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Abstract

An evaluation of the feasibility of liquid chromatography–mass spectrometry (LC–MS) with atmospheric pressure
ionization was made for quantitation of four diarrhetic shellfish poisoning toxins, okadaic acid, dinophysistoxin-1,
pectenotoxin-6 and yessotoxin in scallops. When LC–MS was applied to the analysis of scallop extracts, large signal
suppressions were observed due to coeluting substances from the column. To compensate for these matrix signal
suppressions, the standard addition method was applied. First, the sample was analyzed and then the sample involving the
addition of calibration standards is analyzed. Although this method requires two LC–MS runs per analysis, effective
correction of quantitative errors was found.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction (DTXs) and pectenotoxin (PTXs) [2,3,6,9]. For
yessotoxin (YTX), which is one of DSPs that occurs

To analyze diarrhetic shellfish poisons (DSPs), with OA and DTX1, a different fluorescent reagent
high-performance liquid chromatography (HPLC) must be used because of the lack of a carbonyl group
with a fluorescence (FL) detection system is most [8]. Besides, the impurities involved in the fluores-
often used [1–11]. In the HPLC–FL method, DSPs cence reagents must be separated before injection
must be derivatized with fluorescence reagents. It is into the HPLC system.
difficult to analyze various DSPs simultaneously by On the other hand, liquid chromatography–mass
HPLC–FL, since different fluorescence reagents are spectrometry (LC–MS) using atmospheric pressure
necessary for derivatization. Derivatization of the ionization (API) is a powerful tool for identification
DSPs with 9-anthryldiazomethane (ADAM) is com- and quantitation in the pharmaceutical or bioanalyti-
monly used for FL detection of some acidic toxins, cal fields. However, the ionization efficiency of API
for example, okadaic acid (OA), dinophysistoxins is greatly affected by coeluting matrix compounds

[12–16]. The ion suppression was described by
Kebarle and Tang [12], who showed that electro-*Corresponding author. Tel.: 181-29-276-6159; fax: 181-29-
spray ionization responses of organic bases de-272-2175.
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other organic bases. Matuszewski et al. stated that 2. Experimental
undetected coeluting matrix components may reduce
the ionization efficiency of the analytes and cause 2.1. Reagents
poor reproducibility and accuracy [14]. The matrix
effect is especially dependent on the degree of Methanol of HPLC grade was purchased from
sample purification and the degree of chromato- Kanto (Tokyo, Japan). Ammonium acetate was
graphic separation of the analytes from the sample purchased from Fluka (Buchs, Switzerland). OA,
matrix components on the analytical column. DTX1 and PTX6 were purchased from Wako

LC–MS has both high sensitivity and selectivity, (Osaka, Japan). YTX was from the Institute of
which makes it possible to determine DSPs by direct Environmental Science and Research (Porirua, New
injection without derivatization. The identification Zealand). The molecular structures of the four
and quantitation of shellfish poisons and their metab- diarrhetic shellfish poisons are shown in Fig. 1.
olites by LC–MS have been reported [17–25]. For Stock solutions (100 mg/ l) of individual shellfish
example, Draisci et al. reported that LC–MS is toxin standards were prepared by dissolving in
particularly useful to give an indication of the methanol. A mixed stock solution (10 mg each
distribution of mussel contamination by DSP toxins toxin / l) containing four standards was prepared from
[20]. Quilliam showed that LC–MS is suitable for stock solutions of individual standards by mixing and
the quantitative analysis of DSP toxins without diluting with methanol. Stock solutions were stored
chemical manipulation [21]. However, little is known at under 2308C. Calibration standards were prepared
about the matrix effect by coeluting substances in by appropriate dilution of the mixed stock solution
shellfish extracts. with methanol.

The purpose of the present work was to evaluate
the degree of the signal suppression for DSPs by 2.2. Apparatus
coeluting substances in the scallop extract and to
correct the matrix effect. In this paper, the evaluation The LC–MS system consisted of a Hitachi
of four DSPs, i.e. OA, DTX1, YTX and PTX6 by (Tokyo, Japan) L-7100 pump with a low-pressure
LC–MS is described. These DSPs are sometimes gradient unit, a Hitachi L-7200 autosampler and a
detected in scallops in Japan. Hitachi M-8000 mass spectrometer with a sonic

Fig. 1. Molecular structures of diarrhetic shellfish poisons. (A) Pectenotoxin-6 (PTX6); (B) okadaic acid (OA); (C) dinophysistoxin-1
(DTX1) and (D) yessotoxin (YTX).
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spray interface (SSI) [26,27]. The HPLC column the degree of the signal suppression by coeluting
was an Inertsil ODS-2 (15032.1 mm I.D., 5 mm) substances.
from GL Science (Tokyo, Japan). A 1-g amount of hepatopancreas of a scallop was

homogenized with 4 ml of methanol–water (80:20,
2.3. Chromatographic conditions v/v). After centrifugation, 3 ml of 8% NaCl solution

in water was added to the supernatant which was
Gradient elution was carried out using a binary extracted with chloroform (235 ml) and evaporated

gradient composed of solvent A (1 mM ammonium to dryness under nitrogen gas. The residue was
acetate solution in water) and solvent B (methanol) redissolved in 1 ml of methanol. This solution was
according to the following program: linear gradient applied in the following experiments.
from 40 to 100% B from 0 to 20 min, maintaining
100% B from 20 to 30 min, returning to the initial
condition (40% B) at 30 min and maintaining this 3. Results and discussion
condition to 40 min. The flow-rate was set to 0.2
ml /min and 10 ml of sample were injected onto the 3.1. Optimization of SSI
column at the room temperature.

The mass spectra of each compound were mea-
2.4. Mass spectrometric conditions sured in the positive and the negative ion modes. All

four compounds were detected sensitively in the
SSI is a novel ionization interface, which gener- negative ion mode. SSI produced a soft ionization

2ates charged droplets by nitrogen gas flow at the giving little fragmentation [26,27] and the [M2H]
speed of sound [26,27]. An eluent solution is ions yielded the most abundant signal for OA, DTX1

2pumped into a SSI chamber through a fused-silica and PTX6 and the [M22Na1H] ion for YTX in
capillary (0.1 mm I.D., 0.2 mm O.D.). The end of the this study.
fused-silica capillary extends about 0.5 mm beyond Nitrogen gas pressure, a drift voltage and a first
an orifice (0.4 mm I.D.) of the ion source. Nitrogen aperture temperature were optimized by monitoring

2gas flows through the orifice into the atmosphere and the ions, [M2H] for OA, DTX1 and PTX6 and
2a spray is thus generated in which charged droplets [M22Na1H] for YTX by injection of the cali-

and ions are produced. The generated ions are passed bration standards repeatedly.
through a first aperture and a second aperture into the The nitrogen gas pressure was an important pa-
mass analyzing region. The main parameters that rameter for the formation of charged droplets and its
influenced the signal intensity were the nitrogen gas optimum condition depended mainly on eluent flow-
pressure, a drift voltage between the first aperture rate. In this study, maximum signal intensities were
and the second aperture, and a first aperture tempera- found at 300 kPa of nitrogen gas pressure at 0.2
ture. The optimum conditions were achieved with ml /min of eluent flow-rate. The drift voltage was
300 kPa of nitrogen gas pressure, 100 V of a drift altered between 30 and 130 V. As a result, the
voltage, 1508C of a first aperture temperature. Mass maximum signal intensity was found at 70 V of the
analysis was performed in the negative ion mode. drift voltage.
The mass spectrometer was operated using a mass
scan range of 500–1200, three microscans with an 3.2. Signal suppression by coeluting substances
accumulation time of 500 ms and a photomultiplier
voltage of 500 V. To investigate the influences on the MS responses

by coeluting substances originated from scallop
2.5. Sample preparation extracts, the DSPs standard solution was spiked into

this extract solution of scallops. In this experiment,
The toxin-free scallop was treated by the follow- 50 ml of the DSPs standard solutions of 100, 400

ing modified procedure of Lee et al. [28], to evaluate mg/ l and 1 mg/ l were added to 50 ml each of the
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extract solution. These DSPs spiked into the toxin- (235 ml) before extraction with chloroform to
remove lipids in the scallops. However, any im-free extract solution were analyzed and the results
provements of signal suppression were not observed.were compared with that of the standard solutions in
Matuszewski et al. [14] point out that coeluting,methanol (Fig. 2). Both the calibration curves of
undetected matrix components may reduce the ionDSPs in the standard solutions in methanol and in
intensity of the analytes; the signal suppressions ofthe toxin-free extract solution were linear in the
the analytes can be improved by selective extractionconcentration range up to 500 mg/ l and with a zero
and improved chromatographic separation in the caseintercept to within experimental error. However, the
of determination of drugs in human plasma. How-values of DSPs added to the extract solutions were
ever, in the case of scallops, the matrices of scallopsabout 19–42% lower than the values of DSPs in the
are complex and different in composition fromstandard solutions in methanol. The rates of signal
scallop to scallop. Consequently, even if the samesuppressions were constant and independent of the
extraction procedure is used for each scallop, theconcentration of DSP in the solutions.
extract solution may vary between scallops. ThisThe results show that coeluting substances cause
means that the degree of signal suppressions bysignal suppressions because of the degradation of
coeluting substances also varies from scallop toionization efficiency and the external standard meth-
scallop. It is concluded that it will be difficult andod is not available for the quantitation of DSPs in the
impractical to remove coeluting substances com-scallops. The following methods to improve the
pletely for the reduction of the signal suppressions.accuracy of quantitation will be considered.

(b) Correction by using internal standards, that is,(a) Complete removal of coeluting substances by
13sample clean-up, e.g. column switching, solid-phase C substituted DSPs substances; the use of isotopi-

extraction etc.; in this study, a further sample clean- cally labeled substances is useful for the correction
up method was examined by extracting with hexane of the signal deviation because they have almost the

Fig. 2. Calibration curves for DSPs in (A) the standard solutions in methanol (s) and (B) the standard solutions in the poison free scallop
extract solution (d) obtained from 10-ml injections onto a 150 mm32.1 mm I.D. ODS column; LC eluent flow-rate of 0.2 ml /min.
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same chemical properties and the same retention
times as non-labeled substances. They are generally
used in environmental analyses [29]. However, iso-
topically labeled internal standards may not be
available for some analytes due to difficulties associ-
ated with synthesis and/or cost [16]. It would be

13difficult to obtain C-substituted DSPs substances,
so this correction method would not be practical.

(c) Preparation of calibration curves by using
standardized scallop extracted solutions; a controlled
serum is often used for calibration curves in the case

Fig. 3. Quantitative results of four DSPs (200 mg each toxin / l;of drug analysis in serum by LC–MS [30]. However,
dashed line) in the three extract solutions (samples a–c). Thestandardized scallop extract solutions will not be
results were calculated by using the standard solutions in metha-prepared because matrices vary from scallop to
nol. Each of three samples was measured six times. LC conditions

scallop. To evaluate the availability of this correction as in Fig. 2.
method, three other scallops were extracted and
spiked with the DSPs individually. The concentration
of DSPs in the three extract solutions were 200 mg tion method was examined, which was predicted as
each toxin / l. The three solutions were measured by the most practical solution. In this correction method,
LC–MS and the deviations of signal suppressions the extract sample is analyzed and then the extract
evaluated. The quantitative results are summarized in sample with the addition of the calibration standard
Fig. 3. All of quantitative values were lower because is analyzed. It was evaluated by using the model
of signal suppressions by coeluting substances and sample whether this method was effective for the
the degrees of the signal suppression were different analysis of DSPs in scallops.
from scallop to scallop. This means that matrices in The model sample was prepared by adding the
the scallop extract solutions were different from DSPs standard solutions to the scallop extract. A
scallop to scallop. As a result, it was impossible to 50-ml volume of the DSPs standard mixture of 400
correct the signal suppression by coeluting sub- mg/ l was added to 50 ml of the extract solution. The
stances by using another scallop extracts. amounts of each DSP in the model sample were 200

(d) Standard addition method, that is, analyzing ng each per gram of hepatopancreas, which corre-
the extract solution added the known quantity stan- sponds to around regulation quantities of DSPs in
dard solution; the calculation procedure is as follows: scallops in Japan. The calibration solution was

prepared by spiking the DSPs standard solution into
X 5 SI /(I 2 I ) this model sample. The amounts of DSPs spikedx s x

were 300 ng each per g of hepatopancreas.
where X is the amount of DSP in the extract Mass chromatograms of the model sample are
solution; S is the amount of DSP spiked into the shown in Fig. 4. Each peak of DSPs was detected
extract solution; I is the signal intensity of DSP in sensitively for the regulation quantities of DSPs inx

the extract solution and I is the signal intensity of Japan. The quantitative results of the model samples

DSP in the spiked solution. are summarized in Table 1. The quantitative results
This method requires at least two LC–MS runs per of the model sample using the external standard by

analysis — the run of the extract sample and the run the standard solutions were 15–33% lower than the
of the extract samples spiked with a known quantity theoretical values, and this is reasonable considering
of standard DSPs. the results of the preliminary test (see Figs. 2 and 3).

Referring to Fig. 2, the calibration curves of DSPs On the other hand, the quantitative results using
in the extract solution were linear and with a zero the standard addition method by the extract solution
intercept to within experimental error. In this report added with the DSPs standard were in agreement
the effectiveness by the single-point standard addi- with the theoretical values. The results show that this
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Table 2
Detection limits of DSP toxins by LC–MS with SSI interface

aAnalyte Monitored Detection limit
ion (mg/ l)

DTX1 817 3 (30 pg)
OA 803 3 (30 pg)
PTX6 887 6 (60 pg)
YTX 1140 6 (60 pg)

a Detection limits (S /N53); injecting 10 ml of the DSP
containing standard solution (20 ml each toxin / l) in methanol. LC
was performed on to a 15032.1 mm I.D. ODS column and LC
eluent flow-rate of 0.2 ml /min.

detection limits in injection amounts were in the
range 30–60 pg. In the case of the scallop extracts,
however, the signal intensity of the DSPs was
influenced by coeluting substances originating fromFig. 4. Mass chromatograms of the model sample (adding the

DSPs standard to the toxin-free scallop extract, 2 ng each toxin). the scallops. In the case of the results shown in Fig.
LC conditions as in Fig. 2. 3, for example, signal intensities of PTX6 were

reduced maximum 28%, consequently the detection
method is able to correct the quantities even if limit of PTX6 was 8.3 mg/ l.
coeluting substances from scallops caused the signal The linearity data of the DSPs by LC–MS are
suppression. Although this method requires the two shown in Table 3. Linearity of the chromatographic
LC–MS run per analysis, the correction of quantita- determination was examined for the concentration
tive errors was found effective for the four DSPs.

Table 3
Linearity data of DSP toxins by LC–MS

3.3. Analytical performance data
a aAnalyte Slope6SD Intercept6SD Correlation

coefficient
Determination of detection limits (S /N53) was

DTX1 29106120 4706660 0.9996performed for the mass chromatographic peaks by a
OA 2560660 210106860 0.999310-ml injection of the DSP containing standard
PTX6 1000630 17806370 0.9995

solution (20 mg each toxin / l) in methanol. Table 2 YTX 620620 3306280 0.9994
shows the detection limits of the DSPs with the ions

The linearity data were calculated at concentrations from 20 to
used for detection and calculation. The detection 500 ml / l, injecting 10 ml of the DSPs standard added in the poison
limits of the DSPs were 3 mg/ l for OA and DTX1 free extract solution. LC conditions as in Table 2.

aand 6 mg/ l for PTX6 and YTX, therefore the n56.

Table 1
Quantitative results of the model sample by using the standard addition method and the external standard method by the standard solutions

c dCalibration method Amount6SD (ng/g)

PTX6 OA YTX DTX1

Model sample (theoretical) 200 200 200 200
aExternal standard method 17068 134614 13568 13866
bStandard addition method 19769 213620 215612 214610

a The calibration curves were prepared using DSPs standard solutions in methanol.
b The calculation was carried out by adding the DSPs standard solution to the model sample.
c n56.
d ng /g hepatopancrea extract.



943 (2001) 39–46 45S. Ito, K. Tsukada / J. Chromatogr. A

Table 4 quantitative results of DSPs by this method were
Intra-day accuracy and precision data for LC–MS by using the good agreement with the theoretical values. The
standard addition method

accuracy and precision were good in the concen-
Compound tration range relevant to the regulation quantities of
PTX6 OA YTX DTX1 DSPs in scallops in Japan.

Concentration (mg/ l) 200 200 200 200
aMean6SD (mg/ l) 19769 213620 215612 214610

RSD (%) 4.4 9.4 5.6 4.5
AcknowledgementsBias (%) 21.5 6.5 7.5 7.0

a n56.
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