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Analysis of cyanobacterial toxins by hydrophilic interaction liquid
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Abstract

The combination of hydrophilic interaction liquid chromatography with electrospray mass spectrometry (HILIC–MS) has been investigated
as a tool for the analysis of assorted toxins produced by cyanobacteria. Toxins examined included saxitoxin and its various analogues (1–18),
anatoxin-a (ATX-a,19), cylindrospermopsin (CYN,20), deoxycylindrospermopsin (doCYN,21), and microcystins-LR (22) and -RR (23).
The saxitoxins could be unequivocally detected in one isocratic analysis using a TSK gel Amide-80 column eluted with 65% B, where eluent
A is water and B is a 95% acetonitrile/water solution, both containing 2.0 mM ammonium formate and 3.6 mM formic acid. The analysis
of ATX-a, CYN and doCYN required 75% B isocratic. Simultaneous determination of1–21 was also possible by using gradient elution.
HILIC proved to be suitable for the analysis of microcystins, but peak shape was not symmetric and it was concluded that these compounds
are best analysed using existing reversed-phase methods. The HILIC–MS method was applied to the analysis of field and cultured samples
of Anabaena circinalis andCylindrospermopsis raciborskii. In general, the method proved quite robust with similar results obtained in two
different laboratories using different instrumentation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Cyanobacteria are found in fresh and brackish water
throughout the world and can present a public safety haz-
ard through contamination of drinking water supplies. In
addition, numerous deaths of wildlife and domestic animals
occur each year when water becomes contaminated with
cyanobacterial blooms[1]. Such organisms are known to
produce a number of toxins including neurotoxins, such
as the saxitoxins and anatoxin-a (ATX-a), and hepatotox-
ins, such as cylindrospermopsin (CYN) and microcystins
(Fig. 1) [2]. The saxitoxins (1–18), also known as paralytic
shellfish poisoning (PSP) toxins, are fast acting neurotox-
ins which inhibit nerve conduction by blocking sodium
channels[1,3] and, among cyanobacteria, are produced pri-
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marily by Anabaena circinalis [4,5], Lyngbya wollei [6] and
Aphanizomenon flos-aquae [7,8]. Taxonomic re-evaluation
of A. flos-aquae, however, has been reported[9], indicating
that other species are emerging as having been identified
as A. flos-aquae. The isolation of saxitoxin (1) and its
analogues3 and 4 from a Brazilian strain ofCylindros-
permopsis raciborskii has also been reported recently[10].
Anatoxin-a (19) is a potent depolarising neuromuscular
blocking agent[11] and is produced by different strains of
Anabaena [2,12], Planktothrix andAphanizomenon. Cylin-
drospermopsin (20) and its deoxy-derivative (doCYN,21)
are alkaloids produced byC. raciborskii [13], Umezakia
natans [14], Aphanizomenon ovalisporum [15], andRaphi-
diopsis curvata [16]. Microcystins (22 and 23), produced
mainly by Microcystis sp., are heptapeptides[2,17,18]and
show tumour promoting activity on rat liver with inhibition
of protein phosphatases 1 and 2A[19].

The monitoring of drinking water supplies for the pres-
ence of these toxins is of critical importance for the as-
sessment of environmental and health risks. Therefore, the
development of an analytical method that could provide
simultaneous detection and unambiguous identification of
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Fig. 1. Structures of a number of toxins produced by cyanobacteria: the saxitoxin group, which includes saxitoxin (1), neosaxitoxin (2), gonyautoxin-2,
-3, -1, -4, -5, -6 (3–8), N-sulfogonyautoxin-1, -2, -3, -4 (9–12), decarbamoylsaxitoxin (13), decarbamoylneosaxitoxin (14), decarbamoylgonyautoxin-2,
-3, -1, -4 (15–18), anatoxin-a (19), cylindrospermopsin (20), deoxycylindrospermopsin (21), microcystin-LR (22) and -RR (23).

different cyanobacterial toxins would be highly desirable.
Liquid chromatography–mass spectrometry (LC–MS) with
electrospray ionisation (ESI) has proven to be a powerful
tool for the analysis of toxins at trace levels, since the first
reports of its use in this field 11 years ago[20–22]. Recent
developments, involving both improved design and lower
costs of LC–MS instruments, are making this technique a
viable tool in many laboratories involved in both monitoring
and toxin research[23].

The LC–MS methods that have been reported for cyan-
otoxins are usually based on reversed-phase liquid chro-
matography (RPLC) separations[24–27]. However, the wide
range of structures and charge states of most cyanobacte-
rial toxins make it difficult to resolve all of the toxins in
one analysis. In addition, due to the high water solubility of
some of the toxins, ion-pairing agents are required in most
cases to achieve sufficient chromatographic retention on
reversed-phase columns. Unfortunately, such ion-pair agents
can increase background noise and decrease electrospray
ionisation efficiency resulting in poor detection limits.

In this work, we have examined the suitability of hy-
drophilic interaction liquid chromatography coupled with
electrospray mass spectrometry (HILIC–MS)[28] for the
analysis of assorted toxins produced by cyanobacteria known
to contaminate freshwater supplies. For this purpose, stan-
dard solutions of various saxitoxins, CYN, doCYN, ATX-a
and microcystins, as well as field and cultured samples of
A. circinalis andC. raciborskii, were tested.

2. Experimental

2.1. Chemicals

All organic solvents were of distilled-in-glass grade (Cale-
don Labs., Georgetown, Canada). Water was distilled and

passed through a Milli-Q water purification system (Mil-
lipore, Bedford, MA, USA) to 18 M� quality or better.
Formic acid (90%, laboratory grade) and ammonium formate
(analytical-reagent grade) were purchased from Fisher Sci-
entific (Fair Lawn, NJ, USA). Standard solutions of saxitox-
ins (1–18) were provided by the Marine Analytical Chem-
istry Standard Program (NRC, Halifax, Canada). Serial di-
lutions of certified standards of STX, NEO, GTX2, and
GTX3 were used to obtain calibration plots. ATX-a (19)
was purchased from Calbiochem (La Jolla, CA, USA) and
microcystins-LR (22) and -RR (23) were purchased from
Sigma–Aldrich (St. Louis, MO, USA). CYN (20) and do-
CYN (21) standards were prepared by methanol extraction
of lyophilisedC. raciborskii grown in culture in Queensland
Health Scientific Services laboratory (Australia) followed by
LC purification. The purity of this material was confirmed
by NMR and mass spectrometry and was shown to be 93.5%
by comparing the absorbance at 262 nm to literature values
[29].

2.2. Samples

Field samples ofA. circinalis were collected in October
1997 from a large scum forming bloom from Coolmunda
Dam, in south-east Queensland (Australia). Approximately
20 l of material was collected, the cells were lyophilised
and stored at−20◦C until used. Other samples ofA. circi-
nalis were obtained from a bloom in an ornamental pond
at Sandgate (Queensland, Australia) which occurred in May
2001 and from a laboratory culture grown in Jaworskis me-
dia [30] at Queensland Health Scientific Services.

C. raciborskii (culture strain AWT 205/1) was provided
by Australian Water Technologies (Peter Hawkins, P.O. Box
73, West Ryde 211, NSW, Australia). This strain was grown
in a batch culture at Queensland Health Scientific Services
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using Jaworskis media[30]. The cells were lyophilised and
stored at−20◦C until used.

2.3. Extraction procedure

Lyophilised cells (20 mg, dry mass) were suspended in
80�l of water (neutral pH) at room temperature (about
15◦C) stirring at medium speed in the dark for 2 h. Then
125�l of acetonitrile–water–formic acid (80:19.9:0.1) was
added, mixed well and allowed to sit for 10 min. The mix-
ture was filtered using an Ultrafree-MC 0.45�m membrane
(Millipore) at 628.3 rad. s−1 for 10 min. The filter was
washed twice with 125�l of the same extracting solvent.
The filtrates were combined, the volume was adjusted to
500�l with extracting solvent, and analysed directly by
RPLC–fluorescence detection (FLD) and/or HILIC–MS.
For quantitation of toxins present in the samples of strains
of A. circinalis tested, the above extraction procedure was
modified slightly: accurately weighed samples of mate-
rial (20–40 mg) after suspension in water were extracted
with 4× 800�l aliquots of acetonitrile–water–formic acid
(80:19.9:0.1) and the combined extracts made to a final
volume of 4 ml.

2.4. Instrumentation

2.4.1. LC–MS and MS–MS
LC–MS and LC–MS–MS experiments were per-

formed using either a Perkin-Elmer Sciex API-III+ triple
quadrupole mass spectrometer (Thornhill, Canada) equipped
with a pneumatically assisted electrospray (ionspray) ioni-
sation source coupled to an HP 1090 liquid chromatograph
(Hewlett-Packard, CA, USA), or a PE Sciex API-300 mass
spectrometer equipped with a turbo-ionspray source (Thorn-
hill, Canada) coupled to a Perkin-Elmer 200 series HPLC
system (Perkin-Elmer, Norwalk, CT, USA). HILIC–MS
analyses were carried out using a 5�m TSK gel Amide-80,
2 mm × 250 mm column (Tosohaas, PA, USA). Eluent A
was water and B was acetonitrile–water (95:5), both eluents
containing 2.0 mM ammonium formate and 3.6 mM formic
acid (pH 3.5). The following eluting systems were used: (a)
65% B isocratic for1–18; (b) 75% B isocratic for19–21; (c)
gradient (90–65% B overT = 13 min and hold 5 min) for22
and23; and (d) gradient (75% B for 5 min, 75–65% B over
1 min, hold 13 min, 65–45% B over 4 min, hold 10 min) for
multiple toxins (1–21). The flow rate was 0.2 ml/min and a
post-column split was employed to deliver approximately
20�l/min to the ionspray interface for the API-III+ system.
The API-300 instrument with turbo-ionspray interface was
used at 0.2 ml/min without splitting. A sample injection
volume of 5�l was used in most cases. MS detection was
carried out in the selected ion monitoring (SIM) and se-
lected reaction monitoring (SRM) modes for the positive
ions reported inTable 1. Ion dwell times were adjusted to
give a total scan time of 1 s. MS–MS experiments were car-
ried out using argon (nitrogen in API-300) as the collision

gas in the second radio-frequency only quadrupole and a
collision energy of 30 V (26 V in API-300).

2.4.2. RPLC–FLD
Extracts ofA. circinalis were analysed for saxitoxins by

RPLC with post-column oxidation and fluorescence detec-
tion according to the method detailed by Oshima[31]. The
analyses were carried out on a Waters 600MS HPLC system
equipped with a Waters post-column reaction system (Wa-
ters, Milford, MA, USA). Data were acquired using a Shi-
madzu C-R6A integrator (Shimadzu Australia, Rydalmere,
Australia).

3. Results and discussion

3.1. General aspects

ESI-MS has proven to be a good technique for detec-
tion of all of the toxins of concern[20,32], which being
quite basic all give strong [M + H]+ ions. The LC–MS
challenge lies in the chromatographic separation method. In
fact, many of the very polar cyanotoxins require ion-pairing
agents[33] which are either incompatible with ESI or lead to
reduced ionisation efficiency. HILIC overcomes these draw-
backs, the basis of the separation being the combination of
an amide bonded stationary phase and a mobile phase con-
taining high percentage of organic solvent and low concen-
tration of volatile buffer. The mechanism appears to involve
the hydrophilic interaction of polar compounds with a stag-
nant aqueous phase at the stationary phase surface, as well
as some additional ion exchange interactions[34]. The elim-
ination of ion-pairing agents and the use of such a volatile
mobile phase facilitate high sensitivity for MS detection.

3.2. Development of HILIC–MS method

Previously, we have investigated the HILIC–MS and
MS–MS of saxitoxins[28]. It was shown that all the saxi-
toxins could be separated on the Amide-80 column using
isocratic elution with 65% B. Sensitive and selective de-
tection was afforded by SIM of molecular and/or main
fragment ions or SRM based on specific collision-induced
dissociations (Table 1).

In order to develop a HILIC–MS method for the detection
of cylindrospermopsins and anatoxin-a, a standard mixture
of CYN (20) and doCYN (21) as well as a commercially
available standard of ATX-a (19) were used to acquire mass
spectra and adjust mobile phase strength.

Electrospray spectra were acquired for CYN and doCYN.
The full scan mass spectrum of CYN (Fig. 2a) showed an
abundant [M + H]+ ion at m/z 416, as well as the ammo-
nium, sodium and potassium adduct ions: [M + NH4]+ at
m/z 433, [M + Na]+ at m/z 438, and [M + K]+ at m/z 454,
respectively. No significant fragment ions were observed
with the conditions used. The MS–MS product ion spectrum
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Table 1
Retention times for cyanobacterial toxins and detection ions used for LC–MS analyses in the selected ion monitoring (SIM) and selected reaction
monitoring (SRM) modes

No. Toxin Retention
time (min)a

SIM ionsb m/z (%RI) SRM ionsm/z → m/z (%RI)

1 STX 20.3 300(100) 300→ 282 (100), 300→ 204 (70)
2 NEO 21.0 316(100) 316→ 298 (100), 316→ 220 (65)
3 GTX2 9.6 316 (100), 396(25) 396→ 316 (100), 316→ 298 (30), 396→ 298 (5)
4 GTX3 10.7 396(100), 316 (30) 396→ 298 (100), 396→ 316 (20), 316→ 298 (10)
5 GTX1 9.8 332 (100), 412(30) 412→ 332 (100), 412→ 314 (1)
6 GTX4 10.9 412(100), 332 (30) 412→ 314 (100), 412→ 332 (40)
7 GTX5 (B1) 13.1 380(100), 300 (40) 380→ 300 (100), 380→ 282 (15), 300→ 282 (5), 300→ 204 (5)
8 GTX6 (B2) 14.6 396(100), 316 (30) 396→ 316 (100), 396→ 298 (40), 316→ 298 (5)
9 C1 7.2 396 (100), 476(20) 396→ 316 (100), 396→ 298 (40),316→ 298 (5)

10 C2 8.0 396 (100), 476(20) 396→ 298 (100), 396→ 316 (20), 316→ 298 (5)
11 C3 7.9 492(100), 412 (30) 412→ 332 (100), 412→ 314 (20)
12 C4 8.8 492(100), 412 (30) 412→ 314 (100), 412→ 332 (10)
13 dcSTX 21.1 257(100) 257→ 239 (100)
14 dcNEO 20.8 273(100) 273→ 255 (100)
15 dcGTX2 10.2 273 (100), 353(70) 353→ 273 (100), 273→ 255 (30)
16 dcGTX3 11.3 353(100), 273 (20) 353→ 273 (100), 273→ 255 (30)
17 dcGTX1 10.1 289 (100), 369(50) 369→ 289 (100)
18 dcGTX4 11.4 369(100), 289 (1) 369→ 289 (100)
19 ATX-ac 5.8 166(100), 149 (30) 166→ 91 (100), 166→ 131 (30), 166→ 149 (10)
20 CYNd 7.1 416(100), 433 (30) 416→ 194 (100), 416→ 176 (50), 416→ 336 (40), 416→ 274 (30)
21 Deoxy-CYN 6.2 400(100), 417 (30) 400→ 194 (100), 400→ 320 (50), 400→ 274 (40)

a Retention times are referred to the following chromatographic conditions: 5�m TSK gel Amide-80, 2 mm× 250 mm column; mobile phase 65% B
isocratic for1–18 and 75% B isocratic for19–21 with eluent A being water and B acetonitrile–water (95:5), both containing 2.0 mM ammonium formate
and 3.6 mM formic acid (pH 3.5); flow rate 0.2 ml/min.

b [M + H]+ ions are underlined.
c Estimated limit of detection (S/N= 3) in picomoles injected on column is 1.4 pmol (225 pmol, lowest amount of toxin actually injected) in SIM.

The injection volume was 3�l.
d Estimated limit of detection (S/N= 3) in picomoles injected on column is 3.2 pmol (315 pmol, lowest amount of toxin actually injected) in SIM

and 0.3 pmol (240 pmol, lowest amount of toxin actually injected) in SRM. The injection volume was 5�l.

of the [M + H]+ ion of CYN (Fig. 2c), acquired using
the triple quadrupole MS API-III+, showed fragment ions
corresponding to the loss of SO3 and H2O from [M + H]+,
at m/z 336 and 318, respectively. Another fragment ion,
[M + H − 142]+ at m/z 274, resulted from loss of the [6-(2-
hydroxy-4-oxo-3-hydropyrimidyl)]hydroxymethinyl moiety
of the molecule and this ion subsequently underwent loss
of SO3 and H2O to afford ions atm/z 194 and 176, respec-
tively. The full scan and tandem mass spectra of doCYN
Fig. 2b and d, respectively) were very similar, the only
difference being the shift of ions atm/z 336 and 318 in
CYN down 16 mass units in doCYN. The proposed frag-
mentation of the two compounds is also summarized in
Fig. 2e.

The full scan mass spectrum of ATX-a (Fig. 3a) showed
an abundant [M + H]+ ion atm/z 166 and fragment ions at
m/z 149 and 131 due to sequential elimination of NH3 and
H2O. The MS–MS product ion spectrum (Fig. 3b) showed
the same ions, as well as a prominent ion atm/z 43 corre-
sponding to CH3CO+ from the acetyl function. The assign-
ment of the other ions has not yet been made.

The protonated and ammonium-adduct ions of CYN and
doCYN as well as the [M + H]+ and the [M + H − NH3]+
ions of ATX-a were selected as ions to monitor in SIM
experiments. The most abundant fragment ions contained in

the MS–MS spectra of each toxin were selected for SRM
experiments. Selected ions and transitions for compounds
1–21 are contained inTable 1.

Under the same conditions used previously for saxitoxins
(65% B), ATX-a, CYN and doCYN eluted too quickly. A
higher percentage of solvent B was required for effective
retention of these toxins. In particular, with 75% B iso-
cratic, 19–21 eluted at 5.8, 7.1 and 6.2 min, respectively.
A gradient was developed for the analysis of all the above
toxins (1–21) in one run and the results are shown inFig. 4
for a mixture of standard compounds (1–7, 9–16, 19, 20).
The gradient used (seeSection 2) includes three different
steps to elute in a single 32 min analysis: (i) anatoxin-a
(19) and cylindrospermopsins (20 and 21); (ii) the neutral
and singly-charged saxitoxins (3–12, 15–18); and (iii) the
double-charged saxitoxins (1, 2, 13, 14). This result holds
great promise for multi-toxin screening.

A gradient elution was also required for analysis of
standard solutions of microcystin-LR (22) and -RR (23),
which eluted at 7.9 and 13.5 min, respectively. Mono- and
bicharged protonated molecules (m/z 995 and 498 for22
and m/z 1038 and 520 for23, respectively) were selected
as ions to monitor in selected ion monitoring experiments.
HILIC–MS technique proved to be capable of selectively
detecting the microcystins. However, the peak shapes were
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Fig. 2. Electrospray mass spectra in positive ion mode of cylindrospermopsin (CYN) (a), and its deoxy-derivative (doCYN) (b). MS–MS product ion
spectra of the [M + H]+ ions of CYN and doCYN are shown in (c) and (d), respectively. MS–MS spectra were carried out on API-III+ system using a
collision energy of 30 V. Assignments of labelled fragment ions are shown (e).

not satisfactory, showing increased broadening and tailing
compared to the other toxins. It is possible that an adjustment
of mobile phase, pH or buffer might help the peak shape
but many RPLC methods for the analysis of this class of
cyanotoxins have been reported in literature[26,27,35–37].
These methods, using a variety of reversed-phase columns
and aqueous mobile phases commonly added of volatile
buffers, appear to offer advantages of robustness and bet-

ter chromatographic performance for the large range of
microcystins.

3.3. Application to samples

The developed method was tested by analysing field and
cultured cyanobacterial samples at our disposal, namely
A. circinalis and C. raciborskii. For HILIC–MS analysis,
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Fig. 3. Electrospray mass spectrum in positive ion mode of anatoxin-a
(ATX-a) (a) and MS–MS product ion spectrum of the [M + H]+ ion
(b). MS–MS spectra were carried out on the API-III+ system using a
collision energy of 30 V.

a simple extraction method was used and no cleanup was
performed on the crude extracts in order to demonstrate
rapid analysis.

In the selection of the extraction solvent, consideration
was given to compatibility with the mobile phase used
in the HILIC–MS analysis. Hydrophilic interaction liquid
chromatography of cyanotoxins utilises a high percentage of
acetonitrile in the mobile phase (65–75% B). Therefore, in
order to minimise interferences of extraction solvent on the
chromatographic performance, extraction of the cyanobac-
terial sample was implemented using an acidified aqueous
acetonitrile solution. In particular, lyophilised cells (20 mg)
were first re-hydrated to 80% water content and then ex-
tracted with 80% acetonitrile plus 0.1% formic acid in a
centrifugal filter unit. To the best of our knowledge no toxin
degradation should occur in the above extraction conditions
[38–40]. Although the main purpose of this study was to
explore qualitative aspects, some quantitative work was
carried out using a more exhaustive extraction procedure.

3.3.1. A. circinalis
A sample of the cyanobacterium,A. circinalis, collected in

October 1997 from the Coolmunda Dam, south-east Queens-
land (Australia), was acquired for testing the suitability of

Fig. 4. HILIC–MS analyses of a standard mixture containing most saxi-
toxins (1–7, 9–16), ATX-a (19) and CYN (20). Experiments were carried
out in the SIM mode on the API-III+ system. Some traces are plotted
with expanded scales as indicated. Chromatographic conditions were as
in Section 2.4.1using gradient elution system “d”.

our existing method first developed for PSP toxins in marine
algae and shellfish[28].

A preliminary RPLC–FLD analysis had shown sev-
eral saxitoxin-related toxins to be present in the sample
at concentrations in the range of 75–1000�g/g: STX (1),
GTX2 (3), GTX3 (4), C1 (9), C2 (10), and dcSTX (13).
HILIC–MS analysis of the crude extract was carried out
using the API-III+ system in SIM mode (Fig. 5). The proto-
nated molecules [M +H]+ and the main fragmentation ions
caused by loss of SO3 [M + H − 80]+ of each toxin were
selected as ions to monitor in this experiment (Table 1).
SIM allowed the detection of all toxins previously revealed
by RPLC–FLD and also indicated the presence of dcGTX2
(15) and dcGTX3 (16). Unfortunately, the reconstructed ion
chromatograms were quite confusing. In particular, three
factors made unambiguous interpretation of the results dif-
ficult: (i) extra peaks from other components in the crude
extract; (ii) the high background signal in some ion traces,
which is always a problem when the ESI is performed over
low mass ranges; and (iii) a hump in the chromatograms
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Fig. 5. HILIC–MS analyses of anA. circinalis extract containing saxitoxins using the SIM mode on the API-III+ system. SeeFig. 1 for structures
associated with various codes. Protonated and/or fragment ions were selected for monitoring (Table 1). Some traces are plotted with expanded scales as
indicated. Chromatographic conditions were as inSection 2.4.1using isocratic elution system “a”.

at about 20 min, which appeared to be associated with the
sample matrix. A clean-up step by solid-phase extraction
(SPE) could help to solve such problems, but to the best
of our knowledge, there is no SPE method that works for
all cyanobacterial toxins. Thus, instrumental solutions were
investigated.

LC–MS in the SRM mode of the sameA. circinalis
sample (Fig. 6) proved to be useful in overcoming the draw-
backs of SIM. All of the toxins detected by RPLC–FLD,
as well as GTX5 (7), dcGTX2 (15) and dcGTX3 (16),
were easily confirmed by matching ion transition signals
and retention times with those of standards. Furthermore,
an additional significant peak was present in the chro-
matogram for them/z 380→ 300 transition at 9.7 min. The
identity of this compound could not be assigned just on
the basis of MS data and further investigation is required
for its identification. The SRM method gave better results
because it is highly selective, very sensitive and presents
almost zero background signal in the chromatograms.
For the above reasons, it is strongly recommended as the
method of choice for the analysis of the saxitoxin class of
toxins.

Different field and cultured samples ofA. circinalis were
analysed in the Australian laboratory using the API-300
system in the SRM mode. All contained varying concentra-
tions of the same toxins with none of theN-hydroxylated
toxins being detected (Table 2). Sensitivity varied with the
different toxins but was generally excellent, ranging from
60 to 600 fmol injected on column (80–800 fmol, lowest
amount of toxin actually injected) and more than adequate
to determine toxins present in the samples. Calibration
plots using serial dilutions of certified standards of STX
(1), NEO (2), GTX2 (3), and GTX3 (4) were obtained.
Good reproducibility and linearity were observed between
the amounts of injected toxin and the peak areas within the
tested concentration ranges,r2 values being 0.9991, 0.9971,
0.9963 and 0.9958 for STX, NEO, GTX2 and GTX3,
respectively.

The Coolmunda DamA. circinalis extract was also anal-
ysed for ATX-a (19). The detection limit for the ATX-a
standard on them/z 166 ion was estimated (S/N= 3) to
be 1.4 pmol injected on column (225 pmol, lowest amount
of toxin actually injected) in SIM mode and the sample
was found to contain no detectable ATX-a. It is interesting
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Fig. 6. HILIC–MS analyses of anA. circinalis extract containing saxitoxins using the SRM mode on the API-III+ system. SRM was performed on a
series of ion transitions consistent with the fragmentation pattern of each toxin (Table 1) and signals common to groups of toxins were summed. Some
traces are plotted with expanded scales as indicated. Chromatographic conditions were as inSection 2.4.1using isocratic elution system “a”.

that European strains ofA. circinalis have been observed
to produce ATX-a while Australian strains have never been
observed to do so[41]. Unfortunately, no sample containing
ATX-a was available for testing.

3.3.2. C. raciborskii
A cultured sample ofC. raciborskii, known to contain

CYN (20) and doCYN (21) at levels as high as 2 mg/g, was
acquired for testing. A HILIC–MS analysis of the crude ex-

Table 2
Concentrations (�g/g, dry mass) of PSP toxins measured in various specimens ofA. circinalis from south-east Queensland in API 300

No. Toxin Coolmunda Dam Laboratory culture Pond at Sandgate LOD (fmol)a

1 STX 20 ± 2 37 ± 3 39 ± 3 300 (560)
3 GTX2 200± 10 190± 10 123± 7 600 (800)
4 GTX3 66 ± 3 86 ± 3 151± 6 60 (80)
7 B1(GTX5) 13.8± 0.6 23.1± 0.9 63± 3 130 (300)
9 C1 (+)b (+)b (+)b

10 C2 (+)b (+)b (+)b

13 dcSTX 7.1±. 0.7 76± 8 10 ± 1 390 (500)
15 dcGTX2c 430 110 14 600
16 dcGTX3c 18 2.5 1.0 60

a LOD is the estimated limit of detection (S/N= 3) in femtomoles injected on column. The lowest amount of toxin actually injected is reported in
parentheses. The injection volume was 5�l.

b (+) indicates compound is present in the sample but concentration was not determined as no standard was available at the time of analysis.
c Concentrations estimated from GTX2 and GTX3 standards, respectively, by assuming similar molar response in the mass spectrometer.

tract based on SIM of the [M +H]+ ions (Fig. 7a) provided
sufficient selectivity and sensitivity. Detection limit for the
CYN standard was estimated (S/N= 3) to be 3.2 pmol in-
jected on column (315 pmol, lowest amount of toxin actually
injected). However, both CYN and doCYN could be detected
easily in this sample even in full scan mode. A SRM exper-
iment was also performed on the sample for added confir-
mation. The results (Fig. 7b) confirmed the SIM results and
also provided excellent sensitivity, the detection limit being
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Fig. 7. HILIC–MS analyses of aC. raciborskii extract containing cylindrospermopsin (20) and its deoxy-derivative (21). Experiments were carried out
on the API-III+ system using (a) SIM on the [M + H]+ ions, and (b) SRM on a series of ion transitions. Chromatographic conditions were as inSection
2.4.1 using isocratic elution system “b”.

(S/N = 3) 0.3 pmol injected on column (240 pmol, lowest
amount of toxin actually injected). TheC. raciborskii ex-
tract was also analysed for saxitoxin-related toxins (1–18)
but none was detected in this strain.

4. Conclusion

HILIC–MS is a technique suitable for a number of
cyanotoxins, including the saxitoxins, CYN, doCYN, and
ATX-a. Microcystins could also be chromatographed but
they are best analysed by existing RPLC–MS methods. For
saxitoxin and its analogues, SRM is the preferred method
due to its higher selectivity. Indeed, a clean-up step is
needed if SIM is the only acquisition mode available. For
cylindrospermopsin and anatoxin-a, the SIM method is
adequate, but SRM can provide additional selectivity for
confirmatory analyses. Multi-toxin determination is possi-
ble, thus allowing the rapid, simultaneous screening of an
entire range of toxins (1–21). The developed HILIC–MS
method has been shown to be sensitive, straightforward and
readily automated. Analysis of algal samples required no
sample clean-up or pre-concentration step, and proved to be
quite robust with similar results obtained in two different
laboratories using different instrumentation.
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