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In this work capillary electrophoresis (CE) with UV detection has been applied to the analysis of different
natural toxins produced in the aquatic environment. This technique is presented as an alternative to other
chemical techniques such as HPLC, and the optimisation of analytical methodologies was carried out for
diverse marine toxins including Paralytic and Amnesic and some polyether toxins, such as Yessotoxins, as
well as for certain microcystin toxins produced by cyanobacteria present in freshwaters.

Sample preparation steps were optimised and adequate electrophoretic conditions developed for achieving a
complete separation of compounds with similar structures involved in such contamination. The influence of
the biological matrices where they are involved has also been studied and the potential use of CE-UV as a tool
for monitoring these aquatic toxins is also discussed.
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INTRODUCTION

Contamination of marine and freshwater environments by algal toxins is an important
issue because of the global socioeconomic impact of these toxins on human health and
fisheries industries. Many algal blooms appear to be stimulated by eutrophication
brought on by domestic, industrial and agricultural wastes. Algal toxins have been of
particular concern in recent years due to this growing problem and their high potency.
Many scientists in the field have therefore been paying attention to these compounds,
trying to find and develop sensitive analytical methodologies for their control.
Paralytic, Diarrhetic and Amnesic Shellfish Poisoning (PSP, DSP and ASP) toxins
are the main groups of toxins found in the marine environment, which have been
produced by phytoplanktonic species [1,2]. Yessotoxins (YTX) had been included in
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the DSP group, although nowadays owing to their non-diarrhetic symptomatology,
which is mainly cardiotoxic [3], these compounds are considered as a separate group
of marine toxins, having been found in several parts of the world and seeming to be
an increasing problem in these areas. Microcystins are hepatotoxins produced by
genera of cyanobacteria (blue-green algae) from freshwaters; these compounds have
been responsible for animal and human intoxications reported in several regions [4].
Figure 1 shows the structures of the toxins mentioned above.
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FIGURE | Chemical structure of different aquatic toxins: A PSP toxins; B domoic acid; C yessotoxin;

D microcystins.
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FIGURE 1 Continued.

A number of analytical methodologies have been proposed for the analysis of the
compounds described, such as immunochemical, enzymatic or radioimmunoassays
[5,6], liquid chromatographic methods being the most widely used with both UV and
fluorescence detection [7-10]. Capillary electrophoresis (CE) has been recently applied
as an alternative for the analysis of algal toxins [11,12]; the separation in this case is
based on the different mobilities of these compounds in an electric field depending
on the charge and the size of the molecules. This technique is capable of high efficiency
and resolution. The main advantages of using CE in comparison with HPLC include
simplicity, rapid method development, fast analysis times, low cost and a variety of
separation modes. In addition, CE also requires minimal quantities of reagents and
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separation media, thus avoiding the large volumes of organic waste associated with
HPLC methods.

High-Performance Capillary Electrophoresis has been applied in this study for the
analysis of the algal toxins mentioned above. Several electrophoretic parameters have
been optimised for further application to the analysis of samples naturally contami-
nated with these toxins. Sample preparation has also been an important step to consider
owing to the complexity of the matrix where these compounds are present. Different
SPE procedures have been applied to the extraction and concentration of the named
compounds with the aim of removing interferences as well as contributing to an
increase in the sensitivity specially required for CE.

EXPERIMENTAL

Toxin Standards and Samples

Domoic acid calibration solution (DACS-1B) and Mussel Tissue Reference Material
(MUS-1) containing 100 ng DA/mL and 100 ug DA/g respectively were provided by
the Marine Analytical Chemistry Standards Program, National Research Council of
Canada. Standards of PSP toxins in 0.03M acetic acid, STX and dcSTX, provided
by RIVM (Bilthoven, The Netherlands) for BCR Standard Measurements and
Testing Program Certification Study, were used for this study. YTX standard was
kindly provided by Professor Yasumoto (Japan Food Research Laboratory, Tokyo,
Japan) and standard solutions of Microcystins LR, YR and RR (MC-LR, MC-YR
and MC-RR) were purchased from Calbiochem-Novabiochem (Nottingham, UK).

Razor clams and mussels contaminated with ASP from Ria de Vivero (Lugo), were
kindly provided by Delegacion Provincial de Pesca de Lugo, Conselleria de Pesca,
Xunta de Galicia. Mussel samples contaminated with PSP from Ria de Vigo were pro-
vided by Conselleria de Sanidade, Xunta de Galicia and samples contaminated with
YTX consisted of green-shell mussels from New Zealand. For Cyanobacterial samples,
contaminated algae from a natural bloom in Montargil (Portugal) were provided by Dr
Susana Franca from Instituto Nacional da Saude Dr. Ricardo Jorge, Lisboa, Portugal.
All these samples were kept frozen (—18°C) until analysis.

Reagents

Methanol, acetonitrile and other solvents were analytical grade. Distilled and deionised
water (Milli-Q Water Systems, Millipore, Bedford, MA, USA) was used in the prepara-
tion of all aqueous solutions.

Guaranteed grades of reagents such as boric acid, morpholine, formic acid, sodium
dodecyl sulphate and sodium borate were used in the different analyses.

CE System

Analyses were performed in a HP *PCE system (Hewlett-Packard, Agilent Tech-
nologies) equipped with a diode array detection system (DAD) and HP *?Chemstation
data analysis software.
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Analysis of PSP Toxins
Extraction and Clean-up

The official method of the Association of Official Analytical Chemists (AOAC) [13] was
used for extraction of PSP toxins in mussel samples with some slight modifications. A
portion of 3mL of extract was passed through a C,g cartridge (3-mL cartridge supplied
from Waters) for SPE previously conditioned with methanol and water under the con-
ditions described by Ledo et al. [14] and the portion of eluent between 1.5 and 2 mL was
collected for the analysis.

All extracts were ultrafiltered through a 0.45-um membrane (Ultrafree-MC,
Millipore) prior to injection into the CE system.

CE-UV Analysis of PSP Toxins

CE analysis of these compounds was carried out under similar conditions to those
reported by Locke and Thibault with some slight modifications [15]. A polyvinylalcohol
(PVA) capillary with 104cm as total length and 0.75-um i.d. with extended light
path provided by Hewlett-Packard was used for the separation of PSP components.
The settled wavelength was 200nm and 20kV the constant applied voltage.
Hydrodynamic injection was used for introduction of the sample into the capillary
and a pressure of 50 mbar was applied for the time needed to fill 20% of the volume
of the capillary. Isotachophoresis (CITP) was used as a preconcentration mode
and was performed using 50 mM morpholine in water adjusted to pH5 with formic
acid as the background and leading electrolyte and 10 mM formic acid as terminating
electrolyte.

Analysis of ASP Toxins
Extraction and Clean-up

To 4 g of homogenated shellfish tissue, 16 mL of methanol-water (1:1 v/v) was added.
After homogenisation of the mixture for 3min and centrifugation at 4500 r.p.m for
10 min, the supernatant was then filtered through a 0.45-pm filter (Millex-HV) and
SmL of this extract were taken for clean-up purposes. This clean-up was carried out
in two steps using both anion- and cation-exchange SPE cartridges, following the con-
ditions proposed by Zhao et al. [11] with slight modifications [16].

In the first step 5.0mL of extract was passed through a strong anion-exchange car-
tridge (SAX, Part. No.1210-2044, lot. No.182639, 3mL, 500 mg, Varian) previously
conditioned with 6 mL methanol, 3mL water and 3 mL methanol-water (1:1 v/v).
The extract was then washed with 3mL methanol:water (1:1) and the elution was
carried out using SmL of 0.1 M formic acid. The eluate was then passed through a
cation-exchange (SCX, Part. No. 1211-3039, lot No. 171069, MFG Code 0290,
10mL, 500mg, Varian) preconditioned with 3mL of methanol, water and 0.1 M
formic acid. 5SmL of SAX eluate was loaded before and then washed with 5mL
0.01 M formic acid, and the toxins were then eluted with 0.5mL of 25mM sodium
tetraborate (pH =9.2)—acetonitrile (9:1 v/v). Six portions of 2mL of this last eluate
were taken and the ASP toxins started to appear in the third portion.
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CE-UV Analysis of ASP Toxins

CE analysis of ASP toxins were carried out using a 66cm x 363 um O.D., 50-um i.d.
bare fused-silica capillary with a UV window located 15cm from the end of the capil-
lary at room temperature. The UV detection was performed at a wavelength of 242 nm.
Hydrodynamic injection was done using a 50 mbar push for 12 s and the voltage applied
was 30 kV. Different buffer electrolyte concentrations in the range 10, 25 and 50 mM in
borate buffer were used.

Analysis of Yessotoxin

CE analysis of YTX was carried out following the procedure suggested by Prof.
Yasumoto (personal communication) with some slight modifications. Detailed infor-
mation about this CE procedure will be given in Gago-Martinez et a/. (manuscript in
preparation).

Extraction and Clean-up

Methanol-water (8:1 v/v) was the solvent used for extraction of YTX; typically 9mL
of the solvent was used for 3 g of shellfish tissue. The supernatant obtained after homo-
genisation and centrifugation was then evaporated to dryness and redissolved in 20 mM
phosphate at pH 5.8.

SPE was carried out in Sep-Pak Plus C;g cartridges (Waters, Mildford, MA, USA)
previously conditioned with 20 mM phosphate at pH 5.8. After loading 20 mL extract,
6 mL methanol-water (2:8 v/v) solution was used for the washing and finally the toxin
was eluted with 6 mL methanol-water (7:3v/v). After evaporation to dryness and
redissolution of the eluate into 200 uL of methanol, CE/UV analysis was performed
under the conditions previously described.

CE-UV Analysis of YTX

The capillary used for this analysis was a bare fused-silica capillary, effective length
56 cm, previously conditioned with background buffer. The wavelength was settled at
230nm and a buffer electrolyte of 100 mM phosphate at pH 8.5 was used with 20%
methanol as an organic modifier.

Hydrodynamic injection at 50 mbar for 20 s was used for sample introduction in the
capillary, while the separation was carried out at 20kV during 30 min.

Analysis of Microcystins
Extraction and Clean-up

Lyophilised cyanobacterial cells were extracted and cleaned up following the pro-
cedures described by Bateman et al. [17] with some slight modifications. A 0.5 g aliquot
of the toxic material was extracted with S0 mL of 25% MeOH. After sonication for
10 min, stirring for 20min and centrifugation at 4000r.p.m., the supernatant was
collected and the pellets re-extracted twice using the same procedure. Combined super-
natants were concentrated in a rotary evaporator to a final volume of 15mL.
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Bakerbond Octadecyl with 500mg ODS columns (J.T. Baker, Phillipsburg, NJ,
USA) were used for SPE of the algal extracts. After conditioning with SmL of acidified
methanol (MeOH-0.1%TFA), SmL of 100% methanol and water, 0.5mL of the
extract was loaded; the cartridge was then washed with 2 x 10 mL of water and micro-
cystins eluted using 10 mL of methanol-0.1%TFA. The eluate was evaporated and the
residue redissolved in 100 uL of methanol for CE analysis.

CE-UV Analysis of Microcystins

CE in the micellar electrokinetic chromatography (MEKC) mode was performed in
bare fused-silica capillaries, 55-cm effective length x 50-um i.d. The background elec-
trolyte, consisting of 20 mM sodium dodecyl sulphate (SDS) as anionic surfactant in
120 mM borate buffer, was adjusted to pH 9.5 with sodium hydroxide. The separation
voltage was 25kV applied in the capillary after introducing the sample by hydro-
dynamic injection with a pressure of 50 mbar during 5s. A solution of 30-mM borate
at pH 9.5 (adjusted with NaOH) was used for redissolution of all samples and standards
in order to apply an on-line preconcentration procedure based on Field Amplified
Sample Stacking (FASS).

RESULTS AND DISCUSSION

Analysis of PSP Toxins

CE-UV detection was applied for the determination of the different PSP analogues,
with the exception of the C toxin group because of their neutral charge in acidic
media. This toxin group will co-migrate with electroosmotic flow. After optimisation
of parameters affecting the separation and efficiency of PSP toxin analysis, such as
pH, organic modifiers in the background buffer and voltage, good separation of
these toxic compounds was achieved using the electrophoretic conditions described in
the experimental section.

Enhanced sample loading and band stacking prior to zone electrophoresis was facili-
tated using a simple preconcentration procedure based on capillary isotachophoresis
(CITP). Good efficiency and resolution in the separation of all the studied toxins,
STX, deSTX, NeoSTX and GTX group (GTX 1-5), were observed (Fig. 2A).

The isotachophoretic mode provided a significant increase in terms of detection
limits for determining the presence of these PSP toxins in naturally contaminated
samples. Calibration of the CE system was carried out by using individual standard solu-
tions of STX and dcSTX, giving a linear relation between peak area and toxin concen-
tration in a range between 0.1 and 10 pg/mL with r* =0.999.

The method was applied to the analysis of PSP toxins present in naturally contami-
nated samples of Galician mussels. Good resolution was observed for the STX group,
while analysis of the GTX group did not show a clear profile of the different GTX ana-
logues involved in this contamination, as is shown in Fig. 2B. This low resolution could
be attributed to the complexity of the matrix with its high salt content, as well as to the
presence of influences and probably unknown GTX isomers. This last hypothesis has
since been confirmed using MS detection [18].

The results obtained show the higher efficiency of CE when compared with
HPLC as was expected from the features attributed to the electrophoretic technique.
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Al neoSTX

deSTX

STX

18 22 26 (min.)

FIGURE 2 CE-UV/DAD analysis of: A PSP toxin standards; B contaminated Galician mussel sample
extract (20kV, 50-mM morpholine at pH 5.0, hydrodynamic injection 50 mbar, 90s).

The simplicity of CE has also been shown, especially compared with the postcolumn
HPLC-FLD method proposed by Oshima [10], where three different mobile phases
had to be used for the isocratic elution of the three PSP groups while only a simple
electrophoretic run is required for the analysis of all toxins involved in PSP toxicity
with the exception of the C toxin group, which, owing to the overall neutral charge,
are not able to be analysed by CE. Nevertheless, as was also expected, lower sensitivity
was achieved for the CE analysis of these toxins, thus justifying the use of isotacophor-
esis as a procedure mode.

Analysis of ASP Toxins

The structure of domoic acid and analogues shows one amino and three carboxyl
groups, which are responsible for five different charge states in this molecule at different
pH values; therefore these toxins are capable of being determined by CE.

The CE conditions developed by Zhao et al. [11] with some modifications [16] were
applied for ASP toxins, as was described in the experimental section. Borate under basic
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FIGURE 2 Continued.

conditions was the buffer chosen for the analysis and the ionic strength was selected as
an optimisation parameter. Different borate buffer concentrations (10, 25 and 50 mM)
were tested in order to find the optimal conditions in terms of efficiency and resolution
for the separation of domoic acid and isomers. Both lower and higher concentrations
affected the success of the analysis. In the case of 10-mM borate, the short migration
times result in coelution with other compounds and domoic acid was not clearly
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identified in naturally contaminated samples. An increase in the peak width was
observed when 50-mM borate was used, increasing buffer diffusion in the capillary
by the Joule heating effect. This lack of selectivity was overcome by using 25-mM
borate which provided higher electrophoretic resolution and efficiency as a consequence
of the sharpness of the peak corresponding to domoic acid. Calibration of the CE
system was carried out for quantitative purposes by using standard solutions of
domoic acid in a range 1.5-8 pg/mL with r*=0.998.

The complexity of the matrix with significant presence of interfering compounds
made the use of clean-up procedures strictly necessary prior to CE. These clean-up
procedures also contribute to an increase of the sensitivity. SAX-SCX SPE procedure
which had been initially described by Zhao et al. [11] has been evaluated in terms of
recovery using MUS-1. Confirmation of the presence of domoic acid in the analysed
samples was obtained by spiking samples with domoic acid standard solutions.
Figure 3 shows examples of electropherograms corresponding to the analysis of extracts
of MUS-1 and Galician razor clams.

Domoic acid

[ [ [ [ [ [ [ [ !
0 2 4 6 8 10 12 14 (min.)

Domoic acid

T T T T T T T A e

0 2 4 6 8 10 12 14 (min.)

FIGURE 3 CE-UV/DAD analysis of: A Mussel Tissue Reference Material (MUS-1) and B Galician razor
clam sample after SAX-SCX cleanup (30kV, 25-mM borate at pH 9.2, hydrodynamic injection 50 mbar, 125s).
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The results obtained for the CE analysis of ASP, if compared with the ones usually
obtained after conventional HPLC-UV, are in good agreement with those expected
considering the main features of CE: higher efficiency and simplicity against a lower
sensitivity; nevertheless, the sensitivity achieved in this particular case is good enough
for the determination of the ASP toxins present in contaminated samples under the regu-
latory level, therefore CE is a promising technique for simple and fast monitoring
of ASP toxins, although improvements in the sample clean-up are still required for
selective removal of interferences as was observed for HPLC [19].

Analysis of YTX

CE in conventional operation mode, CZE, was applied for the analysis of YTX.
Phosphate buffer at pH 8.5 with 20% MeOH as organic modifier was used as the back-
ground electrolyte. Two injection modes, electrokinetic and hydrodynamic, were
compared in order to achieve the higher response of the CE system for the analysis
of YTX. Parameters such as sensitivity, efficiency and analysis time were evaluated
and 20s of hydrodynamic injection at 50 mbar were the final optimised conditions.
Calibration studies were carried out with YTX standards in a range 5-13.5pg/mL
obtaining r* =0.999. Figure 4A shows an example of the results obtained from the
electrophoretic analysis of a standard solution of YTX.

YTX
mAu

A 5 10 15 20 min

YTX

FIGURE 4 A Analysis of yessotoxin standard using CE-UV and B analysis of yessotoxin in natural con-
taminated sample using CE-UV/DAD (20kV, 20% MeOH in 100-mM phosphate, pH 8.5, hydrodynamic
injection 50 mbar, 20s).
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This method was applied for the analysis of green-shell mussels naturally contami-
nated with YTX (Fig. 4B). Sample pretreatment was carried out under the conditions
described in the experimental section. The SPE procedure was critical to increase the
concentration of YTX present in naturally contaminated samples to enable analysis
by CE. After this concentration step the presence of YTX in those samples was deter-
mined and confirmation experiments were carried out by spiking sample extracts with
standard solutions of YTX.

CE resulted in a very promising alternative for the analysis of YTX, particularly
taking into account that the HPLC alternative that is commonly used for these parti-
cular toxins requires the use of complex derivatisation reagents that compromise
the chromatographic performance. Nevertheless, improvements in the sensitivity of
this technique are still required and different pre-concentration approaches are being
investigated.

Analysis of Microcystins

Micellar electrokinetic chromatography (MEKC) resulted in an efficient approach for
the analysis of microcystin toxins. MEKC combines the high efficiency of CE with the
separation mechanism of chromatography because the micelles of surfactant act as a
pseudo-stationary phase. The optimisation of parameters such as ionic strength and
pH, as well as the SDS concentration in the buffer, was carried out based on peak
areas, migration times, efficiency, effective mobility and capacity factor of the
toxins and the current developed in the capillary. Values of 20-150 mM of borate
and 10-50 mM of SDS in a range of pH from 5 to 9.5 were applied in the composition
of the background electrolyte. Conditions of 120-mM borate with 20-mM SDS at pH
9.5 provided the overall best response. On-line preconcentration based on FASS was
used for increasing the sensitivity achieved in the MEKC mode, and also contributed
to an increase the efficiency in the electrophoretic separation. For the application of
this stacking mode, samples were injected after being redissolved in a solution with
lower conductivity, such as 30-mM borate following an optimisation procedure of
Aguete et al. [20].

Figure SA shows the separation of a standard mixture of three microcystins under the
described conditions. These conditions were applied to the analysis of lyophilised
material from a toxic bloom of cyanobacteria in freshwaters. The method allowed
the determination of the named microcystins in naturally contaminated samples
(Fig. 5B). Sample pretreatment was described in the experimental section.
Quantitation of MC-LR, MC-YR and MC-RR was also possible after calibration of
the system for the analysis of these toxins in the range 0.83-16.6 ug/mL with r* of
0.997, 0.998 and 0.999 respectively.

Detection and quantitation limits obtained for the studied toxins by CE method are
shown in Table I.

Comparing results previously obtained in our laboratory for the HPLC-UV analysis
of microcystins with these CE results, we conclude that higher efficiency and simplicity
are achieved using CE, while higher sensitivity is achieved with HPLC, although the
results obtained using both techniques were in a good agreement (data not shown),
especially after using a suitable sample preparation as described in [20], which clearly
contributed to an enhancement of the sensitivity of the CE approach.



15:48 17 January 2011

Downl oaded At:

CE ANALYSIS OF ALGAL TOXINS 455

3
>
C

I R

T
B o0 4 8 12 min.

FIGURE 5 A Analysis of standard microcystins by CE-UV in MEKC mode. B Analysis of natural con-
taminated sample with microcystins after the clean-up procedure with SPE cartridges (25kV, 20-mM SDS in
120-mM borate at pH9.5, hydrodynamic injection 50 mbar, 255).

TABLE I Sensitivity parameters of CE methods evaluated for determination of
aquatic toxins evaluated in terms of detection and quantitation limits

Toxins Compound Dy (ng/mL) Q0 (ng/mL)
PSP STX 0.05 0.17
deSTX 0.06 0.20
ASP domoic acid 0.47 1.56
YTX YTX 0.90 3.00
Microcystins MC-YR 0.17 0.35
MC-LR 0.20 0.46
MC-RR 0.32 0.87
Conclusions

Suitable extraction and clean-up methods, based on SPE, contributed to efficient CE as
an alternative for the analysis of naturally contaminated algal samples containing the
named compounds.

The results obtained allowed us to conclude that CE provides a simple approach for
an efficient and fast determination of the algal toxins described. The lack of sensitivity
associated with CE has been overcome by using preconcentration techniques, or
alternative CE modes such as isotacophoresis in the particular case of PSP toxins.
An example of increased selectivity was also shown by using micellar electrokinetic
chromatography for the CE analysis of MCs.
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