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Abstract

The diarrhetic shellfish poisoning (DSP) toxins, okadaic acid (OA), dinophysistoxins (DTX); pectenotoxin-2 (PTX2) and pectenotoxin-2
seco acids, were determined in marine phytoplankanophysis acutaand musselsMytilus edulig collected along the southwest coast of
Ireland. Liquid chromatography—multiple tandem mass spectrometry (LC-MS/MS) was employed for the simultaneous determination of a
series of marine toxins with large polarity differences. Separation of five DSP toxins was achieved oalai@n (Luna-2, 150 mnx 2.1 mm,
5um) using an acetonitrile—water gradient with ammonium acetate as an eluent modifier. Electrospray ionisation (ESI) in negative mode, was
used to generate the molecule related ion{M)]~, for each toxin. To develop a multiple reaction monitoring (MRM) method, fragmentation
studies were performed to determine the optimum precursor-product ion combinations: OA (803/255), DTX2 (803/255), DTX1 (817/255),
PTX2SAs (875/137) and PTX2 (857/137). This highly sensitive method had detection limits better than 1 pg (on-column). Linear calibrations
were obtained for shellfish extracts that were spiked with toxins, OA, 0.007x4/0@ (1> = 0.9993N = 3) and DTX2, 0.054-8.pg/ml (r?
=0.9992 N = 3). Good reproducibility data were also achieved with %RSD valNes3) ranging from 3.15% (0.56g DTX2/ml) to 5.71%

(0.14.g DTX2/ml), for shellfish extracts. The method was sufficiently sensitive to permit the determination of DSP toxins in small numbers
of picked phytoplankton celldN= 12—-40). In one sample &. acutathe average toxin composition per cell was: OA (7.0 pg), DTX2 (11 pg)
and PTX2 (7.2 pg).

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction where a limit of 0.16.g/g for these toxins in shellfish has
been establisheld 1]. However, YTXs are no longer classi-
Polyether toxins that contaminate bivalve shellfish, in- fied as DSP toxins as they are non-diarrhgtit, 12]
cluding scallops, mussels, clams and oysters, can cause acute Most previous studies of DSP toxin profiles employed
human intoxications. In Europe, these toxins are responsiblemethods that targeted acidic polyether toxins. One reason
for the syndromes, diarrhetic shellfish poisoning (DER) for this was that the detection of acidic toxins was dependent
and azaspiracid poisoning (AZP2)]. Three classes of DSP  on derivatisation with fluorimetric reagents, followed
toxins were initially designated: (a) okadaic acid (OA) and by quantitation using liquid chromatography (LC-FLD).
dinophysistoxins (DTXs)3,4]; (b) pectenotoxins (PTXs) Derivatisation reagents included, 9-anthryldiazomethane
[5,6]; and (c) yessotoxins (YTXg|7]. Studies in Ireland, = (ADAM) [13], 4-bromomethyl-7-methoxycoumarin
Spain and Portugal, have shown that OA and DTKR (1) (Br-Mmc) [14] 1-bromoacetylpyrene (BAP)15], and
were the predominant DSP toxins in musg8ls10]. Strict 1-pyrenyldiazomethane (PDAM])16], bromomethyl-6,7-
regulations have been implemented in most EU countries dimethoxy-1-methyl-2(1H)-quinoxalinone (BrDMEQ)7].
DSP toxins are produced by several species of dinoflagel-
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toxins, present difficulties to the analyst in the development
of appropriate MS methods. The primary aim of this study
was to develop a rapid, robust and sensitive method for
the determination of OA, DTXs and PTXs in both shellfish
and phytoplankton using LC—-MS/MS with minimal sample
preparation.

2. Experimental

(B)
2.1. Reagents and standard toxins
For sample extraction, general purpose grade solvents
(methanol, chloroform, hexane) were used, while HPLC
grade solvents (methanol, water, acetonitrile) were used
©) during LC-MS/MS analysis; all solvents were purchased

from Labscan (Dublin, Ireland). Spectroscopic grade triflu-
oroacetic acid (TFA) and analytical reagent grade ammo-
nium acetate were purchased from Sigma-Aldridge (Dublin,
Ireland). Purified DTX2 standard was prepared by isola-
tion from bulk algae containind. acuta, essentially as
described previously30]. Okadaic acid (98%), was pur-
Fig. 1. (A) Okadaic acid (OA): R= Me, Ro = H: dinophysistoxin-1 chased (Alexis, Birminghgm, UK) and stored in mc_ethar_ml
(DTX1); R1 = Rz = Me, dinophysistoxin-2 (DTX2); R=H, R> = Me; (B) at—20°C. The concentrations of OA and DTX2 solutions in
pectenotoxin-2; (C) pectenotoxin-2 seco acids; PTX2SApiPTX2SA. methanol were verified using a certified standard solution of
OA (25.3.g/ml) obtained from the National Research Coun-
identified inDinophysisspp.[18]. The large lactone ring of  cil (Halifax, Canada). PTX2, PTX2SA andepi-PTX2SA
PTX2 is readily opened in mussel tissues to produce PTX2 standards were prepared by isolation from alfgg. The
seco acid§l9]. Since PTX2 is not detectable using LC-FLD, isomer, PTX2SAi, cannot be purified to homogeneity as it is
due to the lack of a carboxylic acid functionality, it has been unstable and readily transforms t@pi-PTX2SA[32].
less frequently reported compared with the acidic DSP tox-
ins. Toxin determination, using multiple tandem MS, is a 2.2. Mussel collection and preparation
very selective method which is not limited to the presence of
characteristic functional moieties in the target analytes. Mussels Mytilus eduli3, containing ca. 40-50 g tissues,
The development of liquid chromatography—mass spec- were collected from two locations, Bantry Bay, southwest Ire-
trometry (LC—-MS) has revolutionised the analysis of ma- land and Sognefjord, southwest Norway. A portion (ca. 6 g)
rine toxins in phytoplankton and shellfish sampl28—24] of homogenised shellfish hepatopancreas was extracted with
Most previous MS studies have used selected ion moni- methanol-water (4:1, v/v) (12 ml) and, after centrifugation,
toring (SIM) but this methodology has disadvantages, es- an aliquot (2.5 ml) of the supernatant was washed with hex-
pecially the observation of false positive sign{$] and ane (2 mlx 2.5ml). The upper layer was removed each time
ion suppression effects that are possible when analysingand water (1 ml) was added to the residual solution, which
biological matriceq26]. Liquid chromatography—multiple  was extracted with chloroform (2mt 4 ml). This chloro-
tandem mass spectrometry (LC-MS/MS) is a remark- form extract was evaporated to dryness under nitrogen and
ably sensitive method for the determination of toxins in reconstituted in methanol (3 ml) and an aliquoi{p was
very small samples containing low analyte concentrations injected into the LC-MS.
[27,28] This method has been applied to unambiguously
identify and quantify DSP toxins in shellfish and phy- 2.3. Bulk phytoplankton collection and preparation
toplankton and to confirm that PTX2 is produced by
D. fortii [18] and that DTX2 is produced by. acuta[29]. Phytoplankton samples were collected from the coastal
Many of the previous LC—MS methods for DSP toxins have areas of County Cork, Ireland. The plankton nets were 1.5m
been developed using positive ion mode. One disadvantagen length, with mesh sizes of 27-1Q@n. A portion of the
of this is that multiple adduct ions are often observed in the collected algae (25-50 ml) was combined with an equivalent
positive full scan MS and the occurrence of multiple ions can volume of methanol. To rupture cells, this mixture was al-
have serious implications for quantitation and reproducibility. ternatively sonicated and homogenised (IKA Ultra Turrax
The co-occurrence of toxins from different classes in the T25, Staufen, Germany) for 15min and centrifuged. The
same sample, and the poor availability of reference standardsupernatant was washed twice with equivalent volumes of
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hexane. The agueous methanol solution was extracted twiceprecursor ions of OA, DTX2, PTX2, PTX2SAs and DTX1
with equivalent volumes of dichloromethane and this extract atm/z 803, 803, 875, 857, 875 and 817, respectively and the
was evaporated to dryness. The residue was reconstitutednost abundant product ion observed for each toxin. An opti-
in methanol (10 ml) and an aliquot (8) was analysed by  mised multiple reaction monitoring (MRM) experiment was

LC-MS. established for the concurrent determination of the aforemen-
tioned toxins using the following conditions: ionspray voltage
2.4. Picked cell sample preparation (IS) —4000V, nebuliser gas (NEB) 10, curtain gas (CUR) 12,

collision gas (CAD) 5, declustering potential (BP0 V, fo-

Using an inverted microscope, individullinophysis  cusing potential (FP)-400V, entrance potential (EP)15V,
acutacells were picked and transferred to a vial. The sam- and cell exit potential (CER)13 V. The optimised collision
ples, typically comprising 200400 cells in 30% saline so- energy (CE) was set te 70V for the Q1/Q3 pairs, 803/255
lution (1 ml), were mixed with methanol (1 ml), sonicated (OA and DTXs), 817/255 (DTX1) and 857/137 (PTX2) and
and filtered (0.4%m). The aqueous methanol solution was —65V for the Q1/Q3 pairs, 876/137 (PTX2SAs). The MRM
washed with hexane (2mk 2ml) and toxins were ex- Wwas performed with low resolution to achieve highest sen-
tracted with dichloromethane (3mt 2ml). This extract  sitivity and all Q1/Q3 pairs had a dwell time of 100 ms.

was evaporated to dryness under nitrogen and reconstituted®ectenotoxin standards, PTX2 aneép-PTX2SA, were not
in methanol (5Qul). An aliquot (5ul) was analysed by available in sufficient amounts to obtain full calibration data

LC—MS. using spiking experiments but were used in spectral studies
and to confirm toxin identity in shellfish and phytoplankton
2.5. Liquid chromatography—multiple tandem mass samples.

spectrometry (LC-MS/MS)

Toxin analysis was carried out using an API 3000 triple 3- Results and discussion
guadrupole mass spectrometer (Applied Biosystems) with a . ) o
turbo assisted ionspray source. This was interfaced with an3-1- Multiple reaction monitoring (MRM) mass
HP 1100 series liquid chromatograph (Agilent, Palo Alto, SPe€ctrometry
CA, USA). The instrumentation was controlled using Ana- ) ) ) -
lyst v.1.2 software. The mobile phases used were: (a) wa- An improved method for the simultaneous identifica-
ter with 1.0mM ammonium acetate; (b) acetonitrile with 10N and quantitation of DSP toxins in shellfish and phy-
1.0 mM ammonium acetate. Chromatographic separation of toPlankton has been developed and validated. A quantita-
OA, DTXs, PTX2 and PTX2SAs was achieved using gradi- tiVe LC-MS/MS assay for the analysis of biological sam-
ent elution, as described in the results and discussion sectiorP!€S generally consists of three stages, sample prepara-
and inTable 1 on a reversed phase column (Luna C-18(2), tion, chromgtogrgph!c separation and MS—-MS detection
150 mmx 2.1 mm, 5um, Phenomenex, UK), at 3& us- [33]. A gradlent I!qU|d chromatography method was de-
ing a flow rate of 0.2 mi/min. The autosampler temperature Veloped linked with multiple tandem mass spectrometry
was 4°C. The eluent flow was diverted to waste for 1.5min (LC-MS/MS). lonisation in negative mode generated the
after sample injection and MS detection was carried out in [M — H] ™ ion for each toxin. To achieve optimum sensi-
the 2—12 min period of the chromatography, followed by a t|V|ty_ and selectivity, multiple reac_tlon monitoring (M_RM)
second divert to waste prior to the next chromatographic Was implemented. The fragmentation of the target toxins was
sequence. optimised to efﬁmently generate a predominant product ion

The mass spectrometer was operated in negative mode foffomM each precursor ion. For example, the selected precur-
the detection of OA, DTXs and PTXs using a Turbolonspray SOr/product ion combinations (Q1/Q3 pairs) were 803/255
source setto 450C. The MS was tuned using an OA standard for OA and DTX2 and were 857/137 for PTX2. Four MRM

(1 wg/ml) and a phytoplankton sample containing OA, DTX2, S¢an events were implemented to simultaneously determine
PTX2 and PTX2SAs. The monitored ions were the IN#] ~ OA,DTX2,DTX1, PTX2and PTX2SAs in extracts of marine

phytoplankton and mussel samples, collected from the south-
west coast of Ireland, and in mussel extracts from Norway.

Table 1 One advantage of using negative ionisation is the gener-
LC gradient programme ation of a single molecule-related ion, [M H]~. Although

Time A solvent B solvent positive mode can also be used, several molecule-related
0.0 50 20 ions can be produced. In addition to the [M +*H]on,

05 55 45 sodium and ammonium adducts, [M + Nagnd [M +

0.51 25 75 NHy4]*, are usually formed which results in a loss of
6.0 25 75 sensitivity and poor reproducibility. It was found that the
12-81 28 jg detection sensitivity for all of the toxins studied was better

in negative rather than in positive mode and this is partly
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due to the greater difficulty in fragmentation of sodiated 3.3. LC-MS/MS calibration data for DSP toxins in
adducts. shellfish

Optimisation of the parameters in the triple-stage
quadrupole MS detector and subsequent calibration studies
were carried out using a certified OA standard. For shellfish

An LC-gradient was required for the separation of DSP studies, a certified reference mussel matt_arial_contain_ing
toxins due to the large differences in polarity between the OA was used for method development. Calibration studies
toxins. OA, DTXs and PTX2SAs are acids but PTX2 is a
lactone and therefore significantly less polar, eluting much
later in isocratic LC. The optimised elution conditions are X?'S ,ﬁ:

shown inTable 1 Owing to the high selectivity of MRM, 10074
| |
1] l /
mers, OA/DTX2 and PTX2SAi and @piPTX2SA (Fig. 1), Jh

. S . : . 3
chromatographic resolution is not essential for toxins with *
different Q1/Q3 ion pairs. However, MRM cannot distin- 7
|
l 4
| |
!
and the method was found to be reproducible with respect to w
the different matrices. 0 . f.’ : —‘M. M
Analysis of trace analytes in biological matrices can be 12345673809 10MN

3.2. Chromatographic separation of polyether DSP
toxins

guish between isomers that have identical production spectra
and, therefore in the method described here, chromatographic
resolution was essential. A chromatographic run of 12 min
allowed sufficient resolution of all toxins, including the iso-

% Ausuaju

[
o
|

susceptible to interferences arising from ion suppression x 17 x 136
and this is particularly problematic with single stage MS. 100 — 4
A recent LC—-MS study using single ion monitoring (SIM) @ ’ n 3 5

demonstrated interferences in the analysis of DSP toxins, and
standard addition was necessary to compensate for this prob-
lem [26]. Therefore, the possibility of matrix interferences

contributing to ion suppression in the LC-MS/MS method 50 —
described here was investigated. Experiments were designed
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‘1

to determine if there were segments in the chromatography 1,1

where matrix interferences could result in significant ion ’\. A f} k

suppression. This involved chromatography of toxin-free AJ\J AT A

mussel extracts whilst continuously infusing an OA standard 0 12 3 456 789 101

solution (ug/ml), at a flow rate of 5@.I/min. The shaded

regions in the chromatograrkify. 2) are where DSP toxins x23 x 233
ically elute. Si ignifi iation in the OA signal - ) ~n

typically elute. Since no significant variation in the OA signal 100 77 (C)

was observed, it can be concluded that matrix components
from mussel and phytoplankton extracts are not important.

3
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&‘ : |
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5} e 0 1 23 456 7 8 9 1011
=4
] s . ot Fig. 3. MRM chromatograms: (A) bulk algae sample; (B) Irish musddls (
— - edulig; (C) Norwegian musseldM. edulig: (1) OA (2.8 min); (2) DTX2

(3.5min); (3) PTX2SAi (4.9 min); (4) 2p-PTX2SA (6.5 min); (5) PTX2

0.0
20 3.0 40 50 6.0 7.0 8.0 9.0 10.0 11.0
(9.8 min); (6) DTX1 (6.65 min) (signal amplification, if any, is shown above

Time. min each peak). LC conditions: a gradient of acetonitrile—water containing 1 mM
ammonium acetate was used (Seble J), at 35°C, with a flow rate of
Fig. 2. Signal output from the chromatography of a blank musseg¢@uliy 0.2 ml/min; the column was a Luna C-18(2) (150 mm2.1 mm, 5um,

extract whilst infusing OA solution. The regions where toxins typically elute  Phenomenex). The selected MRM (Q1/Q3 pairs) were: 803/255 (OA and
are shaded. DTX2), 876/137 (PTX2SAs), 817/255 (DTX1), 857/137 and (PTX2).



P. Ferrandez Puente et al. / J. Chromatogr. A 1056 (2004) 77-82 81

were carried out using certified OA standard dissolved in 100 —
methanol. The LC-MS/MS calibration was linear in the 2 5
range 0.002-1.4g/ml with a good correlation coefficient ﬁ ﬂ
(r2=0.9964N = 3) over three days. The detection limit (sig-
nal/noise = 3) was <1pg OA on-column. The LC-MS/MS
calibration, using spiked OA in mussel hepatopancreas
tissues, was linear in the range 0.007—-31@0ml with a
good correlation coefficientr{ = 0.9993,N = 3). Good
reproducibility data were also achieved with %RSD values
(N = 3) ranging from 3.0% (0.6hg OA/ml) to 5.8%
(0.065ug OA/mI), for shellfish extracts, which is equivalent
to 1.5 and 0.1%.g/g shellfish tissue, respectively. Using the
protocol presented here, the detection limit was equivalent
to 0.48ng/g shellfish tissue. The LC-MS/MS calibration,
using spiked DTX2 in shellfish tissue, was linear in the
range 0.054-8.pg/ml, with a good correlation coefficient
(r? = 0.9992,N = 3). Good reproducibility data were Fig. 4. MRM chromatogram from an extract of 20 picked cellBfophysis
also achieved with %RSD valued (= 3) ranging from acuta(chromatographic conditions asHig. 3).

3.2% (0.56.g DTX2/ml) to 5.7% (0.14.g DTX2/ml), for

shellfish extracts. These values are equivalent to 1.2 and
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o
|

|

| |
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M L WA

1 2 3 4 5 6 7 8 9 10 11
Time ( min)

N

0.32u.9/g shellfish tissue, respectively. DTX1 was not detected in any Irish samples. Generally, the
levels of PTX2SAs in mussels were much higher than PTX2
3.4. DSP toxin profiles in phytoplankton and mussels and this is expected since it has previously been demonstrated

that rapid bioconversion of PTX2 to the corresponding seco

Fig. 3shows MRM chromatograms from three extracts: acids occurs in mussel$9].
(A) bulk phytoplankton; (B) musseld\. edulig from Ire-
land; and (C) musselsv(. edulig from Norway. Five DSP  3.5. Analysis of monocultures of D. acuta cells
toxins were identified in phytoplankton and mussels from
Ireland, OA, DTX2, PTX2SAi, 7epiPTX2SA and PTX2. The LC-MS/MS method was also applied to the analysis
The predominant toxin in all Irish samples was DTX2. Al- of D. acutacells that were hand picked from a phytoplank-
though PTX2SA is the predominant pectenotoxin in New ton sample. This sample contained ca. 60—TQ%cutaand
Zealand shellfisii31], it was not detected in any of the sam- the remaining phytoplankton cells were comprised mainly of
plesinthis study. Significant levels of OA were also found but non-toxic Ceratiumspp. as well as small amounts Bfo-
high levels of PTX2 (up to 0.54g/ml) were only detected toperidiniumspp. A consequence of the very high sensi-
in phytoplankton sample§able 2shows the toxin profiles tivity of this MRM method is that only a small number of
for shellfish and phytoplankton collected from southwest Ire- cells (h = 20-40) were necessary to obtain toxin profiles.
land (2001) and Norway (1998). These toxin profiles differ The average toxin content was in the range 25-189 pg to-
significantly to those reported in New Zealand phytoplank- tal DSP toxins/cellFig. 4 shows an MRM chromatogram
ton containingD. acutain which DTX2 was never found that was obtained using an extract of D2 acuta cells;
[34]. OA (7.0 pg/cell), DTX2 (11 pg/cell) and PTX2 (7.2 pg/cell).

The most striking differences between the profiles of mus- PTX2SAs were not detected in this sample and this indicates
selsfrom Ireland and Norway were the absence of DTX2 from that these toxins are probably not present in inEacacuta
Norwegian mussels and the high levels of DTX1 in the latter. cells.

Table 2

DSP toxin profiles in mussels and phytoplankton

Samples OA DTX2 PTX2SAi BpiPTX2SA PTX2 DTX1
Ireland (mean) 15 3.7 0.29 0.064 0.068 ND

M. edulis(range;N = 7) 0.07-8.2 0.3-15 0-0.55 0.045-0.12 0-0.1

Ireland (mean) 0.23 0.40 0.01 0.009 0.20 ND

D. acuta(range;N =7) 0.01-0.56 0.03-0.57 0-0.026 0-0.018 0.003-0.57

Norway (mean) 1.0 ND 0.39 15 0.14 18

M. edulis(range;N = 4) 0.59-1.7 0.12-0.74 0.31-3.1 0.08-0.29 12-26

Concentration valuedy. edulis(ug/g). D. acutain seawater{g/ml); not detected (ND).



82
4. Conclusion
An LC-MS/MS method has been developed which per-

mits the rapid, unambiguous identification and quantitation
of OA, DTX1, DTX2, PTX2 and PTX2SAs, in shellfish

and phytoplankton samples. The method requires minimal

P. Ferrendez Puente et al. / J. Chromatogr. A 1056 (2004) 77-82

[10] P. Vale, M.A. de, M. Sampayo, M.A. Quilliam, in: B. Ruguera, J.
Blanco, M.L. Fernandez, T. Wyatt (Eds.), Harmful Algae, Xunta de
Galicia and Intergovernmental Oceanographic Commission of UN-
ESCO, Vigo, 1998, p. 503.

[11] EU-Commission, Off. J. Eur. Commun. L 75 (2002) 62.

[12] T. Aune, R. Sgrby, T. Yasumoto, H. Ramstad, T. Landsverk, Toxicon
40 (2002) 77.

sample clean-up, no pre-concentration is necessary and i$13] J.S. Lee, T. Yanagi, R. Kenma, T. Yasumoto, Agric. Biol. Chem. 51

readily automated. This highly sensitive method allows the
determination of DSP toxin profiles in 12—-20 phytoplankton
cells. The lack of matrix interferences using this LC-MS/MS
method for DSP toxin analysis in shellfish should make it

amenable to the determination of these toxins in a range of

biological samples.
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