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Abstract

Quantitative determination by liquid chromatography (LC) coupled with mass spectrometry (MS) was achieved for the
following 10 toxins found in association with diarrhetic shellfish poisoning: okadaic acid (OA), dinophysistoxin-1 (DTX1),
7-O-palmitoylokadaic acid (palOA), 7-O-palmitoyldinophysistoxin-1 (palDTX1), pectenotoxin-1 (PTX1), pectenotoxin-2
(PTX2), pectenotoxin-2 seco acid (PTX2SA), pectenotoxin-6 (PTX6), yessotoxin (YTX), and 45-hydroxyyessotoxin
(YTXOH). Toxins in 2 g of the adductor muscle or the digestive glands of scallops, Patinopecten yessoensis, were extracted
with 18 ml of methanol–water (9:1, v /v), freed of polar contaminants by partition between chloroform and water, and
treated by solid-phase extraction on a silica cartridge column. Samples containing YTXOH were purified separately on a
buffered reversed-phase column. Chromatographic separation was achieved by the following combinations of columns and
mobile phases: a Symmetry C column with acetonitrile–0.05% acetic acid (7:3, v /v) for OA, DTX1, PTX6 and PTX2SA;18

a Develosil ODS column with the same mobile phase for PTX1 and PTX2; a Capcellpak column with methanol–2.5% acetic
acid (98:2, v /v) for palOA and palDTX1; and an Inertsil ODS column with methanol–0.2 M ammonium acetate (8:2, v /v)

2 2for YTX and YTXOH. Carboxylic acid toxins were selectively monitored on [M2H] ions, sulfated toxins on [M2Na]
1ions, and neutral toxins on [M1NH ] ions. Average recoveries of the toxins spiked to tissue homogenates ranged from 704

to 134%. Detection limits in the muscle ranged from 5 to 40 ng/g and those in the digestive glands from 10 to 80 ng/g.
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1. Introduction worldwide [2–7]. In order to prevent human intoxi-
cation, monitoring of shellfish toxicity is being

Diarrhetic shellfish poisoning (DSP) first reported implemented in many countries by mouse bioassays
in Japan in 1978 [1] is now known to occur [8,9]. As the assays nonspecifically detect toxins, a

number of toxins thus detected have been associated
with DSP. Structurally, these toxins are classified*Corresponding author. Tel.: 181-42-372-6758; fax: 181-42-
into three groups (Fig. 1). The first group consists of372-6893.
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icologically: the OA group causes diarrhea and
tumor promotion [19]; the PTXs injure the liver [20];
and the YTXs cause myocardial injuries at high
doses [21,22]. Etiology of these toxins is also
variant, making toxin profiles in shellfish extremely
variable. For assessment of health risks, therefore,
determining accurate toxin profiles is of critical
importance. Liquid chromatography (LC) with
fluorimetric detection is applicable to some, but not
all, toxins [23,24]. Recently, OA, DTX1, DTX2 and
PTX2 in shellfish or plankton samples were effec-
tively detected by LC coupled with mass spec-
trometry (MS), but other toxins remained untested
[25–31]. To use LC–MS data for imposing regula-
tory actions, testing all the representative toxins is
imperative. Establishing proper clean-up procedures
is also necessary to eliminate substances which
interfere with ionization of analytes or cause deterio-
ration of columns upon repeated injection. In the
present study we spiked shellfish tissues with 10
representative toxins and rigorously tested various
columns and mobile phases to achieve best sepa-
ration and quantitative recoveries.

2. Experimental

2.1. Scallop samples

Scallops, Patinopecten yessoensis, used as the
negative control and for spiking were purchased
from the Iwate Federation of Fisheries Union in June

Fig. 1. Structures of the toxins tested in this study. 1995 or from the fish market in Tama City, Tokyo,
Japan in November 1997. The adductor muscle and
digestive glands were separated from other tissues,

polycyclic-ether skeleton of okadaic acid (OA) [10]: homogenized, and kept frozen at 2208C until used.
e.g., OA, dinophysistoxin-1 (DTX1),
dinophysistoxin-2 (DTX2), palmitoylokadaic acid 2.2. Reagents
(palOA), and palmitoyldinophysistoxin-1 (palDTX1)
[11]. The second group consists of polycyclic-ether OA, DTX1, palDTX1 and PTX6 were purchased
macrolides named pectenotoxin-1 (PTX1), from Wako (Osaka, Japan). PTX1, PTX2, PTX2SA,
pectenotoxin-2 (PTX2), pectenotoxin-6 (PTX6) and YTX and YTXOH were purified from toxic digestive
pectenotoxin-2 seco acid (PTX2SA) [12–14]. Other glands of scallops or mussels according to previous
pectenotoxin congeners are known but they are of reports [12–16]. PalOA was synthesized from OA
rare occurrence or artifacts. In the third group [32]. Acetonitrile and methanol of LC grade were
yessotoxin (YTX) and 45-hydroxyyesotoxin purchased from Wako. Other reagents used for the
(YTXOH) are the major toxins to occur in shellfish study were of analytical grade. Tap water was
[15–18]. These three groups of toxins differ tox- deionized with ion-exchange resin, followed by
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purification through a Milli-Q water purification nitrogen stream (defined as chloroform extract). The
system (Japan Millipore, Tokyo, Japan). Sep-Pak procedure is schematically shown in Fig. 2.
silica plus and Sep-Pak C plus cartridge columns18

were purchased from Waters (Milford, MA, USA). 2.4. Clean-up on a silica gel cartridge column

The chloroform extract was loaded onto a Sep-Pak
2.3. Sample extraction and solvent partition plus silica cartridge column with 3 ml of chloroform

in three portions. The column was washed with 1.5
A 2-g amount of digestive glands or adductor ml of acetone and the washing was discarded. Then

muscle was homogenized with 18 ml of methanol– PTX1 and PTX2 were eluted with another 1.5 ml of
water (9:1, v /v) with a Physcotron homogenizer acetone (fraction A). The column was again washed
(Nichi-on, Tokyo, Japan) for 1 min at ambient with 7 ml of acetone and the washing was discarded.
temperature. The homogenates was centrifuged at Finally, the remaining toxins were eluted with 10 ml
2500 rpm for 10 min. To 5 ml of the supernatant of acetone–methanol (3:7, v /v) (fraction B). The
from the digestive glands was added 2 ml of 0.5% residue from fraction A was dissolved in 1 ml of
acetic acid, and to that from the muscle was added 2 methanol–water (8:2, v /v), removed of low polar
ml of 0.5% acetic acid containing 2% (w/v) sodium lipids by washing twice with 1 ml of hexane, and
chloride. The acidified solution was extracted twice evaporated. The residue was re-dissolved in 0.5 ml
with 7 ml of chloroform. The chloroform layers were of methanol, and 1 ml of the solution was used for
combined and made up to 20 ml with chloroform. A LC–MS analysis of PTX1 and PTX2. The residue in
10-ml portion of the chloroform solution was evapo- fraction B was dissolved in 0.5 ml of methanol and 1
rated and the residue was further dried under a ml of the solution was used for LC–MS analysis of

Fig. 2. Scheme for preparation of test solutions for LC–MS analysis.
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OA, DTX1, DTX3, PTX6 and PTX2SA. The pro- 1147, respectively, were monitored. Monitoring of
cedure is illustrated in Fig. 2. PTX1 and PTX2 were carried out on their [M1

1NH ] ions at m /z 892 and 876, respectively.4

2.5. Clean-up of YTXs on a C cartridge column18

2.7. Dose responses and minimum detection level
A 2.5-ml portion of the aqueous methanol extract

from the tissue was evaporated. The residue was By using the above LC and SIM conditions, the
dissolved in 3 ml of 20 mM phosphate buffer (pH linearity of dose–responses was examined at four
5.8)–methanol (7:3, v /v), and the solution was dose levels by injecting methanolic solution of each
loaded on a Sep-Pak C plus cartridge column18 toxin. The average of triplicate measurements was
equilibrated with the same buffer. The column was used for plotting. Peak areas were used to express
washed with 10 ml of methanol–water (3:7, v /v) and peak intensity. The minimum detection levels for
the toxins were eluted with 10 ml of propanol–water matrix-free pure toxins were thus estimated from the
(2:8, v /v) (Fig. 2). The residue in the eluate was data.
re-dissolved in 0.5 ml of methanol, and 1 ml of the Based on the minimum detection levels acquired
solution was injected into the LC–MS system. in the above experiment, appropriate amounts of

individual toxins were calculated and added to tissue
2.6. Liquid chromatography–mass spectrometry homogenates. The spiked tissue homogenates were

extracted and treated on cartridge columns as de-
Mass spectrometric measurements were performed picted in Fig. 2. The minimum detection levels for

with a Quattro II triple stage quadrupole mass the toxins in the tissues were determined in sub-
spectrometer (Micromass UK, Cheshire, UK) sequent LC–MS analysis.
equipped with an atmospheric pressure ionization
source and an electrospray ionization (ESI) interface.

2.8. Recovery tests with spiked samplesESI was effected by a spray voltage of 3.0 kV under
capillary temperature of 1208C. LC was performed

To evaluate the method performance, homoge-on a Nanospace system (Shiseido, Tokyo, Japan) or
nates of the muscle and digestive glands were spikedon a Gulliver system (Jasco, Tokyo, Japan).
with the toxins. The dose levels of individual toxinsChromatographic separations were carried out
used for spiking corresponded to 20 times the levelsunder the following combinations of columns and
for minimum detection. The homogenates weremobile phases: Symmetry C (15032.1 mm, 3.518 extracted and the extracts were treated as describedmm; Waters) with acetonitrile–0.05% acetic acid
in previous sections and depicted in Fig. 2. Due to(7:3, v /v) for OA, DTX1, PTX6 and PTX2SA;
the limited amounts of the toxins for spiking, theCapcellpak C (25031.5 mm, 5 mm; Shiseido) with18 number of repetition in the recovery tests was partlymethanol–2.5% acetic acid (98:2, v /v) for palOA
limited.and palDTX1; Inertsil ODS-3 (15032.1 mm, 5 mm;

GL Science, Tokyo, Japan) with methanol–0.2 M
ammonium acetate (8:2, v /v) for YTX and YTXOH; 2.9. Quantification
Develosil ODS-MG-5 (15032.0 mm, 5 mm; No-
mura, Seto, Japan) with acetonitrile–0.05% acetic Reference toxins were dissolved in methanol,
acid (7:3, v /v) for PTX1 and PTX2. The column respectively to give the following concentrations: 20
temperature and flow-rate were kept at 408C and 0.1 ng/ml for OA, 40 ng/ml for DTX1, 80 ng/ml for
ml /min, respectively. Selected ion monitoring (SIM) palOA and palDTX1, 160 ng/ml for PTX1, PTX2,
for carboxylic acid toxins were performed on de- PTX6, PTX2SA, YTX and YTXOH. The reference

2protonated [M2H] ions: m /z 803 for OA, 817 for toxin solution (1 ml) was injected before and after
DTX1, 1041 for palOA, 1055 for palDTX1, 887 for sample analysis. The averaged peak area from the
PTX6, 875 for PTX2SA. For monitoring YTX and two injections was used for calibrating toxin amounts

2YTXOH, their [M2Na] ions at m /z 1163 and in tissues.
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3. Results and discussion silica cartridge column with chloroform–methanol
did not improve the ionization rate. Therefore, using

3.1. Extraction and solvent partition the chloroform extracts directly for injection or using
chloroform–methanol for clean-up on a silica col-

In preliminary tests with methanol, methanol– umn, though convenient, was concluded to be in-
water (9:1, v /v) and acetone, the second solvent, appropriate.
methanol–water (9:1, v /v), gave the least residue Treatment of extracts on silica cartridge columns
and thus was chosen as extractant. Good recovery as shown in Fig. 2 effectively removed contaminants
was secured by one extraction, when nine-times that suppressed ionization. Losses of the toxins in the
volume (v/w) of the extractant was used. Repetition acetone washing were at tolerable levels (less than
of extraction did not improve the recovery. Com- 10%), and elution of the toxins in acetone–methanol
parison of chloroform and ethyl acetate for their (3:7, v /v) was complete. PTX1 and PTX2 were
efficiency to separate the toxins from polar con- effectively separated from contaminants by discard-
taminants by solvent partition, indicated poor re- ing the first 1.5 ml of acetone and collecting sub-
covery of YTX in ethyl acetate. Hence, chloroform sequent 1.5 ml. For further elimination of interfering
was chosen for the partition. substances, however, partition between methanol–

water (8:2, v /v) and hexane was necessary.
3.2. Selected ion monitoring Though in limited areas, YTXOH occurred in

scallops together with YTX and had to be deter-
Of the toxins tested only PTX1 and PTX2 are mined. Because of the poor extractability of YTXOH

neutral compounds, and others are acidic com- in chloroform and low recoveries from a silica
pounds. Naturally, carboxylic acid toxins were effec- cartridge column, clean-up of the two toxins had to
tively monitored on their deprotonated ions corre- be carried out on a reversed-phase cartridge column

2sponding to [M2H] . In the case of YTX, ions by slightly modifying the reported method [24].
2corresponding, respectively, to [M2Na] , [M2 About 6% of YTXOH was lost in methanol–water

2 22Na1H] and [M2Na2NaSO 1H] were ob- (3:7, v /v) washing, but the remaining was recovered3

served at m /z 1163, 1141 and 1061. As the de- with propanol–water (2:8, v /v).
2sodiated ion [M2Na] showed the highest intensity,

the ion at m /z 1163 was selected for monitoring. 3.4. Chromatographic separation
Similarly, the de-sodiated ion at m /z 1179 was
selected for monitoring YTXOH. Ionization of PTX1 For simplicity and practicability of performance,
and PTX2 was markedly suppressed by matrix in the isocratic separation was chosen. Although separating
negative mode, making negative ion monitoring all toxins on a single column with the same mobile
unsuitable. Of the molecular-related positive ions, phase was desired, the widely varied polarities of the

1higher intensities were observed for [M1NH ] analytes posed an obstacle. Furthermore, occurrence4
1 1than for [M1H] and [M1Na] . Thus, ammonium- of interfering contaminants did not allow us to

adduct ions at m /z 892 and 876 were selected, achieve the desirable separation on a single column.
respectively, for monitoring PTX1 and PTX2. Because adding another clean-up step to eliminate

interfering substances was undesirable for handling
3.3. Clean-up on a Sep-Pak silica cartridge many samples, our effort was directed to improving
column chromatographic conditions. For that purpose, chang-

ing the column was more effective than changing
When the chloroform extracts from the digestive mobile phases. An example of dramatic change in

glands were spiked with toxins, the peak intensities elution pattern is shown in Fig. 3. On a Capcellpak
of the toxins in LC–MS chromatograms corres- C column, DTX1 and PTX6 were only narrowly18

ponded to only 50% of the injected amounts, indicat- separated, eluting at 13.0, and 13.3 min, respectively
ing significant suppression of ionization by con- (Fig. 3a). On a Symmetry Pak C column, however,18

taminants. Treatment of the chloroform extracts on a PTX6 was eluted at 7.6 min, while DTX1 remained
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3.6. Minimum detection levels

Fig. 4 shows the chromatograms of reference
toxins dissolved in methanol, the Sep-Pak-treated
extracts from the digestive glands spiked with low
levels of toxins, and the extracts from non-spiked
digestive glands. Similarly, the minimum detection
levels for the toxins in the muscle were obtained.
The detection limits in the muscle and digestive
glands, respectively, were as follows: 5 and 10 ng/g
for OA, 10 and 20 ng/g for DTX1, 20 and 40 ng/g
for palOA and palDTX1, and 40 and 80 ng/g for
PTX1, PTX2, PTX6, PTX2SA, YTX and YTXOH.

3.7. Recovery

Recoveries of the acidic toxins extracted from
tissue homogenates spiked with 20 times the levels
for minimum detection and subsequently treated on a
Sep-Pak silica or a Sep-Pak C column are shown18

in Table 1. Among the toxins treated on the silica
Fig. 3. Shift of PTX6 on different columns. (a) Capcellpak C18 column good recoveries (80–106%) were obtainedcolumn with acetonitrile–0.05% acetic acid (7:3, v /v); (b) Sym-

except for those for PTX2SA and PTX6. Themetry C column with acetonitrile–0.05% acetic acid (7:3, v /v).18

relatively low recoveries for these two toxins can be
accounted for by their easiness to undergo epimeriza-

unaffected eluting at 13.5 min (Fig. 3b). Occasional tion in solution. The relative standard deviations
occurrence of background interference forced us to (RSDs) were relatively high (8–22%), indicating the
choose the Develosil ODS column for analysis of difficulty in eliminating the interference due to
PTX1 and PTX2, otherwise the Symmetry C biomatrices. Recoveries for PTX1 and PTX2 treated18

column could be used. Analysis of PalOA and on the silica column were significantly higher (128–
palDTX1 could be also performed on the Symmetry 134%) than the injected amounts. The background
column together with other carboxylic acid toxins. interference was even greater, when other columns
The long retention time for palDTX1 (40 min), were used for LC separation. On the contrary
however, made it necessary to change the column recoveries of sulfated toxins, YTX and YTXOH,
and mobile phase for analyzing many samples. The were low (69–70%). As strong buffers, such as
best columns and mobile phases for each toxin group phosphate buffers, cannot be used in LC–MS to
were thus selected as described in Section 2.6. control the charge state of the sulfate moiety,

broadening of peaks must have resulted in the
relatively low recoveries. In the absence of appro-

3.5. Linearity of the dose responses priate inner standards or surrogates, however, the
recoveries achieved in the present study prove the

2For all the toxins tested, good linearity (r .0.997) usefulness of LC–MS as an alternative to the
was observed between the amounts of injected toxins conventional mouse bioassay. The toxin levels tested
and the peak areas: from 5 to 200 pg for OA, from for recoveries were chosen to testify the practicabili-
10 to 400 pg for DTX1, from 20 to 800 pg for ty of the method for taking a regulatory action. As
palOA and palDTX1, and from 40 to 1600 pg for the method can detect toxins at far lower levels,
PTX1, PTX2, PTX2SA, PTX6, YTX and YTXOH routine monitoring by LC–MS is suited to give
(data not shown). fishermen an early warning for shellfish toxicity. The
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Fig. 4. Chromatograms of the toxins tested in this study. DG denotes digestive glands. The following columns and mobile phases were used:
OA, DTX1, PTX2SA, and PTX6; Symmetry C , acetonitrile–0.05% acetic acid (7:3, v /v): PalOA and palDTX1; Capcellpak C ,18 18

methanol–2.5% acetic acid (98:2, v /v): PTX1 and PTX2; Develosil ODS-MG-5, acetonitrile–0.05% acetic acid (7:3, v /v): YTX and
YTXOH: Inertsil ODS-3, methanol–0.2 M ammonium acetate (9:1, v /v).
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Table 1
Recoveries of toxins from muscle and digestive glands after clean-up on silica or reversed-phase cartridge

a eTissue Toxin Spiked level Recovery (%) and repetition number Mean RSD
(ppm) (%) (%)

1 2 3 4 5

Muscle OA 0.1 92 104 – – – 98 –
palOA 0.2 101 78 – – – 90 –
DTX1 0.2 91 110 – – – 101 –
palDTX1 0.4 82 104 – – – 93 –
PTX2SA 0.8 79 78 – – – 79 –
PTX6 0.8 67 69 – – – 68 –
YTX 0.8 86 95 – – – 90 –

Digestive glands OA 0.2 88 94 104 108 99 99 8
palOA 0.4 98 113 – – – 106 –
DTX1 0.4 89 105 73 70 75 82 18
palDTX1 0.8 75 78 89 76 86 81 8
PTX2SA 1.6 63 85 – – – 74 –
PTX6 1.6 66 57 94 79 96 78 22

bYTX 1.6 80 90 77 77 74 80 8
b,dYTX 1.6 79 59 – – – 69 –

b,dYTXOH 1.6 74 65 – – – 70 –
cPTX1 1.6 142 126 – – – 134 –
cPTX2 1.6 144 111 – – – 128 –

a 2Toxins were monitored on the [M2H] ion except for YTX, YTXOH, PTX1 and PTX2.
b 2YTX and YTXOH were monitored on the [M2Na] ion.
c 1PTX1 and PTX2 were monitored on the [M1NH ] ion.4
d These toxins were treated with the reversed-phase cartridge and all other toxins were treated with the silica cartridge.
e Spiked levels correspond to 20 times the detection limits.
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