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Abstract

Determination of diarrhetic shellfish-poisoning (DSP) toxins, okadaic acid (OA), dinophysistoxin-1 (DTX1) and
pectenotoxin-6 (PTX6) was carried out by liquid chromatography (LC) followed by on-line atmospheric pressure
electrospray ionization-mass spectrometric (ESI-MS) detection with a heated capillary interface. Mass spectra of authentic

2OA, DTX1 and PTX6 standards exhibited abundant [M-H] at m /z 803, 817 and 887, respectively. Linearity of peak area
2obtained by selected-ion monitoring (SIM) for [M-H] of each toxin was confirmed over a wide range of concentrations

from 10 pg to 30 ng. LC–ESI-MS analysis of OA, DTX1 and PTX6 in scallops and mussels, collected at the same site
(Mutsu Bay, Japan), was carried out. Scallops and mussels collected at the same site showed different toxin profiles.
Although PTX6 was detected from scallops, it was not detected from mussels.  2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction and highly hepatotoxic [3,6]. Recently a new PTX
homologue was found in a dinoflagellate (a Di-

Diarrhetic shellfish poisoning (DSP) is a severe nophysis acuta strain) from Ireland and in mussels
gastrointestinal illness caused by the consumption of from New Zealand [7]. PTX6 is thought to be the
shellfish contaminated by DSP toxin-producing di- oxidation product of dinoflagellate-produced PTX2
noflagellates [1]. Three different groups of toxins in bivalves [8–11]. YTX has been suggested to be
isolated from scallops are implicated in DSP: homo- much less hazardous to human health than other DSP
logues of okadaic acid (OA) (Fig. 1A), macrolide toxins [12].
toxins called pectenotoxins (PTXs) (Fig. 1B), and Electrospray ionization (ESI) techniques have
yessotoxin (YTX) [2]. Of these, the OA homologues been demonstrated to be well-suited for the liquid
are the most important, because of their potent chromatography–mass spectrometry (LC–MS) anal-
diarrheagenicity [3,4] and tumor-promoting activity ysis of DSP toxins [11,13–24]. Although ESI has
[5]. The PTXs are thought to be mildly diarrhetic [6] been performed by a wide variety of interfaces [25],

most of the LC–MS studies of DSP toxins have been
*Corresponding author. Fax: 181-22-367-1250. carried out with pneumatically assisted ESI (ion-
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reagents (acetic acid, HCl, NaOH) were purchased
from Wako (Osaka, Japan). Distilled water was
passed through a Milli-Q water purification system
(Millipore, Bedford, MA, USA) and used for the
mobile phase of LC–MS analysis.

2.2. Sample materials

Non-toxic scallops (Patinopecten yessoensis) and
mussels (Mytilus galloprovincialis) were collected at
Okatsu Bay, Japan, in May 1998. Toxic scallops (P.
yessoensis) and mussels (M. galloprovincialis) were
collected at the same site (within a radius of 3 m) at
Mutsu Bay, Japan, in 1995. The specimens were
subjected to the extraction of toxins, directly after
the collection.

2.3. Extraction of DSP toxins from the midgut
glands of bivalve samples

Extraction of OA, DTX1 and PTX6 from the
midgut glands of bivalves was carried out according
to a published method [28]. Combined midgut glandsFig. 1. Structures of typical OA (A) and PTX (B) derivatives.
of five bivalves were extracted with four times theMolecular weights: OA5804, DTX15818, PTX15874, PTX25

858, PTX35872, PTX65888. equivalent volume of methanol–water (8:2, v /v).
After centrifugation, 2.5 ml of the supernatant corre-

spray) involving droplet desolvation in a curtain gas sponding to 500 mg of midgut glands of five
flow. In the present study, LC–MS analysis of OA, bivalves was extracted twice with 2.5 ml of n-hexane
DTX1 and PTX6 was carried out with a heated to remove lipid components, then 1 ml of 0.2%
capillary ESI interface. As an application of the acetic acid was added to the methanolic solution, and
present LC–MS analysis, OA, DTX1 and PTX6 in the toxins were extracted twice with 4 ml of chloro-
scallops and mussels collected at the same site were form. The combined chloroform extracts were made
determined and DSP toxin profiles were compared up to 10 ml with chloroform. A 1-ml aliquot of
between bivalve species. chloroform extract was put in a dark vial, and dried

under nitrogen gas. The residue was re-dissolved in
100 ml of HPLC-grade methanol. A 2-ml aliquot was

2. Experimental directly analyzed by LC–MS. The amount injected
into the analytical system corresponded to the extract

2.1. Materials of 1 mg of midgut gland.
Tests of recovery of OA, DTX1 and PTX6 were

Authentic OA, DTX1, and PTX6 were provided carried out by LC–MS detection from the methanol–
by Japan Food Research Laboratories (Tokyo, Japan) water (8:2, v /v) extracts obtained from the midgut
[26]. DTX2 was a generous gift from Dr. J.L.C. glands (scallops and mussels) spiked with a known
Wright [27]. Analytical-grade solvents (chloroform, amount (0.2, 1.0 and 4.0 mg) of each toxin. The
dichloromethane, n-hexane, methanol), HPLC-grade extraction procedures for toxins were as described
solvents (acetonitrile, methanol) and analytical-grade above.
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2.4. Hydrolysis of esterified DSP toxins into LC–MS corresponded to the extract of 1 mg of
midgut gland.

Aliquots (2.5 ml) of the methanol–water (8:2,
v /v) extracts were extracted twice with n-hexane 2.5. LC–MS
(2.5 ml) and these combined extracts were made up
to 10 ml with n-hexane; it is known that 7-O-acyl LC–MS was performed on a Hewlett–Packard
DTX1 (that is: DTX3) preferably dissolves in n- Model 1050 Series liquid chromatograph coupled to
hexane in this procedure [24,29]. A 1-ml aliquot of a Finnigan MAT SSQ-7000 mass spectrometer (San
n-hexane extract was evaporated, then hydrolyzed in Jose, CA, USA) equipped with an atmospheric
100 ml of 0.5 N NaOH solution in methanol–water pressure ESI interface and an ICIS data system.
(9:1, v /v) at 758C for 40 min. After evaporating the Separation of OA, DTX1 and PTX6 was achieved on
solvent from the reaction mixture, the residue was a Mightysil RP-18 column containing octadecyl
acidified with 300 ml of 0.5 N HCl, then extracted phase bonded to 5-mm silica gel particles (15032
three times with 300 ml of diethyl ether. After mm I.D.; Kanto, Tokyo, Japan) connected with a
evaporating the solvent, the extracts were dissolved guard column Mightysil RP-18 (532 mm I.D.) at
in 250 ml of methanol–water (8:2, v /v) and then 358C. HPLC-grade acetonitrile–water (7:3, v /v)
extracted twice with 250 ml of n-hexane to remove containing 0.1% acetic acid was used as the mobile
lipid components. One hundred ml of 0.2% acetic phase at a flow-rate of 200 ml /min. The LC flow was
acid was added to the methanolic solution, then the introduced into the ESI interface without any split-
resulting toxins were extracted twice with 400 ml of ting. The spray capillary voltage on the ESI interface
chloroform. The combined chloroform extract was was maintained at approximately 4.5 kV. The skim-
evaporated under nitrogen gas, then dissolved in 100 mer voltage was 74 V. The temperature of the heated
ml of HPLC-grade methanol. A 2-ml aliquot was capillary was 2008C. High-purity nitrogen gas was
directly analyzed by LC–MS. The amount injected used as a sheath gas (nebulizer gas) at an operating

Fig. 2. Negative-ion mass spectra of a mixture of OA, DTX1 and PTX6 standards obtained by FIA into 200 ml /min flow of
acetonitrile–water (7:3, v /v) with 0.1% acetic acid. A mixture of 2 ng of each toxin was injected.
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pressure of 70 p.s.i. and an auxiliary gas at five units, of dichloromethane–methanol (1:1, v /v) followed by
respectively (1 p.s.i.56894.76 Pa). Toxins were 10 ml of methanol, and finally washed with 10 ml of
scanned with selective ion monitoring (SIM) of 1% NH OH–methanol (1:1, v /v) [26,30]. Each4

negatively charged ions at m /z of 803.5 (OA), 817.5 fraction was collected, evaporated to dryness, and
(DTX1) and 887.5 (PTX6) with a scan-time of 1.0 s. re-dissolved in 100 ml of methanol; 2 ml of the final
The SIM scan width for each toxin was 0.3 U (unit solution was subjected to LC–MS analysis.
mass). The MS parameters were optimized for the
ionization of standard toxins using flow injection
analysis (FIA). 3. Results and discussion

2.6. Column chromatography of the unknown 3.1. FIA and LC–MS of OA, DTX1 and PTX6
compound with m /z 803 in the bivalve extracts standard toxins

An aliquot of chloroform extract of the midgut Fig. 2 shows the full-scan negative-ion ESI mass
glands of bivalves obtained after extraction from spectrum of OA, DTX1 and PTX6 obtained by FIA.
aqueous methanol was evaporated and diluted in OA, DTX1 and PTX6 yielded mass spectra ex-

2dichloromethane–methanol (1:1, v /v), then loaded hibiting abundant [M-H] at m /z 803, 817 and 887,
on a Sep-Pak plus alumina B cartridge (Waters, respectively. The efficiency of ionization with ace-
Milford, MA, USA) which had been previously tonitrile–water (7:3, v /v) containing 0.1% formic
conditioned with 10 ml of dichloromethane–metha- acid or 1 mM ammonium acetate was inferior to that
nol (1:1, v /v). The column was washed with 10 ml obtained in acetonitrile–water (7:3, v /v) containing

2Fig. 3. LC–MS chromatograms for a mixture of OA, DTX1 and PTX6 standards obtained by negative SIM for [M-H] ions of toxins.
Column: Mightysil RP-18 (150 mm32.0 mm I.D.); mobile phase: MeCN–water (7:3) with 0.1% acetic acid; flow-rate: 200 ml /min; column
temperature: 358C. RIC; reconstructed total ion chromatogram. A mixture of 2 ng of each toxin was injected.
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0.1% acetic acid. Although acetonitrile–water (7:3, 887 after LC separation on a Mightysil RP-18
v/v) without additive gave sufficient ionization column. The separation factor (a) of OA/PTX6 and
efficiency for toxins as well as that containing 0.1% DTX1/OA was 1.23 and 2.07, respectively. Lineari-
acetic acid, acetonitrile–water (7:3, v /v) containing ty of the peak area with increasing amounts of toxin
0.1% acetic acid was selected as the mobile phase of was confirmed over a range from 10 pg to 30 ng

2 2 2LC–MS. During the optimization of MS parameters, (OA, r 50.9996; DTX1, r 50.9996; PTX6, r 5

it was observed that the ionization efficiency of 0.9998) as shown in Fig. 4, indicating that it is
toxins increased with increasing heated capillary possible to determine the toxins from 10 ng to 30 mg
temperature, however the intensity of mass spectrum toxin per gram of midgut glands. The detection limit
of PTX6 decreased above 2008C. Therefore, the with the basis of a signal-to-noise ratio of 3:1 was 5
droplet desolvation of toxins in the heated capillary pg per injection. The detection limit in the present
was carried out at 2008C. study is obviously better than that obtained by the

Ionization of toxins by positive ESI mode was also SIM analysis on the ion-spray detection of OA (400
surveyed with the same solvent used for negative pg per injection) [14] and by the selected-reaction-
ESI mode. Toxins yielded mass spectra exhibiting monitoring (SRM) analysis on the ion-spray MS-MS

1 1 1[M1NH ] , [M1Na] and [M1H] as reported in detection of OA homologues (15 pg per injection)4

the previous ion-spray detection [13,17,23] and ESI [22].
detection [11], however ionization efficiency was far
lower than by negative ESI mode. 3.2. Application to bivalve samples

Fig. 3 shows a chromatogram of toxins obtained
by negative-ion SIM detection at m /z 803, 817 and Table 1 shows the results of a recovery test for

Fig. 4. Calibration curve for peak area of toxins obtained by SIM after LC separation. Each point is the mean of duplicate analyses.
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Table 1 nol–water (8:2, v /v) extracts of bivalve midgut
Recovery of toxins from spiked methanol–water (8:2, v /v) extract glands. The recovery of PTX6 was slightly lower
of midgut glands of bivalves

than that of OA and DTX1. The peak intensity of
Toxins Recovery (%) PTX6 co-injected with bivalve extracts was slightly

a(mean6SD n56) lower than when only pure PTX6 was injected. This
OA 10262 suggests that interfering compounds in bivalve ex-
DTX1 10163 tracts reduced ionization efficiency of PTX6.
PTX6 8662

Fig. 5 shows RIC of SIM at m /z 803, 817 and 887
a Mean6standard deviation. Recovery was calculated from the obtained from the midgut glands of scallops col-

following samples: scallops with 0.2 mg of toxins per gram of lected at Mutsu Bay, Japan. Clear peaks of DTX1
midgut glands, mussels with 0.2 mg of toxins per gram of midgut

and PTX6 were detected. Although a peak with m /zglands, scallops with 1.0 mg of toxins per gram of midgut glands,
803 was detected, the retention time of this peakmussels with 1.0 mg of toxins per gram of midgut glands, scallops

with 4.0 mg of toxins per gram of midgut glands, mussels with 4.0 (7.35 min) did not agree with that of standard OA
mg of toxins per gram of midgut glands. (4.92 min) and DTX2 (5.47 min). This unknown

compound (OAX) with m /z 803 was detected in the
toxins from the methanol–water (8:2, v /v) extracts 1% NH OH–methanol (1:1, v /v) fraction which4

of midgut glands spiked with standard toxins de- elutes acidic toxins (OA, DTX1, PTX6) when the
termined by SIM after LC separation. Extract pre- midgut gland extracts were separated on an alumina
pared from non-toxic scallops and mussels showed B column. Although there is a possibility that OAX

2no background peaks in the RIC. OA and DTX1 is an adduct ion (e.g. [2M-H] of a molecular weight
were almost completely recovered from the metha- 402 compound) or a fragmentation ion from some

Fig. 5. LC–MS chromatograms of toxic scallop extracts collected at Mutsu Bay, Japan, on 29 May 1995 obtained by negative SIM for
2[M-H] ions of toxins. Column: Mightysil RP-18 (15032.0 mm I.D.); mobile phase: MeCN–water (7:3) with 0.1% acetic acid; flow-rate:

200 ml /min; column temperature: 358C. RIC; reconstructed total-ion chromatogram.
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Table 2 Aomori Prefectural Aquaculture Research Center for
DSP toxin contents in midgut glands of bivalves collected at providing bivalve samples.
Mutsu Bay, Japan, in 1995 determined by LC–MS

Date Sample Toxin contents (mg/g)
a bOAX DTX1 (esterified DTX1 ) PTX6
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