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Domoic acid (DA), a neurotoxic amino acid produced by some strains of phytoplankton, is responsible for
the human toxic syndrome amnesic shellfish poisoning. This exocitotoxin results in neuronal degeneration
and necrosis in specific regions of the hippocampus. Because DA accumulates mostly in shellfish, caus-
ing outbreaks in different countries, screening for DA has been carried out with various assays. Although
bicassays and immunoassays have been developed, several liquid chromatographic methods for the
determination of DA in different matrices such as shellfish, algae, or seawater have been reported. Addi-
tionally, other alternative methods such as capillary electrophoresis and capillary electrochromatography
have been described. This paper summaries the toxicology, the chemistry, and the developed determina-
tion methods of DA.
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INTRODUCTION

“Red tides”, a vivid name to indicate the discoloration of
seawater, result from the explosive growth (so-called “blooms™)
of some harmful microscopic planktonic algae (/, 2). There are
approximately 5000 marine algal species in the oceans, which are
critical foods for shellfish, crustaceans, and finfish. Among these
species, around 300 can sometimes contribute to red tides. During
blooming, some species produce potent toxins, which are con-
sumed and accumulated by ocean creatures. Besides the environ-
mental impacts, human intoxication accidents associated with the
contaminated shellfishes have occurred for some time now. In the
past couple of decades, the frequency, intensity, and distribution
of this threat have grown. Consequently, increasing attention has
been drawn to the issues of “shellfish poisoning”, including
paralytic shellfish poisoning (PSP), diarrheic shellfish poisoning
(DSP), neurologic shellfish poisoning (NSP), amnesic shellfish
poisoning (ASP), azaspiracid shellfish poisoning (AZP) (I, 2),
and ciguatera fish poisoning (CFP) (3—5).

The main toxins responsible for these poisoning syndromes have
some similar characteristics: water-solubility, heat and acid sta-
bility, and not inactivation by ordinary cooking methods. Moreover,
the symptoms caused by these toxins also present some similarities
(listed in Table 1).
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Domoic acid (DA), the principal causative toxin of ASP, is a
natural product of certain species of marine diatom Pseudo-
nitzschia (6). In 1958, DA was originally isolated from the red
alga called “doumoi” or “hanayanagi” (Chondria armata) in
Japan (7). Subsequently, DA isomers were identified (§,9). From
the initial outbreak in Canada in 1987, DA has been found in
algae or dinoflagellates in Japan, the eastern coasts of North and
South America, the western coast of North America, and the
Mediterranean region (10—12).

DA can bioaccumulate in marine organisms (/3) such as
shellfish, anchovies, and sardines that feed on the phytoplankton
known to produce this toxin. DA can accumulate at high
concentrations in the tissues of these plankton feeders when the
toxic phytoplankton is high in concentration in the surrounding
waters. Thus, marine animals, seabirds, or even human beings
will exhibit acute intoxication after consumption of these con-
taminated foods.

The first DA outbreak occurred in 1987 in Prince Edward
Island, Canada. At that time, ASP caused 3 deaths and 105
cases of acute human intoxication following the consumption
of blue mussels (93% of patients suffered from gastrointestinal
symptoms and 26%, neurological symptoms). After that, the
Canadian authorities imposed an action limit for DA in
mussels of 20 mg of DA/g of mussel flesh, which has been
adopted elsewhere and is the limit enforced in the European
Union, United States, New Zealand, and Australia for DA ina
variety of shellfish species.

Published on Web 10/22/2010 pubs.acs.org/JAFC
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Figure 1. Chemical structures of domoic acid and its isomers.

Table 1. Toxins Responsible for and Symptoms of Six Shellfish Poisonings
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shellfish poisoning acronym symptoms
paralytic shellfish poisoning PSP saxitoxin (STX) purely neurological symptoms
diarrheic shellfish poisoning DSP okadaic acid (OA) gastrointestinal symptoms
neurologic shellfish poisoning NSP brevetoxin (BTX) gastrointestinal and neurological symptoms
amnesic shellfish poisoning ASP domoic acid (DA) gastrointestinal and neurological disorders
azaspiracid shellfish poisoning AZP azaspiracid (AZA) gastrointestinal intoxications
ciguatera fish poisoning CFP ciguatoxins (CTX) gastrointestinal, neurological, and cardiovascular symptoms

DA belongs to the kainoid class of compounds, which is a class
of excitatory neurotransmitters. It can damage the neurons by
activating  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) and kainate receptors (/4), causing an influx of
calcium. In mammals, including humans, domoic acid acts as a
neurotoxin, causing short-term memory loss, brain damage, and,
in severe cases, death (/4—17). After the ingestion of bivalve
molluscs or possibly fish contaminated with DA, gastrointes-
tinal symptoms appear, including nausea, abdominal cramps,
vomiting, diarrhea, and anorexia. The neurological symptoms
(headaches, dizziness, ataxia, loss of memory) may occur after
adelay of a few hours or up to 3 days according to the outbreak
observed in 1987.

DA is a crystalline water-soluble potent neurotoxic amino
acid, which has at least nine geometrical isomers (see Figure 1)
6,8, 18—20). Isodomoic acid A, B, and C and domoilactones,
found in seaweed, have not been detected in extracts of plankton or
shellfish tissue. However, isodomoic acids D, E, and F and the 5'-epi-
domoic acid have been isolated from both plankton cells and
shellfish tissue (6). Formation of these geometrical isomers can be
achieved by brief exposure of dilute solutions of DA to UV light. In
addition, heat can accelerate the conversion from DA to 5'-epi-do-
moic acid (6). Interestingly, pharmacological studies reported that
these DA isomers are not as toxic as DA because they bind less
strongly to the kainate receptor proteins than DA itself (27). How-
ever, 5'-epi-domoic acid and DA have the same or a similar toxin (6).
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SAMPLE PREPARATION

An AOAC extraction procedure (22) can be applied to the
extraction of DA from shellfish tissues. In this extraction method,
homogenized shellfish tissues are mixed with water followed by
ultrasonication, boiling, centrifuging. The supernatant was fil-
tered and used for analysis. An aqueous methanol extraction for
DA extract was developed (23): mussel material is blended with
methanol/water (1:1, v/v) and centrifuged, and the supernatant is
filtered for analysis. The latter is demonstrated to be better suited
to trace analysis and combines well with a highly selective cleanup
based on strong anion exchange (SAX) (24).

Solid-phase extraction (SPE) has become the most common
method for cleanup of shellfish samples (24—36). According to
cleanup experiments on DA and confirmation experiments on
real-world samples, the cleanup of mussel and scallop tissues with
a SAX cartridge can attain valid approaches for routine monitor-
ing of DA in shellfish both for LC-UV and for LC-MS, avoiding
false positives, and thus many methods have been based on SAX-
SPE (24,26,28-30,32,33,35,37,38). The SAX-SPE procedure
was modified by loading the SAX eluate onto a strong cation
exchange (SCX) cartridge to achieve a higher degree of clean-
up (24).

Nevertheless, Powell et al. (36) concluded that an additional
step with a SAX-SPE cartridge did not significantly improve the
recovery of DA from sand crab samples. Chan et al. (27) even
used an amorphous titania sorbent, instead of an SPE cartridge,
for the preconcentration of DA. This sol—gel titania material is
able to adsorb DA from seawater, via the formation of an ester
linkage between the carboxylic moieties of DA and the Ti—OH
groups on the sorbent surface, at low pH and desorb it at high pH.

Some techniques such as EIA and ELISA sometimes may
require little cleanup and have the advantages of being easy and
fast (39,40). However, the cross-reactivity with similar toxins will
result in false positives and limit the demonstration of toxicity.

METHODS OF ANALYSIS

Bioassays. The bioassays included mouse bioassay, receptor
blinding bioassay, and hippocampal slice preparations. The
AOAC mouse bioassay for PSP toxins can also be employed
for the detection of the unique toxicity of DA at approximate
concentrations of 40 mg/g (41), whereas the guideline value in
mussels established in Canada, and subsequently adopted by
most other countries that have set limits for ASP, is 20 mg of DA/
g of mussel tissue. Therefore, the relative insensitivity of this assay
precluded its use for regulatory purposes. A receptor binding
assay for DA was developed by Van Dolah et al. (42). The limit of
detection and selectivity of the assay (ICso = 0.89 nM, 0.3 mg)
were optimized to be suitable for the analysis of DA in seawater
extracts from algae and for the analysis of DA in shellfish in
years (6,43). Hippocampal slice preparation based on a rapid and
reversible increase produced by DA in amplitude of the ortho-
dromic population spike and a decrease in field EPSP was also
reported as a viable tool for detecting DA (44, 45).

Biochemical Assays. Enzyme-linked immunosorbent assay
(ELISA) was effective in the determination of DA as a screening
and quantitation method due to its simple format (39). It has been
employed in the determination of DA in mammalian serum and
urine and human body fluids (40, 46). After commercialization in
1998 (37), ELISA was improved by Biosense, and the LOQ of the
kit was reduced to 10 mg/kg of shellfish.

Chemical Assays. Amino Acid Analysis. It was pointed out
that amino acid analysis could be applied to shellfish extracts
after the necessary cleanup and concentration of the material (6).
However, crude aqueous extracts of plankton can be analyzed
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directly. Detection of amino acids could be achieved at 440 nm
absorbance measurement, whereas DA could be detected at 550
nm absorbance. Even though the limit of detection for DA of this
approach was close to that of LC-UV methods, it was not
effective enough, especially when samples contained high con-
centrations of free amino acids. This could be because the
structure and properties of DA are similar to those of some
amino acids. In addition, the analysis time was much longer.

Thin Layer Chromatography (TLC). Quilliam et al. em-
ployed TLC as a method for the determination DA (25). TLC was
further developed to detect DA after a SAX-SPE cleanup
procedure (25). In this study, glass TLC plates (10 x 20 cm with
a 250 um thick layer of silica gel) were used to perform separation,
and a 3:1:1 butanol/acetic acid/water mixture was selected as the
best solvent system. The conclusion was drawn that this method
can be used as a routine screening method for shellfish tissues in
those laboratories without a LC system. Meanwhile, it was
indicated that TLC could be a chemical confirmation method
for DA in positive samples tested by assay methods.

Liquid Chromatography (LC). At present, LC with UV
detection is a usual instrumental method for the determination
of DA in shellfish 6, 22, 23, 26, 49), and the methods are
summarized in Table 2. The detection limit for DA with this
method, depending on the sensitivity of the UV detector, is about
0.1—1 mg of DA/g of tissue, which was suitable for regulatory
purposes. However, false positives were commonly encountered
because of interferences from crude extracts (26). Particularly,
tryptophan and its derivatives, commonly contained in shell-
fish and finfish tissues, may be eluted close to DA with some
columns and chromatographic conditions used, thus making
analysis results inaccurate. Thus, some alternative approaches
such as fluorescence detection (FLD) (27—29) and chemi-
luminescence detection (CLD) (48) were developed. Analytical
methods based on ion exchange chromatography (49) and
reversed-phase chromatography were also coupled to UV
47,50,51).

Besides these methods, mass spectrometry (MS) has become a
dominant detection for LC with its advantage in substance
identification (22, 30—32, 47,52, 53). Compared with the other
methods, higher sensitivity and specificity were attained by MS. A
method based on hydrophilic interaction liquid chromatography
with mass spectrometry (HILIC-MS) was described to determine
DA inshellfish (33). This method was set up either on anion spray
ion trap MS instrument operating in MS and MS/MS scanning
acquisition modes or on a turbo ion spray triple-quadrupole MS
system operating in selected ion monitoring (SIM) and multiple
reaction monitoring (MRM) acquisition modes. The minimum
detection levels for DA in tissue were well below the regula-
tory limit for DA in tissue. An improved reverse-phase high-
performance liquid chromatography (RP-HPLC) method was
reported for the determination of DA and analogues (3/). The
complicated SPE cleanup step could be avoided when the pH of
the mobile phase was optimized to 2.5. This chromatographic
condition was successfully applied to LC-MS? to determine DA
and epi-DA in scallop tissues. Different ionization sources, namely,
ESI, atmospheric pressure ionization (APCI), atmospheric pressure
photoionization (APPI), and combined APCI/APPI, were com-
pared to improve the analytical signal (34). The optimized
method was employed to investigate DA levels in 46 shellfish
along the Mediterranean coasts, obtaining results similar to those
reported by other authors. An ultraperformance liquid chromatog-
raphic (UPLC)-MS/MS method for the determination of dissolved
DA in seawater was described (54). UPLC was performed on C18
columns (4.6 x 50.0 mm, 1.8 um particle size) and C18 precolumn
(4.6 x 50.0 mm, 1.8 um particle size) at 70 °C oven temperature
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and 750 uL/min flow rate. The complete resolution between DA
- © and its isomers was achieved in <3 min. The LOD and LOQ
= ° * obtained with the whole method have been 0.020 and 0.060 ng/mL,
respectively, which allows the determination of DA dissolved in
seawater at very low concentration levels.
8 S _ Capillary Elef?trophoresis (CE').' CE was initially demqn-
2 S = strated to be suitable for determining DA (Table 3) and its
g T a2 2e isomers by Quilliam et al. (55) and Nguyen et al. (56) as a rapid,
£ {25 $ = high-resolution analysis method. Zhao et al. (24) have applied
8 s 3 = o g CE-UV for the analysis of DA and isomers with a method
g %% g% ;—}8 detection limit of 150 ng/g in tissues. The optimal analysis was
£ = g 8 = g8 performed in phosphate or borate buffers at a pH of approxi-
= e E== - mately 9.0. With the addition of S-cyclodextrin to the borate
B B buffer, the separation of DA and several of its isomers (isodomoic
acids) was superior to that achieved with LC. This method was
- & modified by combining CE with UV/diode array detection and
z g g applied to the identification of DA in some contaminated razor
% s 2 clams as well as in mussel tissue reference material (NRC CRM-
=4 8 2% S e ASP-MUS-b) (57). Another modified CE-UV method was also
- SEEE éé presented for the analysis of different toxins including DA
RS B o produced by algae (35). Different methods (HPLC, CE, and
go== g CEC) were compared in the determination of these algal toxins in
complex matrices, and the results indicated that CE offered as
good a potential for the sensitive and selective determination of
DA as LC (30). Moreover, a CE method coupled with online
2<% = = capillary isotachophoresis was developed to analyze shellfish
9 < £ NE 2o samples and food supplements containing algae extract (58).
s o232 8 5 The optimized cITP-CZE electrolyte system was 10 mM HCl +
2 aSE1 k) S % 8 20 mM p-alanine (BALA) + 0.05% hydroxyethylcellulose (lead-
g B 3 E § S 2 g jé ing electrolyte), S mM caproic acid (terminating electrolyte), and
S2o788% = 20 mM caproic acid + 20 mM BALA+ 0.1% HPMC (back-
gzcs=Trme Q° ground electrolyte). The cITP-CZE method contributed speed of
analysis, ease of operation, high sensitivity, and low running cost
for DA determination.
o SEQ Capillary Electrochromatography (CEC). CEC, similar to
S B CE, also can provide faster analysis with higher selectivity,
8 é = - Eé ’E‘ making i.t an attractive and promisipg alternative to HPLC for
= ‘é gES § @ 3e DA monitoring (30). The determmatlgn of DA was achleved with
g SEx§ S x é M the combl.natlon of CEC aqd photodiode array detection (PAD)
= § 2 8 g 58 5@ as shown in Table 4. Analysm was perfo.m.led with a reverse phase
® s8=C g % @ % column (C18) and a mobile phase consisting of 5 mM phosphate
2 £58 R buffer (pH 2.5)/acetonitrile (40:60) with an applied voltage of 7
= o kV (59). Wu et al. used pressurized capillary electrochromato-
graphy (pCEC) to quantify DA (60) from spiked shellfish matrix
in 6 min.
g SUMMARY
§ DA, as the main constituent of ASP, is widely distributed in the
» = world’s oceans. It has been a concern for public health as well as
= - having serious economical consequences to recreational and
commercial fisheries, since the major toxic incident in Canada
" occurred in 1987. To a great extent, the occurrence of DA is
= related with human activities. Sewage from industry and urban
° § I5] living increases continuously, increasing water pollution and
g' & % water eutrophication, which cause red tides to breed rapidly or
@ T R abundantly. Besides, the development of marine farming also
% £ results in serious environmental contamination. Raising the
= i environmental awareness of the public is the best way to resolve
§ the problem of ocean contamination. Nevertheless, in the present
£ serious pollution situation, it is an urgent issue to establish a
Sl rapid, accurate monitoring technology for the determination and
) unequivocal confirmation of DA or its isomers in shellfish. This is
2|5 of importance to reduce or eliminate ocean toxins in the shellfish
= 3 S culture environment, to inhibit toxin accumulation in shellfish,
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Table 4. CEC Method for DA Analysis

He et al.

performance
analyte sample detection mobile phase capillary dimension length voltage characteristics ref
DA real mussel uv 5 mM phosphate buffer 100 um i.d., 75 um o.d. for ASP: bed length 12 kv 30
sample (pH 2.5)/MeCN, 40:60  for ASP, C18 (3 um) of 25 cm
for all toxins: bed
length plus 8.5 cm
of polyimide-coated
fused silica tubing
DA, other spiked shellfish PAD 5 mM phosphate buffer  chromatographic columns: 20 cm (total 7kV 59
compound sample (pH2.5) /ACN (40:60)  RP-C18 bonded silica, length = 27 cm)
3um
capillary columns:
20cm x 75 um (i.d.)
DA spiked shellfish uv 5 mM Tris buffer (pH 100 um i.d., 375 umo.d. 20 cm (total —13kV linear range, 60
sample 8.0)/CAN (40:60) packed with 3 um length = 55 cm) 1.0—100.0 xg/mL;

isocratic elution flow
rate, 0.050 mL/min

octadecyl silica particles

LOD, 0.5 ug/mL;
recovery, 83—86%

and to minimize adverse impacts on human health. Thus, the
developed methods are summarized here. Additionally, tables
comparing the different methods are presented.
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