted standard curves were used for beauvericin, enni-
on a Retsch ZM 100 laboratory mill (Haan, Germany). Ten atin A and Al in the concentration ranges 7.9-pb2kg,
gram sub-samples of milled grain were homogenised (Ultra 3.2-30u.g/kg and 8.0-16Q.g/kg, respectively. Oats matrix-
Turrax T25, Janke & Kunkel, Staufen i.Br., Germany) with assisted standards were prepared as follows: Oats extract
80 ml of acetonitrile—water (84:16, v/v) for 3 min and there- (600ul, considered blank for beauvericin as well as enni-
after placed on an orbital shaker at 175 rrifior 30 min. Ex- atin A and A1, but containing low amounts of enniatin B and
tracts were filtered through S&S 595 folded filters (Schlei- B1), which was obtained as described above, was evaporated
cher & Sclill, Dassel, Germany). Approximately 1 ml was at 60°C to dryness using a gentle stream of nitrogen. Six
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Table 1

MS method including scan events, parent and daughter ion masses as well as relative collision energy

Scan segment Scan event Compound MBI + NH4]+ (m/2) MS2, [M + H]t (m/2) Relative collision energy (%)
1 Enniatin B 657 640 23

2 1 Enniatin B1 671 654 22

2 2 Beauvericin 801 784 25

3 Enniatin A1 685 668 24

4 EnniatinA 699 682 26

hundredul of the appropriate standard in acetonitrile-water + H]* ions, which were used for quantificatiofiaple J).
(84:16, v/v) was then added and the residue dissolved by vor-The comparatively high content of ammonium in the mo-
texing. For quantification of enniatin B and B1 calibration bile phase (15 mM) ensured a constant signal height\br [
curves from pure standards were used in the concentration+ NH,4]*. When a certain fragmentation energy level was

range 7.7-76Q.g/kg and 14-216Q.g/kg, respectively. exceeded, the molecule broke up into several fragments. In
our experiments, the enniatins fragmented in the same way as
2.5. Method validation reported for beauvericin by Sewram et[@1]. However, in

addition to the reported fragments, beauvericin as well as the
Spike recovery experiments were carried out in order other enniatins affordedM + H — 28]* ions. The intensity

to validate the method. Spiking solutions were prepared in of the corresponding signal was lower for beauvericin com-
methanol and appropriate amounts added to either oats, barpared to the other enniatins and is likely due to loss of CO
ley or wheat matrix the day before extraction. Assessed pa-after opening of the cyclic molecule to the carbonyl car-
rameters included method linearity, accuracy as spike recov-bon. This transition may be used for further verification. Af-
ery and precision as repeatability as well as reproducibility ter each LC-MS analysis, the chromatographic column was
(day-to-day repeatability). The limit of detection and the limit  flushed with acetonitrilie—methanol (50:50, v/v) for 10 min,
of quantification was determined ak 3ignal-to-noise (S/N)  which was necessary since extracts were not purified prior to
and 10< S/N, respectively, from spiked samples. analysis. This lead to the elution of non-polar compounds and

prevented the increase of the background signal after analysis

of several samples.

3. Results and discussion It has been shown that in cases where the gas-phase basic-
ity (positive ionisation) or acidity (negative ionisation) of co-
3.1. LC-MS-MS analysis eluting compounds s larger than that of the analyte of interest

the analyte signal may be significantly suppre$28&l There

The investigations of the positive and negative ion mass are two ways of controlling matrix effects. Ideally, an isotope-
spectral characteristics of the enniatins lead to the develop-labelled internal standard is added to the sample, which, apart
ment of the final LC—MS method for the determination of from its mass, is chemically identical to the analyte. The in-
the enniatins in grain. The ionisation efficiency, and hence ternal standard will co-elute with the analyte and it may then
the sensitivity of the method, was not dependent on the in- be assumed that both experience the same suppression ef-
terface (electrospray ionisation or APCI), at least not for the fects. Another possibility is the preparation of standards in
mobile phase conditions investigated. The APCI interface the presence of sample matrix. In other instances, when co-
was finally chosen because it reportedly is less prone to ioneluting compounds are not prominent, matrix-assisted stan-
suppression than electrospray ionisafi4. In the positive dards may be used in order to “saturate” active surfaces of
APCI mode, all enniatins afforded similar ion patterns. The the system, which may lead to more accurate results. Itis for
predominant signals were those froM f- H]"™ and M + this reason, matrix-assisted standards were employed in this
NH4] ™ ions, together with trace signals fromd - NaJ*+ and study. In contrast to another stu®6], the matrix effects
[M + K] T adducts. The most important parameter for the in- from different grain species were similar. However, even if
tensity ratio M + H]™/[M + NH4]™ was the temperature of  the matrix effect was constant during a run, it varied between
the heated capillary, a higher capillary temperature favouring runs and even changed in sigrable 9. The reason for this

formation of M + H]™. At a temperature of 15@C, the in- behaviour is not clear, but it is assumed that it is caused by a
tensity ratio M + H]T/[M + NH4]* was about 20/80. Upon  change of the activity of surfaces when samples of a different
negative ionisation, all enniatins afforddd |- H]~ ions of nature had been run on the days between the analyses of grain

approximately one hundred times less intensity compared tosamples. In consequence of this, spike recovery experiments
the ions that were produced in the positive mode. Operating and, ideally, a control sample should always be incorporated
the ion-trap mass analyzer in the MS—MS mode increased theinto the analytical routine. The difference between the slope
selectivity of the method, minimised the background signal of matrix-assisted calibration curves and those plotted using
and thereby improved method performance. Application of pure standards was commonly 0—10%. However, the high-
the appropriate energy to thil[+ NH4] ™ ions afforded M est observed difference between the two calibration curves
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Table 2
Slopes of calibration curves from pure and oats matrix-assisted standards showing the day-to-day variation of the matrix effect

Beauvericin, 7.9-5129/kg Enniatin A, 3.2-3@Q.g/kg Enniatin A1, 8.0-16Q.g/kg Enniatin B, 7.7-15gg/kg Enniatin B1, 14-43gg/kg

CH3zCN-water Oats matrix Cy)CN-water Oats matrix C)CN-water Oats matrix ~ C{CN-water Oats matrix CsCN—water Oats matrix

0.81 1 0.90 1 0.98 1 1.09 1 0.97 1
0.91 1 0.97 1 1.02 1 1.23 1 1.29 1
0.96 1 1.03 1 1.03 1 1.11 1 1.09 1
0.95 1 1.08 1 1.07 1 1.26 1 0.95 1
0.74 1 0.80 1 0.91 1 0.96 1 1.01 1
The slope of the calibration curve from oats matrix-assisted standards is normalised to 1.
Table 3
Mean spike recovery data determined for beauvericin and four other enniatins from the method linearity test
Compound Spike level(g/kg) n Recovery (%) R.S.D (%) R2 Residual (.g/kg)
Beauvericin % 1 68 03
29 1 78 -16
45 6 87 (71-103) 18 0.971 —9.7t0 10
90 1 94 34
128 1 90 -20
Enniatin A 42 1 104 24
8.1 1 104 16
12 6 91 (82-100) 10 0.961 —2.31t00.6
21 1 97 -23
30 1 121 5
Enniatin A1 10 1 119 K>)
45 1 98 63
80 6 79 (73-85) 7 0.944 —85t01.6
120 1 100 18
160 1 82 -3.2
Enniatin B 76 1 83 31
133 1 86 31
190 6 64 (55-74) 13 0.971 -30to 17
380 1 81 17
570 1 86 13
Enniatin B1 27 1 84 36
122 1 77 30
216 6 86 (74-97) 13 0.973 -—38t031
378 1 95 —13
540 1 107 29

95% confidence limits are given in parenthesis (fromtttistribution). The squared linear correlation coefficient and residuals are from the plot of theoretical
against found concentration.

was about 30%Table 2. In other studies, peak area reduc- ranges for different analytes complied with the relative ra-
tions of up to 40% were detected when mycotoxins were tio of the fungal metabolites in Norwegian gr480]. Beau-
quantified in food mixture§27] or 19-42% when shellfish  vericin, enniatin A and A1 were quantified using oats matrix-
poisoning toxins were quantified in scallops using LC—APCI- assisted standard curves while enniatin B and B1 were quan-
MS [28]. However, matrix effects were absent when type A- tified using pure standards. The matrix effect was most pro-
trichothecenes were analysed in grain using LC—-APCI-MS nounced at low concentrations and was of minor importance
[29]. The favourable ionisation properties of the enniatins for high concentrations (>1Q0g/kg). Since almost exclu-
allowed the direct analysis without concentration of sample sively high amounts of the latter compounds could be found
extracts, thus potentially interfering matrix components were in natural contaminated samples it was assessed as unnec-
likewise not concentrated and the matrix effect, was kept be- essary to use matrix-assisted standards for their calibration.

low 10% in the majority of sample runs. However, in order to keep track of the matrix effect, matrix-
assisted standards were always run for enniatin B and B1 in
3.2. Method validation the concentration ranges 7.7-1b@kg and 14-433.9/kg.

Overall recoveries were 86%, 97%, 87%, 72% and 88% for

The LC-MS-MS method was validated from spike re- beauvericin, enniatin A, A1, B and B1, respectively, during
covery experimentstig. 2 shows a LC-MS-MS profile of ~ the method linearity tesT@ble 3. Residuals show that data

a spiked oats sample acquired using SRM. The validation points were distributed randomly around the linear line of
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E Table 5

1@ The concentration and mass (on-column) limit of detection and the concen-

] tration limit of quantification for spiked grain samples using the LC-MS-MS

E methodology

1® J\ cLOD (uglkg) mLOD (pg) cLOQ fg/kg)

3 Beauvericin 3.0 5 10

E © Enniatin A 3.0 5 10

E Enniatin A1 4.0 10 13

= Enniatin B 3.0 s 10

7 (d) /\ Enniatin B1 3.0 s 10

© spiked samples. The squared correlation coefficigf for

] the seven or eight-point calibration plots was between 0.97

N D A S and 0.99. The goodness-of-the-fit was not dependent on the
Time (min) analyte but rather on the daily performance of the instrument.

In our recent study, we have chosen to force the calibration
Fig. 2. LC-MS-MS chromatogram of an oats sample spiked at 45, 4.2, 28, plot through the origin. This might not be the ordinary ap-
26 and 76.g/kg beauverlc_ln,ennlatln A, Al, B and B1, respectively. Upper proach and even excludes the validation of the regression
to lower traces: (a) total ion chromatogram from SRM, (b) and (¢) mass jin o intercept with the-axis. However, forcing the calibra-
separation of beauvericin and enniatin B1, respectively, (d) enniatin AL and . L L .
(e) enniatin A. tion plot through the origin distributed individual residuals

evenly around the line of regression.

regression. Reproducibility was assessed from further spike

recovery experiments, which were carried out over a period of

six months without any regard to grain specitaiile 4. Four 4. Conclusions

analysts were involved in the experiments. Overall recoveries

were 115%, 86%, 104%, 86% and 80% for beauvericin, en- ~ This study has successfully shown the potential of
niatin A, A1, B and B1, respectively. Relative standard devia- LC—APCI-MS to rapidly screen levels of five closely-related
tions were found acceptable, keeping in mind that instrument €nniatins in grain. The methodology enabled the simulta-
repeatability for repetitive injections was around 10%. The heous detection of the depsipeptides at low detection limits
limits of detection and quantification were excellent, even Without the need for extract clean-up and concentration.

if the sample extracts were not concentrated and emphasise

the high ionisation potential of the enniating&ble 5. The
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