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Abstract

Cyanobacterial hepatotoxins such as microcystins and nodularins have been responsible for the poisoning of both animals and humans who
ingest or come into contact with toxic blooms. They are extremely stable in water due to their stable chemical structure and can tolerate radical
changes in water chemistry. including pH and salinity. Different methods for the extraction and detection of these compounds have been reported.
Extraction methods utilizing both aqueous and organic solvent systems have been reported. The detection methods ranging from immunological
or biochemical assays such as enzyme linked immunosorbent assays (ELISA) and enzyme activity assays, to chemicals methods such as high
performance liquid chromatography (HPLC) and more sophisticated liquid chromatography—mass spectrometry (LC-MS) have been documented

as well. We review some important aspects of cyanobacterial hepatotoxins and methods of analysis for these toxins.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cyanobacteria, also known as blue-green algae, are Gram-
negative photosynthetic prokaryotes which are found in a vari-
ety of habitats, colonizing both terrestrial and aquatic biotopes
(Mankiewics et al., 2003; Briand et al., 2003). Their dominance
over other species in the ecosystem is an indication that they
possess some specific physiological capabilities which enable
them to compete very efficiently.

2. Factors favouring bloom formation by cyanobacteria
2.1. Light intensity and buoyancy

Many species of planktonic algae and cyanobacteria have
little means of active movement and are therefore, only pho-
tosynthetically active when the circulation maintains them in
the euphotic zone (i.e. environment where light can pene-
trate). However, their biomass in euphotic waters can frequently
become very high and cause substantial turbidity. Cyanobac-
terial movement within the water column is due to the pres-
ence of specialized gas-filled vesicles which gives them a
lower density than that of water, making them buoyant (Walsby
et al., 2006). These gas vesicles have hydrophilic outer sur-
face and a hydrophobic inner surface. The structures have a
density of about a 10th that of water and make cyanobacte-
rial cells of lower density than that of water (Walsby, 1987).
Cyanobacteria are therefore frequently exposed to light and
this may account for a faster growth than in other microbes
found in the same ecosystem (Abeliovich and Shilo, 1972;
Eloff et al.. 1976). High light intensities increase cellular
iron intake, since Fe't seems to be converted to Fe®* by
light before it is transported into algal cells which may ulti-
mately be responsible for higher growth rate (Utkilen and
Gjelme, 1995; Sunda et al., 1991; Boyer, 1987; Finden et
al., 1984). Iron is an essential component in a number of
enzymes and protein complexes of respiratory and photosyn-
thetic electron transport and nitrate assimilation (Michel et al.,
1998).

2.2. Temperature

For optimal growth, cyanobacteria prefer warm conditions
(temperatures between 20 and 25°C), (Robarts and Zohary,
1987). These temperatures are higher than that for green algae
and diatoms and therefore, cyanobacteria can out-compete the
other species when subjected to extreme temperature conditions.
This also explains why in temperate and boreal water bodies
most cyanobacteria bloom during summer.

Temperature changes have also been found to induce varia-
tions in both the concentration and peptide composition of the
toxins. Some studies have shown that different temperatures
can be correlated with different chemical forms of toxin pro-
duced (Katircioglu et al., 2004). At temperatures below 25°C,
Anabaena sp. produces microcystin-LR, instead of microcystin-
RR which is preferentially synthesized at higher temperatures.

2.3. Nutrients

Nutrients, such as nitrogen and phosphorus are essential for
cyanobacterial growth (Villareal and Carpenter, 2003; Metting
and Pyne, 1986; Kaebernick et al., 2001). Several studies have
shown that, cyanobacteria have higher affinity for nitrogen or
phosphorus than many other photosynthetic organisms (Metting
and Pyne, 1986; Kaebernick et al., 2001). This means that
they thrive better than other phytoplanktonic organisms under
conditions of phosphorus or nitrogen limitation. In addition to
their high nutrient affinity, cyanobacteria can store substantial
amounts of phosphorus (Metting and Pyne, 1986; Kaebernick
etal., 2001) enough to perform two to four cell divisions, which
correspond to a 4-32-fold increase in biomass. Low nitrogen to
phosphorus ratio has also been observed to favour cyanobacteria
blooms (Villareal and Carpenter, 2003; Metting and Pyne. 1986;
Kaebernick et al., 2001).

3. Toxins produced by cyanobacteria

Toxins produced by cyanobacteria may be categorized
according to their toxicological properties. Thus the cate-
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gories are neurotoxins (anatoxin-a, anatoxin-a(s), saxitoxin
and neosaxitoxin); the tumor promoters (microcystins and
lipopolysaccharides); the dermatotoxins/irritant toxins (lyngby-
atoxin A, apysiatoxins and lipopolysaccharides); hepatotoxins
(microcystins, nodularins and cylindrospermopsin).

However, based on their chemical structure, cyanotoxins
falls into three main groups: namely, cyclic peptides (micro-
cystins and nodularins); alkaloids (neurotoxins and cylindros-
permopsin): and lipopolysaccharides.

Most scientists have been more concerned about the cyclic
peptide hepatotoxins than neurotoxic alkaloids or lipopolysac-
charides, because the latter are not considered to be widespread,
especially in water supplies (Falconer and Humpage, 20053).
Among hepatotoxins, the most common are the microcystins
and nodularins.

3.1. Microcystins and nodularins

Microcystins are cyclic heptapeptides cyanotoxins pro-
duced by members of several cyanobacterial genera includ-
ing Microcystis, Planktothrix (Oscillatoria), Anabaena, Nostoc,
Anabaenopsis, Hapalosiphon (Carmichael, 1997). Nodularins
are cyclic pentapeptides produced by Nodularia spumigena, a
brackish water cyanobacterium (Mankiewics et al., 2003).

Microcystins contain five invariant amino acids namely,
p-alanine (position 1), p-methylaspartic acid (position 3),
Adda (position 5), p-glutamic acid (position 6) and N-
methyldehydroalanine (position 7) as well two variant amino
acids at positions 2 and 4 which are normally L-amino acids
(Fig. 1). One of the invariant amino acids is a unique B-amino
acid abbreviated as Adda (3-amino-9-methoxy-2.6,8-trimethyl-
10-phenyl-4.6-dienoic acid) (Falconer and Humpage, 2005).
Microcystins are relatively polar molecules due to the presence
of free carboxylic acids in their structures and the frequent pres-
ence of arginine with a free side chain in positions 2 and 4. The
toxins are named according to the two variable L-amino acids
at positions X and Z (Fig. 1). Microcystin-LR (Fig. 2) contains
the amino acids leucine (L) and arginine (R) at these positions
(McElhiney et al.. 2002). Currently there are over 60 variants of
microcystin, which have been characterized and which differ in
their toxicities (Falconer, 2005a.b). However, microcystin-LR is
the most common in cyanobacteria though it is common to find
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more than one microcystin in a particular strain of cyanobac-
terium (Falconer, 2005a.b).

The cyclic pentapeptide nodularin  contains amino
acids similar or identical to those found in microcystins,
namely arginine, glutamic acid, B-methyl aspartic acid, N-
methyldehydrobutyrine  [2-(methyl-amino)-2-dehydrobutyric
acid] and the Adda (Fig. 3). Nodularins are structurally similar
to microcystins and exerts similar toxicities (Nicholson and
Burch, 2001).

3.2, The chemistry of microcystins and nodularins

The toxicity of microcystins and nodularins is attributed to
the presence of the unusual amino acid known as Adda. The
compounds acts by inhibiting several eukaryotic protein phos-
phatases which are essential for many cell regulatory processes
such as growth, protein synthesis, glycogen metabolism and
muscle contraction (Falconer, 2005b; Edward et al., 1996: Ohta
et al., 1994). The Adda moiety is also required in the binding
of the toxin to protein phosphatases which is via covalent bonds
and is highly specific.

The “Adda” amino acid also provides the microcystins
and nodularins with a characteristic absorption wavelength at
238 nm due to the presence of a conjugated diene group in the
long carbon chain. Absorption at 238 nm provides a means of
analysis of microcystins and nodularins after separation by the
reverse phase chromatography (Falconer, 2005b).

4. Physiological effects of hepatotoxins

Hepatotoxins induce massive haemorrhages and disruption
in mammalian liver as well as some adverse kidney effects
(Sandstrom et al., 1990; Eriksson et al., 1988). Microcystins
and nodularins have also been observed to induce apoptotic
changes in mammals when administered into mouse embryo
fibroblast and rat promyeloctic leukemia cells (Fladmark et al.,
1999:; Mankiewicz et al., 2001). Morphological changes such as
membrane budding, as well as cell shrinkage and organelle redis-
tribution have also been observed in human fibroblasts, human
endothelial cells, human epithelial cells, human lymphocytes
and rat promyelocytes (McDermott et al., 1996; Mankiewicz et
al., 2000, 2001). Microcystins have also been reported to have
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Fig. 1. General structure of microcystin.
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Fig. 3. Structure of nodularin.

a clastogenic effect in human lymphocytes connected with a
dose-related increase of chromosomal breakage (Repavich et
al., 1990; Premazzi and Volterra, 1993).

5. Human exposure to hepatotoxins

The exposure to cyanobacterial toxins is mainly through diet
and/or direct contact with contaminated waters.

5.1. Possible exposure through consumption of animal meat
and ingestion of water (or scum)

There are several reports on deaths of animals due to
consumption of water contaminated with toxic blue-green algal
blooms (Falconer, 2005a; Jochimsen et al., 1998; Elder et al.,
1993; Carmichael, 1994; Codd et al., 1997; Mahmood et al.,
1988; Carbis et al., 1995; Negri et al., 1995; Repavich et al.,
1990; Sahin, 2000). There are also reports which associate
poisoning of animal species to hepatotoxins from contaminated

waters. Poisoning of animals such as ducks (Kalbe and Tiess,
1964), dogs (Edler et al., 1985; Nehring, 1993), young cattle
(Gussmann et al., 1985) and sheep (Main et al., 1977) have
been reported.

Ingestion of untreated natural waters, has also been reported
to pose health risks or even death, not only to pets and livestocks
but to human beings as well (Falconer et al., 1983; Oberholster
et al., 2004). Poisoning of humans was reported from Brazil in
1996 where water containing high levels of cyanobacteial toxins
was used for kidney dialysis (Jochimsen et al., 1998; Azevedo
et al., 2002). The water responsible came from a reservoir with
a major blue-green algal bloom.

5.2. Possible exposure through fish consumption and
blue-green algal products used as food supplements

Microcystins can accumulate in the tissues of fish, particu-
larly in the viscera (liver, kidney, etc.), and in shellfish (Prepas
et al., 1997; Falconer et al., 1992; Chorus and Bartram, 1999;
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Table 1

Summary table of WHO guidelines for cyanobacteria levels in drinking water
(WHO Guidelines for drinking-water quality. 3rd ed., vol. 1, @World Health
Organization, 2004)

Risk category Cell density (cells/ml) Action recommended

Low risk 20000100000 None

Moderate risk =1 00000 Advisory and possible closure
High risk Visible scum layer Closure

Lehane, 2000). Levels in the tissues depend upon the severity
of the bloom in the area where the fish or shellfish are caught
or collected. In the case of fish caught from areas where major
blue-green algal blooms occur, consumption of visceral parts of
fishes may lead to cyanotoxin exposure.

Moreover, Spirulina and other blue-green algal species used
as food supplements. though non-toxic, may lead to exposure
of consumers to cyanotoxins if they have been harvested from
wild pools where toxic and non-toxic species of cyanobacteria
grow together (Falconer et al., 1992; Chorus and Bartram, 1999;
Lehane, 2000).

5.3. Exposure through dermal contact

Swimming in waters containing toxic blooms of cyanobac-
teria may expose swimmers to cyanotoxins. Exposure through
dermal contact may cause eye, ear and skin irritation, acondition
known as dermatitis or swimmers® itch or seaweed dermatitis,
and gastrointestinal symptoms such as vomiting and diarrhea in
bathers (Falconer, 2005a).

In animals and humans, microcystins or nodularins are con-
centrated in the liver where they are transported to hepatocytes
through an active bile acid transport system (Brooks and Codd,
1987a; Runnegar et al., 1991). These hepatotoxins are known to
be resistant to digestion in the gastrointestinal tract of eukary-
otes because the peptide bonds linking to the p-amino acids are
not susceptible to normal hydrolytic enzymes (Falconer, 2005a).
They are highly stable in water and are resistant to boiling even
to irradiation; thereby presenting a high risk to consumers of
animal products which have been contaminated.

For this reason, the WHO has set guidelines for water safety
regarding the presence of cyanobacterial cells as shown in
Tables | and 2. Table 1 gives a summary of WHO guidelines
for the limit of cyanobacterial cells in drinking water suitable
for human consumption, while Table 2 gives the toxicities of
microcystins and nodularins by various administration routes.

Table 2

Toxicity of microcystins and nodularin by various administration routes
(WHO Guidelines for drinking-water quality. 3rd ed., vol. 1, @World Health
Organization, 2004)

Cyanobacterial ~ LDsp (pg'kg)
toxin =z z

i.p. in. oral LOAEL.  NOAEL
Microcystins 25-150  36-122  5000-10900 100 40
Nodularin 50

NB: i.p.. intraperitoneal; i.n., intranasal: LOAEL. lowest observed adverse effect
level: NOAEL. no observed adverse effect level.

Table 3

Conditions for culturing different strains of Microcystis aeruginosa
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6. Isolation of cyanobacterial cells

Cyanobacterial cells may be obtained from laboratory cul-
tures or from blooms in natural water bodies. However water
blooms are excellent natural sources of cyanobacterial samples
as these are usually dominated by one species of cyanobacteria.

6.1. Preparation of laboratory culture of Microcystis
aeruginosa

Various conditions and different media formulations have
been used for obtaining pure cultures of different strains of
M. aeruginosa (Table 3). For instance, Lee and Chou (2000)
reported the isolation of M. aeruginosa strain M.TN-2 from an
eel pond. In another report by Pietsch et al. (2002) M. aerugi-
nosa strain B 14.85 (Sammlung von Algenkulturen, University
of Gittingen, Germany), was grown in ZEHNDER medium
at 21-23°C under continuous stirring and an illumination of
12 h/day (ca. 80 pmol s/m? photons, day—night change). Moreno
et al. (2004) and Selheim et al. (2005) have reported the use
of Z8 medium at 204+ 1°C, with 16/8 photoperiodic cycle
and light intensity 30 pE m2s~! for culturi ng M. aeruginosa
strains ISACYA 2C, 6A, 9B, 10A, 12, 13, 14, 15 and 16A.
Montagnolli et al. (2004) cultured the strain M. aeruginosa
RST501 (UPC Culture Collection, Brazil) in 5 L batch cultures
in BGN/2 medium (BG 11 with half the total N) under conditions
of 0% salinity, temperature of 25 “C; radiation, 63 pE m2s I;
and pH 8.0. Karlsson et al. (2004) cultured M. aeruginosa strain
(NIVA-CYA 140) in WC medium in chemostat cultures (1 L,
20£1°C, light intensities: 7 wmol photons m~2s7!). Soares et
al. (2004) have cultured strain NPLJ-4 of M. aeruginosa in ASM-
I medium, pH 8.0, temperature 23 £2°C and 22 pE m~2s ! of
light intensity and photoperiod of 12 h.

6.2. Sampling of cyanobacterial cells from natural waters

Waters suspected of containing toxic cyanobacteria are nor-
mally collected at points where the accumulation of cyanobac-
teria is likely to affect both humans and livestock, or at drinking
water reservoirs. The spatial heterogeneity relating to the hor-
izontal and vertical variations in cell densities, as well in the
process of selecting the number and location of sampling sites
and toxin content, are the other factors that may influence the
decision of where samples should be collected.

The types of sample containers for sampling are normally
chosen depending on the type of the analysis to be performed.
Samples for microscopic identification and quantification of
cyanobacterial cells are normally collected in brown glass bot-
tles and preserved in Lugol’s iodine solution or formaldehyde
solution (Breitig and von Tiimpling, 1982; Pietsch et al., 2002;
Porfirio et al., 1999).

Collecting large samples of cyanobacterial cells for struc-
tural identification or toxicity analysis requires the use of plastic
containers with wide necks for easier filling or when collect-
ing samples for analysis of dissolved cyanobacterial toxins, 1 L
minimum volume glass or plastic bottles have been reported to
give good results (WHO, 2004; Breitig and von Tiimpling, 1982;
Pietsch et al.. 2001).

When samples are to be freeze-dried, these samples have to
be frozen in a layer of thickness of about 2 cm (Porfirio et al.,
1999).

7. Sampling of test organisms from aquatic
environments for hepatotoxin analysis

Test organisms in this case may include crustaceans, crabs,
snails. bivalves, shrimps or fish. Normally organisms are col-
lected and frozen at —20°C, and for others like snails, crabs,
bivalves, fish and crustaceans, they are first dissected into parts,
e.g., stomach, intestine, hepatopancreas, gonad. muscle, eggs
and gill (Chen and Xie, 2005a; Chen et al., 2005: Chen and
Xie, 2005b; Lehtonen et al., 2003). The organs are then frozen
in liquid nitrogen and stored at —80°C prior to hepatotoxin
extraction. In case the levels of hepatotoxins in various organs
are low, all organs may be pooled together.

In some cases it has been necessary to adapt test organisms
to particular conditions of salinity, temperature, light/dark cycle
of 12:12 h and aeration (Montagnolli et al., 2004).

7.1. Vertebrate samples for hepatotoxin analysis

In the case of vertebrates, samples like hepatocytes are mostly
preferred. De sousa et al. (1991), Batista et al. (2003), Dorko et
al. (1994) and Isom et al. (1985) have reported the isolation of
hepatocytes from humans and rats by a collagenase perfusion
method (Desousa Get et al., 1991; Batista et al., 2003; Dorko
et al.,, 1994; Isom et al., 1985). Large numbers of human hep-
atocytes are normally obtained from split and whole livers by
using an adaptive form of the collagenase perfusion technique
employed in rodent and human biopsies. In order to guaraniee
a homogenous distribution of the perfusate within the whole
specimen, major hepatic veins are usually cannulated with large
bore catheters. This technique allows for the isolation of human
hepatocytes on a large scale (up to 18.5 x 10% in one case)
from normal and diseased liver specimens (Dorko et al., 1994).
After isolation, the rat hepatocyles are normally washed in L-15
medium supplemented with 5% fetal calf serum and cultured
first in a chemically defined medium termed HCD, a serum-free
medium supplemented with bovine serum albumin, insulin, dex-
amethasone. glucagon and transferrin then fed unsupplemented
HCD medium or HCD medium supplemented with dimethyl
sulphoxide (DMSQO) or phorbol 12-myristate 13-acetate (PMA)
and fed every 24 or 48 h. The hepatocytes are then seeded on
round glass coverslips for about 40 h, placed in 24-well plates
and then coated with type 1 collagen before incubation at 37 °C
in humidified chambers with 95% air and 5% CO,.

8. Extraction of cyanobacterial hepatotoxins

8.1. Extraction of hepatotoxins from cyanobacterial cells
After sampling. toxins are normally extracted by first disrupt-

ing or perforating the cell wall structure. Most procedures have

used freeze-drying for this purpose (Li et al., 2005; Porfirio et
al., 1999), but oven drying at 95 °C and freeze-thawing meth-
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ods have also been used (Meriluoto, 1997). Freeze thawing has
also been utilized in a number of analytical procedures for the
peptide hepatotoxins analysis (Lawton et al., 1994). After lysing
the cells, the hepatotoxins can then be extracted using several
solvent systems. Acetic acid/water mixtures or alcohol/water
mixtures were initially used as extractants (Harada et al., 1997);
and a combination of one volume of acetic acid, two volumes of
methanol:chloroform (1:1) solution has been used by Moreno et
al. (2004). Water. in conjunction with sonication has also been
shown to be applicable to live cells. With the more hydrophobic
microcystins, methanol was found to be slightly more effec-
tive than methanol/water mixtures, and also effective with the
more hydrophilic toxins (Vasa et al., 2004; Lawton et al., 1994).
However methanol has been reported to be less effective than 5%
acetic acid or 75% methanol for the extraction of the hydrophilic
microcystin-RR (Fastner et al., 1998). However, methanol has
been shown to be the most suitable solvent because it gives good
extraction efficiency and has the added advantage of allowing
rapid sample concentration through evaporation. It has since
been suggested that 100% methanol may give poor recovery
of more polar microcystins; but the addition of a small per-
centage of water overcomes this problem. Fastner et al. (1998)
showed that, for lyophilised field samples dominated by Micro-
cystis spp., extraction with a mixture of methanol and water
(75:25, wiw) was most effective.

Simple lysis/extraction procedures such as heating in a boil-
ing water bath or using a microwave oven employing water
as solvent have also been evaluated and found effective for a
range of microcystins including hydrophobic variants such as
microcystins-LW and -LF (Metcalf et al., 2001). These proce-
dures, including sonication, are preferable where solvents such
as methanol interfere in the subsequent analytical determination.
In terms of determining the intracellular component, the proce-
dure of Lawton et al. (1994), i.e., filtration and freeze thawing,
prior to solvent extraction, appear to be the most appropriate.
Other extractants have employed supercritical carbon dioxide
(Pyo and Shin, 1999). Such an approach may be useful for
determining the intracellular content of microcystins in water
samples, but requires evaluation with a wider range of toxins.

8.2. Extraction of hepatotoxins from aquatic organisms
(shrimps, crabs, crustaceans, snails, bivalves and fish)

A number of studies have reported methods of analyzing
the presence of hepatotoxins in fish (Magalhies et al.. 2003;
Xie et al., 2005; Magalhdes et al., 2001: Xie et al.. 2004; Li
et al., 2005). Unlike mammalian cells where the transport of
microcystins is via biliary acids, in fish species, the microcystin
uptake is via the digestive tract (Tencalla et al., 1994). This
makes digestive tracts of fish and other aquatic organisms, one
of the target samples when extracting hepatotoxins. Krienitz et
al. (2003) and Cazenave et al. (2005) reported the extraction
of microcystin-RR. from fish tissues (liver, gills, brain, intes-
tine, gallbladder and blood) and fish muscles. In the method
for the extraction of hepatotoxins from fish tissues by Cazenave
et al. (2005) [based on method by Krienitz et al. (2003)], the
fresh fish tissues were homogenized with 70% methanol con-

taining 1% (v/v) trifluoracetic acid. After ultrasonication and
centrifugation, the supernatants were separated and evaporated
to dryness at 40 “C. The extraction of fish muscles were accom-
plished by using 5% acetic acid and the extracts were applied
to solid phase extraction cartridges. Soares et al. (2004) have
reported the extraction of microcystins from fish liver and mus-
cles using of 100% methanol (Soares et al., 2004). Methanol
extract was then mixed with an equal volume of hexane before
discarding the hexane layer. The extract was then loaded onto
C18 SPE cartridges for further purification.

Xie and coworkers have reported the extraction and analysis
of hepatotoxins in the tissues and organs of aquatic organisms
(Xie et al., 2004; Chen and Xie, 2005a; Chen et al., 2005; Li et
al., 2005). The hepatotoxins in the lyophilized organ samples of
the study organisms (shrimps, snails, etc.) were extracted by a
mixture of solvents comprised of BuOH:MeOH:H,0 (1:4:15)
for 24 h. The same extracting solvent and ratios was used by
Lehtonen et al. (2003) in extracting nodularins in the clam
Macoma balthica (Lehtonen et al., 2003). The extract was cen-
trifuged and supernatant diluted with water. At this stage the
extracts were ready for pre-concentration and further clean-up
step using solid phase extraction (SPE).

8.3, Extraction of hepatotoxins from vertebrate and
mammalian organ samples

Several reports are available which link hepatoxins to the
health hazards of mammals and other vertebrates (Batista et al.,
2003; Briand et al., 2003), but very few have reported on the
extraction of hepatotoxins from vertebrate and mammalian tis-
sues. Sahin (2000) developed a method to determine hepatotox-
ins in liver tissues of poisoned animals. Sahin’s method involved
a two step extraction steps, which involved the use of aqueous
and organic solvents. In the aqueous extraction step, done at 4 °C,
a buffer made up of 50 mM Tris—HCI, pH 7, 250 mM sucrose,
4mM EDTA, 0.1% 2-mercaptoethanol was used. The aqueous
extract which was obtained after centrifugation was freeze-dried
and re-suspended in methanol. The methanol was evaporated and
the organic extract was re-suspended in a sample buffer made
up of 50 mM Tris—-HCI, pH 7, 0.01% Brij-35, 0.1 mM EDTA,
0.1% 2-mercaptoethanol. The effectiveness of both the aqueous
and organic extracts was checked for their ability to inhibit phos-
phatase activity in vitro. The phosphatase inhibitory potency was
fully maintained when the aqueous samples were subjected to
further extraction by methanol (Sahin, 2000).

8.4. Pre-concentration/clean-up procedures for peptide
cyanotoxing

At low concentrations, direct determination of hepatotoxins
may not be feasible due to the inadequate sensitivity of the detec-
tion procedures. This necessitates a sample pre-concentration
step. This may also serve as a clean-up step by allowing removal
of co-extracted material, which may interfere in the analysis.
Moreover, cyanobacteria are considered protein-rich and the
high protein content always poses serious problems during sepa-
ration by high performance liquid chromatography. The proteins
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denature on reversed-phase packing material resulting in dis-
torted peak shapes or multiple peaks, hence the need for clean-up
steps in order to eliminate interfering protein from the samples
before analysis.

Pre-concentration can be performed using a number of meth-
ods, but the mostly used method has been by solid-phase extrac-
tion (SPE) (Cazenave et al., 2005; Soares et al., 2004; Xie et al.,
2004). In SPE the sample is passed through a cartridge, which
retains the toxins, by adsorption. Toxins can then be eluted from
these cartridges using polar organic solvents such as methanol
(Magalhfies et al., 2003; Xie et al., 2005; Magalhfies et al., 2001).
Methanol extracts may be reduced in volume by evaporation
resulting in increased toxin concentration. The choice of the
SPE cartridges for use as sample cleanup and concentration is
very critical. This is because some parameters, such as pore
size, carbon load end-capping and functionality (mono- or tri-)
may not be uniform for all cartridges. The pore size should be
small enough to exclude protein (Edward et al., 1996; Meriluoto,
1997).

C18 cartridges also extract the naturally occurring organic
matter (NOM) present in water. This co-extracted NOM can
interfere in the chromatographic separation by producing peaks,
which may obscure the toxin peaks. Masking of toxin peaks can
therefore make quantification imprecise. Procedures involving
selective elution of toxins versus co-extracted interferences such
as NOM have been developed to minimize this problem. Such
procedures include the use of immunoaffinity columns for con-
centration and cleanup of toxins (Nicholson and Burch, 2001).

Concentration by simple procedures such as rotary evapo-
ration has been possible as the peptide hepatotoxins are heat
stable (Meriluoto, 1997). However, this is a slow and labori-
ous procedure, and may be impractical for determining toxins at
low concentrations in water because of the high concentration
factors required.

8.5. Sample preservation for cvanobacterial pepftide toxins

Stability of the cyanobacterial peptide compounds after
extraction especially where accurate determination is required is
very critical. Degradation of samples may occur if not properly
stored and this may lead to serious errors in the determina-
tion of the concentration in the original sample. Pure micro-
cystins and nodularins have been found to be relatively stable in
aqueous solutions of high purity or sterile water (Falconer and
Humpage, 2005; Heresztyn and Nicholson, 1997). However, in
the presence of pigments, photochemical degradation has been
reported to occur relatively quickly (Tsuji et al., 1994). There-
fore water samples that contain cellular material and dissolved
microcystins or nodularins have always been kept in the dark.
Microcystins and nodularins in solution may be stable to chem-
ical breakdown by hydrolysis hence the pH of aqueous samples
may as well not be important (Falconer and Humpage, 2005;
Harada et al., 1997).

Toxins may also be susceptible to microbial degradation and
this has been demonstrated for microcystins and nodularins in
water bodies (Heresztyn and Nicholson, 1997). In all cases,
degradation depends primarily on the level of degrading organ-

isms and temperature. Microbial activity and hence degradation
can be slowed by refrigeration (Heresztyn and Nicholson, 1997).
The addition of preservatives such as copper to microorganisms
may be useful. However, such preservative will kill cyanobac-
teria, thereby releasing the toxins, and will only be useful in the
determination of total toxin content.

While refrigeration or freezing of sample extracts is generally
accepted as preventing degradation, Gjolme and Utkilen ( 1996)
showed that microcystin-RR had varying stability at 4 °C in var-
ious solvents. While the toxin was stable in methanol and 75%
methanol for over 32 days, most of it was degraded in pure water
and in 5% acetic acid after the same period of storage. These
results indicated that methanol and/or aqueous methanol are pre-
ferred extraction solvents if there is likely to be delay between
sample extraction and analysis.

Another factor that has been in consideration is the possible
adsorption of peptide cyanotoxins on materials, which come
into contact with extracts during analysis. Hyenstrand et al.
(2001) investigated the adsorption of microcystin-LR on plas-
tic (polypropylene) microcentrifuge tubes and pipette tips, and
on glass. Significant losses by adsorption to plastics occurred
with agueous solutions or solutions containing less than 25%
methanol. Losses by adsorption to glass also occurred with
aqueous solutions. Therefore, solutions containing peptide cyan-
otoxins must also contain sufficient methanol in order to avoid
these adsorptive losses.

9. Analysis of cyanobacterial hepatotoxic compounds

Two methods are generally employed in the detection and
identification of cyanobacterial hepatotoxins: biological or bio-
chemical screening assays and physicochemical methods. The
methods differ in terms of principles of detection. information
they provide and simplicity/complexity of the set-up. Selec-
tion of techniques depends on the availability of facilities and
expertise as well as the type of information required. However,
selectivity and sensitivity of these techniques are important cri-
teria that can lead to the selection of the proper method, which
will give more reliable information. Fig. 3 and Table 4 gives a
comparison of several biological screening and physicochemical
methods in terms of selectivity and sensitivity.

10. Biochemical screening methods of cyanobacterial
hepatotoxins

Screening assays are diagnostic tests, which establish the
presence or absence of a substance. Usually these tests provide
quick, inexpensive and reproducible results. Among the bio-
chemical screening methods commonly used for cyanobacterial
peptide toxins are, the mouse assay, enzyme linked immunosor-
bent assay (ELISA) and phosphatase assays.

10.1. Mouse assays
In the mouse bioassay, toxin extracts are administered by

intraperitoneal injection into the mouse (Nicholson and Burch,
2001). This has been used primarily to determine the toxicity
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Table 4

Comparison of methods of analysis of cyanobacterial hepatotoxins

Method Comments References

Mouse assay Qualitative Nicholson and Burch (2001), Nagata et

Poor sensitivity and precision
May need a number of mice
May require license

Protein phosphatase inhibition assay Very sensitive

Colorimetric (requires purified enzyme)

32p isotope has a short half-life

al. (1997) and Falconer (1993)

Chorus (2001)
An and Carmichael (1994)

Proteins are not commercially available
Expensive due to the need of radivactive ATP and the commercial

McDermott et al. (1995)
An and Carmichael (1994)

Lawton et al. (1994)
Moollan et al. (1996)

Tkawa et al. (1999)

enzymes

ELISA Very sensitive
Variable cross-reactivities hence may underestimate concentration of
cyanotoxins

HPLC Cannot differentiate between structural variants of cyanobacterial
hepatotoxins, e.g., microcystins
UV spectra may tentatively give the identity of sample and also with
PDA characteristic UV spectra may be obtained
Lack of available standards may hinder analysis since the method
relies on retention time for identification
Other components in the sample extract may have absorbance at the
wavelengths where cyanotoxins absorb
Problems of co-eluted extractives, e.g., plastic additives may
contaminate sample

LC-MS

Sensitive and specific

Equipment cost may be its limitation

CE and CE-MS

Have a number of different interfaces: -ESI, MALDI-TOF. FAB, TSP
Gives mass confirmation hence improved accuracy

Derivatization may be needed to give fluorescent products that can be

Lawton et al. (1994)
Robillot et al. (2000)

Bateman et al. (1995)

detected using a laser-induced fluorescent detector

Low sensitivity

Method need to be further developed

NMR Enables structural determination of known and unknown cyanotoxin

Li et al. (1999)

Harada et al. (1995)

Its limitation is that it requires large amount of sample (mg quantities)

Samples must be pure

of bloom material, and, from the toxic response. the identity
of the class of toxin can be determined. It has generally been
used in a qualitative manner to determine a bloom as ‘toxic’ or
‘non-toxic’.

The assay can potentially be calibrated againsta specific toxin
such as microcystin-LR, and therefore produce results in terms
of microcystin-LR toxicity equivalents. However, the assay does
not have the sensitivity or precision required to be applicable
to water samples (Nagata et al., 1997). It is not practicable to
use for water samples with concentrations around 1-2 pg/L, the
approximate range of the guideline for microcystins with WHO
(Nicholson and Burch, 2001). Another limitation of this assay
is that, the number of mice required would be impracticable and
unacceptable and moreover it is not permitted in some countries
unless a license is issued (Falconer, 1993).

10.2. Enzyme linked immunosorbent assay ( ELISA)

Screening methods such as enzyme linked immunosorbent
assays (ELISAs), have been developed for peptide cyanotox-
ins and have proved to be sensitive (Pyo et al., 2005). Many
researchers have generated antibodies against microcystins. For

example. Kfir et al. (1986) generated monoclonal antibodies
against microcystin-LA, which bound a wide range of other
microcystins with equal efficiency. Brooks and Codd (1987b)
generated antibodies against the toxin in one strain of Microcys-
fis, which cross-reacted with other toxic Microcystis strains but
not strains of other genera containing peptide toxins.

However, later studies have shown variable cross-reactivities,
for example, Chu et al. (1989) generated antibodies against
microcystin-LR and found cross-reactivities to vary between
good (microcystin-RR) to poor (microcystin-LA). However, the
procedure has been used successfully to determine the micro-
cystin content of environmental samples (Chu et al., 1989;
Nagata et al., 1995).

In another development, McDermott et al. (1995) gener-
ated antibodies against microcystin-LR which showed high
cross-reactivity with microcystin-RR and there was good agree-
ment between ELISA and HPLC results. An and Carmichael
(1994) evaluated the cross-reactivity of a number of microcystins
using ELISA techniques and found a poor correlation between
reactivity and acute toxicity. This indicated that ELISA tech-
niques can underestimate the concentration of some microcystin
variants.
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10.3. Phosphatase inhibition assays

Microcystins and nodularin, inhibit serine and threonine
phosphatase enzymes responsible for the dephosphorylation of
intracellular phosphoproteins (MacKintosh et al.. 1990). The
two enzymes are classified into two groups, i.e. Type 1 and
Type 2. The types which are most inhibited by cyclic peptide
hepatotoxins are Type 1 and a subset of Type 2 called protein
phosphatase-2A. The extent of inhibition of these enzymes is
related to the hepatotoxicity of these compounds and their tumor
promotion properties as well.

The inhibition reaction by these toxins can be used as a mea-
sure of toxin concentrations. Phosphatase inhibition by micro-
cystins and nodularin is determined using 32p padiolabelled
substrates (Chorus, 2001). Though the method is sensitive it suf-
fers from one major drawback, that the 2P isotope has a short
half-life (approximately 14 days). This requires the labelled pro-
teins for the assay to be prepared on a regular basis. Another
limitation is that the proteins are not commercially available
and require reasonably sophisticated procedures for their prepa-
ration. Furthermore, they use radioactive ATP and commercial
enzymes in their preparation, most of which are expensive. In
addition. many routine laboratories are not set-up to carry out
radioactive determinations.

There are at least two variations of protein phosphatase inhibi-
tion assays, which are colorimetric and fluorescent assays. These
assays use substrates such as p-nitrophenyl phosphate and deter-
mine microcystins and nodularins (An and Carmichael, 1994;
Rivasseau et al., 1990; Heresztyn and Nicholson, 2001a.b).
Heresztyn and Nicholson (2001b) have reported the use of
phosvitin as substrate for measuring the phosphate released
colorimetrically during the determination of peptide cyanotox-
ins. Metcalf et al. (2001) successfully combined the advan-
tages of colorimetric assays with an immunoassay to pro-
duce a novel assay with high sensitivity and specificity for
microcystins. Fluorescent assays on the other hand utilize
highly fluorescent and luminescent products to give the inhi-
bition properties related to toxicities (Heresztyn and Nicholson,
2001a,b).

11. Physicochemical methods of analysis of
cyanobacterial hepatotoxins

These are analytical methods which use physicochemical
properties of cyanobacterial hepatotoxins such the presence of
UV chromophores within their structures, their reactivities are
due to specific functional groups present in their structures and
molecular weights. Among the methods employed are, high
performance liquid chromatography (HPLC), capillary elec-
trophoresis (CE), nuclear magnetic resonance (NMR) and mass
spectrometry (MS).

11.1. HPLC separation and detection methods
The widely reported procedures for the separation of micro-

cystins and nodularins employ the use of a high performance
liquid chromatography (HPLC). Different stationary phases

have been used,. including reversed-phase C18 packed columns
(Lawton et al., 1994), amide C16 columns (Spoof et al..
2001), internal surface reversed-phase columns (Meriluoto
and Eriksson, 1988) or ion exchange columns (Gathercole and
Thiel. 1987). Mobile phases have employed aqueous phases
containing methanol or acetonitrile. The proper choice of the
mobile phase can lead to a good resolution of the analytes
and this is a prerequisite for accurate determination. For
example, microcystins-LR and -YR co-elute with an acetoni-
trile/ammonium acetate mobile phase but can be resolved
with methanol-based mobile phases (Lawton et al.. 1994).
For similar microcystins, a combination of mobile phases
may be necessary to separate the compounds for unequivocal
identification.

The means of detection of individual compounds is normally
coupled within the HPLC system. Two mostly used detec-
tion techniques used with HPLC are UV/Vis absorbance and
PDA.

UV/Vis absorbance is the most common technique of detect-
ing peptide cyanotoxins after chromatographic separation. Most
microcystins and nodularins have a UV absorption maximum
at 238 nm (Lawton et al., 1994). However, those with aromatic
amino acid constituents, such as microcystin-LW that contains
tryptophan, have absorbance maxima at lower wavelengths,
222nm (Lawton et al., 1994). The wavelength of the UV
detector of the HPLC equipment can be set at these values to
record the responses of peptide cyanotoxins in sample extracts
separated on the HPLC column. However, other components
in the sample extract can also have some absorbance at these
wavelengths. The problems of co-eluted extractives and their
effects on quantification, especially at low toxin concentrations,
have been discussed by Moollan et al. (1996). In addition
Ikawa et al. (1999) showed that common additives in plastics
that contaminate water samples, co-elute with the toxins and
have sufficient UV absorbance at 238 nm to produce erroneous
results. Thus plastic materials should be avoided, or else their
suitability checked, in the determination of peptide cyanotoxins
using HPLC. Moreover HPLC cannot differentiate between
structural variants of cyanobacterial hepatotoxins such as
microcystins.

To determine peptide cyanotoxin concentrations in terms of
toxicity equivalents, not only must the toxin be identified but the
concentration must also be determined. The latter requirement
necessitates that a quantitative standard be available which can
also be used to indicate, to some extent, the identity of the toxin
present, i.e.. matching retention time of a peak in a sample
chromatogram with that of an authentic standard. However,
retention times cannot be used as unambiguous indicators of the
presence of a particular toxin as toxins of similar structure can
co-elute. In addition, co-extracted compounds may co-elute,
e.g., the plastic additives mentioned above. It is, however,
possible to estimate toxin concentrations, even when the toxin
is not identified and standards are not available, as long as there
is confidence that a microcystin or nodularin is being detected.
Previous studies have indicated that microcystins and nodularins
have similar absorption coefficients (Harada et al., 1997). Thus
they have similar sensitivities when analyzed by HPLC with



392 TAM. Msagari et al. / Aquatic Toxicology 78 (2006) 382-397

" o]

Selectivity

Prose phosphuiue sty
WELEA

s fz
Sensitivity

Fig. 4. Relationship between sensitivity and selectivity of biological screen-
ing assays and physicochemical methods of analysis in the determination of
cyanobacterial hepatotoxins.

detection at 238 nm. Hence total concentrations have normally
been estimated by reference to a known microcystin standard
with a relatively high degree of accuracy. However, this result
cannot be accurately converted to a concentration in terms of
toxicity equivalents. Since toxicity data (LD50) are needed to
calculate toxicity eguivalents, the toxin must be unequivocally
identified.

On the other hand. a photo-diode array (PDA) detector unlike
UV/Vis, records the spectrum in addition to the UV response of
the analyte. This provides much better evidence of the pres-
ence of a microcystin or nodularin than using single wavelength
detection alone. The typical spectrum of a microcystin or nodu-
larin with an absorbance maximum at 238 nm (or occasionally
222 nm in the case of microcystins containing tryptophan) pro-
vides a greater degree of confidence that a microcystin is present.
As microcystins have similar sensitivities to UV detection, a
concentration in terms of microcystin-LR equivalents can be
readily determined by quantification of microcystin peaks, i.e.,
those with characteristic spectra, relative to a microcystin-LR
standard. Detection limits considerably less than 1 pg/L for
individual microcystins are normally attainable with appropri-
ate concentration and clean-up procedures using this detection
method.

Another approach to improving sensitivity and selectivity
in the HPLC determination of microcystins and nodularins
has involved the use of derivatizing reagents (Fig. 4). James
and James (1991) reported a post-column system whereby
the arginine residue of microcystin-LR was derivatized with
a fluorescent reagent. This approach however, restricted the
application to toxins containing arginine, e.g., microcystin-LR,
while toxins such as microcystin-LA, could not be determined.
Murata et al. (1995) showed that the dansyl-cysteine adducts
of microcystins could be separated by HPLC and detected by
chemiluminescence with high sensitivity. Harada et al. (1997)
reported derivatization of microcystins with a fluorescent
dienophile, DMEQ-TAD. These products were also separated
by HPLC and detected by fluorescence with a high degree of
sensitivity.

11.2. Ligquid chromatography—mass spectrometric
(LC-MS) detection of peptide cyanotoxins

When further confirmation and identification of cyanotox-
ins is required, more advanced and sophisticated method such
as LC-MS may be employed. Mass spectrometry as a detec-
tion technique provides the best solution to the problem of
peptide cyano peptide toxins since these toxins produce char-
acteristic ions in their mass spectra (Lawton et al., 1994). The
method enables the simultaneous separation and identification
of cyanotoxins in a mixture. LC-MS with various interface and
ionization configurations have been reported for the determina-
tion of peptide cyanotoxins with detection limits of ~0.02 pwg/L.
For example MALDI-TOF mass spectrometry has been success-
fully applied as a detection method following LC separation of
microcystins (Robillot et al., 2000).

In the past, LC-MS systems were not common in the rou-
tine analytical laboratories, however, they are now increasingly
become available and they give sufficient robust and cheap anal-
ysis for the routine determination of these toxins. Although work
reported so far has shown that different peptide cyanotoxins
have similar responses when determined with PDA detection,
the same is not true of MS detection, i.e., the total ion current
depends markedly on the particular cyanotoxin. Thus concen-
trations of unknown peptide cyanotoxins, for which standards
are not available, cannot be reliably estimated with this method.

Pre-derivatization of peptide cyanotoxins for LC-MS analy-
sis has also been reported as a technique to assist in identification
(Nicholson and Burch, 2001). From the mass spectrum, which
acts as a fingerprint, toxins could be identified as long as a
mass spectrum of an authentic standard was available. A use-
ful extension to this technique is MS/MS detection where the
fragmentation pattern can be used to greatly assist in the iden-
tification of the unknown toxins and it has been reported by
Edwards et al. (1993).

11.3. Electrochemical detection methods of peptide
cyanotoxing

Other reported detection methods for peptide cyanotox-
ins include electrochemical detection but the sensitivity with
peptide cyanotoxins such as microcystin-LA, which does not
containing arginine, tryptophan or tyrosine, was very poor
(Meriluoto et al., 1998).

Another limitation which may be applicable to all proce-
dures that determine individual toxins is that, if several tox-
ins are present. some may be present at concentrations below
the detection limit. The total concentration may therefore be
underestimated, thereby producing an erroneously low result.
Standards must therefore be available for each toxin to deter-
mine individual concentrations, and toxicity data must be avail-
able to convert toxin concentrations to microcystin-LR toxicity
equivalents. Although lack of both toxin standards and toxic-
ity data may be a limitation in analytical approaches involving
HPLC, assumptions can be made in order to produce a result
in microcystin-LR toxicity equivalents. Taking these limitations
into account, HPLC procedures are still the most appropriate for
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monitoring for compliance with the guidelines as stipulated by
WHO (Meriluoto et al.. 1998).

11.4. Capillary electrophoresis { CE) detection of
cvanobacterial peptide toxins

Other similar separation and detection techniques such as
capillary electrophoresis and related techniques have also been
considered for the separation and quantification of the pep-
tide hepatotoxins (Bateman et al., 1995). But these have lower
sensitivity when compared with HPLC procedures and are not
suitable for routine monitoring of water without further devel-
opment. CE is also not yet considered to be sufficiently robust
for use in a routine analytical laboratory. Sensitivity can be
increased in CE separation by derivatizing toxins to give flu-
orescent products that can be detected using a laser-induced flu-
orescent detector (Li et al., 1999). However, this method requires
further evaluation in terms of technologies which may increase
flow cell volume which will enhance the detection limits.

11.5. Gas chromatographic (GC) and GC-MS methods

Gas chromatographic (GC) methods based on oxidation
of microcystins that splits the Adda side chain to produce
3-methoxy-2-methyl-4-phenylbutyric acid (MMPB) has been
reported. Determination of the MMPB by either by GC or
GC/MS (as its methyl ester) or by HPLC with fluorescence
detection (after conversion to a fluorescent derivative) were
reported with detection limits of 0.43 ng in water samples (Sano
et al., 1992). The GC-MS approach was also used to moni-
tor microcystins in Japanese lakes (Tanaka et al., 1993) and in
sediments (Tsuji et al., 2001). Harada et al. (1997) reported a
similar method whereby the MMPB was determined directly
without derivatization using GC-MS or LC-MS. This approach
results in a total toxin concentration, which can be expressed in
terms of microcystin-LR. However individual toxins were not
determined and consequently it was not possible to produce a
result in terms of microcystin-LR toxicity equivalents. This pro-
cedure cannot therefore be used to monitor water samples in
relation to the proposed WHO guidelines. The limitation of this
method is that it requires tedious procedures during the extrac-
tion, cleanup, oxidation and post-treatment in order to eliminate
the reagents used and derivatization for GC and HPLC analy-
sis. However, Harada et al. (1995) have reported an improved
method using ozonolysis which made it possible to reduce sig-
nificantly the formation times of MMPB because the previously
required extraction, clean-up and other procedures were elim-
inated. The resulting intact MMPB was directly analyzed by
thermospray (TSP) LC-MS and EI-GC-MS using selected ion
monitoring. This new procedure was short (took 30 min) and the
analysis of MMPB was at picomol levels.

11.6. Spectroscopic characterization of cyanobacterial
compounds

Two-dimensional NMR (2D NMR ) measurements have been
useful in elucidating chemical structures of cyanobacterial iso-

mers (Harada et al., 1990). A general strategy for identification
and assignment of all proton and carbon resonances of mod-
erate complex metabolites (500-2000Da) has been done by
employing various correlation techniques of 2D NMR exper-
iments (Harada et al., 1990). The chemical structures deduc-
tion has been performed by 2D H.H and H.C correlated NMR
experiments, as well as selected one dimensional NOE dif-
ference spectra in combination with mass spectrometric data.
NMR experiments for identification of isolated components
are usually measured in deuterodimethylsulfoxide (DMSO-dg)
(Rowan, 1989). However, NMR usually requires relatively large
amounts of sample (milligram quantities) and completely puri-
fied samples; and, moreover, the NMR instruments are very
expensive.

12. Conclusions

Due to the toxicity of cyanobacterial hepatotoxins to human
beings and animals, it seems plausible that, the best response to
safeguard the health and well being of humans and animals is the
prevention of exposure to these toxins. Therefore, constant mon-
itoring for cyanobacterial toxins in drinking water, recreational
waters as well as other potential venues, is very important. More-
over, health surveillance and evaluation need to be introduced
by authorities everywhere, where exposure may be suspected.
Proper guidelines should be developed and put into effect for
recreational and occupational use of potentially contaminated
waters in line with the extent of potentiality of the toxin situation.

In cases where toxic blooms of cyanobacteria are present,
public awareness should be made to the community and this
may include avoidance of occupational and recreational expo-
sure, warning the public of possible health consequences and
that boiling water cannot destroy toxins. Also stricter control
to reduce exposure of cyanobacterial blooms at critical points
(e.g., drinking water sources) should be observed and put into
immediate effect. The use of algicides such as copper sulphate
to control toxic blooms should be avoided, as it leads to cell
lysis hence releasing toxins into water. This makes removal of
intact cells from water as the only recommended method which
may be safer. Other methods such as the use of activated car-
bon may only decrease levels of toxicity. Also, since there is a
possibility of exposure to hepatotoxins through consumption of
contaminated sea foods (e.g., spirulina). It is important that such
products should not be collected during the algal bloom season.

With regard to the technigues that have been reported for
the determination of cyanobacterial hepatotoxins, the most reli-
able measurements which seem to comply with the international
water guidelines standards of the World Health Organization
(WHO) are HPLC (if standards for the toxins present are avail-
able) and liquid chromatography with mass spectral confirma-
tion of toxin identity and quantification.

The ELISA technique has been useful for routine screening
of water for cyanotoxin contamination. Mouse bioassays have
been shown not to be suitable for determining microcystins at
low concentration in water. These assays do not have sufficient
sensitivity for application to water samples without impracti-
cal levels of pre-concentration. Mouse bioassays are useful for
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[_f\ typical procedure of collecting cyanobacterial cells for toxin analysis )

. Using sampling device, collect water at points suspected of containing woxic cyanobacteria and Gl in the sampling bottles in which Lugols odine solution has
heen added

Samples should be brought to the labaratory in ice cooled containers

Place filters in a dessicator under vacuum, and weigh until a constant weight is obmined. Place each weighed filter in a separate Petri dish.

Mix the water sample and measure a known volum ¢ using the measuring cylinder,

Filter water samples using pre-weighed filters

Keep Petri dishes with filters in either drying oven at temperature below 50 °C or freeze-drier to disrupt cells.

Omce dry, return filters to the dessicator and weigh to cons tant weight. Caleulate the dry weight of cells collected by subtrac tion of the initial weight of the filter.
Cyanobacterial hepatotoxing can either be extracted immediately, or filters may be stored until required, preferably in a freezer

R

(A typical procedure for cyanobacterial hepatotoxins extraction )

Place each filter containing cells into a glass beaker with 20 mi of either pure methancl or 75 % aqueous methanol
Extract for about | and half hours.

Decant extract into rotary eveporation flask and dry in vacwo at 45 °C.

Add a further 20 ml of extraction solvent to the filter in the beaker w0 extract further.

Repeat this process thrice, each time decanting the extract into the sam e evaporation flask.

Add 0.25 ml of methanol wthe dry extract in the evaporation flask, mix and remove the re-suspended extract 10 a ghass vial or microcentrifuge whe, Repeat
this with a second 0.25 ml of methanol. placing both aliquots  in the same vial or tube.

( A typical sample clean-up and pre-concentration of cyanobacterial hepatotoxins )

28 Lot ol L g ol

1. Mix the water sample by inverting the container several times and filter gently through a GF/C filter dise. Retain the filter and extract hepatotoxins as described
above in the determination of particulate microcystin concentration.

2. Add 0.1 ml sedium thicsulphate solution to eliminate free residual chlorine, Shake the water sample vigorously and let it stand for a few minutes, then add § ml
of the 10 % TFA and mix before passing the sample through a GF/C filter disc.

3. Place the sample in a 500 ml glass bottle; add 5 ml m ethanol and mix.

4. Condition SPE canwridges with 10 ml methanol followed by 10 ml warer.

5. Wash SPE cantridge with 10 ml of t10 % methanol followed by 10 ml of the 20 % methanol and finally with 10 ml of the 30 % methanol,

7. Elute the cartridge with 3 mlof 0.1 % TFA in methanol and dry on a hot block (45 °C) under a gentle stream of nitrogen gas.

8. Samples are resuspended in 0.1 ml methancl and placed in a microcentrifiuge tube. A further 0.1 ml of methanol iz used to rinse the sample tube and this is
combined with the first aliquot.

%. The sample can now be analysed or it can be dried and stored in the freezer until required.

| ]
(METHODS OF CYANOBACTERIAL HEPATOTOXINS ANALYSIS )

(Biochemical assays, e.g. ELISA ) Physicochem ical, e.2. HPLC-DAD/LC-M

Y

. Water samples to be analvsed are treated
twice by freeze-thawing followed by filtration
through membrane or glass fibre filters

2. Samples or standards are first mixed with

1. Prepare solvents and degas in a stream of helium or nitrogen gas
2. Equilibrate the column at the desired temperature and mobile phase.
3. Set photodiode array detector to monitor between 200 and 300 nm.

antibody (M&HS) solution and then added to a 5. Running a blank sample first. i.e. injecting only m ethanol helps the
%-wrll’mirmnln: plate that is pre-coated with a system s ettle and ensures reproducible retention times.
Sish LR Egvine Q”m'.‘ albumin onjugate 6. run a standard at the beginning and end of a st of analyses to

confirm correct operation of the system and indicates the degree of
retention time dri

8. A calibration curve should be performed when establishing the
methad and at regular intervals, especially after changing a column or
S-tetramethlybenziding, 0.005 per Lamp.

3. After washing, bound menoclonal antibody
is detected with horseradish peroxidase-labelled
goat anti-mouse lpG and its  substrate (0.1 mg
mlof3

) 9. Chromatograms are best viewed, and integration carried out, at 238
ent H . citrate buffer 2 2 L

ik i ;lpll'::;I rac;l: i‘-‘n)'ma R nm because this is the absorption maximum of most microcysting and
. & density is meas o

and the microcystin concentration determined nodularins. " . . )

fi L wdard ¢ g 4 " 10, When further confirmation and identification of microcystins is
ﬁ‘lli)g‘l]l\gy: |||-Ifi'€ e required, liquid cf phy-mass sp ¥ {LC-MS} is used.

Scheme 1. Example of procedures typically used in the analysis of cyanobacterial hepatotoxins.

initial screening of highly concentrated cyanobacterial samples can then allow for further quantitative testing by an alternative
(e.g.. 'scums’) of unknown toxicity. The results of a quantitative analytical method. Solid phase extraction has been shown to be
assay will indicate acute toxic effects and may also indicate the the most reliable for sample cleanup and pre-concentration of
class of toxin from reactions and pathology in test animals. This cyanotoxins. Scheme 1 shows a typical example of the proce-
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dures that may be followed to analyze peptide hepatoxins such
as microcystins.
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